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Annotation 

Pollen analysis is an integral part of past vegetation reconstructions based on fossil 

sedimentary records. This thesis introduces the topics of past vegetation development in 

the area of Central Europe afftected by a combination of climatic events, natural plant 

dispersal processes, and human impact. A natural site of the former lake Komořany was 

investigated to address the early periods covering the Late Glacial and majority of the 

Holocene (-15.6-3.2 ka BP). Moreover, three distinct medieval village sites covering an 

altitudinal gradient of the Czech territory served for reconstruction of the increased 

human impact on landscape and vegetation, especially during the High Medieval Period. 

A multidisciplinary approach including pollen, plant macrofossil, diatom, and palaeo-

zoological record in combination with archaeological finds was employed to track the 

origins and formation of the cultural landscape, focusing on the medieval transformation. 
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1. Introduction 

1.1. Contemporary Central European vegetation as a result of 
Quaternary development 

1.1.1. Alternation of glacial and interglacial periods in the 
Quaternary 

Biome distribution on Earth is shaped by its climate. The global diel and 

annual distribution of temperature, moisture, the resulting continentality 

etc. are influenced by solar forces, astronomical and geographical factors 

that have continuously changed during the planet's history. The shaping 

of nature has therefore been significantly affected by the past 

development of these factors. The most recent changes in the Quaternary 

period (2.58 Ma, Head et al. 2021) were defined by the alternation of 

glacial and interglacial periods, driven above all by Milankovitch cycles 

(Hays et al. 1976, Maslin 2016). Generally, during the glacial periods, the 

ice sheet on the poles grew and biomes moved closer to the equator. In 

Europe, the Alps created a barrier against their fluent shift southwards. 

The migration of some species, especially trees, was thus constrained and 

a number of them became extinct in the area of Central Europe (CE) (e.g. 

Celtis). A corridor between the European Ice Sheet Complex (EISC) and 

the Alpine glaciers (Ivy-Ochs et al. 2022) strongly supported the 

migration of species in the east-west direction, e.g. pushing the evergreen 

broadleaved temperate forest tree taxa (Zelkova, Pterocarya) to the 

southern shore of the Black Sea. On the contrary, the spread of certain 

species varied between the subsequent interglacials, and not all the 

species (such as Fagus sylvatica) contributed equally to the recolonization 

of each interglacial landscape. The periodical overturn of species 

responding to the glacial-interglacial cycle is traditionally known as the 
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Iversen's cycle (Iversen 1964). The development of flora and vegetation 

was further tightly connected to soil formation and sedimentary 

processes, ranging from the long cryocratic stage of the glacial phase to 

the protocratic, mesocratic, oligocratic and telocratic phases of the 

interglacial periods (Birks et Birks 2004, Birks 2005). 

The last Iversen's cycle corresponds to the Last Glacial Cycle (LGC, 

119-11.7 ka BP), (Andersen et al. 2004, Head 2019) and the Holocene 

(11.7 ka BP until present). Having in mind the diversity of both the 

current and the past vegetation, affected by additional factors such as the 

distribution of azonal biomes (Chytry 2012) and differences between 

biogeographical regions (Rolecek et al. 2021), two most conspicuous 

development phases can be identified within each repetition of the 

Iversen's cycle: In the area of CE, cold, dry climate and steppe-tundra 

growing on immature base-rich soils might be reconstructed during the 

cryocratic phase in contrast to warm, moist climate and temperate 

deciduous forests growing on fertile soils in the mesocratic phase. 

Application of this general scheme pinpoints some of the crucial 

questions regarding the dynamics and patterns of vegetation change in the 

past. Where did certain species survive the generally extreme conditions 

(for concept of refugia see Stewart et al. 2010)? How, if so, did the 

particular species subsequently spread (Giesecke et al. 2017)? 

Searching for such answers brings our attention to the spatial and 

temporal heterogeneity. For instance, the 100 thousand years of the 

cryocratic phase of the L G C was a rather dynamic epoch. Reflecting the 

Dansgaard-Oeschger events, a harsh climate during the full glacials 
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(stadials) followed the relatively mild conditions in the interstadials 

(Rasmus sen et al. 2014). 

