
Charles University 

Faculty of Science 

 

Ph.D. study programme: Botany 

 

 

 

Mgr. Anna Tichá 

 

Changes in nutrient availability imprinted 

in long-term diatom succession in lakes 

 

Změny dostupnosti živin zachycené  

dlouhodobou sukcesí jezerních rozsivek 

 

 

 

 

 

Doctoral thesis 

 

 

Supervisor: doc. RNDr. Petr Kuneš, Ph.D. 

Prague, 2022 

  



1 

 

Prohlášení 

Prohlašuji, že jsem závěrečnou práci zpracovala samostatně a že jsem uvedla všechny použité 

informační zdroje a literaturu. Tato práce ani její podstatná část nebyla předložena k získání 

jiného nebo stejného akademického titulu. 

 

V Praze, dne      Podpis 

  



2 

 

Acknowledgements 

This work would not exist without the help and advice of many people. I would like to 

thank all the members of Rudolph’s palaeoecology laboratory for their warm welcome and 

also the phycology group for making me feel a part of their happy community. Special thanks 

go to my supervisor Petr Kuneš for his kind support and trust. 

 

I am grateful to Katarína Holcová and Zlatko Kvaček for initiating my interest in 

diatom analysis, and who encouraged me to persevere. My thanks also go to Tomáš Bešta, 

Daniel Vondrák and Alice Moravcová for the fun we had working together. I very much 

appreciate the opportunity to learn about diatom taxonomy from Krisztina Buczkó and Václav 

Houk. I also want to thank Jana Kulichová and Jaroslav Vrba for inspiring discussions about 

diatoms and lakes. I reserve my very special thanks for my supportive family. 

 

The results of this Ph.D. thesis were supported by the Czech Science Foundation (17-

05935S, 19-05791S, 20-13368S – BESTFORCE, 20-00892L) and the Ministry of Education, 

Youth and Sports of the Czech Republic (Projects No. CZ.1.07/2.3.00/20.0289 – PAPAVER, 

Reg. No. CZ.02.1.01/0.0/0.0/16_019/0000728).  



3 

 

List of original publications 

This thesis is based on the following papers. The contributions of the author are as follows. 

 

Tichá, A., T. Bešta, D. Vondrák, P. Houfková & V. Jankovská, 2019. Nutrient availability 

affected shallow-lake ecosystem response along the Late-Glacial/Holocene transition. 

Hydrobiologia 846: 87–108. 

• Diatom analysis: AT 100% 

• Chironomid, pollen analysis: DV, PH 

• Interpretation of data and writing: AT 80%, TB 8%, DV 8%, PH 4% 

• Review and editing: VJ 

 

Moravcová, A., A. Tichá, V. A. Carter, D. Vondrák, M. Čtvrtlíková, J. F. N. Van Leeuwen, 

M. Heurich, W. Tinner, P. Kuneš, 2021. Mountain aquatic Isoëtes populations reflect 

millennial-scale environmental changes in the Bohemian Forest Ecosystem, Central Europe. 

The Holocene 31(5): 746–759. 

• Pollen, macrophyte, chironomid analysis: VC, AM, DV 

• Diatom analysis: AT 100% 

• Interpretation of data: AM 75%, AT 25% 

• Writing: AM 85%, AT 15% 

• Review and editing: VC, DV, MČ, JvL, MH, WT, PK 

 

Tichá, A., D. Vondrák, A. Moravcová, R. Chiverell, P. Kuneš, unpubl. Surface water 

brownification altered ecosystem functioning of a mountain lake for millennia – 

paleolimnological evidence from Central Europe 

• Diatom analysis: AT 100% 

• Chironomid, geochemical analysis: DV, RC 

• Interpretation of data and writing: AT 90%, DV 10% 

• Review and editing: AM, RC, PK 

 

 

........................................................    ........................................................ 

Petr Kuneš       Alice Moravcová  



4 

 

Table of contents 

Acknowledgements .................................................................................................................... 2 

List of original publications ....................................................................................................... 3 

Abstrakt ...................................................................................................................................... 4 

Abstract ...................................................................................................................................... 6 

Chapter 1: Introduction .............................................................................................................. 7 

1.1 Essential role of long-term studies in research of nutrient dynamics ............... 7 

1.2 Use of the trophic state concept in palaeolimnology ........................................ 8 

1.3 Phosphorus and light limitation of primary production .................................... 8 

1.4 Reconstruction of past lake ontogeny ............................................................. 10 

1.4.1 Motivations for reconstruction ................................................................. 10 

1.4.2 Past primary production in lakes .............................................................. 10 

1.4.3 Past phosphorus availability ..................................................................... 11 

1.5 Post-glacial lake trophic trajectories ............................................................... 14 

1.5.1 Eutrophication .......................................................................................... 15 

1.5.2 Oligotrophication, dystrophication ........................................................... 16 

1.6 Summary: research questions ......................................................................... 17 

Chapter 2 .................................................................................................................................. 19 

Chapter 3 .................................................................................................................................. 47 

Chapter 4 .................................................................................................................................. 72 

Chapter 5: General conclusions .............................................................................................. 102 

References .............................................................................................................................. 103 

Supplement 1: Supporting information to Chapter 3 ............................................................. 122 

Supplement 2: Supporting information to Chapter 4 ............................................................. 129 



5 

 

Abstrakt 

Ve vývoji jezerní primární produkce během pozdního glaciálu a holocénu lze 

vysledovat ustálené trendy: postupný nárůst produkce – „eutrofizaci“ a naopak pokles 

produkce – „oligotrofizaci“, často spojenou s přísunem organické hmoty z povodí – 

„dystrofizací“. Kromě nejčastějšího ovlivnění produkce dostupností živin, vstupuje do 

komplexního jezerního vývoje řada abiotických a biotických faktorů jako dostupnost světla, 

režim míchání, pH, mechanické disturbance, predace nebo kompetice. Vztah dostupnosti 

živin a primární produkce v minulosti v sobě tedy skrývá důležitou informaci o všech těchto 

faktorech ve fungování jezerního ekosystému. 

Rekonstrukce minulých procesů vychází z citlivé reakce vodních organismů na změny 

prostředí. Jejich subfosilními zbytky se do usazenin ukládá záznam o dynamických procesech, 

které odhalují historii konkrétních jezer ale i události celosvětového rozsahu. Mezi organismy, 

z nichž lze rekonstruovat minulé fyzikálně chemické podmínky, patří významné postavení 

rozsivkám. Zatímco planktonní rozsivky přináší spíše informaci o celkovém stavu jezera, 

změny v druhově pestrém společenstvu perifytických rozsivek umožňují vhled do jemnějších 

změn ekosystému z pohledu litorálu. 

Předkládaný výzkum pátrá po komplexních procesech v jezerním vývoji propojením 

kvalitativní a kvantitativní rozsivkové analýzy s dalšími ukazateli jezerních podmínek (např. 

pakomáry, pyly, rostlinnými makrozbytky, geochemií sedimentů). Konkrétně sleduje historii 

trofického stavu dvou středoevropských jezer, které byly svou morfologií a pozicí v krajině 

předurčeny k opačným vývojům. Zatímco rozlehlé mělké nížinné jezero prošlo časnou 

eutrofizací s převládajícím vlivem autochtonních faktorů, malé lesní horské jezero prodělalo 

dystrofizaci alochtonním přísunem rozpuštěné organické hmoty. V tomto směru potvrdila obě 

jezera předpoklady o svém směřování v rámci obecné představy o postglaciálním vývoji 

trofického stavu v jezerech. Nížinné jezero navíc ukázalo jedinečný příklad reakce 

ekosystému kontrolovaného převážně vnitrojezerními procesy v období prudké klimatické 

změny na hranici pozdního glaciálu a holocénu. A lesní horské jezero prokázalo, že velmi 

podobný průběh dlouhodobé dystrofizace  jako v tradičně zkoumaných boreálních oblastech 

může být zaznamenán na špatně pufrovaných podložích ve střední Evropě. 
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Abstract 

An examination of primary production in lakes shows regular trends during the Late 

Glacial and the Holocene periods: an increase (‘eutrophication’) and a decrease 

(‘oligotrophication’) usually connected with the input of terrestrial organic matter 

(‘dystrophication’). Although nutrient availability usually influences production, other abiotic 

and biotic factors enter lakes' complex ontogeny, such as light availability, mixing regime, pH 

level, mechanical disturbance, predation or competition. Consequently, the past relationship 

between nutrient availability and primary production contains important information about the 

drivers of ecosystem functioning in the past. 

The reconstruction of past processes relies on the sensitive response of aquatic 

organisms to environmental changes. Their subfossil remains record the dynamic processes in 

the sediments and  reveal both the local lacustrine history and more global events. Among 

other organisms, diatoms fulfil their function as a valuable proxy of past physical and 

chemical properties of water bodies. Whereas the record of planktonic diatom species 

dynamics represents the general ecosystem condition, variations in species-rich littoral 

periphytic diatoms add necessary insight into finer environmental fluctuations. 

The presented research combines qualitative and quantitative diatom analysis with 

other proxies (e. g., chironomids, pollen, plant macrofossils, sediment geochemistry) to 

investigate a complex process of in-lake succession. We specifically tracked the past trophic 

development of two Central-European lakes predetermined towards opposite trophic 

trajectories by their morphology and landscape position. While the large lowland shallow lake 

experienced early eutrophication primarily driven by autochthonic factors, the small mountain 

forest lake underwent dystrophication by allochthonous input of dissolved organic matter. 

Both lakes confirmed their assumed tendencies in the scope of general post-glacial lake 

trophic trajectories. However, our record from the lowland lake provides a unique insight into 

the response of a highly self-controlled ecosystem to the sharp climatic change at the Late-

Glacial/Holocene transition. The mountain forest lake demonstrates that long-lasting 

dystrophication can show a very similar pattern on poorly-buffered bedrocks in Central 

Europe as in the well-studied boreal regions.  
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Chapter 1: 

Introduction 

1.1 Essential role of long-term studies in research of nutrient dynamics 

Nutrients are unevenly distributed in space and time. Although recent human-

enhanced atmospheric nutrient deposition  substantially supplies specific ecosystems (e. g. 

Elser et al., 2009; Camarero & Catalan, 2012), spatial transport of nutrients in terrestrial 

ecosystems is mediated mainly by ground and surface water. Therefore, natural water bodies 

such as lakes reflect nutrient availability in a surrounding landscape by collecting nutrient-

bearing water from their catchment. Furthermore, lakes also archive evidence about nutrient 

status over time, accumulating this evidence in their sediments. As such, lakes significantly 

contribute to our understanding of global nutrient distribution and long-term dynamics. 

Long-term records are essential in studies of nutrient cycling. However, discernible 

mechanisms vary with the time scale investigated; the shorter the time span, the shorter the 

effect of mechanisms are revealed. Decadal- and centurial-scaled studies have often failed to 

confirm relationships observed over broad spatial scales. Decadal-scaled monitoring suffers 

from a mixture of intensive anthropogenic and more extensive natural driving factors (e. g. 

Gavin et al., 2018), complicating the comparison between short-term observations and spatial 

datasets (Stetler et al., 2021). The same problem also applies to centurial-scaled studies,  

which can capture the direct influence of multi-seasonal climates (e. g., prolonged growing 

season) but cannot  accommodate long-lasting indirect climate effects (e. g., vegetational 

succession) (e. g. Shinneman et al., 2016). In contrast, millennial-scaled studies can reveal 

climatically-induced mechanisms in nutrient cycles invisible during the last centuries (e. g. 

Dreßler et al., 2011; McLauchlan et al., 2013), although some localities were affected by 

profound human-induced alterations of biogeochemical processes for millennia (Anderson, 

1995; Kalis et al., 2003). Palaeolimnological research enables the so-called ‘multi-proxy’ 

reconstruction of a broad spectrum of ecosystem responses and their driving factors using 

parallel records of multiple fossil remains underpinned by geochemical analyses (Birks & 

Birks, 2006; Bennion et al., 2015). The challenge of past nutrient trends and their driving 

factors was identified as one of the most important questions for future palaeoecological 

research (Seddon et al., 2014). 
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1.2 Use of the trophic state concept in palaeolimnology 

Palaeolimnological research is confronted with the problem of degradation of the 

trophic state concept. The trophic state was originally defined by Naumann (1929) as a degree 

of algal production in lakes and a key role in its limitation was attributed to the concentration 

of nitrogen and phosphorus (Lampert & Sommer, 2007). Unfortunately, as the role of 

phosphorus concentration was strengthened by a discovery of a significant chlorophyll-

phosphorus relationship (National Academy of Sciences, 1969; Likens, 1972), the phosphorus 

concentration mostly substituted the production in defining the trophic state. This shift eroded 

the original concept confusing the effect (production) with the cause (phosphorus 

concentration) and overlooking the role of other abiotic factors limiting production (e.g., light 

availability (Karlsson et al., 2009), pH level (Leavitt et al., 1999), mixing regime (Havens & 

Nürnberg, 2004), mechanical disturbance (Stevenson et al., 1996)). 

If palaeolimnological studies intend to address factors of complex past processes such 

as eutrophication or dystrophication, they need to establish a hierarchy of factors and effects 

clearly. In this view, the terms ‘eutrophication’ and ‘oligotrophication’ should be assigned 

consistently to trends on the gradient of primary production as well as suggested for needs of 

recent monitoring (Carlson & Simpson, 1996). Although other factors, such as lake 

morphometry, oxygen budget and composition of communities (Van Dam et al., 1994 and 

references therein) were involved in defining the trophic state of lakes, the primary production 

and, particularly, algal production, remains the most comparable and easily measurable 

variable.  

Incorporating an axis for dissolved organic carbon (DOC) concentrations into the 

trophic lake classification was justified by the recent browning of surface waters (Williamson 

et al., 1999) and can similarly serve to track millennial-scaled dystrophication in 

palaeolimnological studies.  Advanced methods can overcome difficulties in estimating past 

lake production or phosphorus levels, but a lack of a unified approach to the description of 

fundamental processes hinders potential broader conclusions. 

1.3 Phosphorus and light limitation of primary production 

The paired effect of limitation by nutrients and light forms primary production in 

lakes. Concentrations of phosphorus and chlorophyll a show a significant positive relationship 

(Likens, 1972; Prairie et al., 1989; Phillips et al., 2008), thereby establishing phosphorus as a 

master variable in the limitation of aquatic primary production (Schindler, 1977). This 

‘phosphorus paradigm’ has shifted recently from the singularity of phosphorus toward 
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probable co-limitation by phosphorus and nitrogen (Lewis & Wurtsbaugh, 2008; Bratt et al., 

2020). However, phosphorus's prominent impact and the necessity of its regulation in lake 

management are intensively advocated (Schindler, 2012; Schindler et al., 2016), and 

phosphorus retains its key role at least in less-productive lakes or over a longer-time 

perspective (Sterner, 2008; Bratt et al., 2020). 

Increased phosphorus concentrations can result in the self-shading of growing primary 

producers in productive lakes (Sand-Jensen & Borum, 1991; Scheffer & Van Nes, 2007). A 

more complex coupling of light and nutrient limitation has been shown during research on 

surface water browning by highly pigmented organic compounds in organic matter (OM; 

measured as DOC). Stoichiometry of DOC and nutrients in dissolved organic matter 

determines the balance of its fertilizing and shading effects (Kelly et al., 2018). The nutrient 

content of organic matter can vary by its origin (nutrient-poor allochthonous OM, nutrient-

rich autochthonous OM) (Tipping et al., 2016). The crucial question, but one that is not 

provable by short-term monitoring (Stetler et al., 2021), is whether the stoichiometry of DOC 

and nutrients changes over time. As suggested by empirical modelling (Kelly et al., 2018), a 

unimodal relationship applies to DOC and primary production in the case of constant 

stoichiometry. However, a wedge-shaped relationship appears with unstable stoichiometry, 

allowing both a decrease or an increase of primary production along the DOC gradient 

corresponding to field observations of unimodal (Jones, 1992; Seekell et al., 2015), negative 

(Karlsson et al., 2009) or positive responses (Nürnberg & Shaw, 1999; Zwart et al., 2016) of 

primary production to ongoing browning. 

The distinct research bias towards pelagic primary production is clear from the 

overwhelming majority of studies that have focused on phytoplankton. The neglect of littoral 

primary production weakens whole-lake primary and secondary production estimations, 

especially in clear-water shallow lakes, where littoral primary producers are the dominant 

contributors to whole-lake primary production (Vadeboncoeur et al., 2003). Furthermore, fish 

populations depended strongly on littoral algal biomass, even in lakes with a relatively low 

contribution of littoral to total primary production (Vander Zanden et al., 2011; Finstad et al., 

2014). A focus on phytoplankton might result in a serious misunderstanding of ecosystem 

dynamics, as nutrient and light availability disproportionally affect pelagic and littoral 

habitats. Littoral photosynthesis is shaded directly by thriving phytoplankton blooms during 

nutrient loading into clear-water shallow lakes (Scheffer & Van Nes, 2007; Vadeboncoeur et 

al., 2008). Humic-rich lakes experience light attenuation by organic compounds critical for 

primary production in deeper bottom habitats, but then pelagic growth is fertilized by 
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nutrients mobilized to lakes within the organic matter (Karlsson et al., 2009; Brothers et al., 

2014; Vasconcelos et al., 2016). The shift of primary production from bottom habitats to the 

water column arises from nutrient and DOC inputs. Exceptions can appear when shading by 

DOC crosses the threshold and suppresses pelagic primary production (Jones, 1992; 

Carpenter et al., 1998), or when phytoplanktonic bodies or DOC shield littoral primary 

producers from harmful UV radiation (Laurion et al., 2000; Pienitz & Vincent, 2000). 

Numerous examples of work have advocated for the essential role of littoral primary 

producers in estimating whole-lake primary production. Restricting the view to phototrophic 

primary producers can also seriously underestimate in-lake trophic pathways, since 

heterotrophic bacterioplankton have commonly substituted the phototrophs in primary 

production and have sustained the secondary production of light-limited humic-rich lakes 

(Jones, 1992; Nürnberg & Shaw, 1999; Drakare et al., 2002). This can complicate the 

response of whole-lake primary production to anthropogenic acidification and subsequent 

recovery (Vrba et al., 2006). 

1.4 Reconstruction of past lake ontogeny 

1.4.1 Motivations for reconstruction 

Estimation of nutrient effect on the dynamics of past primary production is always 

challenging  (Waters et al., 2012; Ammann et al., 2013). Parallel reconstruction of past 

primary productivity and phosphorus levels aims to distinguish the periods of nutrient 

limitation and driving by other factors, e.g., light attenuation (Waters et al., 2012; Chapter 4), 

favourable light and mixing conditions (Itkonen et al., 1999) or higher nutrient-competition 

(Chapter 2). Despite the complicated separation of drivers of past primary production 

changes, the coupling of nutrients and primary production reveals important aspects of past 

lake ecosystem functioning (e. g. Klamt et al., 2021; Tu et al., 2021). Furthermore, 

reconstruction of in-lake total phosphorous (TP) concentrations alone tracks broad-scaled 

processes, as phosphorus enters many terrestrial, freshwater and marine biogeochemical 

pathways (e. g. Filippelli, 2008; Lambers et al., 2008; Kuneš et al., 2011; Kopáček et al., 

2015). 

1.4.2 Past primary production in lakes 

Estimations of past in-lake primary production proceed from sedimented biomass, 

although its potential reduction by mineralization must be considered. Since the biomass/OM 

came from both terrestrial and aquatic organisms into the sediment, the source of OM should 
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be differentiated. A proportion of OM in the sediment can be determined by (i) loss-on-

ignition (LOI), when the sedimentary sample is heated to 550°C for four hours and the burned 

mass represents the weight of the OM (Boyle, 2001); or (ii) concentration of total organic 

carbon in the sediment (Meyers & Lallier-Vergès, 1999). This general quantitative piece of 

information can be further qualitatively specified by the ratio of carbon and nitrogen (C/N) in 

the OM using different stoichiometry of C and N in terrestrial plants, with a higher proportion 

of C being due to developed supporting tissues compared to floated aquatic plants (Meyers & 

Ishiwatari, 1993). Analysis of the carbon isotopic ratio (δ13C) supplements the divergence 

between aquatic algae with C3 terrestrial plants preferring lighter isotope 12C and C4 

terrestrial plants discriminating less (Meyers & Lallier-Vergès, 1999; Thevenon et al., 2012). 

A ratio of nitrogen isotopes (δ15N) further specifies the fate of organic matter participating in 

multiple biogeochemical pathways. The δ15N analysis can make some differentiation, e. g., 

between N2-fixing and assimilation of nitrates, but straightforward interpretation is limited by 

a great complexity of nitrogen cycling (Talbot, 2001). 

Production of specific groups of organisms can be estimated by counting their remains 

with reference particles, e. g., Lycopodium spores or divinylbenzene microparticles ( 

Stockmarr, 1971; Battarbee et al., 2001). Additionally, various biomarkers are progressively 

employed in palaeostudies, such as pigments or lignin (Leavitt et al., 1999; Fuhrmann et al., 

2004; Waters et al., 2012; Sanchini et al., 2020). To determine the production of silicified 

organisms (diatoms, chrysophytes, etc.), biogenic silica concentration can be analysed directly 

(Conley & Schelske, 2001) or indirectly estimated by the Si/Ti ratio. A correction of 

potentially biogenic elements (Si, Ca, Sr) by typically minerogenic Ti allows for use of the 

ratio as a proxy for in-lake biological production (Kylander et al., 2013). 

1.4.3 Past phosphorus availability 

1.4.3.1 Direct and indirect records 

Sedimentary phosphorus can show the past availability of phosphorus in the water 

column. However, phosphorus is efficiently released from sediment, especially in anoxic 

conditions (Petticrew & Arocena, 2001; Søndergaard et al., 2003). Although extraction of 

specific fractions of sedimentary phosphorus (Paludan & Jensen, 1995) improves 

reconstructions of past phosphorus dynamics (e.g., Klamt et al., 2021; Tu et al., 2021), the 

problem of diagenetic loss of phosphorus is successfully bypassed by indirect estimations 

based on the phosphorus demands of aquatic organisms.  
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The above-mentioned close relationship between aquatic organisms and phosphorus 

enables reconstruction of past concentrations of epilimnetic phosphorus (i.e., TP) from 

species composition of subfossil assemblages. In particular, diatoms show a strong potential 

for reconstructions of TP, more so than other indicator groups (e.g., cladocerans, chironomids, 

chrysophytes) (Lotter et al., 1998; Kelly et al., 2008) and the record of sedimentary 

phosphorus (Anderson et al., 1993). Various possibilities of diatom-based inferring of past 

phosphorus levels are discussed below. 

1.4.3.2 Diatom-based transfer functions 

A robust tool for estimating long-term phosphorus dynamics has been required 

because anthropogenic eutrophication started to devastate lake ecosystems. Diatoms, 

abundant and diverse algae in a wide range of aquatic habitats, provided an excellent base for 

quantitative reconstructions and gave rise to diatom-based transfer functions for TP (Bennion 

et al., 1996; Hall & Smol, 2010). 

The most frequently used transfer function in palaeolimnology is weighted averaging 

(ter Braak & Barendregt, 1986; ter Braak & Looman, 1986), which is an inverse method. It 

works on the assumption that particular species have a unimodal relationship with the 

environmental variable, i.e., an optimal variable level exists for each species. The 

reconstruction of the environmental variable was carried out in two steps: (i) the ‘regression 

step’, in which the species optima were determined from a calibration dataset; (ii) the 

‘calibration step’, in which the past value of the environmental variable was calculated by 

weighted averaging of species optima by their abundance in a fossil sample (Juggins & Birks, 

2012). The species optima were estimated from their relative abundances at localities with 

diverse measured concentrations of TP. If the TP gradient is long and evenly sampled, the 

species optima for TP concentration can be found, reasoning that a species is more abundant 

in more favourable conditions. The same logic is used in the second calibration step, when the 

most abundant species in a fossil sample were deemed to have lived in conditions closest to 

their optima. Possible weighting by species tolerances proved to be biased by insufficient 

definition of rare taxa in the calibration datasets, therefore weighting is recommended only by 

abundances (Birks & Simpson, 2013). 

Modelling TP brings specific limitations (Juggins, 2013), resulting mainly from the 

fact that TP behaves more like a resource than a condition (as pH or conductivity). Therefore, 

the cost of simplification to the unimodal relationships is likely to be higher than in the case 

of pH or conductivity/salinity (Potapova et al., 2004). Potential competition for phosphorus 
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also contributes to the variability of TP concentrations over time, making sampling more 

difficult (Hakanson & Boulion, 2001; Bradshaw et al., 2002; Potapova et al., 2004). These 

challenges of measuring direct TP concentrations led to their substitution by more accurate 

diatom-inferred TP in recent routine monitoring (Stevenson, 2014). Additionally, TP 

concentrations may correlate with other important variables, chiefly alkalinity (Cardoso et al., 

2007; Kelly et al., 2020); thereby, the reconstruction of past TP can be biased, especially in 

periods of sharp environmental changes (Leavitt et al., 1999). The influence of secondary 

variables is partly reduced by an advanced approach of weighted averaging  partial least 

squares (WA-PLS) (ter Braak & Juggins, 1993), however, a critical exploration with 

additional independent proxies is highly recommended (Birks et al., 2010; Rivera-Rondón & 

Catalan, 2020). 

The use of diatom-based transfer functions for TP is especially limited in shallow 

lakes, where intensive mixing often favours poor nutrient-indicator diatom taxa from the 

Fragilaria species complex. A substantial proportion of the relationship between diatom 

species and TP is also mediated by indirect factors such as light availability or macrophyte 

cover (Bennion, 1995; Sayer, 2001; Sayer et al., 2010). Consequently, a ‘step back’ towards a 

more qualitative and functional evaluation of diatom assemblage is worth considering during 

the reconstruction of shallow basins (Chapter 2), e.g., a grouping of diatoms by phosphorus 

demands (Van Dam et al., 1994) and minimizing the influence of poor but abundant 

fragilarioid indicators (e.g. Battarbee, 1986; Heinsalu et al., 2008; Demiddele et al., 2016). 

Similarly, a combination of qualitative and quantitative approaches benefits the diatom-based 

reconstructions in the regions outside extensive lake districts which have a limited 

relationship to calibration datasets (Chapter 3, 4). 

1.4.3.3 Highlighting the role of diatom periphyton 

Periphytic diatoms, i.e., those living on (or associated with) substrata (Stevenson et al., 

1996), respond to nutrient levels more indirectly than pelagic species, since light availability, 

substrate type, mechanical disturbances or grazing usually override the direct influence of 

water-column concentrations of nutrients in bottom habitats (Sand-Jensen & Borum, 1991; 

Stevenson et al., 1996; Vadeboncoeur et al., 2008; Karlsson et al., 2009). Whereas a simple 

reconstruction of TP from changes in littoral primary productivity or biomass is complicated, 

species composition of periphytic diatom communities can reflect the TP concentrations in 

the water column (DeNicola & Kelly, 2014). The immense diversity of diatom periphyton 

strengthens TP models from surface sediment samples (Denys, 2007; Bennion et al., 2010). 
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Although nutrient-sensitive planktonic diatoms are individually superior TP indicators 

(Rivera-Rondón & Catalan, 2020), the richer and more diverse periphytic community 

produces better models for pelagic concentrations of TP (Bradshaw et al., 2002; Philibert & 

Prairie, 2002). Despite this effect of periphytic richness, littoral diatoms remain problematic 

TP indicators. 