1.1.2. The Last Glacial Maximum 

The last full glacial is also called the Last Glacial Maximum (LGM), and 

according to Huges (2022) it covers roughly 29-19 ka BP. For the period 

of 25-19 ka BP, Tierney et al. (2020) provided a constraint on global 

mean L G M cooling of -6.1 °C. By that time, the EISC reached its 

southmost maximum, altering the exchange of water between the ice and 

the ocean and causing the global sea level to fall to -134 m (29-21 ka 

BP) (Lambeck et al. 2014). The ice sheet maximum extent reached two 

marginal positions corresponding to the Brandenburg (Leszno) Phase 

(25-24 ka BP) and the Frankfurt (Poznan) Phase (21-19 ka BP) in CE 

(Marks et al. 2022). Thus, even in CE, a glacial landscape along with 

other local ice sheets (Alpine, Tatran, and Carpathian) existed. However, 

the rest of the area cannot be imagined as a uniform steppe-tundra with 

thermophilous species pushed to the warmer margins of Europe (Huntley 

et Birks 1983). Chytrý et al. (2019) reconstructed a close modern 

analogue of such ecosystem in the southeastern Russian Altai Mountains, 

southern Siberia. These include habitats such as the steppe, mesic and wet 

grasslands, shrubby tundra, riparian scrub, and patches of open woodland 

at moister sites. Among the so-called northern or cryptic refugia of 

temperate species during the L G M , mostly those located in the Alps and 

Carpathians were closest to the modern Czech territory. Western 

Carpathians have been demonstrated to be the northern glacial refugium 

of many plant species (Jankovská et Pokorný 2008, Jamrichová et al. 

2014). Jamrichová et al. (2017) modelled the refugia of broadleaved trees 
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in the humid northwestern mountain part of the Western Carpathians. The 

Slovak Eastern Carpathians were defined as a potential glacial refugium 

by Jufickova et al. (2019). A boreal open parkland type forest-steppe with 

a mosaic structure and scattered trees was reconstructed in the Carpathian 

basin by Silmegi et al. (2022). According to Young et al. (2020), the 

northern cryptic refugia of Alnus sp. may have been located even in Great 

Britain. 

1.1.3. The Last Deglaciation 

The transition between L G M and the Holocene is often called the last 

deglaciation (approximately 19-11 ka BP). During this period, the ice 

sheets retreated, and the sea level rose (Reyes at al. 2022). These 

processes are generally believed to be driven by an increased summer 

incoming solar radiation reaching the Northern Hemisphere (boreal 

summer insolation), and by rising greenhouse gas concentrations (for 

further details see e.g. Clark et al. 2012, Ullman et al. 2015, Lora et Ibarra 

2019). An increasing ratio of trees and shrubs (particularly shrub-tundra, 

hemiboreal and boreal forests in CE) compared to grasses (particularly 

steppe-tundra in CE) fitted the general trend in plant cover shift across all 

the continents (Kunes et Abraham 2017, Rey et al. 2020, Adam et al. 

2021). 

A generally mild climate period of -14.6-12.9 ka BP, known as the 

BollingeAllerod chronozone, was originally used as a biostratigraphical 

period in Scandinavian terrestrial records (Iversen 1954, Mangerud et al. 

(1974). An analogous epoch was classified as GI-I (with its cold sub-

events a-g) in the Greenland ice-core record (Rasmussen et al. 2014). 

During the Laurentide Ice Sheet melting, changes in the freshwater 
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income affected the salinity and density of surface water in the North 

Atlantic Ocean, leading to slowing of the thermohaline circulation for 

some time (Praetorius et al. 2008). This further led to the onset of a cold 

stadial period classified as GS-1 in the Greenland ice-cores (Rasmussen et 

al. 2014), traditionally known as the Younger Dry as chronozone (12.9-

11.7 ka BP). According to Renssen et al. (2015), this cooling event was 

not solely caused by the rapid melt-water influx, but it was rather a 

combination of a weakening Atlantic Meridional Overturning Circulation 

(AMOC), moderate negative radiative forcing, and an altered atmospheric 

circulation. Moreover, an interaction between the millennial and the 

orbital timescale variability affects the shape and rapidity of the glacial 

termination (Barker et Knorr 2021). Finally, it seems that also the 

Younger Dryas impact hypothesis (~ 12.8 ka BP) has recently attracted a 

renewed attention (Firestone et al. 2007, Sweatman 2021, Powell 2022). 

1.1.4. The Holocene 

The Late-Glacial/Holocene boundary at 11.7 ka BP corresponds to rapid 

warming and is marked by a further general increase in 

the forest cover. The average forest-cover already could have reached 

~48 % in CE, possessing the highest ratio along a belt spanning from the 

circum-alpine area to central-eastern Europe (Zanon et al. 2018). In the 

Early Holocene (11.7-8.2 ka BP) a general trend of temperature rise was 

documented. Intermittent cold events lasting for several decades were 

documented around 11.4, 9.3 and 8.2 ka BP, mainly in the Atlantic-

European region, probably resulting from a collapse of the A M O C due to 

repeated freshwater outbursts from the Laurentide Ice Sheet 

(Rassmusssen et al. 2014, Wanner et al. 2015). A global 160 years long 

6 



8.2 ka BP cooling episode defined the upper boundary of the Early 

Holocene (Walker et al. 2018). Apart from the outbursts of Lakes 

Agassiz, other freshwater forcing hypotheses have recently been 

suggested (Matero et al. 2017, Aguiar et al. 2021). 

A warm and stable climate with a mild trend of decreasing temperature 

averages was documented in the Middle Holocene (8.2-4.2 ka BP). The 

Late Holocene (4.2 ka BP until present) can in general be defined by its 

lower climate stability. In contrast to the Early Holocene cold events, 

the Late Holocene fluctuations have rather been caused by the covarying 

influence of the major tropical volcanic eruptions and the Grand Solar 

Minima (Wanner et al. 2015). The Late Holocene boundary may not be 

related to a single global forcing (Walker et al. 2018). While no 

significant climate events have been identified in the northern North 

Atlantic region (Bradley et Bakke 2019), Pleskot et al. (2020) highlighted 

several possible causes of an increase in aridity, in particular concerning 

the mid/low-latitude regions: southward migration of the Intertropical 

Convergence Zone, Asian monsoon weakening, and atmospheric blocking 

induced by a strengthened Siberian High. 

Apart from the above-mentioned Holocene general climate trends, 

millennial-scale climate cycles were identified throughout the Holocene 

(Maslin et al. 2001). Bond at al. (2001) classified a "1500-year" cycle in 

the North Atlantic's caused by the solar forcing. This cycle is known as 

the Bond cycle, including eight separate Bond events. These have been 

considered as equivalent to Dansgaard-Oeschger events observed during 

the LGP (Bond et al. 2001, Rousseau et al. 2022). The two most recent of 

them seem to correspond to historically known periods, the Little Ice Age 
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(BEO; -0.4 ka BP) and the Dark Age Cold Period (BOl -1 .4 ka BP). The 

remaining earlier events were reconstructed as follows: B02~2.8 ka BP, 

3-4.4 ka BP, 4-5.5 ka BP, 5a~7.5 ka BP, 5b~8.1 ka BP, 6-9.4 ka BP, 

7—10.3 ka BP, and 8—11.1 ka BP. The occurence of tree taxa has been 

lately connected to the Bond cycle in a pollen-based study by Poska et al. 

(2022). Nevertheless, the ± 500 years variance in periodicity (Obrochta et 

al. 2012), the possible quasiperiodicity (Wanner et al. 2011), and 

simplification of the forcing mechanisms have been repeatedly 

highlighted. Wanner et al. (2011) proposed that the cooling events were 

triggered by a combined effect of solar insolation, slowdown of the 

thermohaline circulation, and series of tropical volcanic eruptions, 

including their feedback effects. Later, the authors (Wanner et al. 2015) 

emphasized that these forcing mechanisms markedly differed between the 

Early and the Late Holocene. 

1.1.5. General trends of tree dispersal in the Holocene 

In response to the rapid warming during the Holocene, the proportion of 

trees in the vegetation cover further increased in Europe. However, the 

rates of spread differed among the individual tree species. Corylus, Ulmus 

and Alnus reached at least 1000 m year"1 migration rate, Tilia, Quercus, 

Fagus, and Carpinus reached around 400 m year"1, while the migration 

rate of Abies was likely the lowest, around 250 m year"1 (Giesecke et al. 