Nevertheless, the factors complicating the response of periphyton to nutrient 

concentrations can help us to better understand lake development. Periphytic light or substrate 

demands form habitat-specific diatom communities along the depth gradient (Laird et al., 

2010; Hofmann et al., 2020), which offers a different set of mechanical and chemical 

limitations (Cantonati et al., 2009; Pla-Rabés & Catalan, 2018). The affinity of some diatom 

species to macrophytes enabled the reconstruction of macrophyte cover based on diatom 

species composition (Vermaire et al., 2011, 2013). A useful supplement to species 

composition is to group diatom periphyton into guilds by their growth form. Passy (2007) 

defined ‘low-profile’, ‘high-profile’ and ‘motile’ guilds, and their responses, along gradients 

of nutrients, light and disturbance in running waters. Adapted to lakes, this approach provides 

valuable data about lakes' ecosystem functioning (Leira et al., 2015; Pla-Rabés & Catalan, 

2018), although it also struggles with the limits of the periphytic complex response during the 

reconstruction of TP concentrations (Gottschalk & Kahlert, 2012). 

A thorough analysis of periphytic assemblage can improve quantitative models of past 

TP concentrations and qualitative assemblage descriptions respecting the source habitat. 

Underpinned by other proxies, fossil periphytic diatoms can mediate past littoral 

heterogeneity and revise the one-sided view of plankton analysis. The approach to reducing 

the influence of abundant but species-poor planktonic diatoms during fossil-diatom analysis is 

well-established in palaeolimnology (Battarbee, 1986; Chapter 2, 4). 

1.5 Post-glacial lake trophic trajectories 

A natural development of the lake trophic state, i.e., the lake ontogeny (Deevey, 1984 

in Battarbee et al., 2005), reflects a set of climatic and biogeochemical factors. Therefore, 

tracking millennial-scaled trends in the lake ontogeny requires understanding driving factors 

operating on the Holocene scale. Climatically-driven soil development coupled with 

vegetational succession appears to induce most of the long-lasting in-lake trends (Engstrom et 

al., 2000; Hu et al., 2001). However, in the initial ontogenic phase, the effect of retreating 

glaciers and subsequent soil base depletion most likely prevailed over climatic forcing (Birks 

et al., 2000;  Boyle et al., 2013). Weathering then gradually differentiated source and 
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sedimentary areas, resulting in diverse ontogenies of lakes based on their position in a 

landscape (lowland vs. upland) (e.g., Battarbee & Bennion, 2011). The morphology of the 

lake basin distinctly influences its predisposition to eutrophy or oligotrophy (i.e., an 

epilimnion-to-hypolimnion volume ratio<1 or >1, respectively), as described by August 

Thienemann (Lampert & Sommer, 2007).  

Regular primary production trends were recognized along a succession of lakes during 

the Late Glacial and the Holocene periods. Rodhe (1969) specified two main directions in 

lacustrine succession (Williamson et al., 1999): (i) an autotrophic pathway from oligotrophy 

to eutrophy; (ii) an allotrophic pathway from oligotrophy to dystrophy. Despite the presence 

of a third, ‘mixotrophic’ pathway, with a combination of eutrophication and dystrophication 

(Poniewozik et al., 2011; Drzymulska et al., 2015), the two basic trends of eutrophication and 

oligotrophication/dystrophication are elaborated below. 

1.5.1 Eutrophication 

The first palaeolimnological investigations were conducted at lowland localities and 

established the basic lake trajectory of increasing production during time (Battarbee & 

Bennion, 2011 and references therein). The terminal hydrologic position determines lowland 

lakes to be naturally eutrophic together with their large ratio between the catchment and lake 

area (Cremer et al., 2004), and potentially enhanced weathering, nutrient cycling and 

terrestrial primary production at warmer low altitudes (Cardoso et al., 2007). This 

predisposition results in the common post-glacial naturally eutrophic character of lowland 

lakes. In-lake recycling of phosphorus functioned as one of the most important mechanisms of 

lowland lake enrichment. Shallow lakes were considered to typically suffer from nutrient 

resuspension because of their relatively small hypolimnion and large water-sediment surface 

area (Scheffer, 2004; Lampert & Sommer, 2007). However, deeper lowland lakes are also 

naturally eutrophized by releasing sedimented phosphorus during periods of reduced mixing 

depth and bottom anoxia (e.g., Sanchini et al., 2020; Tu et al., 2021). 

Glacial lakes commonly increased their primary production during an initial phase of 

ontogeny when base-rich substrates were eroded into the lake after a glacier retreat in the Late 

Glacial period (Ford, 1990; Engstrom et al., 2000; Boyle et al., 2013). The cold climatic 

oscillation of the Younger Dryas also induced erosion from unstable catchments and in-lake 

nutrient recycling by anoxic conditions or sediment reworking, which supported primary 

production in lakes (Fuhrmann et al., 2004; Kirilova et al., 2009; Bonk et al., 2021). 

Moreover, the early enriched conditions were also known from non-glaciated catchments 
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because of unleached catchment soils (Kubovčík et al., 2021) or sustained by in-lake 

processes (Wolfe & Härtling, 1996; Chapter 2). The increase in primary production was also 

connected to rapid warming at the onset of the Holocene (Ammann et al., 2000; Ralska-

Jasiewiczowa et al., 2003; Fuhrmann et al., 2004). Several records suggest that, in lowland 

lakes, the rise of primary production had already begun with the second warmer half of the 

Younger Dryas (Goslar et al., 1993; Zawiska et al., 2015; Chapter 2). As well as in the case 

of recent abrupt warming (Smol et al., 2005; Moss et al., 2011), it is difficult to disentangle 

the contributions of rising temperature or nutrient input during past dynamic climatic changes 

(Ammann et al., 2013). A water-level rise after a humidifying climate at the Late-

Glacial/Holocene boundary (Magny, 2004; Bos et al., 2007) could have particularly altered 

shallow-lake ecosystems with flat basins and further complicated their response to climatic 

change. Additionally, competition became a more important factor in community structure 

and production than in previous periods of severe environmental limitation (Turner et al., 

2014; Chapter 2). Gradual natural eutrophication was supplemented by cultural 

eutrophication, which occurred primarily in the lowlands quite early after ~7.5 cal. ky BP 

(Bradshaw et al., 2005; Dreßler et al., 2006; Makri et al., 2020). The following industrial 

eutrophication thus often affected lake ecosystems that had already been extensively 

anthropogenically eutrophied for a long time (Anderson, 1995). In conclusion, this long-

lasting anthropogenic impact and increasing effect of recent climate change (Moss et al., 

2011) complicate the setting of target conditions for potential recovery of lake ecosystems 

and, consequently, enhance the need for long-term studies. 

1.5.2 Oligotrophication, dystrophication 

Oligotrophication events occurred even during progressive eutrophication. The most 

typical is a decrease in primary production after the stabilizing of catchment soils and an 

altered mixing regime at the Younger Dryas/Holocene transition (Kirilova et al., 2009; 

Apolinarska et al., 2012; Turner et al., 2014). However, the decreased nutrient availability at 

the onset of the Holocene did not necessarily lead to the decrease of primary production, as 

other factors, such as higher availability of insolated habitats, rise in water levels or decrease 

of mechanical disturbance, could also have been influential (Chapter 2). 

A long-lasting oligotrophication occurred in lakes with base-poor catchments, usually 

after the initial nutrient-rich phase (Ford, 1990; Bradshaw et al., 2000; Björk, 2010). Primarily 

distinct abiotic effect of base loss (Boyle, 2007; Boyle et al., 2013) was soon supplemented 

and potentially substituted by climatic and biotic factors, particularly vegetation succession 
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paired with soil development (Korsman et al., 1994; Huvane & Whitehead, 1996; Pienitz et 

al., 1999; Engstrom et al., 2000). Climatically-driven vegetational succession resulted in 

heightened input of organic matter including DOC into lakes, since the further decrease of in-

lake primary production was connected to water browning in the process of dystrophication. 

Paedogenesis, influenced by the vegetation and the Holocene’s humid climate, formed 

hardened horizons, which supported surface runoff and facilitated the transport of DOC into 

lakes (Steinberg, 1991; Engstrom et al., 2000). 

Gradual but stepwise dystrophication is thought to have coincided with changes in 

climate humidity during the Holocene, accelerating in humid periods (Brodin, 1986; Pienitz et 

al., 1999; Solovieva & Jones, 2002; Myrstener et al., 2021) and ceasing during dry periods 

(Huvane & Whitehead, 1996; Itkonen et al., 1999; Norton et al., 2011; Ampel et al., 2015). 

The critical threshold of dystrophication appeared at ~6 cal. ky BP in catchments where 

peatlands were established (Pienitz et al., 1999; Solovieva & Jones, 2002; Myrstener et al., 

2021; Chapter 3, 4) after the climate humidification in the northern hemisphere, during the 

so-called Mid-Holocene Climate Transition (Magny et al., 2006; Wanner et al., 2008). A 

positive correlation with rainfall (Brothers et al., 2014; Ejarque et al., 2018) or with a 

proportion of wetlands in a catchment (Kortelainen, 1993; Laudon et al., 2011; Rantala et al., 

2016) was also observed on the spatial scale for recent concentrations of DOC in lakes. 

The long-lasting naturally humic character of unproductive lakes was disrupted by 

anthropogenic atmospheric acid deposition, which resulted in DOC precipitation and 

consequent clearing of lake water (Steinberg, 1991; Anderson & Renberg, 1992; Leavitt et al., 

1999; Vrba et al., 2000). Whether dystrophication was substituted by oligotrophication or 

eutrophication during the anthropogenic acidification remains under study (Olsson & 

Pettersson, 1993; Kopáček et al., 2015); it also likely depends on the source of monitored 

primary production (Vrba et al., 2006). The recent re-browning of lakes exceeds the assumed 

range of recovery from anthropogenic acidification (Clark et al., 2010; Kritzberg, 2017) and, 

driven by climate change or altered land use, has probably accelerated brownification in the 

last 30 years (Fee et al., 1996; Mattsson et al., 2009; Meyer-Jacob et al., 2015; Creed et al., 

2018; Sankar et al., 2020). 

1.6 Summary: research questions 

This thesis aims to define the role of understudied lake types in past trophic lake 

trajectories, with a special focus on the potential contribution of diatom analysis. The distinct 

research bias towards boreal or high-alpine regions means that there is currently an 
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incomplete range of lake ontogenies. The present work uses records from a non-glacial 

lowland lake and a small glacial mountain lake in the Czech Republic to challenge common 

understandings of long-term lake succession. The thesis consists of a general introduction to 

the past lake ecosystem dynamics and three chapters that take the structure of scientific 

articles. Two chapters have been already published, whereas the third chapter is in the form of 

a manuscript. All chapters are formatted according to the requirements of the particular target 

journals. The main research outcomes are summarized in the general conclusions. The 

presented research aimed to: 

• reconstruct possible trophic state changes during the abrupt climate change at the 

Late-Glacial/Holocene transition in the very shallow large lowland lake 

• identify past environmental conditions in the small mountain forest lake and its 

catchment, and assess their impact on Isoëtes dynamics 

• track the onset and extent of dystrophication in the small mountain forest lake and 

uncover its driving factors 
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Chapter 2:  

Nutrient availability affected shallow-lake ecosystem response along the 

Late Glacial/Holocene transition 

Abstract 

Shallow lowland lakes undergo long-lasting natural eutrophication processes, which can be 

studied through the development of communities of aquatic organisms. However, records 

showing millennial-scale trophic status variability in these water bodies are rare. Two 

radiocarbon-dated sedimentary profiles from former (now destroyed by brown coal mining) 

Lake Komořany (Central Europe, Czech Republic) served for a multi-proxy study of 

biological remains (diatoms, chironomids, pollen) supplemented by X-ray fluorescence (XRF) 

and loss-on-ignition (LOI). The age-depth model and palynostratigraphy confirm a continuous 

Late-Glacial to Early-Holocene record. The results suggest consistent in-lake conditions with 

high nutrient availability since the lake origin in the Late-Glacial period. A distinct shift at the 

Late Glacial/Holocene boundary evidenced by an enhancement in diatom valve concentration 

and a lithological interface was foregone by a qualitative change in diatom and chironomid 

assemblages along with rise in LOI. It suggests that a major transformation occurred before 

the onset of the Holocene. As this qualitative change was characterised by a decrease in 

relative abundance of nutrient-demanding species, we propose an indirect climatic control by 

means of nutrient availability as the main driver of the aquatic species composition. 

2 Introduction 

Abrupt climatic changes connected with the Late Glacial/Holocene (LG/H) transition 

distinctly altered the species composition of terrestrial (e. g., Lotter, 1999; Hošek et al., 2014; 

Orbán et al., 2018) and freshwater communities (e. g., Goslar et al., 1993; Birks & Ammann, 

2000; Heiri et al., 2014) in Europe. Lacustrine sediments serve as sensitive natural archives of 

these environmental changes (Cohen, 2003). Temperate shallow lakes provide a separate and 

highly complex category of sedimentary records due to their polymictic regime and distinct 

influence of macrophyte vegetation to ecosystem dynamics (Scheffer, 2004; Bennion et al., 

2010). They can remain in a stable state supported by various mechanisms until crossing the 

critical nutrient threshold, leading to a change in the lake’s trophic state (Scheffer 1990; 

Jeppesen et al. 1998; Scheffer & Van Nes 2007). 

The trophic state development of shallow lowland lakes is driven by natural and 

anthropogenic factors (Cohen, 2003; Nõges et al., 2003). Although great attention is paid to 

human induced eutrophication, shallow lowland lakes naturally tend towards a higher trophic 
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state. Limited stratification in shallow basins prevents phosphorus losses to the hypolimnion 

and furthermore sustains phosphorus recycling at the water-sediment interface (Scheffer, 

2004) which is favoured by a large bottom surface to water volume area ratio (Wetzel, 2001). 

Higher mean temperatures in low altitudes may further naturally enhance the input of 

nutrients due to faster weathering (Cardoso et al., 2007) but simply the large ratio between the 

catchment and lacustrine area and the terminal position in the hydrological cycle cause natural 

eutrophy (Cremer et al., 2004). Fortunately, the past trophic state can be estimated from the 

sedimentary record without directly measuring it. Such reconstructed past environmental 

conditions are based on multi-proxy studies combining sedimentary characteristics and biotic 

variables (Birks & Birks, 2006). For trophic state reconstruction, diatom and chironomid 

indicators are often used for their sensitivity to diverse aspects of trophic conditions 

(Brodersen & Lindegaard, 1999; Hall & Smol, 2010). Diatom and chironomid species 

composition is also affected by other factors including the abundance and diversity of 

macrophytes (Sayer et al., 1999; Brodersen et al., 2001; Sayer et al., 2010; Vermaire et al., 

2013; Tarrats et al., 2018), water depth (Bennion, 1995; Barley et al., 2006) and chironomids 

additionally to the oxygen level (Brodersen & Quinlan, 2006). Despite this, and because of 

that their paleorecords represent an imprint of various environmental driving factors, diatoms 

and chironomids have a great potential to elucidate complex shallow-water ecosystem 

changes. 

Although shallow lakes frequently occur in Central Europe, few studies have 

investigated the response of the lacustrine ecosystem to the LG/H transition in lowland 

shallow lake basins in this region. Shallow thermokarstic lakes in Poland (Apolinarska et al., 

2012; Drzymulska et al., 2015; Gałka et al., 2015; Kołaczek et al., 2015; Pedziszewska et al., 

2015; Mendyk et al., 2016; Zawiska et al., 2019) demonstrate lacustrine development along 

the gradient of glacier influence depending on the position towards the line of glaciation 

(Mirosław-Grabowska & Zawisza 2018). German lowlands provide records of Holocene 

onset from the deeper Sacrower See (Kirilova et al., 2009; Enters et al., 2010) and shallow 

floodplain lakes of the Jeetzel Valley (Turner et al., 2013, 2014). Late-Glacial sediments were 

studied in the Panonian Basin in paleolake Šúr (Petr et al., 2013) and in the largest lake of 

Central Europe – Balaton (Sümegi et al. 2008). In the Czech Republic, paleolimnological 

studies of the LG/H transition in shallow lowland lakes are lacking. From Czech non-montane 

localities at middle altitudes, a detailed record of the LG was found in the former Lake 

Švarcenberk (Pokorný & Jankovská, 2000; Hošek et al., 2014) and the LG/H transition was 

documented in the shallow lake Velanská Cesta (Bešta et al., 2009). Our target locality, Lake 
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Komořany, reached the largest surface area (max ~25 km2) compared to other shallow lakes 

in the region of the Czech Republic. 

A relatively high trophic state and ingrowth by aquatic plants were recorded in the 

Early Preboreal in Lake Komořany (Jankovská, 1983; Řeháková, 1983, 1986; Jankovská & 

Pokorný, 2013) but the initial trophic state of this lake before the climate change at the LG/H 

transition remains unexplored. As European shallow lowland lakes have undergone long-

lasting cultural eutrophication (Anderson, 1995) since the Neolithic Age (Dreßler et al., 

2011), scarce opportunities exist to study their dynamics and climatic relations without 

anthropogenic impact. Therefore, the reconstruction of past climatically-induced trophic state 

changes at the LG/H transition may reveal important mechanisms hardly accessible by the 

research of more recent records. 

The aim of this study is to investigate the response of a very shallow large lowland 

lake ecosystem to climatic changes at the LG/H transition. By analysing sedimentary diatoms, 

chironomids, pollen and geochemistry, we specifically aim to (i) detect effects of the climate 

on the lacustrine biota and (ii) reconstruct possible trophic state changes during the 

investigated period. 

2.1 Study site 

The former Lake Komořany was situated in north-western Bohemia, the Czech 

Republic, at the foothills of the Krušné Mountains at 230 m a. s. l. (50°32'N, 13°32'E) (Fig. 

1). Its origin is likely linked to a Late-Glacial landslide event and the subsequent damming of 

the Bílina River (Hurník, 1969). This lowland, large (max. surface area ~25 km2) and very 

shallow lake (max. depth ~10 m) represented a unique water body type among other localities 

available in the region (Vondrák et al., 2015). The lake was gradually filled in with sediment 

until the artificial draining of its last remains (~2 km3) and surrounding mires in 1834 

(Pokorný, 1963). Unfortunately, the last remnants of the unique lake sediment archive were 

destroyed in the 1980s by surface coal mining, because of an overlying Tertiary coalfield 

located in the Most Basin. However, several profiles were taken just before the complete 

removal of sediments and have been stored for further research (Jankovská, 1983, 1984, 1988; 

Jankovská & Pokorný, 2013). 

Although its sediments have been investigated since the 19th century (Wettstein, 1896; 

Lühne, 1897), most studies have dealt with vegetation succession during the Holocene while 

the Late-Glacial (LG) record was only considered marginally (Losert, 1940; Neustupný, 1985; 

Rudolph, 1926). Similarly, the research of diatom succession was systematically conducted 
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only in the Holocene sedimentary sequence (Řeháková, 1983, 1986; Bešta et al., 2015; 

Houfková et al., 2017). Our study presents the first multi-proxy research of the Lake 

Komořany record representing the LG/H transition based on the basal part of the profiles PK-

1-L and PK-1-M. 

 

Fig. 1: Map of the study site with locations of the cores. The location of the former Lake Komořany (Czech 

Republic, Central Europe) indicated by a red dot. The location of the profiles PK-1-L (black dot) and PK-1-M 

(red triangle) indicated inside the estimated maximal area of the lake (hatched area) using a 230 m a. s. l. 

threshold, taken after Bešta et al. (2015). 

 

3 Materials and methods 

3.1 Sampling and lithology 

Studied profiles PK-1-L and PK-1-M were sampled from the bottom of the former 

Dřínov reservoir by V. Jankovská, J. Kyncl, J. Klápště, and J. Beneš in 1987 using Kubiena 

tins (50×10×8 cm metal boxes with one 50×10 cm side open). The profiles were stored at 4°C 

until 2008 when they were lithologically described and subsampled. 

The basal parts of the profiles PK-1-L (128–143.6 cm) and PK-1-M (134–148 cm) 

were chosen for further analyses due to their supposed LG age. PK-1-L was subsampled at 

regular intervals of 2 mm (in two sections in depth of 139.4–140 cm and 142–143.6 cm at 

intervals of 4 mm) and processed for diatom, pollen and X-ray fluorescence (XRF) analyses. 

PK-1-M was subsampled at regular intervals of 1 cm and provided sufficient material for 

chironomid analysis. This was done due to low chironomid head capsule concentration in the 

sediment (see also Houfková et al., 2017) and the resulting need for relatively large samples 
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(>8 g of dry sediment). Additionally, XRF analysis was also processed on samples from PK-

1-M. 

The frequency and size of silica grains were subjectively monitored using a light 

microscope in parallel to diatom analysis in the profile PK-1-L. Four categories of clastic 

silica quantity were determined using a nominal scale: 0 – grains absent or negligible, 1 – 

grains rare, 2 – grains common, 3 – grains abundant and larger pieces (>100 μm) present. 

3.2 Chronology 

Five bulk samples from the PK-1-L profile were dated by 14C AMS at the Center for 

Applied Isotope Studies (CAIS), University of Georgia, USA (Table 1). A Poisson-process 

deposition model (Bronk Ramsey, 2008) with k=2.5 (Bronk Ramsey & Lee, 2013) based on 

the IntCal 13 calibration curve (Reimer et al., 2013) was constructed using the OxCal 4.2.4 

application (Bronk Ramsey, 2013) with a boundary at the depth of 134 cm where 

sedimentation rate changed considerably. The basal bulk sample of the PK-1-M profile was 

dated using the same methods to date the start of sedimentation. The profiles were correlated 

by the fitting of Rb/Sr ratio curves acquired using XRF (Fig. 2). 

 

Table 1: List of radiocarbon dates from the PK-1-L and PK-1-M profiles, Lake Komořany. The 

uncalibrated dates (14C age) and their intervals (±) are quoted in radiocarbon years before 1950 AD (yr BP). 

Intervals of calibrated dates (cal yr BP) are counted using Poisson-process deposition model in OxCal 4.2.4 

(Bronk Ramsey, 2013) using IntCal13 calibration curve (Reimer et al., 2013). 

Sample ID 

(UGAMS#) 
Profile Depth (cm) 14C age (yr BP) ± 

14C age (cal yr BP;  

interval of 95.4 probability) 

10365 PK-1-L 114.2 8,420 30 9,555–9,140 

9461 PK-1-L 134 9,960 30 12,020–11,195 

10366 PK-1-L 136.5 10,940 30 13,100–12,670 

10367 PK-1-L 139.5 12,640 35 15,465–14,230 

9462 PK-1-L 144.5 13,130 40 16,265–15,230 

9463 PK-1-M 147 13,810 40 15,449–15,109 

 

3.3 Diatom analysis 

The diatom record was analysed from 2 mm-thick layers in 0.4–0.6 mm intervals from 

the core PK-1-L. In total, 32 samples were processed from the depth interval of 128–143.6 

cm. Laboratory processing and the subsequent quantitative analysis of diatom content 

followed standard procedures (Battarbee et al., 2001). After boiling in 30% hydrogen 
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peroxide, the subsamples were carefully rinsed with distilled water. Purified solutions were 

thinned and an accurate volume gauged onto cover slides. Permanent mounts were created 

using Naphrax® mounting resin. The concentration of valves per dry weight (DW) of 

sediment was estimated using divinylbenzene microspheres as an internal standard. 

At least 500 diatom valves were counted in each sample excluding dominant 

fragilarioid taxa (i.e., >30%: Staurosira construens f. construens Ehrenberg, Staurosira 

construens f. venter (Ehrenberg) Bukhtiyarova). The dominants were enumerated separately 

in the resolution of 100 valves per sample. A similar approach has been already adopted in 

several studies (e.g., Battarbee, 1986; Heinsalu et al., 2008; Demiddele et al., 2016) in the 

case of a high abundance of fragilarioid taxa. Diatom slides were observed under 1,000× 

magnification using the light microscope Nikon Eclipse E400 with a Canon EOS650D camera. 

Determination followed Krammer (2000, 2002, 2003), Krammer & Lange-Bertalot (1986, 

1988, 1991a, 1991b) and Lange-Bertalot (2001). Nomenclature was updated according to 

AlgaeBase (Guiry & Guiry, 2019) and unified with the approach of last diatom analyses from 

Lake Komořany (Bešta et al., 2015; Houfková et al., 2017). Autecology of constituent taxa 

was specified using mainly Denys (1991) and Van Dam et al. (1994) and complemented with 

information from determination literature where necessary. 

3.4 Chironomid and other Diptera analyses 

For chironomid analysis, 14 1-cm thick layers from the core PK-1-M were used (depth 

interval of 130–144 cm according to PK-1-L profile’s scale). A known weight of dry sediment 

(8.6–22.3 g) was deflocculated in 1% potassium hydroxide at 70°C for 20 mins and washed 

with distilled water onto a sieve with 100 μm mesh-size. The remaining material was 

transferred from the sieve into a modified Sedgewick-Rafter counting chamber and all head 

capsules were picked with a needle using a stereomicroscope (40–50× magnification). After 

dehydration in 80% ethyl alcohol, head capsules were mounted on slides in Euparal® 

mounting medium and identified using a light microscope (125–250× magnification). 

Taxonomical and autecological determination mainly follows Wiederholm (1983) and Brooks 

et al. (2007). When mentum was damaged or worn and mandibles or premandibles were not 

available, a higher taxonomic group was identified. Chironomid head capsule concentration 

was estimated by counting all head capsules in the samples. 

3.5 Pollen analysis 

Pollen analysis was conducted on the same samples as diatom analysis, i. e., from 2 

mm-thick layers in 0.4–0.6 mm intervals from the core PK-1-L (128–143.6 cm depth). 



25 

 

Sediment samples were boiled in potassium hydroxide, sieved, acetolysed and incubated in 

fluoric acid according to Faegri & Iversen (1989). A known quantity of Lycopodium spores 

(three tablets) was added to each sample prior to the treatment to determine the absolute 

pollen concentration (Stockmarr, 1971). Pollen was counted under a Nikon Eclipse 80i optical 

microscope at magnifications of 400–1000x. At least 500 pollen determinations were 

conducted per sample. Taxonomic identifications followed Punt (1976), Eide (1981), Punt & 

Clarke (1980, 1981, 1984), Punt et al. (1988, 1995, 2003), Punt & Blackmore (1991), Beug 

(2004) and Punt & Hoen (2009). Reworked pollen grains of presumably the Tertiary period 

were identified according to Stuchlík (2001). 

3.6 Numerical analysis 

Significant diatom (DAZ), pollen (PAZ) and chironomid (CAZ) assemblage zones 

were based on CONISS (Constrained Incremental Sums of Squares) (Grimm, 1987). From 

chironomid and diatom dataset, uncertain gathering categories were excluded for further 

clustering using R 3.2.4 (R Core Team, 2016). From the pollen dataset, unidentified objects 

and Tertiary and aquatic plants’ pollen were removed. Relative species abundances were 

processed by Hellinger transformation prior to clustering by CONISS and testing by the 

Broken-Stick model (MacArthur, 1957; Legendre & Legendre, 1998). Diatom assemblage 

zones (DAZ) were calculated both from the entire assemblage and from dominant-free species 

data (without taxa >30%: Staurosira construens f. construens, Staurosira construens f. 

venter). 