2017). The sequence of major vegetation changes in the Scandinavian 

region, corresponding to postglacial climatic changes, was introduced via 

the Blytt-Sernander scheme (Sernander 1908, for a complete history see 

Birks et Seppa 2010). These chronoblocks (preboreal, boreal, atlantic, 

subboreal and subatlantic) were adapted for CE by Firbas (1949). 
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Nowadays, the changes of past vegetation are denoted with more exactly 

defined dates and time intervals (Walker et al. 2018). A detailed review of 

the development of the Czech flora was recently given by Kuneš et 

Abraham (2017): while the glacial dominants gradually retreated (among 

the tree species e.g. Pinus cembra and Larix), the light-demanding tree 

species expanded (Betula, Pinus, Corylus, Alnus), subsequently followed 

by the shade-tolerant, climax species {Acer, Fraxinus, Tilia). Mixed oak 

woodlands (rather an assemblage of two spatially diversified vegetation 

units: oakwoods and noble hardwoods) and spruce forest formed a 

distinct altitudinal zonation in the Middle Holocene, the former restricted 

to lowlands and the latter characteristic for the middle and higher 

altitudes. The expanding area of woodlands created a bottleneck for open 

land habitats predominated by the late-glacial flora, such as the steppe 

and the alpine vegetation (Chytrý et al. 2012, Pokorný et al. 2015, Kuneš 

et al. 2015, Novák et al. 2019). Spanning into the last phase of the 

interglacial cycle, changing soil properties (the acidification) favoured 

among others further expansion of spruce. In the lowlands, a spread of 

hornbeam from the north-east was affected among other factors by human 

interventions in the oakwood, while in mid-altitudes the conifer-beech 

forests emerged. 

1.2 The role of human impact in past vegetation change 

1.2.1. The Anthropocene 

The development of the Holocene vegetation was only briefly outlined 

above, neglecting one of its main forming forces: the strong influence of 

human. According to the current understanding, these effects have 
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gradually increased and culminated during the Modern history. For the 

last 300-200 years, a concept of Anthropocene has been established. 

Lewis et Maslin (2015) postulated that a new geological epoch, called the 

Anthropocene Epoch, should be likely delimited by the years 1610 or 

1964 A D . Soriano (2020) suggested it is likely going to be submitted for 

formalization by the Anthropocene Working Group (AWG) as a 

chronostratigraphic unit of the Geologic Time Scale and will be marked 

by the Great Acceleration beginning around 1950 A D . In contrast, 

Gibbard et al. (2022) proposed that defining the Anthropocene as an 

ongoing geological event would more closely reflect both historical and 

ongoing human-environment interactions. The temporal scale of 

anthropogenic global changes was summarized in detail by e.g. Ruddiman 

et al. (2015), Ellis et al. (2016), and Zalasiewicz et al. (2021). 

1.2.2. The ancient origins of human impact: the use of fire and stone 
tools 

Human societies began altering Earth already long time ago by using fire 

and stone tools (Ellis et al. 2016). The era was initiated by the findings of 

the earliest hominine stone tools (3.3. Ma) and the earliest fossils of the 

genus Homo (2.8 Ma). From the late Middle Pleistocene (-350-130 ka 

BP), the first anatomically modern Homo sapiens fossils were recovered 

in Africa (Harmand et al. 2015, Cohen et al. 2022, Vidal et al. 2022). 

Ecological drivers have been linked to the evolution of Homo sapiens and 

the emergence of the Middle Stone Age technology (for review see Faith 

et al. 2021, Gosling et al. 2022). 
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1.2.3. Migration of the modern human affected other hominids and 
the megafauna 

The numerous pulses, timing, and routes of sapients expansions into 

Eurasia have been subject to a lively scientific debate. The dispersal of 

modern humans within Africa, and subsequently out of Africa were 

linked to climate changes (Rito et al. 2019, Beyer et al. 2021), and 

affected other hominids such as the Neanderthals in Europe, the 

megafauna, and naturally also the past vegetation. The earliest presence 

of modern humans in Europe was documented from Grotte Mandrin in 

France 56.8-51.7 ka BP (Slimak et al. 2022). A long-term coexistence of 

archaic and modern humans has been implied by agent-based models 

(Vahdati et al. 2022). The hypothesis that modern humans coexisted with 

Neanderthals in a geographically defined area was supported by 

archaeological data in case of Grotte Mandrin. Coeval hominids proved 

technological divergence, but no obvious cultural exchange in terms of 

technical traditions. In this case, the replacement of indigenous 

Neanderthal groups was a complex process during which both 

populations replaced each other rapidly or even abruptly, at least twice. 