3.7 Geochemistry 

Dry weights of sediment samples were determined by drying them at 105°C for six 

hours during diatom analysis and at 50°C for 24 hours during chironomid analysis (Boyle, 

2001) in order to obtain standardized sediment weights for quantitative analysis of the 

biological proxies. 

Loss-on-ignition (LOI) analysis was conducted at 550°C for four hours according to 

Heiri et al. (2001) to quantify the relative proportion of organic matter in the sediment. 

For the X-ray fluorescence measurements (XRF), a Delta Professional Handheld XRF 

analyser with 9 mm (uncollimated) spot size was used. Every 1-cm-thick layer was exposed 

three times for three minutes with two beams in “Geochem mode” – the first beam of up to 11 

keV for lighter elements for 90 seconds and a second beam of up to 50 keV for heavier 

elements for 90 seconds. Presented data (%) are arithmetic averages from the three 

measurements. 
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4 Results 

4.1 Lithology 

A sharp lithological interface between clayey and layered gyttja was observed at the 

depth of 135 cm in the PK-1-L profile (Fig. 2). The PK-1-M profile was created by clayey 

gyttja without remarkable lithological change. The concentration of clastic silica decreased 

around the lithological boundary towards the Holocene and larger grains disappeared (Fig. 2). 

The Rb/Sr ratio increased 1.5 times at the lithological boundary in the PK-1-L profile (Fig. 2). 

 

Fig. 2: Lithology and correlation of the profiles PK-1-L and PK-1-M. Clastic silica quantity from profile PK-1-L 

quoted in four categories: 0 – grains absent or negligible, 1 – grains rare, 2 – grains common, 3 – grains 

abundant and larger pieces (>100 μm) present. Rb/Sr ratios plotted for both profiles. Clayey gyttja represented 

by a grey background, layered gyttja represented by a white background. 

 

4.2 Chronology 

 A Poisson-process deposition model (Fig. 3) based on five radiocarbon data (Tab. 1) 

demonstrated a change of sedimentation rate at the lithological interface in the profile PK-1-

L. The studied depth interval covered period ~15,600–10,800 cal yr BP. The sedimentation 
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rate of the clayey gyttja (depth 143.6–135 cm) was 430 yr/cm on average, while the average 

sedimentation rate of layered gyttja (depth 135–128 cm) was 160 yr/cm. 

 

Fig. 3: Age-depth model for the profile PK-1-L. Poisson-process deposition model (Bronk Ramsey, 2008) with 

k=2.5 (Bronk Ramsey & Lee, 2013) based on the IntCal 13 calibration curve (Reimer et al., 2013) constructed 

using the OxCal 4.2.4 application (Bronk Ramsey, 2013). 
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4.3 Diatom record 

Altogether, 105 diatom taxa were observed in the 32 studied samples. The diatom 

valve concentration allowed to achieve the intended total counts in all samples with the 

exception of the most basal one (143.2–143.6 cm). The layered gyttja provided generally 

higher concentrations of diatom valves than the clayey gyttja from the basal part of the profile 

(Fig. 4). 

Tiny fragilarioid taxa (Staurosira Ehrenberg, Staurosirella Williams & Round, 

Pseudostaurosira Williams & Round) predominated along the whole studied interval. The 

diatom relative abundance record was divided into two significant diatom assemblage zones, 

(DAZ 1, DAZ 2) and the second zone was divided into two non-significant subzones (Fig. 4). 

DAZ 1 (143.6–136.2 cm, 15,600–12,600 cal yr BP) was characterized by the 

dominance of Staurosira construens f. venter, accompanied by subdominant Staurosira 

construens var. binodis (Ehrenberg) Hamilton and Fragilaria heidenii Østrup. 

Pseudostaurosira polonica (Witak & Lange-Bertalot) Morales & Edlund, Gyrosigma 

acuminatum (Kützing) Rabenhorst and Planothidium joursacense (Héribaud-Joseph) Lange-

Bertalot reached a considerable abundance (>0.5%) within this zone only. Aulacoseira 

ambigua (Grunow) Simonsen was the only noticeable representative of euplanktonic taxa in 

DAZ 1. 

DAZ 2a (136.2–131.2 cm, 12,600–11,100 cal yr BP) started with a gradual increase in 

the total concentration of diatom valves. S. construens f. venter declined, and consequently 

Staurosira construens f. construens became dominant after the distinct increase in its relative 

abundance. Staurosirella pinnata (Ehrenberg) Williams & Round rose slightly at the 

beginning of the zone, whereas S. construens var. binodis decreased in abundance at the end 

of the zone. Two other euplanktonic taxa Lindavia cf. balatonis (Pantocsek) Nakov et al. and 

Staurosirella berolinensis (Lemmermann) Bukhtiyarova reached noticeable relative 

abundance beside A. ambigua being continuously present. The upper subzone boundary was 

defined using CONISS with excluded dominant taxa only. 

DAZ 2b (131.2–128 cm, 11,100–10,800 cal yr BP) reflected growth of less abundant 

motile benthic taxa Geissleria schoenfeldii (Hustedt) Lange-Bertalot & Metzeltin, Navicula 

laterostrata Hustedt, Navicula radiosa Kützing and Sellaphora vitabunda (Hustedt) Mann, 

accompanied by Fragilaria capucina s. l. Desmazières. Prevailing S. construens f. construens 

remained without any significant change. S. construens f. venter rose slightly, whereas 

relative abundance of S. construens var. binodis and all euplanktonic species decreased. 
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Fig. 4: Stratigraphical diagram of diatom relative abundances from the profile PK-1-L. Diatom concentration 

curve expressed as number of valves per 1 g of dry sediment. Relative abundances represented by a black 

silhouette, lines corresponding to10-times exaggeration. Significant diatom assemblage zones (DAZ 1, DAZ 2) 

and non-significant subzones (DAZ 2a, DAZ 2b) defined by CONISS (stratigraphically constrained cluster 

analysis) and Broken-Stick model. Clayey gyttja indicated by a grey background, layered gyttja indicated by a 

white background. 

4.4 Chironomid and other Diptera records 

A total number of 35 chironomid and two other dipteran morphotaxa were identified at the 

studied depth interval separated into 14 1-cm-thick layers (Fig. 5, Tab. 2). The concentration 

of head capsules was extremely low and oscillated between two and six individuals per gram 

of dry sediment. To produce statistically robust reconstructions and associated interpretations, 

large samples of dry weight from 9 to 23 g were analysed. The subsequent picking of head 

capsules yielded 29–110 individuals per sample. Chironomid abundance decreased 

temporarily at the depth of 140.5 cm and from 135.5 cm started to decrease continually 

towards the onset of the Holocene. Due to poor preservation, some of the findings were 

identified only to genus or subfamily level. Chironomus plumosus-type, C. anthracinus-type, 

and Procladius were the most abundant taxa along the studied profile. Two significant 

chironomid assemblage zones were defined (CAZ 1 and 2). 

CAZ 1 (143.5–136 cm, 15,600–12,500 cal yr BP) was characterized by the dominance 

of C. plumosus-type, particularly in the basal part (> 80%) and decreasing towards 24% at the 

depth of 140.5 cm. This temporary drop in C. plumosus-type relative abundance coincided 

with the decrease in total abundance of chironomid head capsules (number of 

individuals/head capsules per 1 g of dry sediment), C. anthracinus-type establishment, and an 

increase in Procladius. Then the relative abundance of dominant C. plumosus-type recovered 

to ~30–40% and the total chironomid abundance also increased. The dominant taxa (>15% at 

least in one layer) were accompanied by several sub-dominant taxa (4–15% at least in one 

layer) – the Cladotanytarsus mancus-type, Einfeldia dissidens/natchitocheae-type, 

Microchironomus, Stictochironomus rosenschoeldi-type, and Tanytarsus lugens-type. Several 

head capsules of the T. lugens-type had typical mandibles with three inner and two dorsal 

teeth but their surficial tooth was strongly reduced. These findings are presented as the T. cf. 

lugens-type. 

CAZ 2 (136–130.5 cm, 12,500–11,000 cal yr BP) showed a gradual decline of C. 

plumosus-type as well as a decline in the total abundance of head capsules in the sediment. 

Procladius increased distinctly in reverse and became the most abundant taxon. Besides these 



31 

 

two taxa, only Einfeldia natchitocheae-type exceeded the relative abundance of 15% in the 

uppermost layer. C. anthracinus-type and T. (cf.) lugens-type progressively disappeared from 

the record. Stictochironomus rosenschoeldi-type was completely missing, Microchironomus 

remained present, Cladotanytarsus mancus-type reappeared in the lower half of the CAZ 2 

and disappeared again at 133 cm and the Einfeldia dissidens/natchitocheae-type increased. In 

addition, several new subdominants (relative abundance of 4–15%) appeared – the Einfeldia 

dissidens-type, Polypedilum nubeculosum-type, and Glyptotendipes pallens-type. 

Besides the chironomid remains, the presence of Chaoborus flavicans (Meigen, 1830) 

mandibles in both CAZ 1 and CAZ 2, and one head capsule of family Simuliidae in CAZ 2 

was documented. 
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Fig. 5: Stratigraphical diagram of chironomid relative abundances from the profile PK-1-M. Depth expressed in 

PK-1-L depth scale. Chironomid concentration curve expressed as number of HC (head capsules) per 1 g of dry 

sediment. Relative abundances represented by a black silhouette, lines corresponding to10-times exaggeration. 

Significant chironomid assemblage zones (CAZ 1, CAZ 2) defined by CONISS (stratigraphically constrained 

cluster analysis) and Broken-Stick model. Not-studied depth interval indicated by hatched area. 

4.5 Pollen record 

Three significant pollen assemblage zones (PAZ) were determined (Fig. 6) with a total 

of 107 pollen and spore types recorded. Pollen types of Tertiary origin numbering 15 were 

recorded mainly in PAZ 1. The recovered pollen grains were well preserved. Total pollen 

concentration reached ca 1.7–5*105 grains*g-1 in PAZ 1 and amplified to ca 1–2.5*106 

grains*g-1 in PAZ 2 and 3. Pinus sylvestris-type and Betula pubescens-type pollen was the 

most abundant (~70–80%) in PAZ 1 (143.3–135.7 cm, 15,600–12,300 cal yr BP). Pollen of 

shrubs (Juniperus, Salix and Alnus alnobetula) reached ~5% abundance and non-arboreal 

pollen (NAP) ~20–30%. Aquatic species were above all represented by pollen of the 

Myriophyllum spicatum-type, Alisma plantago-aquatica-type, and Oenanthe fistulosa-type. 

Some rare and rather thermophilous species such as Butomus umbellatus were recorded. The 

pollen of light demanding species (the Corylus avellana-type), the deciduous species of the 

Quercetum mixtum (the Quercus robur-group, Tilia cordata-type, Ulmus-type, and Fraxinus 

excelsior-type), and Picea-type were of extremely low abundance. By the end of the zone, 

spores of Sphagnum and pollen of the Elatine-type were recorded. An increase in the 

abundance of the pollen of trees and shrubs of up to 90 % proceeded in PAZ 2 (135.7–130.2 

cm, 12,300–11,000 cal yr BP). In PAZ 3 (130.2–128 cm, 11,000–10,800 cal yr BP), pollen of 

the Corylus avellana increased in abundance above 20% and was succeeded by pollen of 

deciduous species of the Quercetum mixtum. Hygrophilous and water species were, above all 

represented by pollen of the Typha angustifolia and the Sparganium emersum-type. 
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Fig. 6: Stratigraphical diagram of pollen relative abundances from the profile PK-1-L. Pollen concentration 

curve expressed as number of particles per 1 g of dry sediment. Relative abundances of AP (arboreal pollen) 

represented by a black silhouette, relative abundances of NAP (non-arboreal pollen) represented by a dark grey 

silhouette. Relative species abundances represented by black silhouettes, lines corresponding to 10-times 

exaggeration. Significant pollen assemblage zones (PAZ 1, PAZ 2, PAZ 3) defined by CONISS 

(stratigraphically constrained cluster analysis) and Broken-Stick model. Clayey gyttja indicated by a grey 

background, layered gyttja indicated by a white background. 

4.6 Trophic state indication 

The succession of diatom and chironomid ecological groups suggested a decreasing 

trend of nutrient availability during the LG/H transition (Fig. 7). The most abundant taxa of 

each ecological group are listed in Table 2. Diatom ecological groups are presented without 

dominant fragilarioid taxa, however, they remained significant owing to the exclusion of 

dominants since the phase of diatom valves’ counting. Eutraphentic diatom species abundance 

decreased at the DAZ 1/DAZ 2 boundary. Similarly, eutraphentic chironomids became less 

abundant after the CAZ 1/CAZ 2 boundary. While meso-eutraphentic diatoms decreased later 

at the DAZ 2a/DAZ 2b boundary inversely to the increase of mesotraphentic and 

oligotraphentic diatom species, meso-eutraphentic chironomids increased at the CAZ 1/CAZ 

2 boundary. Higher relative abundances of oligotraphentic chironomids in CAZ 1 were driven 

by Tanytarsus lugens-type presence (Tab. 2). 

Diatom valve concentration increased at the LG/H boundary. Similarly, the pollen 

concentration of aquatic macrophytes increased slightly with the onset of the Holocene during 

PAZ 2 and later distinctly at PAZ 3 (Fig. 8). Both variables are in more or less direct 

proportion to the primary productivity of diatoms and aquatic macrophytes respectively. 

Loss-on-ignition (LOI) had a distinct rising trend ranging between 1.5–10.4% in the LG and 

between 13–16.5% in the Holocene but it remained at a relatively low level along the whole 

studied interval of the PK-1-L profile (max. 16.5% at 129–129.8 cm) (Fig. 8). Fe/Mn ratio 

decreased twice at the lithological boundary, when average values for the LG (91.1) and for 

the Holocene were compared (41.2) (Fig. 8). 
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Fig. 7: Stratigraphical diagram of diatom and chironomid ecological groups. Chironomid relative abundances 

shown for whole assemblage, diatom relative abundances shown for assemblage counted without two dominant 

fragilarioid taxa. Significant diatom assemblage zones (DAZ) and chironomid assemblage zones (CAZ) defined 

by CONISS (stratigraphically constrained cluster analysis) and Broken-Stick model. Not-studied depth interval 

indicated by a hatched area. 
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Table 2: List of common diatom (>0.5%) and chironomid (>4%) taxa found in the studied record with 

affiliation according to lake trophic state preferences. Species ecology is based on observations summarised by 

Wiederholm (1983), Van Dam et al. (1994) and  Brooks et al. (2007). S. construens f. construens and S. 

construens f. venter not included in the Fig. 7. 

 

Trophic state 

preference 

Diatom taxa Chironomid taxa 

Eutraphentic Aulacoseira ambigua 

Fragilaria heidenii 

Gyrosigma acuminatum 

Lindavia cf. balatonis 

Staurosirella berolinensis 

Chironomus anthracinus-type 

Chironomus plumosus-type 

Einfeldia dissidens-type 

Einfeldia dissidens/natchitocheae-type 

Einfeldia natchitocheae-type 

Polypedilum nubeculosum-type 

Meso-eutraphentic Navicula radiosa 

Planothidium joursacense 

Staurosira construens f. 

construens 

Staurosira construens f. venter 

Staurosira construens var. 

binodis 

Cladotanytarsus mancus-type 

Glyptotendipes pallens-type 

Microchironomus 

Procladius 

Stictochironomus rosenschoeldi-type 

Mesotraphentic Fragilaria capucina s. l. 

Geissleria schoenfeldii 

 

Oligo-mesotraphentic Pseudostaurosira polonica 

Sellaphora vitabunda 

 

Oligotraphentic  Tanytarsus lugens-type 

? Tanytarsus cf. lugens-type 

Indifferent Pseudostaurosira brevistriata 

Staurosirella pinnata 
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Fig. 8: Stratigraphical diagram of variables representing lacustrine trophic state from the profile PK-1-L. LOI 

(loss-on-ignition) represents percentages of organic matter. Diatom and pollen concentration curves expressed as 

number of particles per 1 g of dry sediment. Fe/Mn ratio based on XRF analysis. Significant diatom assemblage 

zones (DAZ 1, DAZ 2) and non-significant subzones (DAZ 2a, DAZ 2b) defined by CONISS (stratigraphically 

constrained cluster analysis) and Broken-Stick model. Clayey gyttja indicated by a grey background, layered 

gyttja indicated by a white background. 

5 Discussion 

5.1 The effect of climate on lacustrine biota 

At the Late Glacial/Holocene transition (LG/H), a gradual succession of aquatic and 

terrestrial biota without any sharp interface was recorded in Lake Komořany. The remarkable 

feature of this transition is the asynchronous change in diatom species composition and their 

productivity indicated by diatom valve concentration (Fig. 4). While diatom productivity 
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abruptly increased and changed the character of sediment at the supposed LG/H boundary 

(135–134.5 cm, 12,000–11,700 cal yr BP) (Fig. 2, 4), the main shift in both dominant and 

rarer diatom taxa along with change in chironomid assemblage and rise in LOI had taken 

place slightly before (136.5–136 cm, 12,800–12,500 cal yr BP) this lithological interface (Fig. 

4). Therefore, there must have been two, qualitatively different, breakthroughs in ecosystem 

response. The chronologically first change could have resulted from ecosystem response to 

the warmer second half of the Younger Dryas period (Stuiver et al., 1995) which is of 

considerable influence on the lowland lakes (Goslar et al., 1993; Zawiska et al., 2015) and 

was detected also in a diatom record from a shallow lake situated in the southern part of the 

Czech Republic (Bešta et al., 2009). Although the climatic forcing of the first discussed event 

is far behind the resolution of our sedimentary record, we did not find another possible trigger 

of such changes. Therefore, we put it here as a provisional explanation, since a rather gradual 

process without the detection of generally accepted LG periods (e. g., Allerød) was observed 

in the profile. This is consonant with the view that neither a particular event nor even a 

biostratigraphic episode (cf. Rasmussen et al., 2014) can be distinguished for the LG 

terrestrial record from Lake Komořany. The second event, characterized by the abrupt rise in 

diatom productivity, is synchronous with the LG/H boundary (Fig. 2). It offers a bold 

conclusion that the first recorded change preceding the LG/H boundary was more prominent, 

since there was a shift in both chironomid and diatom species composition (quality), whereas 

only diatom valve concentration (quantity) changed during the second shift. The second 

quantitative shift in diatom assemblage, i.e. the increase in productivity of dominant 

fragilarioids, could be connected with spread of suitable littoral habitats with emergent 

aquatic macrophytes as the fragilarioids possibly prefer emergent substrates to colonize 

(Sayer et al., 1999). Whatever the case, the shift in productivity could not be biased by 

enhanced sedimentation rate (allochthonous material input), since than the valve 

concentration had to drop. 

Terrestrial vegetation showed gradual change with the continual disappearance of 

steppe and tundra indicators (e. g., Artemisia, Helianthemum, Potentilla, Juniperus, Salix, 

Betula nana, Alnus viridis-type) and a successive increase in wood’s proportion. Pinus and 

Betula trees were present in the region perhaps in the form of a patchy woodland during the 

LG (16,300/15,200–11,700 cal yr BP). Such scattered patches of hemiboreal forest, further 

indicated by the presence (<1.5%) of Pinus cembra-type pollen (Fig. 6), were reconstructed at 

low altitudes in the Bohemian Massif (Kuneš et al., 2008). The spread of mixed deciduous 

forest starts very early with the scattered occurrence of pollen of some thermophilous trees 
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(Quercus robur-type, Tilia cordata-type) (Fig. 6). Such early findings of these taxa are also 

usually thought to originate in a long-distance transport or reworked material (Pokorný, 2002; 

Ralska-Jasiewiczowa et al., 2004). Even though the steppe vegetation probably persisted 

during the Holocene in the adjacent thermophilous hilly region of České Středohoří (Pokorný 

et al., 2015), the pollen of the steppe elements almost disappeared from the Lake Komořany 

record until 5,500 cal yr BP (Houfková et al., 2017). 

The recorded gradual development of terrestrial vegetation documents a very limited 

climatic forcing of the studied lowland environment at the LG/H transition transferring to a 

less pronounced response of the lacustrine ecosystem. We found a distinct shift in the relative 

abundances of diatoms and chironomids but only minor changes in species compositions (Fig. 

4, 5). An addition of several new diatom and chironomid taxa to the persisting Late-Glacial 

species composition rather than their complete substitution generally characterizes the 

changes in Lake Komořany aquatic assemblages. A similar pattern was also recorded in other 

lowland eutrophic lakes in central Europe at the Holocene onset (Kirilova et al., 2009; Turner 

et al., 2014). 

Low water depth is considered as one of the driving factors causing relatively stable 

aquatic assemblage composition in Lake Komořany because it determines the frequency of 

mixing in the whole water column (Scheffer, 2004). The long-lasting shallow character of 

Lake Komořany could explain the predominance of diatom fragilarioid taxa known to thrive 

in polymictic shallow waters (Bennion, 1995). Observed diatom assemblages represent a 

typical pioneer species composition well-known from other Late-Glacial lakes (Haworth 

1976; Denys et al. 1990) and large shallow lakes in general (Heinsalu et al., 2008; Buczkó et 

al., 2019). This is consistent with the dominance of fragilarioid tychoplanktonic taxa 

throughout the existence of Lake Komořany (Bešta et al., 2015; Houfková et al., 2017). 

Observed invariable diatom composition indicates a shallow lacustrine character without 

extensive phases of deep water during the LG and weak climate forcing of the lake 

ecosystem. Nevertheless, subtle water-level fluctuations can be inferred from the pollen of 

macrophytes typical of disturbed wet stands (among others Sphagnum or Elatine, Fig. 6). The 

water-level rise caused by humification at the onset of the Holocene was proven by the start 

of sedimentation in the more elevated parts of the basin (Houfková et al., 2017). This is 

further supported by the outset of diatom euplanktonics Staurosirella berolinensis and 

Lindavia cf. balatonis (Fig. 4). An analogous water level rise was also described in other 

European records (Magny, 2004; Bos et al., 2007). The shift to the lake with more stable 
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littoral parts is further indicated by a presence of pollen of Typha angustifolia or Humulus 

lupulus ~11,200 cal yr BP (PAZ 3) (Fig. 6). 

Although the water level strongly influenced the general character of observed aquatic 

assemblages, it fails to explain species composition changes during the LG in Lake 

Komořany. Therefore, the change in trophic state was tracked as a potential prominent device 

in how climate indirectly influenced the lacustrine ecosystem. 

5.2 Trophic state reconstruction 

Our results document mesotrophic to eutrophic conditions already since the lake 

formation in the LG (Fig. 7, 8). Various aspects of the lacustrine trophic state were 

reconstructed, through aquatic macrophytes, primary productivity and nutrient availability. 

Aquatic macrophytes shape the regime of shallow lakes (Jeppesen et al., 1998) and 

affect species composition of chironomid and diatom assemblages (Sayer et al., 1999; 

Brodersen et al., 2001; Vermaire et al., 2013; Tarrats et al., 2018). Even in the LG, 

Myriophyllum spicatum was a dominant component of aquatic macrophyte assemblage (Fig.  

6) but absolute concentrations of aquatic macrophytes’ pollen were distinctly lower than later 

on in the Early Holocene (Fig. 8). Nevertheless, the lower volume of water in the LG and 

submergent character of M. spicatum could have made its vegetation an important habitat for 

small fragilarioids and Gyrosigma acuminatum (Fig. 4), a diatom frequently observed on 

aquatic macrophytes (Dong et al., 2008). The first evidence of heightened macrophyte growth 

at the onset of the Holocene is documented by an increase in Einfeldia dissidens-type and 

Glyptotendipes pallens-type (Fig. 5), two chironomid taxa associated with aquatic 

macrophytes (Brodersen et al., 2001). The subsequent increase in the pollen concentration of 

aquatic macrophytes and the spread of broad-leaved species (Potamogeton natans-type, 

Sparganium emersum-type, Typha angustifolia) is linked with the onset of the Holocene (Fig. 

6). This littoral vegetation provided more stable bottom habitats enabling the establishment of 

an epipelic diatom community including Navicula radiosa and other motile benthic diatoms 

(Geissleria schoenfeldii, Navicula laterostrata, Sellaphora vitabunda) (Fig. 4). Moreover, we 

must consider not only the substantial influence of aquatic macrophytes on nutrient 

availability by bottom stabilization but also the direct consumption of phosphorus during 

enhanced growth under the Holocene favourable climate. Aquatic macrophytes can affect the 

lacustrine trophic state as they serve as effective phosphorus sink and mitigate sediment 

resuspension (Canfield & Jones, 1984; Jeppesen et al., 1998). Furthermore, the lower 

abundance of macrophytes during the LG could strengthen the sensitivity of benthic diatoms 
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including small fragilarioid taxa to the concentration of epilimnetic phosphorus (Werner & 

Smol, 2005). 

Diatom and chironomid ecological groups in our record show a clear trend from more 

towards less nutrient-demanding taxa (Fig. 7). We attempted to reduce the influence of poor 

fragilarioid indicators (Bennion, 1995; Sayer, 2001; Bennion et al., 2010) by excluding the 

dominant Staurosira spp. from our assessment. Moreover, the nutrient concentration signal of 

remaining fragilarioid taxa (F. heidenii, Pseudostaurosira brevistriata (Grunow) Williams & 

Round, P. polonica, S. berolinensis, S. pinnata, S. construens var. binodis) was considered 

with caution. Such an approach provides a clear signal of decreasing nutrient availability 

towards the Holocene through decreasing eutraphentic and increasing meso- and 

oligotraphentic diatom species (Fig. 7). Additionally, the substitution of two diatom 

dominants, S. construens f. venter and S. construens f. construens (Fig. 4), could be explained 

by nutrient availability since S. construens f. venter tolerates higher concentrations of 

organically bound nitrogen compared to S. construens f. construens (Van Dam et al. 1994). 

Although the coenococcal algae Pediastrum kawraiskyi Schmidle, used typically as an 

indicator of cold and oligotrophic conditions, was found in Late-Glacial sediments of Lake 

Komořany (Komárek & Jankovská, 2001; Jankovská & Pokorný, 2013), its presence during 

cold periods in a naturally eutrophic lake documented by Turner et al. (2014) questioned the 

indicative value for nutrient levels. A more probable connection of P. kawraiskyi to low 

temperatures rather than low nutrient level supports our interpretation of there being relatively 

high nutrient levels since the LG. 

Chironomid ecological preferences follow a similar trend showing a substitution of 

eutraphentic dominants for meso-eutraphentic taxa (Fig. 7). The most abundant chironomids 

of our record, namely Chironomus anthracinus-type, C. plumosus-type and Procladius (Fig. 

5, Tab. 2), often produce very abundant populations in highly productive lakes with low 

clarity and oxygen depletion or anoxia near the bottom (Nagell & Landahl, 1978; Matěna, 

1989; Hamburger et al., 1994). Characteristic cold stenothermic taxa inhabiting oligotrophic 

and well-oxygenated waters (e. g., the Heterotrissocladius grimshawi-type or Micropsectra 

spp.) are missing, although reported in many European records, including LG sediments of 

lowland shallow lakes (Brooks et al., 1997; Brodersen & Lindegaard, 1999; Płóciennik et al., 

2011; Bos et al., 2017) or Czech LG lakes situated in elevations of above 900 m a.s.l 

(Kletetschka et al., 2018). Furthermore, mesotraphentic species (e. g., the Derotanypus or 

Corynocera ambigua-type) present in regional mid-altitude lakes (400–900 m a. s. l.) (Hošek 

et al., 2014; Hájková et al., 2016) are also absent from Lake Komořany records. The only 
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exception are rare findings of Tanytarsus lugens-type, a morpho-taxon typical of the 

profundal in oligotrophic lakes (Brooks et al., 2007). 

5.3 Driving mechanisms of nutrient availability 

We make the case that nutrient availability was a probable factor in the Lake 

Komořany ecosystem change at the LG/H transition. Similar decreases in the nutrient level at 

the time of the climate amelioration are known from Scandinavian (Björk, 2010), Polish 

(Apolinarska et al., 2012) and German lowland lakes (Kirilova et al., 2009; Turner et al., 

2014). In case of Lake Komořany record, this reduction in nutrient availability was likely 

accompanied by changes in the catchment erosion intensity, duration of seasonal anoxia and 

shift in primary productivity. 

1. More intensive catchment erosion during the colder and drier period could have 

enhanced nutrient availability in the LG. A higher input of inorganic material into Lake 

Komořany is clearly indicated by an increased proportion of clastic particles in the LG parts 

of the profiles (Fig. 2). Although a decrease of Rb at the LG/H transition correspond with 

more intensive erosion from catchment during the LG (cf. Hošek et al., 2014), our lower 

values of Rb/Sr ratio in LG (Fig. 2) contradict trends usually observed for colder periods (Jin 

et al., 2006). This is caused by a distinct decrease of Sr at the LG/H transition, most likely 

linked to the affinity of Sr to Ca (Jin et al., 2006) and a decrease of alkalinity towards the 

Holocene. 

2. Seasonal anoxia under prolonged winter stratification causes an internal recycling 

of sedimentary phosphorus (Wetzel, 2001). The presence of Chironomus anthracinus-type, C. 

plumosus-type and Stictochironomus rosenschoeldi-type during the LG (Fig. 5) suggests at 

least seasonally anoxic conditions near the lake bottom (Nagell & Landahl 1978; Int Panis et 

al. 1995), whereas Tanytarsus lugens-type presence indicates well-oxygenated conditions 

(Brooks et al., 2007). This discrepancy could be explained by the presence of a mosaic of 

different habitats in the lake and a possible restriction of T. lugens-type (Fig. 5) to a better 

oxygenated environment near the inflow of the Bílina River. The above-mentioned taxa are 

characteristic of our LG record and disappeared or declined with the onset of the Holocene. 

Higher Fe/Mn ratios (Fig. 8) also suggest at least seasonal anoxic conditions leading to higher 

nutrient concentrations during the LG. On the other hand, we cannot rule out the possibility 

that anoxic conditions affected Early Holocene chironomid assemblages as well. Chironomid 

concentration became very low (Fig. 5) documenting unfavourable conditions. Profundal taxa 

decreased and were partially replaced by littoral taxa. Therefore, the effect of oxygen 
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depletion caused by the enhanced decomposition of biomass produced after climate 

amelioration cannot be fully excluded. 

3. Higher primary productivity in the Early Holocene was able to enhance competition 

for available nutrients and made them a limiting factor in contrast to the LG. Both growing 

terrestrial and aquatic vegetation serve as a phosphorus sink and can make nutrients 

unavailable for algal primary producers (Canfield & Jones, 1984; Tabacchi et al., 2000). 

While primary productivity rises, a phosphorus turnover in the lake increases but its 

instantaneous concentrations often decrease or fluctuate (Wetzel, 2001). In Lake Komořany, a 

higher biomass production of terrestrial and/or aquatic vegetation was suggested by an 

increasing proportion of organic matter in sediment (Fig. 8) and higher pollen concentration 

(Fig. 6). An increase of algal biomass in the Early Holocene is documented by higher diatom 

valve concentration (Fig. 4). Additionally, the limitation of biomass production by harsh 

conditions during the LG possibly allowed a higher availability of nutrients for surviving 

organisms. Light availability and mechanical disturbances are supposed key limiting factors 

for primary productivity during the LG in Lake Komořany: (a) Severe light attenuation by 

turbid inorganic particles is expected during the LG as a consequence of the potentially 

stronger input of minerogenic material by the tributary (the Bílina River). As we found only 

indications of a slightly higher input of particles in the LG (Fig. 2) and the sedimentation rate 

remained low (Fig. 3), the turbidity of particles by water column mixing seems to be a more 

important factor than the absolute amount of washed-in material. The potential input of 

particles could also fertilize benthic algae surviving in shallower parts where physical 

conditions were more stable and light more available (Stevenson et al., 1996). This could thus 

amplify the discrepancy between the low primary productivity and the presence of the 

nutrient-demanding taxa. Restricted favourable habitats did not allow heightened biomass 

production. (b) Mechanical disturbances by turbulent water conditions or prolonged ice-cover 

could impede the biomass growth of algal mats and aquatic macrophytes as frequent 

disturbance reduces benthic biomass (Stevenson et al., 1996). 

These processes could cause either lower absolute nutrient level towards the Holocene 

or at least raise relative nutrient availability in the LG. Although absolute nutrient 

concentration in the lacustrine ecosystem could be higher in the Holocene, the instantaneous 

nutrient availability was lower due to the fast nutrient turnover. In Lake Komořany, the 

presence of nutrient-demanding diatoms and chironomids in the Late-Glacial period and their 

subsequent decrease towards the Holocene agrees with this hypothesis. Furthermore, the same 

timing of main species compositional change in diatom and chironomid assemblages with the 
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increase in organic matter proportion supports the influence of changes in catchment and/or 

in-lake primary productivity to ecosystem structuring. Other enriching mechanisms such as 

erosion from the catchment and anoxia seem to be of less importance. Primary productivity is 

considered the main driving factor of change in lacustrine nutrient availability in Lake 

Komořany at the LG/H transition. 

5.4 Limits of the sedimentary record 

Interpretation of the large shallow lowland lakes’ records brings various constrictions 

particularly due to the specific features of in-lake sedimentation such as the low inflow of 

allochthonous material, the possible resuspension of sediments by waves in polymictic regime 

or the effective oxidation of deposited organic matter (Blais & Kalff, 1995; Scheffer, 2004). 

The aforementioned factors result in a low sedimentation rate, which reduces stratigraphic 

resolution of the natural archive. Our study faced an absence of terrestrial macrofossils for 

radiocarbon dating and very low time-resolution of the record. Bulk sediment was used for 

AMS 14C dating with reference to previous successful application to Holocene material from 

Lake Komořany (Bešta et al., 2015; Houfková et al., 2017). Although negligible bias was 

supposed, possible errors obliged us to take the modelled chronology with reserve.  

Our results provided a clear evidence of LG record from both studied profiles. The 

continuous development of assemblages and geochemical variables suggested undisturbed 

sedimentation without more extensive reworking. The presence of minor hiatuses cannot be 

excluded but they do not threaten the aims of this study. The depth-age model was supported 

by palynostratigraphy. In particular, the observed peak of Corylus avellana (24%, ~10,800 cal 

yr BP) was seen to be identical to the peak recorded in the PK-1-C profile from Lake 

Komořany (26%, ~11,000 cal yr BP) (Houfková et al., 2017) which is in accordance with data 

from other sites in Central Europe (Theuerkauf et al., 2014). 

6 Conclusion 

A relatively stable ecosystem with gradual changes in aquatic and terrestrial 

communities was recorded in Lake Komořany at the Late Glacial/Holocene transition. Two 

major, almost certainly climatically driven, shifts were recorded in the studied profiles: i) the 

qualitative one with changes in species composition of the diatom and chironomid 

communities foregoing the LG/H boundary and ii) the quantitative one at the LG/H boundary 

distinguishable by the enhanced diatom valve concentrations and the lithological change. 

These shifts were linked with two opposite trends: decreasing inferred trophic status and 
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increasing primary productivity towards the Holocene. This discrepancy between nutrient 

availability and primary productivity can be best explained by a sink of nutrients in biomass 

produced after the climatic amelioration. In other words, nutrients became a limiting factor 

only after the onset of Holocene favourable climate. The species composition and primary 

productivity were therefore shaped by the climate change indirectly by means of nutrient 

availability. 
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Chapter 3: 

Mountain aquatic Isoëtes populations reflect millennial-scale environmental 

changes in the Bohemian Forest Ecosystem, Central Europe 

Abstract 

In this study we aim to investigate millennial-scale dynamics of Isoëtes, a type of 

macrophyte well adapted to oligotrophic and clear-water lakes. Despite its wide distribution 

during the Early Holocene, nowadays Isoëtes is considered as vulnerable or critically 

endangered in many Central European countries. Using a multi-proxy palaeoecological 

reconstruction involving Isoëtes micro- and megaspores, pollen, plant macrofossils, macro-

charcoal, diatoms and chironomids from four lakes (Prášilské jezero, Plešné jezero, Černé 

jezero, Rachelsee) located in the Bohemian Forest Ecosystem mountain region in Central 

Europe, we reconstruct Isoëtes dynamics and discuss how local environmental factors 

impacted its distribution and abundance during the Holocene. Our results show regionally 

concurrent patterns of Isoëtes colonization across all lakes beginning 10,300–9300 cal yr BP, 

and substantially declining around 6400 cal yr BP. Results from Prášilské jezero imply that 

Isoëtes decline and collapse in this lake reflect gradual dystrophication that led to the 

browning of lake water. This is evidenced by a shift in diatom assemblages towards more 

acidophilous taxa dominated by Asterionella ralfsii and by a decrease in total chironomid 

abundance and taxa sensitive to low oxygen levels. Dystrophication of Prášilské jezero was 

linked with the immigration of the late-successional tree taxa (Picea abies and later Fagus 

sylvatica and Abies alba), peatland expansion, and decreasing fire activity. Multi-site 

comparison of pollen records suggest that these vegetation-related environmental changes 

were common for the whole region. Our study demonstrates the sensitivity of Isoëtes to 

millennial-scale natural environmental changes within the surrounding lake catchment. 

8 Introduction 

Aquatic Isoëtes, commonly known as quillworts, are archaic lycopods well adapted to 

cold, clear-water and oligotrophic lakes. Thus, they serve as an important indicator of 

environmental health (Vöge, 2003). Their specific morphological and physiological 

adaptations to cold and oligotrophic conditions facilitated Isoëtes expansion during the Early 

Holocene, allowing them to become one of the primary colonizers of sub-arctic and mountain 
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lakes across Europe (Birks, 2000; Pini, 2002; Guiter et al., 2005; Fajer et al., 2012). However, 

lake ecosystems went through substantial transitions in the Holocene as a result of climate-

induced changes in vegetation composition, soil development, fire dynamics and human 

impacts (i.e. Bradshaw et al., 2005; Meyer-Jacob et al., 2015; Leys et al., 2016). All these 

factors affect both the chemical and physical properties of lake waters, and thus drove Isoëtes 

dynamics during the Holocene. 

The modern distribution of two sympatric congeneric species I. echinospora D. and I. 

lacustris L. in Europe is situated in the northern and western part of the mainland, i.e. 

Scandinavia, the Netherlands and Poland. These species are also found in Southern and 

Central Europe, however, only in mountain lakes e.g. in the Vosges Mountains (France), the 

Central Alps (Switzerland), the Black Forest (Germany), the Bohemian Forest (Czechia) and 

the Karkonosze Mountains (Poland). As such, these mountain populations have persisted as 

glacial relicts. According to Rørslett and Brettum (1989), I. lacustris is sensitive to 

mechanical stress from ice scour or wave action and typically resides in deep littoral zones 

down to a depth of 7 m, while I. echinospora inhabits the shallow littoral zone and resides at 

depths of 2–3 m maximum in Scandinavian lakes. Similar habitats have been found among 

populations living in two separate Bohemian Forest lakes; I. lacustris inhabits depths of 1–4 

m in Černé jezero, while I. echinospora grows in very shallow depths of 0.3–0.5 m in Plešné 

jezero (Čtvrtlíková et al., 2014; 2016). Recently, both I. echinospora and I. lacustris have 

declined across Europe as a result of increasing human impact connected with habitat 

degradation. Namely, lake acidification, eutrophication and humification altering lake water 

chemistry are the reasons for the recent Isoëtes population reduction and/or extinction (Arts, 

2002; Grzybowski et al., 2008; Vöge, 2015; Chmara et al., 2015; Čtvrtlíková et al., 2014; 

2016). 

The genus Isoëtes belongs to the isoetid plant functional group, which are 

characteristically a small, slow-growing species (Hutchinson, 1975). Based on their life 

strategy, they are classified as S-strategists which are plants that are resistant to stress (Farmer 

and Spence, 1986). Extraordinary morphological traits (basal rosette growth, high root 

biomass, highly porous tissue) and physiological strategies (low inherent growth rate and 

crassulacean acid metabolism (CAM)) allow Isoëtes to live in carbon- and nutrient-poor 

environments (Rørslett and Brettum, 1989; Arts, 2002). They are also known for their high 

radial oxygen loss from their roots, which alters the availability of nutrients in sediments for 

other aquatic plants. This mechanism is crucial as Isoëtes are weak competitors, allowing 

them to overcome the potential shading effect induced by fast-growing competitors (Smolders 
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et al., 2002). Isoëtes produce two types of spores: male microspores and female megaspores. 

In the case of I. echinospora and I. lacustris, temperature limits on spore germination are 

rather low, ranging between 8–12 °C (Čtvrtlíková et al. 2014; 2016). Both spores are well 

preserved in lake sediments which allows for reconstructing Isoëtes dynamics on millennial 

times scales.  

In this study, we aim to reconstruct millennial-scale Isoëtes dynamics from the 

Bohemian Forest Ecosystem mountain region situated in Central Europe. This region is of 

particular interest as modern Isoëtes populations occupy only two of the existing eight glacial 

lakes (Černé jezero and Plešné jezero) and are considered to be extinct in the other six glacial 

lakes (Procházka, 2000). Previous palaeoecological studies showed that Isoëtes also 

historically inhabited Prášilské jezero, Čertovo jezero and the palaeolake, Stará jímka 

(Břízová, 2012; Carter et al., 2018). Nevertheless, the entire sedimentary sequences from 

these lakes were not examined, and so it remains unclear when precisely Isoëtes populations 

established and disappeared in these water bodies. Moreover, a multi-proxy palaeoecological 

approach investigating potential drivers behind Isoëtes dynamics has yet to be employed. 

To fill this gap, we used a multi-proxy approach encompassing plant macrofossils, 

pollen, macro-charcoal, diatoms, chironomids and other aquatic proxies (chrysophytes, 

cladocerans and bryozoans) obtained from lake sediments from Prášilské jezero to reconstruct 

past environmental conditions in the lake and its catchment and assess how these affected 

Isoëtes dynamics through time. Using these proxies, we determined if changes in vegetation 

cover and fire dynamics affected lake water properties and influenced Isoëtes populations in 

Prášilské jezero. Finally, we compared our record to available palynological records from 

other lakes in the region (Černé jezero, Plešné jezero and Rachelsee) to assess spatio-temporal 

patterns in Isoëtes dynamics across the Bohemian Forest Ecosystem mountain region. 

9 Study site 

The Bohemian Forest Ecosystem is a low mountain region located in Central Europe 

along the Czech–German border, known as the Bohemian Forest (Šumava) on the Czech side, 

and the Bavarian Forest (Bayerischer Wald) on the German side (Fig. 1). This mountain range 

was subject to glaciation (Mentlík et al., 2010), and at the end of the Last Glacial Period, 

retreating mountain glaciers left behind eight natural lakes; five of them are situated in the 

Bohemian Forest, three in the Bavarian Forest.  

 



50 

 

 

Fig. 1: Map of the Bohemian Forest Ecosystem. Black triangles indicate previously published sedimentary 

records used in this study (Jankovská, 2006; Carter et al., 2018a, b; van der Knaap et al., 2019). Prášilské jezero 

(red triangle), is the main study site used in this study, where we present for the first time Isoëtes megaspores, 

diatom and chironomid data. 

 

Preserved microspores from Plešné jezero, Prášilské jezero, Černé jezero and 

Rachelsee (Fig. 1), illustrate that Isoëtes lived in these lakes in the past (Jankovská, 2006; 

Carter et al., 2018a, b; van der Knaap et al., 2019). These four lakes are situated at an altitude 

above 1000 m a.s.l. and are located on acidic bedrock formed from metamorphic crystalline 

rocks with gneiss, mica-schist and granite (Tab. 1). The acidic bedrock induces a low 

neutralizing capacity of the soils making lake pH-sensitive to atmospheric acid deposition 

(Kopáček et al., 2002), and to natural acidification triggered by changes in vegetation in the 

catchment (Pražáková et al., 2006; Kopáček et al., 2009). The local climate is characterized 

by wet and cold winters and wet and mild summers. Meteorological data from the nearest 

meteorological station Churáňov (Czech Hydrometeorological Institute), located ~20 km from 

Prášilské jezero, suggest an interpolated mean annual temperature of 4.5 °C and precipitation 

of 941 mm year-1). The Bohemian Forest lake catchments are small and steep, covered by thin 
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podzols and predominantly forested by Norway spruce (Picea abies L.), with an admixture of 

European beech (Fagus sylvatica L.), silver fir (Abies alba Mill.) and rowan (Sorbus 

aucuparia L.) (Table 1). 

 

Lake 

Name 

Altitude 

(m) 

Maximum 

depth 

(m) 

Lake 

area 

(ha) 

Catchment 

area 

(ha)  

Bedrock Dominant  

Forest Cover 

Plešné 

jezero 
1090 18 7.5 67  granite 

Norway 

spruce 

Prášilské 

jezero 
1079 16 4.2 65 

mica 

schist,  

granite 

Norway 

spruce 

Černé 

jezero 
1008 40 18.4 129 

mica 

schist, 

quartzite 

Norway 

spruce 

Rachelsee 1071 13 5.7 58 gneiss 

Norway 

spruce, 

European 

beech and 

silver fir  

Table 1: Basic characteristics of the four studied Bohemian Forest lakes and their catchments (taken from Vrba 

et al., 2000). 

10 Materials and methods 

10.1 Micro-/megaspores and living macrophytes in situ, pollen, and macro-

charcoal 

To reconstruct local Isoëtes dynamics from Prášilské jezero, we analysed both micro- 

and megaspores from a sediment core (Pra-15) extracted from the central part of the lake. 

Microspores (average length for I. lacustris, 43µm, I. echinospora, 27µm) were recorded by 

pollen analysis but were not distinguished to the species level due to overlapping size 

fractions (Moore et al., 1991). The larger megaspores (average length for I. lacustris, 600–700 

µm, I. echinospora, 400–500 µm) were recorded by macrofossil analysis and  were  

distinguished to the species level, as the megaspores differ in surface structure (rugulate vs. 

echinate). See Carter et al. (2018 a; b) for further details regarding palynological and 

macrofossil methods performed on the Pra-15 core.  
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An accurate reconstruction of local Isoëtes presence/absence based on micro- and 

megaspores preserved in lake sediments may be limited by a “false absence” (Birks, 2014). 

Thus, to verify the current ‘extinct’ status of Isoëtes at Prášilské jezero previously 

documented by Procházka (2000), we organized a scuba diving expedition in September 2019 

by M. Čtvrtlíková to inspect the current macro-vegetation. The littoral range (i.e. the zone of 

liveable Isoëtes populations) was determined visually by identifying the euphotic zone of the 

lake bottom. Once identified (at depths ranging between 0–2.5 m), the littoral zone was 

thoroughly inspected for macrophyte presence.  

To discuss the effects of terrestrial vegetation composition and local fire activity on 

Isoëtes dynamics and lake water properties of Prášilské jezero, we used pollen, plant 

macrofossils and macro-charcoal area accumulation rates (CHARA) from previously 

published studies (Carter et al., 2018a, b). Additionally, we compiled microspore and 

dominant tree pollen data from Černé jezero (Carter et al., 2018a), Rachelsee (van der Knaap 

et al., 2019) and Plešné jezero (Jankovská, 2006) to examine regional Isoëtes dynamics across 

the Bohemian Forest mountain region. For further details regarding palynological methods 

and results, see Carter et al. (2018a), van der Knaap et al. (2019), and Jankovská (2006). In 

this study, we used both microspore percentages and influx, as influx better reflects biomass 

and population size (Sëppa et al., 2009). 

10.2 Diatoms, chironomids and other aquatic proxies 

Diatom analysis was conducted at 2–10 cm resolution throughout the sediment core 

(Pra-15). Diatom cell walls were isolated using standard procedures (Battarbee et al., 2001), 

by boiling ~0.1 g of dry sediment in 30% hydrogen peroxide. Once cooled, a single drop of 

hydrochloric acid was added to each sample which was then repeatedly rinsed with distilled 

water. Purified solutions were diluted and 50μl of the sample (20μl for the most basal 

samples) was permanently mounted onto cover slides using Naphrax® (Brunel Microscopes 

Ltd, UK) mounting resin, together with a stable concentration (30.65x104 particles/ml) of 

divinylbenzen microspheres used as reference particles in order to estimate diatom 

accumulation rates. A minimum of 400 valves were counted from each sample under 1000× 

magnification using a light microscope and identified using Krammer and Lange-Bertalot 

(1986, 1988, 1991a, b), Lange-Bertalot and Metzeltin (1996), Lange-Bertalot (2001), 

Krammer (2000, 2002, 2003), Houk (2003), Houk and Klee (2007), Lange-Bertalot et al. 

(2011) and Cantonati et al. (2017). Diatom nomenclature was updated and unified according 

to AlgaeBase (Guiry and Guiry, 2019). Diatom pH preferences were assessed using Van Dam 
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et al. (1994) and complemented with information from other literature sources (see 

Supporting information Table S1). Chrysophycean stomatocyst total abundance was also 

calculated during diatom analysis. The ratio of chrysophycean stomatocyst total abundance 

and diatom total abundance (C:D; chrysophycean:diatom ratio) was used as a proxy for water 

mixing (Werner and Smol, 2005). Additionally, we counted coenobial algae, bryozoan 

statoblasts and Daphnia ephippia as these proxies provide information on past aquatic 

environments such as water transparency and nutrient and oxygen availability (Jankovská and 

Komárek, 2000; Francis, 2001; Szeroczyńska and Sarmaja-Korjonen, 2007).  

Chironomid analysis was conducted at 0.5–23 cm resolution using 1–13 cm3 of wet 

sediment. Samples were washed with distilled water through 100 µm sieves and transferred 

into a modified plastic Sedgewick-Rafter counting cell. Head capsules were picked with either 

fine forceps or a steel needle using a dissecting microscope. Samples were then dehydrated in 

ethyl alcohol and mounted on glass microscope slides in Euparal® mounting medium for 

microscopic identification. For taxa identification, we followed Wiederholm (1983), 

Rieradevall and Brooks (2001) and Brooks et al. (2007). Due to low chironomid abundances 

in most of the samples, we show only chironomid concentrations (head capsules per 1 cm3), 

and taxa indicating a well-oxygenated profundal zone (for a detailed species list, see 

Supporting information Fig. S3). 

10.3 Statistical analysis  

To identify synchronous environmental patterns in Isoëtes abundance and aquatic and 

terrestrial ecosystem dynamics over time, we performed change point analysis (CPA). CPA 

was employed on both microspore and megaspore influx to identify abrupt shifts in Isoëtes 

populations using the ‘change point’ v2.2.2 package (Killick and Eckley, 2014) in the R 

studio statistical program (R Core Team, 2019). We selected a penalty of β = 7log(n) in order 

to avoid over-fitting (Killick et al., 2012). The zonation of aquatic and terrestrial proxies then 

follows identified shifts in Isoëtes abundance. 

11 Results 

11.1 Local Isoëtes history in Prášilské jezero 

CPA detected 10 shifts in both the Isoëtes microspore and megaspore records (Fig. 2a, 

b, c). However, 5 of these shifts were determined by variations within a few samples or were 
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influenced by variations in sediment accumulation rates (Fig. 2d), and therefore were not 

included in this analysis (following Finsinger et al., 2018). Based on the remaining 5 shifts, 

we grouped the Isoëtes records into 5 phases; P 0, P 1, P 2, P 3, and Population collapse (P 

C).  

During P 0 (11,400–10,300 cal yr BP), Isoëtes megaspores were not recorded, while 

microspores were recorded in only three samples, which average a low influx of ~65 cm−2 

yr−1 (Fig. 2c). During P 1 (10,300–9300 cal yr BP), Isoëtes established, averaging ~940 

microspores cm−2 yr−1. Only I. echinospora megaspores were identified in one sample in this 

zone with a concentration of 7.5 per 10 cm3 (Fig. 2a; P 1). At the onset of P 2 (~9300 cal yr 

BP), Isoëtes microspores declined until ~6400 cal yr BP, averaging ~500 cm−2 yr−1 (Fig. 2c; P 

2). Both I. echinospora and I. lacustris megaspores were identified in P 2 with an average 

concentration of ~0.5 and ~2 per 10 cm3. During P 3 (~6400–4300 cal yr BP), microspore 

influx abruptly decreased to ~120 cm−2 yr−1 (Fig. 2c; P 3). Megaspores of I. lacustris were 

recorded in one sample in zone P 3 with a concentration of 3 per 10 cm3. After 4300 cal yr 

BP, Isoëtes populations collapsed as demonstrated by sporadic recordings of both microspores 

and megaspores. In general, microspore influx did not exceed ~100 cm−2 yr−1, while 

megaspore concentrations did not exceed ~3 per 10 cm3 (Fig. 2a, c; Population collapse). 

Between ~2200–1750 and ~1600–950 cal yr BP, neither microspores nor megaspores were 

recorded. The last occurrence of either micro- or megaspores was dated to ~1947 AD; 

however, values were relatively low (68 microspores cm−2 yr−1, and 1 megaspore per 10 cm3). 

Moreover, the surface structuring of the megaspores was degraded and thus could not be 

determined to species level (see Isoëtes undiff. megaspores in Fig. 2a). 