Although Timmerman (2020) concluded that the decline of Neanderthal 

population was likely caused by a competitive exclusion by the sapients, 

Vahdati et al. (2022) argued that the Neanderthal extinction was driven by 

locally diverse causes such as environmental fluctuations, asymmetry in 

resource exploitation efficiency, and reproductive rates. The megafaunal 

extinctions (-50-12.5 ka BP) are in literature often linked to an increased 

human pressure (e.g. Dembitzer et al. 2022). Hunting and burning by the 

spreading humans was linked to two abrupt megafaunal extinction 

episodes in Australia and the Americas (Barnosky et al. 2004). On the 
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contrary, a megafaunal decline has lately been linked solely to a climate 

change in North America (Stewart et al. 2021). Looking away from the 

causes and extent of their influence, as humans adapted to the use of more 

than a single hunting mode, human predation has had a significant impact 

on animal populations (Montgomery et al. 2022). 

1.2.4. Effects of foraging on the landscape 

According to the current understanding, foragers modulated the landscape 

composition by means of burning, indirect cascading effects of hunting, 

and plant manipulation (Nikulina et al. 2022). As an early example, 

foragers in the region of the Congo basin occupied and altered parts of the 

tropical rainforest biome by the use of naturally created patches (Boyette 

et al. 2022). A traditional scenario that humans inhabited rather non-

forested biomes, completely avoiding the forests, had influenced many 

past recostructions. Yet, the role of forest environment in the human 

history seems to be underestimated (Scerri et al. 2022). Perhaps 

suprisingly, also in Europe, the more sedentary way of life of the 

prehistoric Fennoscandinavian foragers was positively correlated with the 

occurrence of widespread and diversified forests (Sjögren et Damm 

2019). Therefore, woodlands have been a generally valuable resource for 

the forager populations (Wacnik et al. 2020), and burning was used as one 

of the important resource management modes (e.g. NE Bohemian 

Mesolithic, Pokorný et al. 2022). Forest burning frequently changed 

entire areas such as those of the today's Andean grasslands that were 

being burnt and modified by human activity as early as by 12 ka BP 

(Bush et al. 2022). 
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1.2.5. The origins of agriculture and roots of urbanization 

For a very long time, intended plant cultivation preceded the process of 

plant domestication and the onset of agriculture (Fuller et al. 2011, 2014). 

The domestication itself occurred across long periods of time, and in 

parallel cases (Allaby et al. 2022). As reviewed by Benes (2018), during 

the Epipalaeolithic in the Near East (24-11 ka BP), still mainly wild 

forms of lentil, barley and wheat (for a complete list see e.g. Larson et al. 

2014) with no domestication syndromes were cultivated. By the end of 

the Pre-Pottery Neolithic A (PPNA, -12-10.8 ka BP), the first 

domestication syndromes emerged, yet their replacement by full 

domesticants occured no earlier than during the PPNB (-10.8-8.5 ka BP). 

According to Allaby et al. (2022), there were biogeographical zones in 

Western Asia under low-level exploitation and management, hosting wild 

barley and wheat populations bearing alleles with no or low levels of 

domestication trends during 25-20 ka BP. During the pre-domestication 

cultivation period in 12.5-9.5 ka BP, the proportion of wild populations 

with no domestication traits was gradually decreasing. Fully domesticated 

populations again prevailed at 9.4-8 ka BP. A l l these phases were 

connected to the implementation of sophisticated tools for plant 

processing and the existence of a settlement network. The economy based 

on the cultivation of wild plants with the absence of pottery and ground 

stone axes facilitated the progress of urbanization. Jericho (Tell es-

Sultan), an ancient city with a circular-based architecture, was already 

well established during the PPNA. The evidence of domesticated plants 

and animals corresponded with the transition to a rectangular architecture 

in the PPNB (Mithen 2020). 
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Along with the livestock domestication after 9 ka BP (Larson et Fuller 

2014), the spread of farming affected the local land use, yet the change 

has often been connected with human malnutrition, and spread of disease 

(Wolfe et al.2007). Gradually, it has resulted in increased forest clearence 

(Marquer et al. 2014; Fyfe et al. 2015), soil erosion affecting alluvial 

floodplains (Hoevers et al. 2022), and the emmission of carbon dioxide 

and methane (Ruddiman et al. 2015). 

1.2.6. The spread of agriculture 

One of the major migrations during the European Holocene is considered 

as the Neolithic farmer expansion during which, for the first time, the 

major building blocks of the Neolithic diet became uniform across large 

regions of Europe (Racimo et al. 2020). Although immigration definitely 

played a role in the spread of know-how along with cultivated plants and 

animals, the indigenous populations remained. How exactly the earliest 

introduction of agriculture to CE took place and how the Mesolithics 

adapted is a subject of debate (Ptákova et al. 2021, Sikk et al. 2022, 

Jacomet et Vandorpe 2022, Smyth et Gillis 2022). Already the 

Mesolithics arguably impacted the forests in Europe (Kuneš et al. 2008, 

Divišová et Sida 2015), and could have supported the spread of particular 

tree species such as Corylus (Kuneš et Abraham 2017). However, a pre-

Neolithic agriculture has not been sufficiently supported by the data 

(Jacomet et Vandorpe 2022). 

1.2.7. Early effects of land-use on vegetation in the Neolithic 

The early effects of land-use on vegetation via farming and forest 

clearance in CE were identified only in the Neolithic (7-6.5 ka BP) 
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(Marquer et al. 2017). An archaeological culture connected with the 

spread of agriculture in CE lowlands since -7.5 ka BP is called the 

Linnear Pottery culture (Linearbandkeramik, L B K ) . Open flat settlements 

with solitary long-houses reflected the distribution of fruitful soils called 

chernozem below 400 m a.s.l. (Dreslerová 2012, Poschlod 2015, Kreuz et 

Marinova 2017). This trend resulted in differential progress of vegetation 

development in lowlands versus highlands, at least within the Czech 

territory (Chytrý 2012). Although the settlement behaviour varied over 

time, the landscape occupation has retained similar general characteristics 

since 6.6 ka BP until now (Demján et al. 2022). 

Both the density of settlement and the intra-site spatial pattern of the 

settlement site affected the species composition of the cultural landscape 

(Mercuri et al. 2010, Novák et al. 2021). It seems that the Neolithic 

populations further expanded the patches of non-forested areas (e.g. 

Kuneš et al. 2015). This mechanism prevented the tree cover from 

reaching its theoretical maximum. Later, the scattered settlements, based 

on small housing units with nearby areas for growing crops and grazing, 

increased the forest fragmentation while the high connectivity of forests 

was still preserved. The inhabited areas themselves consisted of man-

made habitats divided into arable land with weed vegetation, and 

settlements and their surroundings with ruderal vegetation (Lososová et 

al. 2006). The seeds of the weeds naturally spread along with the 

cultivated domesticants. L B K farmers however likely did not grow all the 

original crops of the Balkan area and southwest Asia. Kreuz et Marinova 

(2017) identified a lower crop diversity in the earliest phase of L B K (five 

crop species) on the contrary to the Bulgarian Neolithic (ten crop 

15 



species), and favouring legumes (mostly pea) in the later phase of L B K . 

In the Czech territory, the list of cultivated crops (Dreslerová et Kočár 

2013) and particularly the list of non-native plant species - archaeophytes 

(Pokorná et al. 2018) revealed the newly established Neolithic 

anthropogenic habitats (7.6-6.2 ka BP) containing the weeds of crop 

fields and of contemporary fallow land, annual species of trampled and 

dunged bare soils and perennial species of mesic ruderal grasslands. The 

shift in landscape structure followed the settlement pattern, placing a long 

house into its centre, which resulted in the zonation of the enclave based 

on nutrients and light input. Preferred tree species (e.g. oaks) were also 

selected by the humans in close vicinity (Kuneš et al. 2015). The grazing 

and other forest management types contributed to the formation of open 

woodlands in the settlement surroundings (Kreuz 2008, Novák et al. 

2018). Furthermore, the spread of Fagus and Carpinus was affected by 

humans in general in the Czech lowlands (Novák et al. 2021). 

1.2.8. Human impact as a major driver of the prehistoric vegetation 
change 

The palynological reconstruction based on modern analogs and remote 

sensing demonstrated that the tree ratio was decreasing rather 

continuously towards the present-day values in CE following its 

maximum that reached > 80 % at 8.5-6 ka BP (Zanon et al. 2018). The 

land-use likely became a major driver of the vegetation composition 

around 4.5-4 ka BP (Marquer et al. 2017). It corresponded to a peak in 

human density during the Bronze Age. In addition, the westward 

migration of the Yamnaya culture peoples to Europe since 4.5 ka BP 

altered the genetic structure of the local population (Haak et al. 2015) and 
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led to significant changes in the composition of pasture/natural grasslands 

and broadleaved forest cover. The reduction in the range of broadleaved 

forest and the increase in the amount of pasture and natural grasslands 

were much more significant when compared to the rather weak changes in 

the vegetational landscape reconstructed in association with the Neolithic 

migration (Racimo et al. 2020). By the onset of the Iron Age, humans 

caused further changes in the plant cover, altering the ratios among native 

species and supporting the spread of plants of economic interest even 

outside of their natural habitats (Sadori et al. 2010). Furthermore, rapid 

shifts in the rates of vegetation compositional change between 4.6 and 2.9 

ka BP suggest that the human impact has gradually exceeded the effects 

of climatic factors connected to the last deglaciation (Mottl et al. 2021a). 