The 2019 scuba diving expedition showed that the current littoral zone of Prášilské 

jezero is neither inhabited by aquatic Isoëtes nor by angiosperms, but is densely grown by 

macroscopic algae, Batrachospermum sp. (determined by P. Znachor, Biology Centre CAS, 

České Budějovice), of 2–5 cm height and at depths 0.5–2.1 m below the water surface. The 

lake water was of humic brown colour with a Secchi depth estimated water transparency of 3 

m. 
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Fig. 2: Reconstructed Isoëtes population dynamics from Prášilské jezero based on megaspores and microspores: 

a) coloured bars show I. echinospora (light blue bars), I. lacustris (dark blue bars) and Isoëtes undiff. (black 

bars) megaspore concentration per 10 cm3; b) and c): change point analysis results based on the total sum of 

megaspores (b) and microspore influx (c; cm−2 yr−1); d): sediment accumulation rate (cm−2 yr−1). Vertical blue 

lines in b) and c) indicate detected change points in both Isoëtes influx records using a penalty of β = 7log(n), 

while empty red circles indicate randomly generated change points in the Isoëtes influx data. Red horizontal 

lines in b) and c) represent the mean values of Isoëtes influx, while the grey shaded area highlights periods of 

increased Isoëtes influx. 
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11.2 Local aquatic environment history in Prášilské jezero  

During P 0 (11,400–10,300 cal yr BP), tychoplanktonic diatoms (Aulacoseira 

pfaffiana and A. alpigena average ~50% and ~30%, respectively) dominated and benthic 

diatoms preferring circum-neutral or weakly acidic conditions were abundant, averaging 

~20% (Fig. 3) (for details about pH preferences of diatom species, see Supporting Information 

Table S1). The C:D ratio was low, while the influx of Pediastrum (averaging ~300 cm−2 yr−1) 

and concentrations of chironomids (averaging ~60 HC per 1 cm3) peaked, reaching the 

highest values of the whole record in P 0. Chironomids occurring in well-oxygenated 

profundal environments, namely Heterotrissocladius grimshawi-type, Micropsectra 

insignilobus/contracta-type and Tanytarsus lugens-type, average ~40% (Fig. 3; P 0). The 

cladoceran Daphnia (cf.) longispina was common (averaging ~55 per 1 cm3), and the 

bryozoan Plumatella was also abundant (averaging ~5 per 10 cm3). P 1 (10,300–9300 cal yr 

BP) is characterised by a slight decrease in tychoplanktonic diatom species. Chironomids also 

decreased (averaging ~3 HC per 1 cm3), and taxa indicating a well-oxygenated profundal 

environment disappeared (Fig. 3; P 1). Remaining chironomids consisted mostly of littoral 

and sublittoral taxa (Ablabesmyia, Corynoneura, Heterotrissocladius marcidus-type, 

Tanytarsus pallidicornis-type 2, Zavrelimyia type A; Fig. S3). Concentrations of Daphnia 

longispina increased (averaging ~80 per 1 cm3) in P 1. During P 2 (9300–6400 cal yr BP), 

circum-neutral diatoms (Stauroforma exiguiformis, Staurosira venter; Fig. S2), together with 

Plumatella and Daphnia longispina declined, while Botryococcus reached its highest influx of 

the record (averaging ~2200 cm−2 yr−1). Chironomid abundance was extremely low, though 

this trend was interrupted between 8100–7700 cal yr BP when total abundance increased 

(averaging ~22 HC per 1 cm3), and Heterotrissocladius grimshawi-type temporally 

reappeared (Fig. 3; P 2). P 3 (6400–4300 cal yr BP) is characterised by substantial changes in 

diatom composition. Specifically, Aulacoseira alpigena dominated (peaking at 45%) at the 

beginning of the P 3, while other Aulacoseira taxa are less abundant (Fig. S2). Proportions of 

benthic diatoms prevailed over planktonic diatoms in the end of the P 3, especially indicators 

of moderate-to-strong acidification increased including Brachysira brebisonnii, which 

reached its highest percentages (averaging ~18%). The C:D ratio increased to its highest 

values during zone P 3, while Daphnia longispina concentrations sharply decreased 

(averaging ~40 per 1 cm3) at the end of this zone. Similarly, concentrations of Plumatella 

decreased, and their findings are somewhat sporadic from the end of zone P 3 onward. Total 
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chironomid abundance was still very low, and taxa characteristic of a well-oxygenated 

profundal were extremely rare (Fig. 3, P 3). At the onset of the Population collapse phase 

(4300 cal yr BP to present), the C:D ratio reached its highest value, then rapidly decreased. 

Additionally, there was a distinct shift from predominantly benthic diatoms to an 

overwhelming dominance of the euplanktonic taxa, Asterionella ralfsii. Between ~4300 and 

~2200 cal yr BP, chironomid abundance was very low (averaging ~3 HC per 1 cm3). Even 

though chironomid abundance slightly increased (averaging ~13 HC per 1 cm3) after ~2200 

cal yr BP, indicators of a well-oxygenated profundal environment were missing (Fig. 3; 

Population collapse). 
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Fig. 3 Reconstructed aquatic dynamics in Prášilské jezero based on percentages of diatom ecological 

groups (first box titled ‘Diatoms and Chrysophytes’ listed from top to bottom; benthic circum-neutral and 

weakly acidophilous (tan silhouette), benthic moderately-to-strongly acidophilous (green silhouette), 

acidophilous planktonic (dark brown silhouette), and selected diatom taxa (grey silhouettes; white represents 10 

x exaggeration), C:D - chrysophycean stomatocyst to diatom influx rates ratio (filled brown-green transition 

line), planktonic green algae influx rates (second box titled ‘Planktonic green algae’; green silhouettes), Daphnia 
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longispina ephippia concentrations (third box titled ‘Cladocera’; orange silhouette), Plumatella statoblasts 

concentrations (fourth box titled ‘Bryozoa’; filled black bars), and chironomid head capsule concentrations 

(bottom box titled ‘Chironomids’; grey silhouette), and percentages of chironomid profundal taxa (filled grey 

bars)). Grey shading highlights periods of increased Isoëtes influx based on change point analysis. 

11.3 Fire regime and terrestrial vegetation history of the Prášilské jezero 

catchment 

During P 0 (11,400–10,300 cal yr BP), the vegetation structure is characterised by a 

relatively open forest canopy, shown as a high ratio of NAP:AP (non-arboreal:arboreal 

pollen). The ratio is consistent with high pollen percentages belonging to light-demanding 

pioneer trees, Pinus (average ~40 %), Betula (average ~30 %) and Corylus (average ~4 %), 

and high concentrations of their macrofossils (for Pinus average 1.5 needle/brachyblast/twig 

per 10 cm3; for Betula 5.5 seed/bud scale per 10 cm3; for Corylus we did not record any 

macrofossils). Fires were frequent as suggested by high CHARA (Fig. 4; P 0). In P 1 (10,300–

9300 cal yr BP), NAP:AP decreased coinciding with a substantial increase in Corylus pollen 

(averaging ~25 %), and an increase in Picea abies pollen (averaging ~5 %),and Picea abies 

needle concentrations. Pollen percentages of Pinus (average ~30 %) and Betula (average ~10 

%), as well as Betula macrofossil concentrations (1.5 seed per 10 cm3) all gradually 

decreased, despite Pinus macrofossil concentrations remaining high. Fires were frequent as 

indicated by CHARA (Fig. 4; P 1). Zone P 2 (9300–6400 cal yr BP) is characterised by a 

decrease in Corylus (averaging ~18 %), and the expansion of Alnus (averaging ~5 %) and rise 

in Picea abies (averaging ~15 %) in the second half of this zone. Percentages of Sphagnum 

spores (average ~1.5 %) and leaf concentrations substantially increase (400 leaves per 10 

cm3). We inspected several samples containing Sphagnum stem leaves (necessary for species 

identification) and determined that the leaves belong to terrestrial bog and forest species S. 

angustifolium and S. girgensohnii. Thus, we further interpret the concentration of Sphagnum 

leaves as a proxy for peatland expansion. At the end of P 2, Fagus sylvatica pollen increased 

(averaging ~5 %), but macrofossils were not found. According to CHARA, fire activity was 

frequent (Fig. 4; P 2). During P 3 (6400–4300 cal yr BP), NAP:AP reaches its lowest values 

of the entire record simultaneous with a decrease in Corylus (average ~11%) and an increase 

in Fagus sylvatica pollen (average ~15%). Fire activity decreased as shown by a decrease in 

CHARA. The latter half of P 3 captures the increase in Abies alba pollen (average ~5 %) and 

in one sample A. alba needle and seed (~3 macrofossils per 10 cm3). The Population collapse 

phase (4300 cal yr BP up to present) resembles P 3 in that fires were infrequent, and by a 
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similar vegetation composition, but the vegetation structure gradually opened as shown by 

increasing NAP:AP (Fig. 4; P 3 and Population collapse). 

Fig. 4 Reconstructed fire history and terrestrial vegetation at Prášilské jezero using CHARA (macro-charcoal area 

accumulation rate; filled red silhouette), NAP:AP (non-arboreal:arboreal pollen ratio; yellow-green silhouette; 

dotted line represents the long-term average), pollen/spore percentages (coloured silhouettes) and concentrations 

of plant macrofossil per 10 cm3 (filled coloured vertical bars). Grey shading highlights periods of increased 

Isoëtes influx based on change point analysis. Pollen data presented come from Carter et al., 2018a, b). 
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11.4 Regional Isoëtes history in the Bohemian Forest Ecosystem lakes 

The Isoëtes microspore records from all four study sites show a similar pattern of 

Isoëtes population dynamics across the entire Bohemian Forest Ecosystem (Fig. 5). Isoëtes 

microspores first appeared at Plešné jezero ~10,300 cal yr BP, reaching a maximum between 

~10,300–7000 cal yr BP, similar to the timing of Isoëtes establishment and expansion at 

Prášilské jezero. Colonization first began ~9300 cal yr BP at Černé jezero and ~9100 cal yr 

BP at Rachelsee. After 6500 cal yr BP, populations decreased and either disappeared or 

remained extremely low at all four lakes until the present, except at Černé jezero when Isoëtes 

began to increase ~2500 cal yr BP. This concurrent population decrease after 6500 cal yr BP 

coincided with the regional increase in Fagus sylvatica and Abies alba pollen (Fig. 5). 
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Fig. 5 Reconstructed Isoëtes population dynamics illustrate concurrent patterns throughout the Bohemian Forest 

Ecosystem. Blue lines and blue silhouettes illustrate both microspore percentages and microspore influx/counts, 

while coloured silhouettes illustrate the relative proportion of dominant tree taxa for Černé jezero (Carter et al., 

2018a), Prášilské jezero (Carter et al., 2018b), Rachelsee (van der Knaap et al., 2019), and Plešné jezero 

(Jankovská, 2006). Grey shading highlights periods of increased Isoëtes influx/counts for each record. 
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12 Discussion 

When reconstructing past aquatic macrophytes, core location is critical as lake 

morphometry, inlets and outlets and prevailing winds can all affect the preservation of fossil 

remains (e.g. Birks, 2001; Luoto, 2010). Heggen et al. (2012) analysed a series of surface 

sediment samples from five small lakes in Norway to investigate the within-lake distribution 

of diverse subfossil assemblages (including plant macrofossils), and concluded that the core 

taken from the deepest part of a small lake contains the most representative record. Given the 

small size, the round shape and the steep slopes of Prášilské jezero, we consider the central 

core (Pra-15) taken from the deepest part of the lake to best represent changes in lake Isoëtes 

populations. Furthermore, we consider microspore over megaspore data as a better proxy for 

the quantitative reconstruction of population dynamics because larger plant macrofossils 

(megaspores) tend to be unevenly dispersed across all parts of the lake (Zhao et al., 2006). 

Whereas, microspores are abundant in deep water and disperse well into the centre of the lake 

(Edwards et al., 2000). 

12.1 Isoëtes establishment in Prášilské jezero  

Isoëtes established in Prášilské jezero around 10,300 cal yr BP (Fig. 2) as a result of 

catchment afforestation which induced soil stabilization (Fig. 4). Prior to 10,300 cal yr BP, 

Isoëtes establishment was likely not possible due to frequent erosional events inducing 

turbulent conditions within the lake. Aquatic proxies, namely Aulacoseira pfaffiana, which is 

a heavily silicified diatom (Fig. 3), indicate intense water mixing as well as low light 

conditions and higher silica availability (Kilham et al., 1996; Leira et al., 2015). High 

chironomid abundance, particularly the presence of profundal taxa sensitive to oxygen 

depletion (Fig. 3), also illustrates intense water column mixing. Turbulent conditions in 

Prášilské jezero were the result of a relatively open catchment with high abundances of early-

successional trees, such as Pinus and Betula (Fig. 4). High sediment accumulation rates (Fig. 

2d) indicate that soils in the catchment were poorly developed and less stabilized, which led 

to increased clastic input from weathered bedrock into the lake, as indicated by peaks in 

rubidium (Fig. S1). 

Erosion and the input of clastic materials (Fig. S1) both decreased as a result of forest 

expansion ~10,300 cal yr BP (see NAP:AP, Fig. 4). Subsequently, reduced wave action and 

improved light conditions in Prášilské jezero may have facilitated Isoëtes establishment at this 

time. This is evidenced by the continuous presence and increase of both microspores and 
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megaspores (Fig. 2), and decline in Aulacoseira diatoms (Passy, 2007) (Fig. 3). However, 

there might be other environmental factors affecting Isoëtes establishment at Prášilské jezero. 

Our data show an interesting pattern of Isoëtes expansion accompanied by a decline in 

Pediastrum at Prášilské jezero during the Early Holocene (Fig. 3). This trend is also recorded 

at other lacustrine deposits across Europe, i.e. Kråkenes, Norway (Birks et al., 2000), Jezioro, 

Poland (Fajer et al., 2012), Rotmeer, Germany (Lotter and Höltzer, 1994), Racou mire, Spain 

(Guiter et al., 2005) and Pian di Gembro, Italy (Pini, 2002). At  Kråkenes Lake, Pediastrum 

declined synchronously with an increase in dissolved humic content and the accumulation of 

organic lake sediments (i.e.more gyttja), which was likely a result of the development of  a 

birch woodland in the catchment (Birks et al., 2000). While Pediastrum was not identified to 

the species level at Prášilské jezero, our results do show a similar increase in dissolved humic 

content before 10,300 cal yr BP, as evidenced by the establishment of diatoms typical for 

dystrophic waters (e.g. Brachysira brebissonii, Eunotia incisa, Frustulia krammeri, Fig. S2) 

(Lange-Bertalot et al., 2011; Cantonati et al., 2017) and also by the presence of acid-tolerant 

caddisfly fauna (Vondrák et al., 2019). Thus, it is also possible that the pattern of Isoëtes 

establishment and Pediastrum decline after the forest expanded at Prášilské jezero ~10,300 

cal yr BP reflects the accumulation of CO2-rich organic lake sediments required for Isoëtes 

nutrition (Rørslett and Brettum, 1989). 

12.2 Vegetation change affects lake water quality of Prášilské jezero causing 

Isoëtes to either decline or collapse 

Isoëtes populations declined at ~9300 and again at ~6400 cal yr BP, and eventually 

collapsed at ~4300 cal yr BP in response to gradual lake dystrophication induced by changes 

in vegetation cover. Specifically, the immigration of late-successional tree taxa, namely Picea 

abies, and later Fagus sylvatica and Abies alba and Sphagnum expansion, suggest that the 

Prášilské jezero catchment progressively podzolized with increasing forest canopy cover. This 

caused the gradual dystrophication and oxygen depletion of the lake as evidenced by an 

increase in strongly acidophilous diatom taxa and decrease in chironomid abundance. 

The first Isoëtes decline ~9300 cal yr BP corresponds with the Early Holocene rise of 

Picea abies and Alnus, which likely triggered catchment soil podzolization (Fig. 4). Modern 

studies demonstrate that Picea abies produces considerable amounts of hard-to-decompose 

needle litter, exerting a strong acidifying effect on the soil (Augusto et al., 2002; Błońska et 

al., 2016). Alnus might magnify this effect due to its ability to symbiotically fix atmospheric 
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nitrogen which enhances soil acidification rates through the formation of organic acids, proton 

production, and leaching of cations (Van Miegroet and Cole, 1984). Subsequently, the 

expansion of Sphagnum ~8500 cal yr BP may have caused additional changes in soil 

chemistry within the Prášilské jezero catchment (Fig. 2; 4); a known process in Finnish boreal 

lakes where the proportion of peatland (i.e. Sphagnum) within a lake catchment and resulting 

input of organic carbon affects lake water properties (Kortelainen, 1993; Seppä and 

Weckström, 1999). While our results may suggest the beginning of soil podzolization in the 

catchment, our results do not indicate any abrupt shift in water quality at Prášilské jezero 

~9300 cal yr BP. Nevertheless, aquatic proxies indicate the gradual lake dystrophication (Fig. 

3). This might be related with the amount of time needed for podzol to form, which typically 

requires 1000–6000 years (Mokma et al 2004; Starr and Lindroos 2006). Additionally, high 

fire activity during the early Holocene may have mitigated soil podzolization (see the 

following discussion section). Regardless of not having enough time encompass between the 

expansion and Picea abies, Alnus and Sphagnum and soil podzolization, our results illustrate 

Isoëtes populations were negatively impacted by the arrival of these taxa. The first Isoëtes 

decline may be further related to the 9.3 ka cal BP event as some studies suggest an increase 

in water-level within mid-European lakes (Magny et al. 2004) which would lead to reduction 

of suitable habitat for Isoëtes. However, our results do not illustrate any change in water-

levels. 

Between the first and second Isoëtes decline ~8000 cal yr BP, the gradual 

dystrophication trend was briefly interrupted as Isoëtes briefly recovered. The recovery is 

likely connected with 8.2 ka event, characteristic by change in atmospheric circulation, which 

brought more precipitation to mid-latitudes in Europe (Magny et al. 2003). An increase in 

chironomid abundance, a decrease in C:D ratio (Fig. 3) and an increase in the sediment 

accumulation rate (Fig. 2d) suggest increased water mixing, which would have benefited 

Isoëtes. Higher precipitation reconstructed for 8.2 ka event (Magny et al. 2003) may have 

been the cause for increased water mixing at Prášilské jezero. 

The second Isoëtes decline at Prášilské jezero occurred ~6400 cal yr BP as a result of 

lake dystrophication, leading to water browning and anoxia. The increase in moderate-to-

strongly acidophilous benthic diatoms ~6400 cal yr BP in Prášilské jezero denote dystrophic 

conditions with high concentrations of organic acids moreover supported by the presence of 

Brachysira brebissonii, an indicator of humic waters (Cantonati et al., 2017). Additionally, 

the rise in dominance of Aulacoseira alpigena further illustrates dystrophic waters with low 

conductivity (Falasco and Bona, 2011; Houk, 2003). High concentrations of organic acids, 
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particularly dissolved organic carbon (DOC), commonly cause water browning which 

attenuate the availability of photosynthetically active radiation within a lake (Williamson et 

al. 2015). Bociag and Szmeja (2004) compared the populations of submerged isoetids 

between oligohumic and polyhumic lakes in Poland and found that individuals growing in 

polyhumic lakes produce fewer microspores and megaspores. Based on these results, our 

multi-proxy reconstruction of Prášilské jezero, a dystrophic lake, illustrates decreasing water 

transparency was the main driver of Isoëtes decline ~6400 cal yr BP. Similarly, Mariani et al. 

(2018) conclude that poor light penetration in Dove Lake, Tasmania, a highly dystrophic lake, 

resulted in Isoëtes decline. Water browning is commonly associated with thermal 

stratification (Williamson et al. 2015) which is also recorded in Prášilské jezero. Thermal 

stratification of Prášilské jezero is indicated by the rising proportion of chrysophycean 

stomatocysts (C:D ratio) and decreasing abundances of non-motile phytoplankton (planktonic 

diatoms, Botryococcus) (Fig. 3; P 3). Chrysophytes (contrary to non-motile phytoplankton) 

can migrate for light or nutrients through the water-column (Werner and Smol, 2005), and 

escape from surface waters high in UV light (Vincent and Pienitz, 1996). Additionally, lake 

stratification often induces oxygen depletion near the lake bottom, which in turn negatively 

affects macrozoobenthos communities, thereby decreasing species diversity and abundance 

(i.e. Klimaszyk and Heymann, 2011). The decline in total chironomid abundance, especially 

in taxa that inhabit well-oxygenated profundal habitats, as well as decreases in cladocerans 

(Daphnia longispina), bryozoans (Plumatella) (Fig. 3), and caddisflies (Vondrák et al., 2019) 

in Prášilské jezero around 6400 cal yr BP suggest low oxygen concentrations. Gacia and 

Ballestros (1996) studied the effect of dam construction on I. lacustris populations in Lake 

Baciver, a high Pyrenean mountain lake, and concluded that total bottom anoxia caused the 

demise of I. lacustris populations. Thus, it is plausible that reduced water transparency 

coupled with low oxygen concentrations in Prášilské jezero around 6400 cal yr BP negatively 

affected Isoëtes populations and caused their decline. These environmental processes related 

to Prášilské jezero dystrophication were linked with the expansion of Fagus sylvatica, which 

resulted in both a decrease in fire activity, as well as a closing of the forest canopy in the 

Prášilské jezero catchment (Fig. 4). This is likely due to denser forests altering microclimatic 

conditions and promoting a higher accumulation of organic matter on the forest floor, thus 

increasing the production of organic acids and input of dissolved organic carbon (DOC) into 

the lake (Meyer-Jacob et al., 2015).  

Isoëtes collapsed in Prášilské jezero at ~4300 cal yr BP (Fig. 2; Population collapse) 

as a result of the final stages of dystrophication and a decrease in water transparency. This is 
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documented by a rapid bloom of Asterionella ralfsii (Fig. 3, S2; Population collapse), an 

euplanktonic diatom that prefers acidic and dystrophic waters with high concentrations of 

DOC (Stabell, 1993; Gensemer et al., 1993). The increase of A. ralfsii abundances 

dramatically reduced the C:D ratio while chrysophyte abundances did not respond rapidly 

(see Fig. S4). Therefore, in this case, we assign the C:D ratio decrease to water browning 

connected to dystrophication rather than changes in mixing regime. Additionally, continuing 

thermal stratification is supported by the extremely low abundance of profundal oxygen-

demanding chironomids. Reconstructed terrestrial vegetation dynamics show that Isoëtes 

collapse and the final stage of Prášilské jezero dystrophication were linked with the expansion 

of Abies alba (Fig. 4; Population collapse). 

12.3 The effect of local fire activity on Isoëtes dynamics in Prášilské jezero 

High fire activity during the Early Holocene likely positively influenced Isoëtes in 

Prášilské jezero. Specifically, we found that the second major decline in Isoëtes ~6400 cal yr 

BP coincided with a decrease in local fire activity (Fig. 4, P 3). A study from southern 

Switzerland found a significant positive correlation between aquatic macrophytes and 

biomass burning, which likely induced lake eutrophication by in-washing ash and soil during 

and after fires (Tinner et al., 1999). However, our diatom record does not suggest nutrient 

levels increased during the Early Holocene (Fig. 3, S2) when fire activity was high in the 

Prášilské jezero catchment (Fig. 4). Rather, we suggest that the high fire activity during the 

Early Holocene mitigated podzolization and lake dystrophication at Prášilské jezero by 

reducing forest floor organic matter and subsequent outflow of organic acids, and/or by 

inducing soil surface dryness. Several palaeoecological studies document a general slow-

down of soil podzolization related to long-term and frequent fire activity (Schaffhauser et al., 

2016; Bobek et al., 2018). Similarly, palaeolimnological research demonstrates fires’ ability 

to neutralize both the chemical and physical properties of lake water (Korhola et al., 1996; 

Rosén and Hammerlund, 2007). Our results visually show a positive relationship between 

high fire activity and Isoëtes abundance (Fig. 2 and 4), which differs from the findings at 

Grizzly Lake, Alaska, where a significant negative relationship between Isoëtes microspores 

and both microscopic and macroscopic charcoal were found (Tinner et al., 2006; 2015). This 

discrepancy in Isoëtes behaviour at the two sites is difficult to explain because both 

microscopic and macroscopic charcoal results indicate increased local to regional fire activity 

(mainly fire frequency; Tinner et al., 1998; Adolf et al., 2018). However, the Isoëtes decline at 

Grizzly Lake, Alaska, was most likely driven by low (diatom-inferred) lake levels as a result 
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of drier climatic conditions rather than fire activity and its effect on lake water properties 

(Tinner et al., 2006). 

12.4 Spatial-temporal patterns in Isoëtes dynamics across neighbouring Central 

European lakes  

The Isoëtes microspore records from Prášilské jezero, Černé jezero (Carter et al., 

2018a), Rachelsee (van der Knaap et al., 2019) and Plešné jezero (Jankovská, 2006), show 

concurrent patterns of population dynamics throughout the Bohemian Forest Ecosystem (Fig. 

5). We suggest that climatic controls in this region were partially driving these common 

trends but as evidenced by other studies from Central Europe, local-scale vegetation changes 

and geographical setting significantly influenced Isoëtes population dynamics by altering lake 

water chemistry. 

The widespread Isoëtes decline after ~6500 cal yr BP in the Bohemian Forest 

Ecosystem lakes corresponds with regional climate change (Brooks, 2012) which induced 

cooler temperatures and brought higher precipitation in the Bohemian Forest Ecosystem 

(Carter et al., 2018b), as well as across Europe (Mauri et al., 2015). Modern observations 

document a positive relationship between the amount of precipitation and lake watercolour 

due to increased leaching of organic acids from the upper forest soils and a slow-down of 

DOC photo-degradation in lakes (Schindler et al., 1997; Hongve et al., 2004). Thus, it is 

plausible that this climatic transition ~6500 cal yr BP accelerated water dystrophication in the 

Bohemian Forest lakes.  

However, our results are not unique in Central Europe. Reconstructed Isoëtes 

dynamics in the Black Forest, a mountain range in Southern Germany, showed a similar 

pattern to that in the Bohemian Forest lakes, though the regional decline started later around 

~5500 cal yr BP (Rösch, 2009; 2015). The later decline in the Black Forest might be due to 

lower altitudes of the lakes (ranging from 830–910 m a.s.l.) compared to the Bohemian Forest 

lakes (Table 1; Fig. 5) and related differences in vegetation histories. Specifically, in the 

Bohemian Forest, Picea abies has dominated since ~9,000 cal yr BP (Fig. 5; Carter et al., 

2018a; van der Knaap et al., 2019), while in the Black Forest, broad-leaved species such as 

Quercus and Corylus, with more readily decomposable and nutrient-rich litter, dominated up 

to ~5500 cal yr BP when Abies alba established and Isoëtes declined as a consequence of lake 

dystrophication (Rösch, 2015). Therefore, it is likely that podzolization of forest soils in the 
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Black Forest started later due to different dominant vegetation, which might also explain the 

delayed lake dystrophication, and Isoëtes decline, respectively.  

Along with lake dystrophication, Isoëtes decline might have been caused by lake 

eutrophication as shown by both recent phytocenological surveys and palaeoecological 

studies from European lowland lakes (Kowalewski et al., 2013; Engels et al., 2017, 

Klimaszyk et al., 2020). In highly eutrophic lakes, Isoëtes individuals suffer from interspecific 

competition. If nutrient levels increase, faster-growing communities of planktonic algae 

and/or floating-leaved and helophytic macrophytes overgrow the slow-growing Isoëtes 

species (Arts, 2002; Smolders et al., 2002). Except for one Sparganium angustifolium/natans 

seed found in one sample from the littoral core (Pra-16-lit7) of Prášilské jezero dated to 4700 

cal yr BP (unpublished data), we did not record any other macrofossils suggesting the local 

presence of other aquatic macrophytes in Prášilské jezero. Additionally, the diatom-based 

reconstruction does not indicate any increase in nutrient concentrations during the Isoëtes 

decline in Prášilské jezero. Thus, our results show that neither lake eutrophication nor 

interspecific competition affected Isoëtes populations in Prášilské jezero. 