Yet, the transformation of society in the Middle Ages affected both the 

natural and the cultural landscape, and represented a distinct ending to the 

prehistoric landscape patterns in the Czech territory (see Chapter 1.5 for 

details). 

1.3. Resources and techniques used in palaeoecological 
reconstruction 

Past vegetation, climate development and past human activities can be 

reconstructed based on data sets originating from investigations in the 

fields of geology, sedimentology, geochronology, geochemistry, soil 

science, palaeoecology, palaeoethnobotany, and archaeology. Selection of 

a particular abiotic or biotic fossil record is based on the particular 

scientific questions (Battarbee 2000; Birks et Birks 2006). 

The records of past nature dynamics are preserved in two basic types of 

terrestrial environments. The first group is characterized as wet, usually 
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acidic sediments with a high content of organic matter. Avoiding the 

oxidation, plant micro- and macrofossil such as pollen grains and seeds 

are usually very well preserved. These types of sediments are frequently 

deposited in peats, lakes and alluvia (Gebica et al. 2020, Svitavská 

Svobodová et Janský 2021). On the other hand, the environment rich in 

carbonates preserves the malacofaunal fossils and bones of vertebrates. 

The selection of the research site influences above all the spatial scale of 

the past reconstruction. Local species diversity is usually recorded by the 

spectra of macro fossils (seeds, malacofauna remains), or both by macro 

and micro fossils in a patchy landscape. Spectra of micro-particles such as 

pollen, microcharcoals, or spheroidal carbonaceous particles (SCP), 

deposited in sediments of large and open basins and plateaus, reflect 

rather regional trends. To cover both regional and local diversity 

information, a combination of data from a large open basin with a series 

of small basins has been suggested (e.g. Sugita 2007, Hellman et al. 

2009). 

The past climate in the region of CE has been reconstructed mainly based 

on loess-paleosol, cave speleotems and glacial sequences (Boch et al. 

2009). Particular fluctuations may be reconstructed using temporal 

changes in treeline maxima and hydrological dynamics (Haas et al. 1998, 

Hormes et al. 2001, Magny 2004, Tinner et al. 1996). Further, climate 

reconstructions can be based on the above-mentioned biotic spectra, 

comparing modern analogues and fossil spectra of pollen (Houfková et al. 

2017, Zanon et al. 2018, Chevalier et al. 2020), chironomids (Heiri et al. 

2014, Kubovčík et al. 2021), and plant macrofossils (Váliranta et al. 

2015). Such comparison of fossil biotic spectra and their modern 
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analogues may of course serve for reconstruction of almost any past 

ecological factor. Species composition of diatom and cladoceran remnants 

reflects e.g. the amount of salt content in freshwaters, the speed of a water 

flow, or water pollution (e.g. Smol et al. 2001). 

In addition to the sedimentary records, analysis of tree rings respresents a 

useful method for reconstruction of the past precipitation and temperature 

variability (Bilntgen et al. 2011a, b). Moreover, the uniqueness of 

subsequent tree ring thickness changes allowed the creation of a 

dendrochronological sequence by comparing tree rings of both living and 

dead trees of overlapping ages. Such library extends back over the last 

14,000 years. The dead wood of each such tree ring has recorded the 

corresponding atmospheric radiocarbon ( 1 4C) concentration of a particular 

year. By combining the dendrochronological sequence with other 

sequences of known age from the varved sediments of Suigetsu lake, 

Japan and speleothems from Hulu Cave, China, the curve of the past 50 

ka years atmospheric 1 4 C content was created (Bronk Ramsey et al. 2020). 

This provided a basis for an objective dating for fossil samples of an 

unknown age. Knowing that plants fix the atmospheric 1 4 C into their 

tissues and that this content starts to decline when the plant dies at a rate 

determined by the law of radioactive decay, the remaining 1 4 C content in 

a sample can be measured by accelerator mass spectrometry (AMS) and 

used to calculate its approximate age. 