12.5 Coexistence of both Isoëtes species (I. echinospora and I. lacustris), and their 

extinction at Prášilské jezero  

We recorded both I. echinospora and I. lacustris in Prášilské jezero; I. echinospora 

appeared ~9500 cal yr BP, I. lacustris established 500 years later (Fig. 2). Based on previous 

palaeoecological studies, I. echinospora is considered an Early Holocene colonizer of lakes in 

Greenland (Fredskild, 1992), Norway (Birks, 2000), and Southern Germany (Rösch, 2015). 

Our results confirm I. echinospora as an early colonizer at Prášilské jezero. However, these 

results differ from those from Kråkenes Lake, which document the extinction of I. 

echinospora following the establishment of I. lacustris (Birks, 2000). Our megaspore record 

evidences that both Isoëtes species coexisted at Prášilské jezero for at least 2300 years (Fig. 

2).   

After ~2,000 cal yr BP, there were several points in time when neither Isoëtes 

microspores nor megaspores were recorded, suggesting the near extinction of Isoëtes 

populations (Fig. 2). The maximum life span of modern Isoëtes individuals is unclear, but 

field observations suggest that they can live more than 50 years (Čtvrtlíková et al., 2014; 

2016). Thus, the ‘near-extinction’ might have been the result of unfavourable conditions such 

as changes in lake water level which would have affected the population’s depth range, or a 
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decrease in light availability which may have slowed down plant growth and/or suppressed 

spore production (Gacia and Ballesteros, 1996).  

After ~1947 AD, we did not find any spores in sediments collected from Prášilské 

jezero suggesting that Isoëtes became locally extinct, which is also confirmed by our recent 

diving expedition in 2019. We hypothesize, based on our results on watercolour and 

transparency, macro-algae depth range and experience from many clear-water lakes in 

Europe, that both I. echinospora and I. lacustris could currently only inhabit depths between 

0.5 and 1.0 m, which are out of wave or ice action risks and provide suitable light conditions. 

Such a narrow depth range in the upper littoral zone might be unsuitable for any rooted 

aquatic plant and probably prevented the survival of the Isoëtes in Prášilské jezero at present. 

13 Conclusion 

Our multi-proxy palaeoecological study demonstrates the sensitivity of Isoëtes species 

to changes in lake water quality induced by long-term terrestrial vegetation succession, soil 

development and disturbance dynamics. Isoëtes populations established at Prášilské jezero in 

the Bohemian Forest Ecosystem ~10,300 cal yr BP in response to afforestation inducing soil 

stabilization. By ~9300 cal yr BP, Picea abies-dominated forests with an admixture of Alnus, 

coupled with peatland expansion triggered gradual catchment podzolization. This vegetation 

change caused the lake to become dystrophic; however, dystrophication was likely buffered 

and/or attenuated by frequent fire activity during the Early Holocene. When Fagus sylvatica 

and Abies alba expanded and fire activity decreased during the Mid-Holocene (~6400–4300 

cal yr BP), podzolization processes accelerated, dystrophication increased, and Isoëtes 

declined as a result of insufficient light availability and depleted oxygen levels at the lake 

bottom, as indicated by dominance of Asterionella ralfsii diatom species and decrease in 

chironomid abundance. Similar patterns of Isoëtes decline were documented from other 

glacial lakes in the Bohemian Forest Ecosystem, suggesting common climatic factors driving 

their population dynamics in this mountain region. 
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Chapter 4: 

Surface water brownification altered  

ecosystem functioning of a mountain lake for millennia  

– paleolimnological evidence from Central Europe 

Abstract 

Water brownification has long altered freshwater ecosystems. Recent surface water 

brownification was preceded by long-lasting browning effect of humic substances in many 

catchments. To disentangle a cascade of browning-induced environmental stressors, multi-

proxy paleolimnological studies can contribute substantially. Here we present a millennial-

scaled multi-proxy record from a small forest mountain lake in the Bohemian Forest, Czechia. 

A long core retrieved from the central part of the lake was dated using 14C and 210Pb, 

subsampled and analyzed for diatoms and zoological indicator (chironomids, planktonic 

cladocerans) remains. X-ray fluorescence (XRF) provided a record of elements sensitive to 

biogeochemical processes connected to browning and catchment development (P, Ti, Al/Rb, 

Fe/Ti, Mn/Ti, Si/Ti).Three detected thresholds in diatom and chironomid successions ~10.7, 

~5.5 and ~4.2 cal. ky BP were likely driven by processes closely related to water browning. 

Whereas afforestation of the catchment ~10.7 cal. ky BP sustained thermal stratification of 

water column, soil saturation and spread of peatlands since ~6.8 cal. ky BP resulted in 

unprecedented shading and possibly nutrient limitation of the lake ecosystem. Intensive in-

wash of dissolved organic matter was probably reduced after ~4.2 cal. ky BP, when paludified 

soils became permanently anoxic. Two temporary negative and positive anomalies of 

browning progress were caused by the “8.2 ka event” and the “4.2 ka event”, respectively. 

The key role of peatlands presence in the catchment was manifested in millennial-scaled 

browning process, which agrees with spatial trends observed in scope of recent browning 

monitoring. The profound climatic driving of long-lasting browning was suggested by 

coincidence with moistening of climate across the northern hemisphere after ~6 cal. ky BP. 

Further comparison with long-term trends could help with reliable assessment of range and 

magnitude of recent progressive brownification of surface waters. 

16 Introduction 

Water brownification, i.e. increased brown coloration, stems mainly from heightened 

terrestrial input of humic substances measured as dissolved organic carbon (DOC) (Roulet & 

Moore, 2006; but see Kritzberg & Ekström, 2012). Brownification has gripped an attention of 
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the scientific community, as fresh waters across the Northern Hemisphere have been getting 

browner for the last 30 years (Kritzberg, 2017; Meyer-Jacob et al., 2019). Proposed driving 

factors of higher DOC levels involve recent climate change (Fee et al., 1996; Creed et al., 

2018), land-use (Mattsson et al., 2009; Meyer-Jacob et al., 2015; Sankar et al., 2020) or 

recovery from anthropogenic acid deposition from the atmosphere (Monteith et al., 2007; 

Hruška et al., 2009). Although recovery from acid deposition cannot explain the 

hemispherical extent of recent surface water brownification (Clark et al., 2010; Kritzberg, 

2017), the recovery-based hypothesis builds on the important point that many freshwater 

bodies were probably brown naturally before the period of anthropogenic acidification. Only 

lacustrine sedimentary records offer the potential to study the progress of water 

brownification over these millennial scales. Such long-term records are needed to disentangle 

the differing mechanisms attributed to brownification, as recovery from anthropogenic 

acidification can bias correlation between spatial and decadal-scaled studies (Gavin et al., 

2018; Stetler et al., 2021). 

In unproductive (oligotrophic) lakes, the heightened concentration of DOC triggers a 

series of interconnected environmental shifts with direct impact such as (i) lower pH caused 

by the dominant proportion of humic acids in DOC (Thurman, 1985) and (ii) effective light 

attenuation (Vincent & Pienitz, 1996; Wetzel, 2001), resulting into indirect changes in e.g. 

(iii) water column thermal stratification by enhanced heating of surface layer (Fee et al., 1996; 

Snucins & Gunn, 2000), (iv) anoxic bottom conditions sustained by thermal stratification 

limiting oxygen replenishment (Nürnberg & Shaw, 1999; Brothers et al., 2014) and (v) altered 

nutrient availability (Nürnberg & Shaw, 1999; Sanders et al., 2015; Corman et al., 2018). 

Through this complex of stressors, water brownification can exhibit a severe impact on 

aquatic organisms (Karlsson et al., 2009; Solomon et al., 2015; Vasconcelos et al., 2016), 

which can further strengthen the effect of brownification by biotic processes (Brothers et al., 

2014). On the other hand, promotion of growth of aquatic biota by allochthonous input of 

humic compounds was documented (Pienitz & Vincent, 2000; Kissman et al., 2013; Daggett 

et al., 2015). A hypothesis of a unimodal relationship between primary production and DOC 

compiles the above-mentioned contradicting observations to depict the responses to 

brownification as a trade-off between increasing input of nutrients from dissolved organic 

matter (DOM) and decreasing light availability (Jones, 1992; Kelly et al., 2018). The degree 

of fertilizing ability of DOM varies with differences in stoichiometry of nutrients contained in 

the organic matter (Tipping et al., 2016) or change in co-export mechanism of DOM and soil-

bounded nutrients during leaching (Kopáček et al., 2011). Soil capacity to DOM-bounding 

alters substantially with redox changes on the gradient of its saturation by water (Olivie-
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Lauquet et al., 2001; Possinger et al., 2020). A positive correlation was observed between 

concentrations of DOC in fresh waters and proportion of wetlands in catchments (Kortelainen, 

1993; Laudon et al., 2011; Rantala et al., 2016) or rainfall (Brothers et al., 2014; Ejarque et 

al., 2018). 

The paired impacts of precipitation dynamics and long-term soil development, e.g., 

podzolization and paludification, could be traced on the millennial scale and elucidate 

mechanisms of natural brownification. In the Post-glacial, vegetational succession mediated 

the effects of climate on brownification by providing sources of organic matter and interacting 

with soil biogeochemistry and hydrology (Korsman et al., 1994; Huvane & Whitehead, 1996; 

Pienitz et al., 1999; Engstrom et al., 2000). Soil formation and subsequent hardening of soil 

horizons during podzolization made dissolved organic matter (DOM) available for a transport 

into lakes (Steinberg, 1991; Engstrom et al., 2000). Humic acids could play an important role 

in acidification on deglaciated base-poor bedrocks (Ford, 1990; Ampel et al., 2015), despite 

depletion of base cations acted prominently in initial phases of glacial lake ontogeny (Boyle, 

2007; Boyle et al., 2013). Steps in the progress of Holocene-scale brownification often 

occurred in phase with pulses of climate humidity (Brodin, 1986). Whereas the cold and dry 

Younger Dryas stadial (~12.9–11.7 ky BP) interrupted water brownification in some lakes 

due to temperatures limiting vegetation growth and frozen soil water (Norton et al., 2011; 

Ampel et al., 2015), lack of leaching water during the dry Mid-Holocene “climatic optimum“ 

(~8–5 cal. ky BP) probably reduced brownification for some catchments (Huvane & 

Whitehead, 1996; Itkonen et al., 1999).  

Conversely, a regional shift to a wetter climate after ~6 cal. ky BP, known as Mid-

Holocene Climate Transition (Magny et al., 2006; Wanner et al., 2008), was able to accelerate 

brownification in many boreal catchments (Pienitz et al., 1999; Solovieva & Jones, 2002; 

Myrstener et al., 2021).This pronounced climatic threshold was connected with the inception 

and expansion of peatlands, i.e. paludification (Bauer et al., 2003; Le Stum-Boivin et al., 

2019; Myrstener et al., 2021), which further supplied headwaters with DOC (Belyea & 

Malmer, 2004). The extent to which the formation of impermeable soil horizons 

(podzolization) conditioned this regional paludification remains in some doubt (Payette et al., 

2012; Schaffhauser et al., 2017). Similarly, uncertainties accompany understanding of the 

progress of brownification outside the well-studied boreal regions of northern Europe and the 

North America in the Holocene. In particular, new paleolimnological records from mid-

latitude Europe could alter the picture of Holocene brownification, given both the differences 

in the Holocene trajectory of climate humidity compared to northern Europe (Mauri et al., 

2015; Florescu et al., 2019) and the acidic base-line of catchments prior to anthropogenic 
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acidification (Jüttner et al., 1997; Sienkiewicz, 2016). Unfortunately, studies from Central 

Europe tracking specifically the progress of brownification in mountain lakes through the 

Holocene are rare (e.g., Steinberg, 1991). 

Past DOC levels can be reconstructed by diatom-based transfer functions (Pienitz & 

Vincent, 2000) or by total organic carbon concentration in sediments (Meyer-Jacob et al., 

2017; Russell et al., 2019). However, an increase of humic content in boreal lakes during the 

Holocene was most often detected indirectly in paleorecords as a decrease in ecosystem 

productivity or water pH, hence the terms “dystrophication” and “natural acidification” 

remain rooted in paleolimnological studies. The various scale and complexity of feedback 

mechanisms during brownification invite the application of a multi-proxy approach (Birks & 

Birks, 2006) to disentangle particular driving factors behind and impacts on aquatic biota 

during millennial-scaled brownification. Paleolimnological studies can employ numerous 

complementary geochemical and biological indicators that can disentangle their sensitive 

responses to the multiple impacts of brownification, including: 

i) acidification by humic acids can be detected using changes in diatom communities 

(Curtis et al., 2009; Battarbee et al., 2010; Birks & Simpson, 2013), 

ii) shading of the water column unbalances primary production of planktonic and 

benthic communities (Karlsson et al., 2009),  

iii) thermal stratification imprints in change of ratio between chrysophycean cysts and 

diatom valves – C:D ratio (Werner & Smol, 2005; Rivera-Rondón & Catalan, 

2017),  

iv) anoxic bottom water conditions affects chironomid indicators and concentrations 

of their remains (e.g., Quinlan & Smol, 2001; Ursenbacher et al., 2020) and can be 

reflected in redox-sensitive element ratios such as Mn/Fe, Mn/Ti and Fe/Ti 

(Davison, 1993; Kylander et al., 2013; Makri et al., 2021),  

v) altered nutrient availability affects the taxonomic composition of both diatom 

(Hall & Smol, 2010; Rivera-Rondón & Catalan, 2020) and chironomid 

communities (Lindegaard, 1995; Brodersen & Quinlan, 2006). 

We assess the evidence and explore the range of causal factors for lake water 

brownification using the sediments of a small mountain lake (Prášilské Lake) located in the 

Bohemian Forest of Central Europe. This type of lake with poorly-buffered soils and boreal-

type vegetation hold the catchment properties constant providing the opportunity to compare 

brownification in Central Europe with that in the more widely studied boreal region. The data 
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generated facilitate inferring trends in pH using diatom-based transfer functions, estimating 

the intensity of light limitation of algal life-forms in the water by separate assessment 

counting of periphytic and euplanktonic diatoms, using chironomid assemblage composition 

and trends redox-sensitive  elements (e.g., Mn/Ti and Fe/Ti) to reveal phases of anoxia, and 

exploring the nutrient dynamics during brownification episodes using changes in diatom-

based transfer functions (e.g., total phosphorus) and sediment geochemistry (e.g., P, Si/Ti). 

Specifically, we: (i) track the onset and extent of brownification in what appears to be a 

naturally humic and small catchment lake, (ii) reconstruct the impacts of brownification on 

the lacustrine ecosystem using remains of aquatic organisms (i.e., diatoms and chironomids) 

and sediment geochemistry, and (iii) explore the main factors causing brownification during 

the Holocene and contrast the ecosystem functioning of this lake in Central Europe with those 

in the wider boreal regions. 

17 Material and methods 

17.1 Study site 

Fig. 1: Map of the Prášilské jezero catchment and the location of Prášilské jezero, the study site, (red diamond) 

in the Bohemian Forest mountain range. 
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Eight glacial lakes are situated along the Czechia-Germany-Austria border in the 

Bohemian Forest (Central Europe) and analyses of their sediments document the last phases 

of the deglaciation in this low mountain range (Mentlík et al., 2013; Vondrák et al., 2019a; 

Vondrák et al., 2021) (Fig. 1). Shallow soils, siliceous bedrock (gneiss, mica-schist, granite, 

quartzite) and presence of Norway spruce (Picea abies) as the dominant tree taxon, have 

enhanced the sensitivity of lake watersto acidifying effects, thereby both pre-industrial 

acidification by humic substances (Steinberg et al., 1991; Pražáková et al., 2006; Vondrák et 

al., 2019b; Moravcová et al., 2021) and anthropogenic acidification by mineral acids 

(Steinberg et al., 1988; Schmidt et al., 1993; Vesely et al., 1993; Fott et al., 1994; Vrba et al., 

2003) were documented in the Bohemian Forest lakes. All lakes in the Bohemian Forest were 

reported as brown-water prior to anthropogenic acidification (see Vrba et al., 2000 for 

review), thereupon atmospheric acid deposition (1960’s–1990’s) increased their water-

transparency by in-lake precipitation of humic substances (Steinberg, 1991). During a recent 

recovery from anthropogenic acidification (Nedbalová et al., 2006; Vrba et al., 2003a, 2016), 

water color has become darker in most of the lakes in the area (Vrba et al., 2000). 

Prášilské Lake (49°05´N, 13°24´E; Fig. 1), studied here, is the smallest dimictic lake 

in the region (Vrba et al., 2003b; Šobr & Janský, 2016) with relatively higher DOC and TP 

concentrations displayed among the other Bohemian Forest’s lakes (Tab 1; see Vrba et al., 

2000). Six small inlets and one outlet drain the semicircular cirque that contains Prášilské 

Lake. Owing to moderate anthropogenic acidification of the lake leading to low 

concentrations of toxic aluminium, crustacean zooplankton survived there (Fott et al., 1994) 

and Prášilské Lake´s biota has undergone an earlier recovery from acidification compared to 

larger lakes (Vrba et al., 2006, 2016). Prášilské Lake is considered as naturally fishless due to 

absence of any historical observation of a fish population and steepness of the outlet 

prohibiting immigration (Veselý, 1994; Kubečka et al., 2000).  
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Tab. 1: Parameters of Prášilské Lake. ANC – acid neutralizing capacity, TP – total phosphorus, DOC – 

dissolved organic carbon, AlT – total reactive aluminium. Parameters after Soldán et al. (2012) and Šobr & 

Janský (2016), chemical variables measured in September 2007. 

 

Altitude 1079 m a.s.l. 

Surface lake area 0.042 km2 

Max. depth 17.2 m 

Lake volume 0.35 106 m3 

Catchment area 0.65 km2 

Lake retention time* 0.54 years 

pH 4.96  

ANC -10 mmol l-1 

TP 5.8 µg l-1 

DOC 5.5 mg l-1 

AlT 167 µg l-1 

*rough estimate of lake retention time 

given by ratio of lake volume/catchment 

area [m3 m-2] (Vrba et al., 2000) 

17.2 Sampling and chronology 

The profile retrieved from the central part of Prášilské Lake consisted of three parallel 

drives Pra-15-2-1, Pra-15-1-2 and Pra-15-2-2 taken by a Russian-style corer, and one drive 

Pra-15-GC2 taken by a gravity corer during a fieldwork in August 2015. All cores were taken 

from a stable floating platform and comprise overlapped 1.5 × 0.07 m core lengths (Russian 

corer) and the intact sediment water interface sampled by a gravity corer (Boyle, 1995). All 

drives were correlated using matching of core scan data collected using the Liverpool Geotek 

Multi-sensor Core Logger (MSCL), and an age-depth model generated for the sediment 

record using 14C and 210Pb age measurements (for details on dating see Carter et al. (2018a) 

and age-depth model in Fig. A.1). 

17.3 Geochemistry 

For correlation of the cores and interpretation of sediment characteristics, all long-

cores cores were photographed at 15 μmpixel resolution using the Line-scan camera fitted to 

the Liverpool GeotekMulti-sensor Core Logger (MSCL), and then they were covered with 

6μm thickness polypropylene film and measured at 5mm intervals on a wet sediment basis 

using an Olympus Delta energy dispersive μXRF mounted on the Liverpool Geotek MSCL 

(Boyle et al., 2015; Schillereff et al., 2015). For the gravity core major and trace element 

concentrations were determined using a Bruker S2Ranger ED-XRF, with the samples were 

hand pressed and measured under a He atmosphere under combined Pd and Co excitation 
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radiation and using a high resolution, low spectral interference silicon drift detector. Both 

XRFs undergo daily standardization and regular laboratory consistency checks using 18 

certified reference materials (e.g., Boyle et al., 2015). The same device was used for each 

layer from the gravity core Pra-15-GC2. 

17.4 Diatom and chrysophyte analyses 

Remains of siliceous algae were isolated from 36 samples at 2–10 cm intervals 

through the profile using standard procedures (Battarbee et al., 2001). Dry sediment (~0.1 g) 

was boiled in 30% hydrogen peroxide. After the solution cooled, a drop of 35 % hydrochloric 

acid was added. Solutions were rinsed with distilled water five times. Precise volume of 

diluted sample solution (50 μl) and distilled water (550 μl) together with a specific 

concentration of divinylbenzene microspheres (100 μl, 30.65×104 particles/ml) and drop of 

ammonia were permanently mounted onto cover slides using Naphrax mounting resin. The 

only exception represents the most basal sample concentration (1698–1698.5 cm) with the 20 

μl of sample solution with 580 μl of distilled water. 

Using a light microscope, at least 400 diatom valves were counted under 1000× 

magnification. To retain sufficient resolution of diatom periphyton for further quantitative 

analyses, euplanktonic dominant Asterionella ralfsii was suppressed. In samples where A. 

ralfsii dominated (1567–1500.5 cm), only 100 valves of A. ralfsii were counted concurrently 

to periphytic diatoms, then its counting was stopped and at least additional 400 valves of 

periphytic diatoms were counted in the sample. We use broadly accepted term “periphyton” 

(Wetzel, 2001) for any other diatom life-form than euplanktonic following the definition that 

periphyton includes “all the microscopic algae, bacteria, and fungi on (or associated with) 

substrata” (Stevenson et al., 1996). Diatom periphyton was classified into guilds designed by 

Passy (2007) regarding supplementary suggestions and species database in Rimet & Bouchez 

(2012). We separated four guilds: low-profile, high-profile, motile and facultatively 

planktonic (= tychoplanktonic). 

Chrysophyte to diatom periphyton ratio (C:Dper ratio) was estimated by concurrent 

counting of chrysophytestomatocysts and valves of periphytic diatoms. We use diatom sums 

without euplanktonic A. ralfsii in order to use C:Dper ratio as a proxy for pelagic to littoral 

primary productivity ratio (Rivera-Rondón & Catalan, 2017). C:Dper ratio was expressed as a 

percentage of chrysophyte cysts while total count of periphytic diatom valves represented 

100%. Diatom and chrysophyte accumulation rates were estimated using the divinylbenzene 

microspheres as reference particles. 
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Diatoms were identified using Krammer and Lange-Bertalot (1986, 1988, 1991a, b), 

Lange-Bertalot and Metzeltin (1996), Lange-Bertalot (2001), Krammer (2000, 2002, 2003), 

Houk (2003), Houk and Klee (2007) and Lange-Bertalot et al. (2011, 2017). Diatom 

nomenclature was updated and unified according to AlgaeBase (Guiry & Guiry, 2021). 

17.5 Chironomid and planktonic cladoceran analyses 

In total, 123 sediment samples with average wet volume of 3.2 ml were processed. 

The samples were sieved over 100 μm mesh size using distilled water. Chironomid head 

capsules (HCs) were picked from a Sedgwick-Rafter counting cell using a stereoscopic 

microscope at 40–50× magnification, fine forceps, and steel needles, then dehydrated in 90% 

ethanol, and mounted in Euparal mounting medium to prepare permanent slides. Due to very 

low average head capsule abundances in the studied material, samples with less than 50 

identified HCs were merged with adjacent samples to exceed the minimum count level. This 

approach allowed plotting of relative abundance data (%) and more robust ecological 

interpretation of the subfossil assemblages (Heiri & Lotter, 2001). The taxonomic 

identification of HCs and related ecological preferences of the individual taxa followed 

mostly Wiederholm (1983) and Brooks et al. (2007). Finally, we distinguished four 

chironomid ecological groups – (i) taxa of oxygenated profundal, (ii) other bottom substrate 

taxa, (iii) semi-terrestrial and rheophilic taxa (including taxa associated with seepages, moss, 

and small streams), and (iv) taxa associated with aquatic macrophytes. 

The same samples were also used for the identification of remains of planktonic 

cladocerans (Daphniidae and Bosminiidae). Resting eggs of genus Daphnia and g. 

Ceriodaphnia were concurrently observed and counted during the HCs picking, whereas head 

shields and shells of g. Bosmina were analyzed qualitatively, i.e., Bosmina remains very 

abundant or common (1) versus rare or absent (0). Identification of the selected cladoceran 

remains followed the atlas by Szeroczyńska & Sarmaja-Korjonen (2007). 

17.6 Statistical analyses 

Zonation proceeded from three cluster analyses of Hellinger transformed relative 

abundances of diatom and chironomid taxa. Two types of species data were entered for 

diatom clustering: (i) whole diatom assemblage and (ii) periphytic assemblage excluding 

euplanktonic A. ralfsii. Constrained Incremental Sums of Squares (CONISS) (Grimm, 1987) 

(Fig. A.2) tested by Broken-stick model (MacArthur, 1957; Legendre & Legendre, 1998) 

produced significant assemblage zones using packages “analogue”, “rioja” and “vegan” 
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(Oksanen et al., 2008; Juggins, 2012; Simpson & Oksanen, 2013) in R 4.1.2 software (R Core 

Team, 2021). 

Diatom-inferred pH and total phosphorus (DI-pH, DI-TP) were calculated using 

combined training sets and weighted-averaging with inverse (for pH) and classical (for TP) 

deshrinking available at the European Diatom Database (EDDi) (Juggins, 2001). Relative 

abundances of periphytic diatom taxa entered the DI-pH and DI-TP reconstructions, 

excluding the euplanktonic A. ralfsii with questionable indicator value (discussed in Section 

4.2). The periphytic-based estimations can provide a relevant signal of chemical changes in 

lakes (Philibert & Prairie, 2002; Werner & Smol, 2005; DeNicola & Kelly, 2014), if we 

consider their potential bias towards littoral habitats (Pla-Rabés & Catalan, 2018). The 

combined training sets and two regional training sets for pH (ALPE) and TP (NW Europe 

dataset) proved sufficient analogy with our periphytic diatom assemblages when the squared 

chi-squared distance to the closest analogue obtained by MAT (Modern Analogue Technique, 

five nearest analogues) served as a measure of analogy for the training sets (Juggins, 2001). 

Finally, the combined training sets for both pH and TP were favoured for the reconstruction, 

because of absence of A. ralfsii in “ALPE” and “NW Europe” regional datasets. Even though 

we excluded this species from the weighted averaging, we preserved its influence at least in 

the MAT step. See the comparison of the inferred environmental variables from combined 

and regional datasets in the Fig. A.3. 

Hill’s N2 (Hill, 1973) was calculated using C2 software version 1.5 (Juggins, 2007) in 

order to assess “effective number of taxa” (Jost, 2006) for every total diatom assemblage, 

diatom non-planktonic assemblage, diatom facultatively planktonic assemblage, and total 

chironomid assemblage. 

18 Results 

18.1 Zonation 

In total 4 zones were determined based on the clustering of diatom and chironomid 

relative abundances in assemblages: Zone 1a, Zone 1b, Zone 2, and Zone 3 (see Fig. 2, 3 and 

A.2). Zones 1, 2 and 3 were supported by significant clustering of diatom assemblages, based 

on the whole diatom assemblage (Zone 2/Zone 3; depth of 1566.25 cm) and periphytic diatom 

assemblage (Zone 1/Zone 2; depth of 1585.25 cm). Zone 1 was subdivided based on the first 

non-significant chironomid splitting accompanied by the second diatom non-significant 

splitting (Zone 1a/ Zone 1b; depth of 1675.25 cm). 
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18.2 Zone 1a (11.4–10.7 cal. ky BP) 

Diatom and chironomid assemblages were dominated strongly by few taxa 

characterized by low Hill’s N2 (Fig. 2, 3). Facultatively planktonic Aulacoseira pfaffiana and 

A. alpigena proliferated considerably (Fig. 2, A.4, A.5), so that the total influx of diatom 

valve concentrations peaked in this zone (~16.5*109 valve particles cm-2 y-1; Fig. 4) and 

outnumbered chrysophyte stomatocysts resulting in the lowest C:Dper ratio (10.5%) within the 

record (Fig. 4). Si/Ti ratio reflected this trend of siliceous algae influx with excess biogenic Si 

relative to lithogenic elements (Fig. 4; Fig. A.7). Chironomid assemblages were dominated by 

taxa inhabiting bottom substrate in well-oxygenated profundal waters (31–57%; Fig. 3), 

namely Heterotrissocladius grimshawi-type, Micropsectra insignilobus/contracta-type, and 

Tanytarsus lugens-type (Fig. A.6). Concentrations of chironomid head capsules (HCs) 

reached values higher by order of magnitude than in the rest of the core, with up to 131 HCs 

cm-3 compared with values 0–38 HCs cm-3 in Zones 1b–3 (Fig. 4). Concentrations of Daphnia 

longispina-type ephippia increased during the zone and Bosmina longispina remains were 

abundant (Fig. 3). Average DI-pH values of 5.82 were affected by a low value 5.54 in a 

sample with maximal A. pfaffiana dominance (Fig. 4). This sample showed the very high 

standard error in estimation of DI-TP, which averaged ~1.5 µg l-1 in this zone. Ti 

concentrations decreased sharply from ~680 to ~260 ppm reflecting a decline in supply of 

lithogenic elements to the lake (Fig. 4). Trends in Mn/Ti and Fe/Ti broadly corresponded in 

the first half of the zone reflecting the gradual decline of Mn, Fe and Ti since the Holocene 

onset, but then diverged as Fe increases in concentration (Fig.4). 

18.3 Zone 1b (10.7–5.5 cal. ky BP) 

Here, diatom assemblage peaked in the effective number of diatom taxa (Hill’s N2 

~22, ~9 cal. ky BP; Fig. 2). Increasing relative abundances of the low-profile guild were 

disrupted by a bloom of facultatively planktonic diatoms and a dominant Aulacoseira lirata 

between ~8.1 and ~7.6 cal. ky BP (Fig. 2). This event is evidenced increased Ti 

concentrations and synchronous harmonization of trends in Mn/Ti and Fe/Ti from the 

previous distinct excess of Fe relative to Ti contrasting Mn/Ti (Fig. 4). Also, concentrations of 

other biotic remains responded sensitively around 8.1 cal. ky BP, namely an increase in 

chironomid HCs concentration with a distinct peak of bottom substrate species; especially 

Heterotrissocladius marcidus-type; Fig. 3, 4, A.6) and decrease in the siliceous algae remains 

(Fig. 4) and Daphnia longispina-type ephippia (Fig. 3). Substantial drop in chrysophyte 

stomatocyst influx reduced the C:Dper ratio (Fig. 4). Simultaneous decrease in Si/Ti was 
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preceded by an oscillation to higher values ~8.2 cal. ky BP (Fig. 4). DI-pH shifted from the 

values averaging 6.04 before the event to slightly higher values averaging 6.16 after the event 

to the end of the zone (Fig. 4). DI-TP increased up to ~7.5 µg l-1 simultaneously with the peak 

of low-profile diatoms ~9 cal. ky BP, afterwards decreased during the event (~8.1–7.6 cal. ky 

BP) and then the average DI-TP value reduced to ~3.1 µg l-1 until the end of the zone ~7.5–

5.8 cal. ky BP (Fig. 4). In the immediate aftermath of the ~8.1–7.6 cal. ky BP event there was 

a return to the distinct excess of Fe relative to Ti contrasting patterns Mn/Ti driven by 

elevated Fe concentrations. Phosphorus concentration in sediment exhibited the first non-zero 

values in this zone with the highest values ~7.5–5.8 cal. ky BP (Fig. 4). 

Besides the ~8.1–7.6 cal. ky BP event, chironomid concentrations were very low (2–

18 HCs cm-3) and the assemblages were characterized by increased portion of semi-terrestrial 

and rheophilic taxa (e.g., Georthocladius luteicornis-type) and taxa associated with aquatic 

macrophytes (e.g., Corynoneura edwardsi-type) (Fig. 3, A.6). Bottom substrates species were 

dominated by Procladius (5–38% of the total assemblage), a taxon tolerant to oxygen 

depletion that did not reach such high relative abundances in the other zones (Fig. 3). Trends 

of Mn/Ti and Fe/Ti harmonized with reduced Fe and elevated Mn concentrations, and Al/Rb 

and Al/Ti started to fluctuate to their highest values after ~6.8 cal. ky BP (Fig. 4). At the very 

end of the zone, influx of chrysophyte stomatocysts (~9.3*109 particles cm-2 y-1; Fig. 4) and 

the effective number of chironomid taxa (~18; Fig. 3) peaked. At the same time, effective 

number of diatom taxa decreased, mainly because of A. alpigena dominance (max. ~46%; 

Fig. 2). Bosmina longispina remains were numerous in all samples of the Zone 1b, but 

Ceriodaphnia ephippia were still absent, except of a one single finding (Fig. 3). 

18.4 Zone 2 (5.5–4.2 cal. ky BP) 

The decline in planktonic species that characterizes the Zone 2 involves decreasing the 

relative abundance of facultatively planktonic diatoms (Fig. 2), concentrations of D. 

longispina-type ephippia (Fig. 3) and influxes of chrysophyte stomatocysts (Fig. 4). 

Euplanktonic diatom Asterionella ralfsii and a cladoceran of genus Ceriodaphnia became 

established at low concentrations (Fig. 2, 3). Bosmina longispina remains continued to be 

very abundant (Fig. 3). Effective numbers of chironomid taxa decreased (Fig. 3), whereas the 

effective number of taxa in the total diatom assemblage increased (Fig. 2), which coincides 

with lack of dominant planktonic diatoms. Relative abundances of non-planktonic diatom 

periphyton increased together with the proportion of non-planktonic Hill’s N2 as the 

dominants within assemblages (Fig. 2). The influx of siliceous algae decreased towards the 
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zone 2/3 border, but Si/Ti and C:Dper both peaked ~4.2 cal. ky BP on the border (Fig. 4). 

Chironomid concentrations became almost negligible (max. ~8, average ~3 HC cm-3; Fig. 4) 

and the assemblages comprised high portions of semi-terrestrial and rheophilic taxa (9–27%, 

dominated by G. luteicornis-type) and taxa associated with aquatic macrophytes (29–35%; 

dominated by P. sordidellus/psilopterus-type) (Fig. A.6). DI-pH showed a distinct decreasing 

trend (Fig. 4) and DI-TP remained low values averaging ~2.5 µg l-1 (Fig. 4). Phosphorus 

concentration in sediment decreased during the zone interrupted by zero values and shifted 

permanently to zero values at the end of the zone. Ti concentrations declined to ~100 ppm 

pattern that is mirrored in other conservative lithogenic elements (e.g., Rb) towards the top of 

zone 2 except for a distinct peak (~4.7 cal. ky BP; Fig. 4, A.7). The apparent synchrony of 

Mn/Ti and Fe/Ti was disrupted at the Ti peak ~4.7 cal. ky BP, with excess Fe concentrations 

relative to Ti contrasting the Mn/Ti ratio (Fig. 4). Al/Rb and Al/Ti ratios continue fluctuating 

in synchrony, with the peaks reaching their highest values particularly at the zone 2/3 

boundary. 

18.5 Zone 3 (4.2 cal. ky BP–recent) 

A bloom of Asterionella ralfsii dominates the diatom relative abundances and 

minimizes the effective number of diatom taxa taken from the total assemblage (Fig. 2). 

However, the effective number of diatom taxa from non-planktonic and facultatively 

planktonic periphytic assemblages has increased from those in Zone 2. Non-planktonic 

diatom periphyton prevail over facultatively planktonic periphyton throughout the Zone 3, 

particularly the relative abundances of motile, high-profile, and low-profile guilds that peaked 

successively through ~1.7–0.2 cal. ky BP (Fig. 2). Relative abundances of semi-terrestrial and 

rheophilic chironomids peaked (max. of 36.5%; ~3.2 cal. ky BP; mainly Limnophyes and G. 

luteicornis-type) followed by a peak of chironomids associated with aquatic macrophytes 

(max. of 47.1%; ~1.2 cal. ky BP; mainly morphotypes of genus Corynoneura) (Fig. 3, A.6). 

Chironomid concentrations further decreased to the average of ~2 HC cm-3 until a further 

increase towards the top of zone 3 (Fig. 4), where bottom associated taxa rise due to a peak of 

Tanytarsus pallidicornis-type 2 (Fig. 3). Ceriodaphnia ephippia increase in concentrations 

and were present in all merged samples between 4.2 and ~1.3 cal. ky BP, whereas Bosmina 

longispina remains suddenly disappear from the record ~3.5 cal. ky BP (Fig. 3). While 

influxes chrysophyte stomatocystsdecrease, the influx of periphytic diatoms reaches a 

minimum, which led to maximal values for C:Dper (max. ~840%; ~4.1 cal. ky BP) (Fig. 4). 

Si/Ti gradually decreased from its maximum at the Zone 2/3 boundary ~4.2 cal. ky BP 
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reaching minimum values ~1.4 cal. ky BP (Fig. 4). DI-pH decreased to 5.51 ~4.1 cal. ky BP, 

remained <6 through Zone 3, and finally decreasing to its minimum (5.06) in the uppermost 

sample representing (sub)recent conditions (Fig. 4). DI-TP increased from the base of zone 3 

averaging ~5 µg l-1 through the zone and peaking in the uppermost sample at 11 µg l-1 

admittedly with large uncertainties (Fig. 4, A.3). Al/Rb and Al/Ti ratios declined from ~3.9 

cal. ky BP and Ti remained at low concentrations except for minor peaks ~0.35 cal. ky BP 

and ~0.28 cal. ky BP (Fig. 4). Mn/Ti and Fe/Ti retained opposite trends through zone 3 

reflecting excess Fe concentrations relative to Ti, which contrasts the Mn/Ti ratio except for 

~0.5–0.3 cal. ky BP with the highest Mn/Ti values (Fig. 4). 

Fig. 2: Diatom stratigraphical diagram showing proportion (%) of euplanktonic Asterionella ralfsii (dark green 

silhouette) against diatom periphyton (light green s.) and relative abundances of particular guilds of the diatom 

periphyton: low-profile (dark red s.), high-profile (turquoise s.), motile (ginger s.), facultatively planktonic (= 

tychoplanktonic) (dark green s.). All three most abundant periphytic species originate from facultatively 

planktonic guild (plotted overlaying each other): Aulacoseira alpigena (yellow s.), Aulacoseira lirata (pink s.), 

Aulacoseira pfaffiana (blue s.). “Effective number of diatom taxa” (Hill’s N2) (dark blues lines) is plotted for 

each group. Zonation (Zone 1a, Zone 1b, Zone 2, and Zone 3) is defined by clustering of diatom and chironomid 

assemblages using CONISS (stratigraphically constrained cluster analysis) and Broken-Stick model. 
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Fig. 3: Freshwater invertebrate stratigraphical diagram. Relative abundances of chironomid ecological groups 

(left): taxa of oxygenated profundal (red silhouette), other bottom substrate taxa (orange s.), semi-terrestrial and 

rheophilic taxa (including taxa associated with seepages, moss, and small streams) (yellow s.), and taxa 

associated with aquatic macrophytes (green s.). Four most abundant chironomid species are plotted overlaying 

each other: Tanytarsus pallidicornis type 2 (blue s.), Zavrelimyia type 2A (green s.), Procladius (yellow s.), 

Heterotrissocladius grimshawi-type (red s.). “Effective number of chironomid taxa” (Hill’s N2) is plotted in 

dark blue lines. Planktonic cladoceran taxa remains (right) are plotted in volumetric concentrations (remains per 

1 cm3) (light green s.) or presence/absence data (dark red symbols). Zonation (Zone 1a, Zone 1b, Zone 2, and 

Zone 3) is defined by clustering of diatom and chironomid assemblages using CONISS (stratigraphically 

constrained cluster analysis) and Broken-Stick model.  
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Fig. 4: Summary stratigraphical diagram of main proxies for reconstruction of brownification in Prášilské Lake 

showing (from left to right): influx of siliceous algae (chrysophytes – golden silhouette, diatom periphyton – 

light green s., euplanktonic diatom A. ralfsii – dark green s.), C:Dper – ratio between chrysophyte stomatocyst 

and periphytic diatom valves (golden shaded values > 1, green shaded values < 1), Si/Ti ratio (orange line) with 

running average-window width 11 samples (dark brown bold line), DI-pH – diatom-inferred pH (black line; red 

shaded values – mean value >5.9, blue shaded values – mean value< 5.9) with standard errors (light grey bars), 

DI-TP – diatom-inferred total phosphorus (black line) with standard errors (light grey bars), P – phosphorus 

concentration (ppm) in sediment (green shaded area), concentration of chironomid head capsules (HC cm -3) (red 

silhouette), Ti concentration (ppm) (light blue line), Al/Rb and Al/Ti ratio running average-window width 11 

samples (Al/Rb - dark blue line, Al/Ti - pink), Fe/Ti ratio (red line) and Mn/Ti ratio (light blue line). Zonation 

(Zone 1a, Zone 1b, Zone 2, and Zone 3) is defined by clustering of diatom and chironomid assemblages using 

CONISS (stratigraphically constrained cluster analysis) and Broken-Stick model. 
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19 Discussion 

19.1 Ecosystem functioning thresholds at Prášilské Lake 

One hundred and fifty years of hydrobiological research of Bohemian Forest lakes 

have documented complex changes in their water chemistry, including changes in water color 

and transparency (e.g., Veselý et. al., 1994, Vrba et al. 2000). However, that longer-term 

perspective on millennial-scale water changes in brownification had remained elusive before 

the application of paleolimnogical methods. Vondrák et al. (2019b) and Moravcová et al. 

(2021) have already shown that Prášilské Lake, one of the Bohemian Forest lakes, likely 

experienced high DOC concentrations during the Holocene. Here, we focus on more detailed 

history of brownification episodes at Prášilské Lake and various related environmental 

drivers. Brownification of Prášilské Lake was inferred using biotic and geochemical proxy 

records revealing (i) the direct impacts of high humic acid concentrations – water acidification 

and light limitation, and (ii) indirect impacts – enhanced thermal stratification, bottom water 

anoxia and shifts in nutrient availability in the lake. There have been three main alterations in 

species composition of the aquatic biota in Prášilské Lake, and these occurred around ~10.7, 

~5.5 and ~4.2 cal. ky BP (see Fig. 5) suggesting significant changes in the lacustrine 

ecosystem. Here, we discuss the contribution of particular brownification processes to these 

thresholds in ecosystem function, and finally, we estimate the intensity of brownification with 

time in the context of regional climatic changes and other drivers. 
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Fig. 5: Model of main phases of Prášilské Lake water brownification excluding changes connected to the “8.2 ka 

event” and last 500 years. 

19.2 Natural acidification and light limitation 

The aquatic assemblages testify to brown and humic acid rich character of Prášilské 

Lake throughout the postglacial period, which aligns with previous findings of abundant acid-

tolerant and acid-resistant caddisflies (Vondrák et al., 2019b) and acidophilous diatoms 

typical of low conductivity waters rich with humic acids (Moravcová et al., 2021). The diatom 

species composition presented here reveals greater variety on sequence of environmental 

changes in the evolution of Prášilské Lake, that said diatom species throughout were always 

from the pool of taxa preferring acidic and typically dystrophic waters. 

Humic compounds have influenced the Prášilské Lake’s ecosystem at the latest since 

~10.7 cal. ky BP when the productivity of periphytic diatoms started to decrease (influx of 

diatom periphyton; Fig. 4), suggesting possible shading during water browning (Karlsson et 

al., 2009; Vasconcelos et al., 2016). However, the drop in diatom productivity was caused 

mainly by a bloom of Aulacoseira pfaffiana before ~10.7 cal. ky BP and its decline afterwards 

(Fig. 2). As heavily-silicified Aulacoseira taxa can cope with strong light limitation if they are 

intermittently floated by turbid mixing (Reynolds, 2006; Rühland et al., 2015), we suggest 

strong mixing of the Prášilské Lake waters rode over the shading effects of DOC ~10.7 cal. 

ky BP. The Holocene sequence at Prášilské Lake involves a first stage in the aquatic 
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succession that was driven mainly by stratification of water column after an initial more 

turbid phase (Zone 1a) that potentially obscured inference of pH and TP from the diatom 

record before ~10.7 cal. ky BP. The subsequent gradual shift from diatoms of circumneutral 

to weakly acidic waters to those preferring moderate to strongly acidic waters (Moravcová et 

al. 2021) suggests little or no change in concentration of humic acids, and the presence of 

caddisfly Limnephilus coenosus points to  peaty waters in Zone 1a (Vondrák et al., 2019b). 

Therefore, we expect broadly consistent relatively humic-rich conditions and no sharp step in 

brownification around 10.7 cal. ky BP (Fig. 5). 

Conversely, distinct falls in pH at Prášilské Lake are suggested by decreases in DI-pH 

between ~5.5 and ~4.2 cal. ky BP (Zone 2, Fig. 4). At this time, all (sub)dominants in the 

diatom assemblage (Fig. 2, A.4; successively Aulacoseira alpigena, Brachysira brebissonii, 

Asterionella ralfsii) belong to taxa typical of waters acidified by humic acids (Pappas & 

Stoermer, 2001; Houk, 2003; Lange-Bertalot et al., 2017). This succession shows the 

transition from periphytic (A. alpigena, B. brebissonii) to pelagic (A. ralfsii) primary 

production, further supported by increases in the proportion of chrysophytes (C:Dper, Fig. 4) 

as chrysophytes are mostly planktonic at these lakes (Rivera-Rondón & Catalan, 2017). These 

new evidences confirm the major role of light attenuation in a collapse of aquatic 

macrophytes (Isoëtes spp.) at Prášilské Lake ~4.2 cal. ky BP (Moravcová et al., 2021) because 

the decrease in primary production in deeper water benthic habitats is an aquatic ecosystem 

response typical of light limitation during brownification and a feature of other nutrient-poor 

boreal lakes (Karlsson et al., 2009; Brothers et al., 2014; Vasconcelos et al., 2016). There is at 

Prášilské Lake a temporary increase in the relative abundance of non-planktonic diatom 

periphyton (including B. brebissonii) ~5.5–4.2 cal. ky BP, which resembles periphytic 

dominance due to lower UV exposure caused by DOC shading in a Canadian Shield lake 

(Pienitz & Vincent, 2000). In contrast, our diatom productivity decreased as the periphyton to 

euplankton proportion increase, which suggests light attenuation by DOC reached levels that 

limited both planktonic and periphytic primary production (Jones, 1992; Carpenter et al., 

1998) as well as that of herbivorous planktonic cladocerans (Fig. 3). However, other factors 

such as less intensive water mixing and/or reduced nutrient availability also influence the 

dynamics of phytoplankton at Prášilské Lake. 

Other factors complicate the pH-indicative value of the bloom of A. ralfsii ~4.2–0.5 

cal. ky BP. A. ralfsii has often served as an indicator of acidification by humic acids given an 

association with very low pH dystrophic waters (Liehu et al., 1986; Stabell, 1993; Jüttner et 

al., 1997), but sensitivity to effective silica-uptake and/or Al concentrations complicates this 

interpretation of a competitive advantage in humic waters (Stokes, 1986; Gensemer et al., 
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1993a, 1993b). Unfortunately, the physiological experiments exploring this were focused only 

on the variety A. ralfsii var. americana (Gensemer et al., 1993a, 1993b). Nonetheless, A. 

ralfsii at Prášilské Lake does define a period of enhanced concentrations of DOC. Moreover, 

our DI-pH record decreased simultaneously with the onset of A. ralfsii bloom in Prášilské 

Lake ~4.2 cal. ky BP, and is independent of A. ralfsii though constrained by being based only 

on periphytic species. Bosmina longispina disappeared after ~3.7 cal. ky BP from Prášilské 

Lake, indicating a possible collapse of a potential fish population (see Johnsen & Raddum, 

1987). Starving of fish after the loss of periphytic resources has been attributed to light 

limitation in humic lakes (Karlsson et al., 2009; Brothers et al., 2014; Kankaala et al., 2019). 

A. ralfsii suddenly decreases in abundance ~0.5 cal. ky BP probably reflecting changes in 

lake’s hydrology connected to intensifying human impact in last 500 years (Vrba et al., 2000) 

and the  decrease in periphytic DI-pH in the top sample probably reflects anthropogenic 

acidification at Prášilské Lake. 

Overall, although we observed the first signs of browning after ~10.7 cal. ky BP, other 

processes such as a water-level change or wave mixing of the water column contributed to the 

“delayed onset” of pronounced thermal stratification influencing the lacustrine biota (Fig. 5). 

Significantly, we found strong evidence of a critical threshold in humic substances, 

acidification and light limitation of the water column at Prášilské Lake that was crossed 

between ~5.5 and ~4.2 cal. ky BP (Zone 2) and these conditions persisted to the subrecent. 

19.3 Lake water mixing and bottom anoxia regimes 

Turbid waters most likely affected aquatic biota during the initial phase of postglacial 

lacustrine development (Zone 1a; Fig. 4) as indicated by the bloom of heavily-silicified 

Aulacoseira pfaffiana (Fig. 2), which was probably kept afloat by water mixing (Reynolds, 

2006; Rühland et al., 2015). Several independent proxies point to prolonged thermal 

stratification with periods of bottom anoxia in Prášilské Lake since ~10.7 cal. ky BP. The 

abrupt decrease of chironomid concentrations (Fig. 4), including the fall in relative 

abundances of taxa indicating well-oxygenated profundal zone (Fig. 3), supports the near-

bottom anoxia along with the inverse trends in Mn/Ti and Fe/Ti reflecting greater relative 

concentrations of Fe in the sediment (Fig. 4). Reducing Mn in sediment produces highly 

mobile Mn2+ ions while Fe3+ ions became immobile in complexes under anoxic conditions 

(Kylander et al., 2013). 

The chironomid taxa mentioned above as indicating availability of dissolved oxygen 

in the profundal waters are only abundant in Zone 1a (Fig. 3). Three of them, 



92 

 

Heterotrissocladius grimshawi-type, Micropsectra insignilobus/conctracta-type, and 

Tanytarsus lugens-type, exceed 19 % (57% cumulatively) of the total chironomid assemblage 

(Fig. A.6) but they do not appear again at these high relative abundances and the latter two 

taxa become very rare. Similar Early-Holocene chironomid fauna with H. grimshawi-type and 

M. insignilobus/conctracta-type was recorded in sediments at Plešné Lake nearby in the 

Bohemian Forest (Tátosová et al., 2006), but T. lugens-type was not recorded and replaced by 

Procladius. Procladius is known to be common in lakes with near-bottom oxygen depletion 

(Brooks et al. 2007), and we interpret its presence as a sign of profundal oxygen limitation. 

This process occurred earlier in Plešné Lake likely due to its mesotrophic character (granitic 

bedrock) whereas Procladius became the dominant profundal taxa in Zone 1b at Prášilské 

Lake, i.e. after ~10.7 cal. ky BP. Bottom water anoxia at Plešné Lake has never eliminated 

Procladius from Holocene chironomid assemblages unlike Prášilské Lake. These differences 

between nearby lakes are likely due to differences in bathymetry (Šobr & Janský, 2016) that 

prevented long periods of anoxia in elongated basin of Plešné Lake with the deepest part close 

to the outflow and on the contrary that enabled prolonged anoxia in more symmetric circular 

basin of Prášilské Lake. 

Development of catchment soils through Zone 1a (decrease in Ti and Rb input; Fig. 4, 

A.7) contributed greater transport of DOC to the lake and restricted seepage through the 

moraine dam, with reduced water clarity encouraging  more pronounced thermal stratification 

~10.7 cal. ky BP and this was accompanied by a probable lake-level rise. Additionally, the 

denser forest canopy around the lake after ~10.7 cal. ky BP (Carter, et al., 2018a) would 

mitigate wind-induced currents inhibiting lake mixing and turnover (Klaus et al., 2021). Lake-

level rise flooding fresh substrates could also increase the relative abundance, effective 

number of species (Fig. 2), and influx (Fig. A.5) of low-profile diatoms known to be effective 

colonizers (Leira et al., 2015; Pla-Rabés & Catalan, 2018). Although C:D ratios often display 

positive relationships with water depth in mountain lakes (Rivera-Rondón & Catalan, 2017; 

Buczkó et al., 2018), the influence of thermal stratification could outweigh the effect of lake 

morphology (Rivera-Rondón & Catalan, 2017). Flagellated chrysophytes command a distinct 

competitive advantage in stratified waters as they can actively migrate to secure light and 

nutrients (Werner & Smol, 2005). Therefore, we interpret the increasing C:Dper ratio at 

Prášilské Lake (Zone 1a, 1b, Fig.4) rather owing to a strengthening of thermal stratification, 

changes that were potentially aided by lake-level rise. 

Two anomalies interrupted the otherwise continual record of dystrophic waters and 

likely thermal stratification in Prášilské Lake. The first ~8.1–7.6 cal. ky BP, besides 

harmonized Mn/Ti and Fe/Ti ratios reflecting lower relative concentrations of Fe in the 
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sediment, occurred as distinct shifts across nearly all recorded proxies, which suggests a 

complete change of the lacustrine ecosystem. Disturbance of the water column was visible in 

the temporary recovery of oxygen-demanding deep-water chironomids (namely 

Heterotrissocradius grimshawi-type) (Fig. 3), increased total chironomid concentrations and 

increased total caddisfly concentrations and diversity (Vondrák et al., 2019b), and concurrent 

trends of Mn/Ti and Fe/Ti. A coincident decrease in the proportion of chrysophyte 

stomatocysts (C:Dper ratio; Fig.4) probably resulted from losing their competitive advantage in 

a well-mixed water column (Werner & Smol, 2005). Additionally, the dominance of heavily-

silicified diatom Aulacoseira lirata (Fig. 2) suggests facilitating of its floating by intensive 

water mixing (Reynolds, 2006; Rühland et al., 2015).  

Whereas we consider the 8.1–7.6 cal. ky BP period to represent a direct signal of a 

change in the mixing regime in Prášilské Lake and from increased flux of clastic material 

from the catchment, the second anomaly ~6.8–4.2 cal. ky BP requires more complex 

explanation. Although trends of Mn/Ti and Fe/Ti harmonized in this time period, none of the 

other indicators of water mixing recovered, e.g., chironomids (and especially typical lake 

taxa) remain at very low concentrations (Fig.4) and show the highest proportion of 

semiterrestrial and rheophilic taxa. These represent inhabitants of the very shallow part of the 

littoral zones, inflows, and wet habitats in the catchment (Brooks et al., 2007) (Fig.3., A.6) 

and C:Dper ratio even gradually increased (Fig. 4). This event is also characterized by peaking 

Aulacoseira species (Fig. 2); however, A. alpigena could rather indicate decline in water 

conductivity than a physical disturbance of the water column (Houk, 2003; Leira et al., 2015). 

Altogether, biotic proxies indicated persistent thermal stratification and in-lake anoxia ~6.8–

4.2 cal. ky BP (Fig. 5), which points to another cause of the relative enrichment by Mn in the 

sedimentary record. Potential mechanisms employ processes connected with the 

brownification of lake water supposed in Prášilské Lake for this period. First, as dark color of 

humic waters can trap radiation in the surface layers and reduce the mixing depth by heating 

the epilimnion in small lakes (Fee et al., 1996; Wetzel, 2001), more frequent meromixis (i.e., 

very limited mixing of the hypolimnion) likely appeared in Prášilské Lake. Consequent 

pronounced or nearly permanent bottom anoxia could reverse otherwise higher Mn mobility 

and result in the diagenetic formation of Mn compounds (Makri et al., 2021). Potential 

diagenetic precipitation of Mn was probably muted with the release from the most intense 

thermal stratification after ~4.2 cal. ky BP. Another mechanism lies in the eventual input of 

Mn2+ from soils in the catchment. If oxygen depletion occurred in soils, e.g., due to water 

saturation, highly mobile Mn2+ would in-wash from soils to the lake and further compensate 

for the in-lake deficiency of Mn. This preferential reduction and mobilization of Mn4+ against 
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Fe3+ was observed under anoxic conditions in flooded and wetland soils (Patrick Jr. & 

Jugsujinda, 1992; Du Laing et al., 2009; Kröpfelová et al., 2009). Moreover, in acidic soils, 

lower pH can facilitate reduction of Mn4+ under lower levels of redox potential (EH), i.e. less 

oxygen depleted conditions (Frohne et al., 2011). When the supply of Mn in the eluvial soil 

horizon was depleted in the Prášilské Lake catchment, a terrestrial flux of Mn2+ would 

become insufficient to replenish the in-lake stock, which probably resulted in the renewal of 

inverse trends in Mn/Ti and Fe/Ti ratios since ~4.2 cal. ky BP. The tendency of Mn to deplete 

in soil systems is illustrated by a the dependence of Mn loads on supply from silt deposits in 

boreal streams while soils on till in upper parts of catchments already failed to release Mn 

(Björkvald et al., 2008). Additionally, a sharp downward decrease of Mn was documented 

from podzolized soil profiles (Riise et al., 2000), which indicates that Mn is released from the 

soils instead of precipitation in the illuvial spodic horizon. 

A return to more frequent mixing of the water column was detected ~0.5 cal. ky BP in 

Prášilské Lake (Fig. 4) and coincided with human activities in the highest part of the 

Bohemian Forest. Although the first invasive anthropogenic interventions with the lake level 

were evidenced only since 19th century (Švambera, 1914; Holcová et al., 2020), other 

artificial activities, such as logging, started ca. 500 years ago in the proximity of Bohemian 

Forest lakes (Vrba et al., 2000). Nevertheless, the regional human impact has been growing at 

least for the last 1000 years as supported by continuous record of cereal pollen and opening of 

forest canopy (Carter et al., 2018a; Kozáková et al., 2021). The changes in lake’s hydrology 

culminated at the end of the 19th century and were followed by the onset of anthropogenic 

acidification (Fott et al., 1994; Vrba et al., 2015). 

19.4 Nutrient availability 

Prášilské Lake was probably nutrient-poor throughout its postglacial evolution (DI-

TP<10 µg l-1, Fig. 4), hence the reconstructed changes in phosphorus concentration acted 

within restricted range. We suggested the increase of phosphorus availability based on DI-TP 

after ~10.7 cal. ky BP (peaking ~9.1 cal. ky BP) and after ~4.2 cal. ky BP. Slight fertilization 

of the lake could have resulted from co-export of DOC and phosphorus (Kopáček et al., 

2011), as heightened input of dissolved organic matter was interpreted for Prášilské Lake at 

these times. However, a more complicated explanation requires a mechanism behind the DI-

TP ~7.5–4.2 cal. ky BP decrease, since simultaneous strengthened effects of water 

brownification were recorded in Prášilské Lake. Three possible driving processes are 

proposed:  
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(i) The concentration of available phosphorus could decrease by its sedimentation and 

limited recycling from sediments. However, anoxic bottom conditions, which release 

phosphorus from sediments (Petticrew & Arocena, 2001), were indicated by chironomid 

species composition (decrease in taxa inhabiting profundal and deep littoral habitats), very 

low total chironomid HC concentrations, and divergent trends in Mn/Ti vs. Fe/Ti ~6.8–4.2 

cal. ky BP in Prášilské Lake. Nevertheless, precipitation with Al hydroxides prevent 

phosphorus recycling even under bottom anoxic conditions (Kopáček et al., 2005; Vrba et al., 

2006). Increased Al/Rb and Al/Ti (Fig. 4) suggest the input of Al into Prášilské Lake ~6.8–3.9 

cal. ky BP, likely associated with humic compounds (Paludan & Jensen, 1995; Norton et al., 

2011; Possinger et al., 2020). Although XRF-measured phosphorus exhibites many zero 

values, it shows the highest values exactly in the period ~7.5–4.2 cal. ky BP (Fig. 4), which 

further supports the probably strengthened phosphorus retention in the sediments. 

(ii) Onset of strong light limitation could prevent diatoms from utilizing nutrients and 

bias their transfer function based signal for concentrations of available phosphorus (Rivera-

Rondón & Catalan, 2020). Nevertheless, brownification more often acts ambiguously 

favouring planktonic primary production by nutrients and reducing benthic phototrophs by 

shading (Nürnberg & Shaw, 1999; Karlsson et al., 2009), although planktonic algae can be 

suppressed by light attenuation in lakes rich with humic compounds (Jones, 1992; Carpenter 

et al., 1998). Note a temporary collapse of planktonic algae ~5.5–4.2 cal. ky BP (Fig. 2, this 

study; Botryococcus, Fig. 3, Moravcová et al. 2021), whereas after ~4.2 cal. ky BP pelagic 

primary production partly recovered (A. ralfsii, Fig. 2, this study; Botryococcus, Fig. 3, 

Moravcová et al. 2021). This pattern suggests nutrient limitation of pelagic production until 

~4.2 cal. ky BP and subsequent slight increase in nutrient availability, however, the strong 

shading of pelagic habitats and later recovery potentially became involved. 

(iii) Finally, a potential change in the stoichiometry between DOC and TP for in-

washed terrestrial dissolved organic matter (DOM) should not be neglected. Stetler et al. 

(2021) suggested three mechanisms of decreasing the P:DOC ratio during brownification 

(acidification of soils, storage of phosphorus in terrestrial vegetation, and change in the 

quality of DOM), and all of them could occur at Prášilské Lake. The ability of soils to bind 

phosphates decreases with increasing soil pH (Kopáček et al., 2011, 2015). As the increase in 

pH is an essential condition for reductive dissolution of organic matter (Grybos et al., 2009), 

leaching of DOC is accompanied by phosphorus originating from organic matter and binding 

sites in soils (Kopáček et al., 2011). Frequent disruption of reducing conditions in soils, e.g., 

during dry episodes (Evans et al., 2006), could result in a lower P:DOC ratio, since the 

phosphorus mobilization can delay recovery from acidifying (oxidizing) disturbance 
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(Kopáček et al., 2015; Stuchlík et al., 2017). Acidification of soils was supported by higher 

mobility of Al ~6.8–3.9 cal. ky BP (Fig. 4) to Prášilské Lake, and is a feature of soil 

podzolization processes (Ewing & Nater, 2002). The second mechanism, immobilization of 

phosphorus in more intensively growing terrestrial vegetation proposed in the context of 

recent climatic warming by Stetler et al. (2021), corresponds in part with the timing of the 

Mid-Holocene “climatic optimum” (~8–5.5 cal. ky BP). Lastly, change in DOM quality could 

operate along with the progress of soil saturation in the catchment, as nutrient proportion 

probably decreased in soil organic matter with the onset of anoxic conditions in poorly-

drained soils (Tipping et al., 2016). Saturation of soils in the catchment of Prášilské Lake was 

suggested by the flux of mobilized Mn (Fig. 4).The spectrum of potential mechanisms 

illustrates how complex the phosphorus dynamics are and it is beyond this study's compass to 

disentangle them fully. Regardless, the DI-TP corresponds well with the geochemical proxies 

for pedogenetic and hydrologic development and together they fit the hypothesised 

biogeochemical mechanisms of phosphorus dynamics during brownification. Therefore, we 

consider our DI-TP data for Prášilské Lake as a realistic signal of decreased phosphorus 

availability ~7.5–4.2 cal. ky BP. An inferred value from the topmost sample (5.8 µg l-1) 

overlaps within uncertainties recent measurements at the lake (7 µg l-1; Tab.1), though this is 

the largest standard error among all samples (Fig. 4, A.3). 

After this sensitive response to reduced phosphorus, diatoms can also be limited by 

concentrations of available silica (SiO2) (Battarbee et al., 2001). Therefore it is worth 

considering silica's role in diatom succession, although limitation by other nutrients usually 

precedes silica-limitation in oligotrophic lakes (Kilham, 1971). Hence, in the 

oligotrophic/dystrophic conditions of Prášilské Lake, the simple gradient of Si or Si/P ratio 

available in the water should fail to explain diatom succession unlike at eutrophic lakes 

(Kilham, 1971; Tilman et al., 1982). Nevertheless, the diatom succession from genus 

Aulacoseira to g. Asterionella (and in subdominant level also to g. Fragilaria and g. 

Tabellaria) observed in Prášilské Lake (Fig. 2, A.4) is similar to that reflecting Si depletion in 

more productive lakes (Kilham, 1971; Tilman et al., 1982). The role of Si in Prášilské Lake’s 

diatom succession ~5.5–4.2 cal. ky BP was probably mediated by a combination of 

strengthened thermal stratification and light limitation. An absence of pronounced mixing 

prevented heavily-silicified Aulacoseira taxa from reaching the insolated epilimnion (Rühland 

et al., 2015) along with strong shading of the silica-rich upper hypolimnion, which silica-

demanding diatoms such as Aulacoseira taxa used to occupy (Cantonati & Lowe, 2014; Pla-

Rabés & Catalan, 2018). The resulting lack of suitable habitats likely led to the decrease in 

the relative abundance of Aulacoseira taxa starting ~5.5 cal. ky BP in Prášilské Lake. 
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Moreover, epilimnion became probably depleted in silica soon without its recycling from 

deeper parts of the lake as this mechanism is the only effective supply of silica to the surface 

waters besides an allochthonous input (Lampert & Sommer, 2007). The episodic in-wash 

layers (Ti, Zone 2–3, Fig. 4) are low magnitude and less frequent than in the earlier Holocene 

suppressing the supply of detrital silica. Then, effective competitors for silica, such as 

Asterionella ralfsii (Stokes, 1986), dominated the epilimnetic diatom production. Overall, we 

can read the switch from Aulacoseira to Asterionella in Prášilské Lake as the suppression of 

diatom production in silica-rich habitats by strong light limitation. 

The elevated Si/Ti ~6.3–3 cal. ky BP (peaking ~4.2 cal. ky BP) in Prášilské Lake, 

unsupported by similar increase in production of siliceous algae (Fig. 4) or heightened 

sedimentation of sand fraction (low Zr/Rb ratio, Fig. A.7), opens the possible influence of 

humic acids bounded supply of Si. Although Si was traditionally considered to form 

complexes with humic substances (Wetzel, 2001), the substantial extent of Si-humic 

complexes in natural waters is still disputed (Viers et al., 1997; Pokrovski & Schott, 1998; 

Kubicki & Heaney, 2003). Thus, we downplay this scenario of in-lake precipitation of 

available Si via the allochthonous input of humic substances. The peak of Si/Ti could result 

from processes connected to brownification without direct complexation with humic 

substances. Increased in-wash of dissolved organic carbon as well as silica has been observed 

after snowmelt pulses to lakes (Dyson et al., 2011; Schaetzl et al., 2015). The potential 

climatic shift to higher winter precipitation could result in enhanced chemical weathering in 

soils and explain the increased input of Si without signs of more intense erosional activity in 

Prášilské Lake sediments. Higher input of Si coincided loosely with an increase in Al at 

Prášilské Lake ~6.8–3.9 cal. ky BP (Fig. 4), both elevated mobility of Al and Si can stem 

from intensified podzolization process supported generally by humid climatic conditions 

(Lundström et al., 2000). 

19.5 Climatic and regional context 

Brownification of surface waters likely contributed to all three main shifts in species 

composition of aquatic biota in Prášilské Lake at ~10.7, ~5.5 and ~4.2 cal. ky BP. Early input 

of humic acids into the Bohemian Forest lakes after the Pleistocene-Holocene transition 

(Steinberg et al., 1991; Pražáková et al., 2006; Vondrák et al., 2019b; Moravcová et al., 2021) 

was probably induced by regional afforestation ~10.5-10.3 cal. ky BP (Vočadlová et al., 2015; 

Carter et al., 2018a). Heightened input of humic compounds from dead vegetation and side-

effects of the afforestation, i.e., soil stabilization and the beginning of podzolization 
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increasing the soil carbon pool, contributed alongside a shift from a more energetic water 

body (Zone 1a, Fig. 4, 5) into a more stable water column with prolonged stratification and 

anoxia after ~10.7 cal. ky BP in Prášilské Lake. Probably lake-level rise after ~9.3 cal. ky BP 

potentially facilitated greater thermal stratification, which corresponds with observations of an 

increase in C:Dper ratio (Fig. 4) and successful colonization by the low-profile diatom guild 

(Fig. 2). This rise in lake level after ~9.3 cal. ky BP has been identified as a plausible cause of 

the decline in submerged macrophytes (Isoëtes spp.) at Prášilské Lake (Moravcová et al., 

2021). 

Interrupted briefly by the greater in-wash of detrital materials from the catchment 

~8.1–7.6 cal. ky BP probably linked to the “8.2 ka climatic event” (Tinner & Lotter, 2001), 

the succession at Prášilské Lake demonstrates further thermal stratification. Signs of 

favourable conditions and potential longer vegetational season appeared as algal primary 

production generally increased ~7.6–5.5 cal. ky BP with both silliceous algae (Fig. 4) and 

Botryococcus (Fig. 3; Moravcová et al. 2021). This period corresponds with the Mid-

Holocene “climatic optimum“ indicated in the region of central Czech Republic (Bohemia) 

~8–5.5 cal ky BP by records of thermophilous plant species (Pokorný et al., 2015; Houfková 

et al., 2017) and strong growth of calcareous tufa deposits (Žák et al., 2002). 

The onset of profound suppression of aquatic algal flora driven by surface water 

brownification occurred as two steps at ~5.5 cal. ky BP and ~4.2 cal. ky BP. The step-wise 

character of the succession stems probably from increased saturation of catchment soils with 

podzolization and paludification with wetter climates of the late Holocene. More humid 

climatic conditions were suggested by the macrophysical climate model (Dreslerová, 2012; 

Carter et al., 2018b) and encouraged lower forest fire activity (Carter et al., 2018b; Florescu et 

al., 2019) in Bohemia during a more widespread climatic transition ~6 cal. ky BP (Magny et 

al., 2006; Wanner et al., 2008). Inception of peat development in the catchment of Prášilské 

Lake occured ~8.2 cal. ky BP as evidenced by increased proportion of the Sphagnum spores 

from the total pollen sum (Moravcová et al., 2021).  Then peatland gradually expand and 

reached probably littoral waters ~6.5 cal. ky BP as show moss-inhabiting diatoms that 

increased in abundance at these times (e.g., Chamaepinnularia mediocris and Eunotia 

paludosa; Fig. A.4, A.5). Recently, Sphagnum-covered wet forest floors with shallow peats 

occupy substantial extent of the catchment of Prášilské Lake, especially at flatter parts close 

to inlets. 

Although impermeable horizons in podzolic soil profiles are probably not the only 

prerequisite of paludification (Payette et al., 2012; Schaffhauser et al., 2017), intensified 

podzolization is suggested by the increase in Al mobility ~6.8–3.9 cal. ky BP (Fig. 4). Until 
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paludification established stable anoxic conditions after ~4.2 cal. ky BP, unstable shifts 

between oxidizing and reducing conditions with changing soil saturation had probably 

mobilized both redox-sensitive Mn (Fig. 4) and DOC within the catchment. For efficient 

mobilization of DOC, the regular alternation between oxic and anoxic conditions in catchment 

soils is the most favourable mechanism, and is a feature of the seasonal dynamics in wetlands 

(Olivie-Lauquet et al., 2001) and experiments saturating forest soils (Possinger et al., 2020). 

Inputs of DOC into lakes has been a feature of wetlands after drainage or other degradation 

(Liehu et al., 1986; Brothers et al., 2014), essentially reflecting perturbation of stable anoxic 

conditions. Decreases in Fe/Ti ~6.8–4.6 cal. ky BP and subsequent falls in both Al/Rb and 

Al/Ti after ~4.2 cal. ky BP in Prášilské Lake (Fig. 4) further characterise this transition from a 

fluctuating to more stable soil saturation regime, because pedogenic organic matter 

interactions can shift from Al to Fe3+ with decreasing frequency of saturation (Possinger et al., 

2020). 

Short-term episodes with saturated soils of the Prášilské Lake catchment were 

probably driven by oscillations between wet and dry climate after ~6.5 cal. ky BP (Žák et al., 

2002). Initially, what were probably relatively unsaturated and more oxidized soils were 

overtaken by paludification from ~6.8 cal. ky BP, and then more permanently saturated soils 

established after ~4.2 cal. ky BP. In this greater qualities of soil organic matter began to 

accumulate under these persistent anoxic conditions (Kayranli et al., 2010; Sutfin et al., 

2016), with decreases in the portion of DOC leached into the lake. 

In summary, the observed transitional character of ecosystem succession ~6.8–4.2 cal. 

ky BP in Prášilské Lake likely reflected changes in mechanisms of brownification before and 

after ~4.2 cal. ky BP, and these coincide with timing of the Middle to Late Holocene 

transition. Synchronous onset of enhanced lake-water brownification and catchment 

paludification ~6.8 cal. ky BP corresponds with a moist climatic phase in Central Europe 

suggested by increased lake water levels (Magny, 2004; Starkel et al., 2013; Pleskot et al., 

2018; Theueurkauf et al., 2021). Paludification at higher elevations of Central European 

mountain ranges was reported after ~6 cal. ky BP (Obidowicz, 1996; Beug et al., 1999) as 

well as natural acidification of regional montane forest lakes (Pražáková et al., 2006; 

Sienkiewicz, 2016). Peak acidity was potentially accompanied by the highest input of 

colloidal Si ~4.2 cal. ky BP in Prášilské Lake, and this coincides with unprecedented in-wash 

of organic matter and/or Si at several Central European lakes (Steinberg, 1991; Schütze et al., 

2018; Pleskot et al., 2020). The regional character of these changes suggests climate drivers 

probably associated with the “4.2 ka climate oscillation”specifically greater seasonality and 

increased higher winter precipitation (Pleskot et al., 2020) as greater snowmelt fluxes produce 
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pulses of acidity and chemical weathering (Schmidt et al., 2002; Dyson et al., 2011; Schaetzl 

et al., 2015). 

After ~4.2 cal. ky BP, more saturated soils and advanced paludification in the 

Prášilské Lake catchment caused probably that the input of DOC to the lake decreased 

slightly and lake ecosystem remained relatively stable until the subrecent disturbances ~0.5 

cal. ky BP. Such a conservation of lake conditions has been reported from northern Europe 

when peatlands took a full control of the biogeochemical processes in those catchments 

(Solovieva & Jones, 2002; Myrstener et al., 2021). Time lags between the initial peat-forming 

(~8.2 cal. ky BP), intensified pedogenesis with lateral spread of peatlands (~6.8 cal. ky BP), 

and full paludification of soils (~4.2 cal. ky BP) is likely factor governing the step-wise 

character of brownification at Prášilské Lake. Similar timing to the pattern of paludification in 

boreal regions (Bauer et al., 2003; Le Stum-Boivin et al., 2019) supports the value of Central 

European lakes on poorly-buffered bedrocks in tracking climatically-driven brownification. 

This ecosystem functioning has significance because regional-scale brownification is likely 

with successional changes in terrestrial vegetation and submerged macrophytes at lakes across 

the Bohemian Forest (Carter et al., 2018a; Moravcová et al., 2021). 

The strong role of soil saturation and peatland development in surface water 

brownification over millennial time scales confirms importance of extent and long-term trends 

for wetland areas in these catchments (Kortelainen, 1993; Laudon et al., 2011; Rantala et al., 

2016), information that is not tractable from decadal-scale environmental monitoring (Stetler 

et al., 2021). Moreover, the association of climate and intensive browning leading to 

substantial impacts on aquatic ecosystem functioning has implications for discussion about 

brownification across a range of time scales (Clark et al., 2010). The absence of a widespread 

trend in the precipitation regime is the only reservation for hydrological driving of recent 

brownification (Evans et al., 2006). Using this millennial scale perspective, there is a 

correspondence of brownification and hemispheric climate moistening after ~6 cal. ky BP 

(Routson et al., 2019). 
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20 Conclusions 

Browning of surface waters occurred as three successive steps at Prášilské Lake and 

varied in terms of impacts and probable driving factors. The lake experienced elevated input 

of humic compounds from formation at the onset of the Holocene. The first step in browning 

appeared ~10.7 cal. ky BP and probably originated from soil stabilization with the catchment 

afforestation. We propose that browning supported thermal stratification and bottom anoxia of 

the lake, but shading effects were probably negligible until ~6.8 cal. ky BP. Since then, the 

mineralized organic matter washed in from peatlands developing in the lake proximity 

resulted in stronger light limitation, and probably also reduced nutrient availability. After ~4.2 

cal. ky BP, soils in the catchment of Prášilské Lake became fully paludified and muted the 

formerly effective leaching of DOC. 

Climate contributed to this brownification in part through major events or oscillations 

known as the “8.2 ka and 4.2 ka events”, with the former interrupting the gradual browning 

with substantial catchment erosion and water mixing and the latter temporarily enhancing 

leaching of organic matter to the lake during the “4.2 ka event”. The onset of the distinct 

browning ~6.8 cal. ky BP at Prášilské Lake corresponds with the general moistening of 

climate across  central Europe and northern hemisphere (Magny, 2004; Wanner et al., 2008; 

Routson et al., 2019). Mid-Holocene climate humidity sustained greater saturation of soils and 

paludification in the catchment establishing these processes as key factors in brownification at 

Prášilské Lake. 
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Chapter 5: 

General conclusions 

Our records from two Central-European lakes complemented the general view of post-

glacial lake trophic trajectories based otherwise mainly on experience from boreal regions. 

Diatom analysis added important details about past nutrient dynamics and overall ecosystem 

succession. 

The large shallow lowland lake, Komořanské jezero (Chapter 2), confirmed the 

tendency of this lake type to become eutrophic early. The lake integrates into the pattern of 

several other Central-European lakes that its ecosystem altered before the onset of the 

Holocene, probably in response to the warmer half of the Younger Dryas. Interestingly, 

during the Late-Glacial/Holocene transition, the main ecosystem shift consists of a sharp 

increase in in-lake primary production and a coincident decrease in the relative abundance of 

nutrient-demanding species. It suggests that one of the main drivers of lake community 

structure was the autochthonic in-lake process (competition for nutrients) in the period of the 

distinct climatic change. This lake represents an interesting example of a highly self-

controlled ecosystem in terms of nutrient availability. 

The small mountain forest lake, Prášilské jezero (Chapter 3, 4), lies on the opposite 

side of the gradient of autochthonous–allochthonous control responding sensitively to the 

vegetation (Chapter 3) and soil development in the catchment (Chapter 4). Climatically-

induced input of terrestrial DOC resulted in profound changes in lake ecosystem functioning: 

fatal shading of littoral primary producers (diatom periphyton, aquatic macrophytes) 

(Chapter 3, 4), acidification by humic acids (Chapter 3), altered mixing regime and nutrient 

availability (Chapter 4). A key driving factor of water browning in Prášilské jezero was 

paludification of the catchment accelerated by the climate moistening after ~6 cal. ky BP, 

which corresponds to the timing and mechanisms of long-lasting dystrophication of boreal 

lakes. Our results from Prášilské jezero manifest the comparative potential of lakes from 

poorly-buffered bedrocks of Hercynian mountain ranges with boreal regions in tracking the 

processes of hemispherical scale. 
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Fig. S1: Plant-macrofossil concentration (black bars) diagram and concentration of rubidium element 

(black curve) from the central core of Prášilské jezero (Pra-15). A): trees, shrubs, Cenoccocum 

geophilum and macrocharcoals; B): terrestrial plants and aquatic biota. The concentration of plant 

macrofosssils were standardized to a constant volume of 10 cm3. Zones follow changes in Isoëtes 

microspore infix values based on change point analysis. 
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Table S1: Assignment of diatom taxa to ecological groups based on their pH preferences used to infer 

water quality changes in Prášilské jezero. 
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Fig. S2: Dominant diatom taxa found in Pra-15. Black silhouettes illustrate proportions (%); white 

areas represent 10x exaggeration. Zones follow changes in Isoëtes microspore infix values based on 

change point analysis conducted on the central core (Pra-15). 
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Fig. S3: Concentrations of chironomid headcapsules (HC) recorded in 1 cm3 sediment from Pra-15. 

Black silhouettes illustrate the distribution of dominant chironomid taxa (at least 2 HC per 1 cm3 in 

one layer), grey silhouettes show the abundance of taxa indicating well-oxygenated profundal zone 

and total chironomid abundance; white represents 10x exaggeration. Zones follow changes in Isoëtes 

microspore infix values based on change point analysis conducted on the central core (Pra-15). 
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Fig. S4: Comparison of chrysophyte and diatom abundance. Black line represents the ratio of 

chrysophycean stomatocysts and diatom valves (C:D); grey silhouettes illustrate chrysophyte and 

diatom influxes (millions particles/cm2 *year). Zones follow changes in Isoëtes microspore influx 

values based on change point analysis conducted on the central core (Pra-15). 
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Fig. A.1: Bayesian age-depth model for the Prášilské Lake lake sediment profile. Nine 210Pb-

dated layers and eleven 14C dates implemented. 
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Fig. A2: Dendrograms of Constrained Incremental Sums of Squares (CONISS) based on 

various assemblages.  
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Fig. A3: Diatom-inferred pH and total phosphorus (TP) from regional and combined training 

sets selected by modern analogue technique (MAT) according ; WA – weighted averaging, 

LWWA – locally-weighted weighted averaging, ALPE – ALPE diatom-pH calibration 

dataset, combpH – combined diatom-pH calibration dataset, NWEur - Northwest European 

diatom-TP calibration dataset, combTP - combined diatom-TP calibration dataset.  
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Fig. A4: Relative abundances of periphytic diatom taxa arranged into guilds – low profile 

(>2%), high-profile (>3%), motile (>3%), and facultatively planktonic (>3%). 
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Fig. A5: Influx of important diatom ecological groups – diatom guilds (low-profile, high-

profile, motile, facultatively planktonic, unknown) and aerophytic diatoms (taxa with relative 

abundance >1%).  
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Fig. A.6: Relative abundances of chironomid taxa (>3%) arranged to ecological groups 

(oxygenated profundal, bottom substrate, aquatic macrophytes, semi-terrestrial and 

rheophylic) and concentration of chironomid head capsules (HC).  
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Fig. A.7: Trends of important elements and ratios (ppm). 

 

 