There are other methods available for dating of fossil samples of an 

unknown age, e.g. luminescence dating (OSL) for mainly geological 

sediments. Sequences of decreasing concentrations of the fast-decaying 
2 1 0 Pb radioisotope (22.6 yrs) may be used for a dating of -100 yrs old 
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undisturbed sediments (Swarzenski 2014, Barsanti et al. 2020). Such 

chronology should be confirmed using at least one independent tracer, 

e.g. peaks of 1 3 7 Cs corresponding to atomic bomb testing in A D 1963— 

1964 and Chernobyl accident in A D 1986 (Schirone et al. 2022). A 

stratigraphical sequence of increasing levels in SCP concentrations has 

been deposited in undisturbed sediments as the result of fallout of 

byproducts of industrial fossil-fuel combustion (Rose 2015). There are 

other chronomarkers, such as tephra layers (Lowe 2011), summarized in 

databases as Tephrabase, V O L C O R E or RESET (Bronk Ramsey et al. 

2015, Newton et al. 2007, Mahony et al. 2020). 

The past development of certain lakes or peat bogs was only moderately 

or indirectly influenced by humans. Sediments in such habitats were 

formed predominantly by past natural processes. However, there is a 

rather smooth gradient between such localities and those that were 

entirely created by past human activities. Artificial water reservoirs and 

ponds are usually assessed the same way as archaeological features such 

as middens or cesspits containing palaeofeces. In such archives, dating of 

archaeological material, or the use of written records may help with 

interpretation of the revealed taphonomical processes. Moreover, 

predominantly archaeological contexts provide numerous specific 

conditions affecting the preservation of fossils. Phytoliths, starch grains 

and plant charred fossils are usually preserved even under dry heat. Pollen 

grains are preserved directly on deposited metal surfaces as they are 

protected by the metal corrosion products. 
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1.4. Pollen analysis as a tool for palaeoreconstruction 

Pollen analysis provides a powerful tool to address both palaeoecological 

and archaeological scientific issues. Pollen spectra found in 

chronologically stratified sediments reflect the past pollen rain 

corresponding to the particular chronozones. Varved lacustrine sediments 

provide the best resolution palaeo-archives (Bronk Ramsey et al. 2012). 

The occurrence of varved sediments is reported worldwide (Ojala et al. 

2012, Zolitschka et al. 2015), some of them are located in CE (Tylmann 

et al. 2013, Ott et al. 2017, Bonk et al. 2021). Each varve corresponds to 

an annual cycle of deposition in a still deep water body, reflecting a fine 

seasonal cycle of the lake. Layers summarizing the pollen sedimentation 

originating from a longer time scale are available in sediments such as 

those of some shallow lakes exhibiting low sedimentation rates (Willemse 

2002, G^siorowski 2008). If the differences resulting from the diverse 

time resolution are accentuated in plotting a well-defined depth-age 

model, both types of archives may provide the record of past vegetation 

development, its dynamics, and changes in vegetation cover for a given 

geographical region (Houfková et al. 2017). Moreover, past human 

activities and population densities, dynamics of settlement areas, changes 

in past economies and management types may be reflected in the pollen 

record. In archaeological research, the results of pollen analysis may 

specify the history of archaeological features, location of activity areas in 

a settlement area, composition of the past diet, routes of past trade and 

import, etc. (Jankovská 1985, Revelles et al. 2017, Šálková et al. 2019, 

Kozáková et al. 2021). 
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The outer wall of pollen grains (exine) is composed of the highly resistant 

biopolymer called sporopollenin. It protects the grain both from physical 

and chemical deterioration (Armstrong et Brasier 2005). Thanks to this, 

(1) pollen grains are extremely stable as microfossils in past organic 

sediments such as peat or gyttja, and (2) pollen can be separated from 

sediment samples via chemical treatment. Using the acetolysis method 

and subsequent incubation in hydrofluoric acid, both organic and silicate 

material in the sediment sample are decomposed (Erdtman 1960, 

Berglund et Ralska-Jasiewiczova 1986). There are also other methods 

such as the heavy liquid separation suitable for loess samples with a low 

pollen content (Munsterman et Kerstholt 1996, Caffrey et Horn 2013). 

The separated pollen grains and spores may be routinely identified using 

200-1000 x magnification of the light microscopy. Particular plant 

species (e.g. Centaurea cyanus, Plantago lanceolata) might be directly 

identified according to the morphological traits of their pollen grains, 

while others may exhibit overlapping features, leading to a less precise 

taxonomie classification into so-called pollen types as summarized by 

Punt (1976), Punt et Clarke (1980, 1981, 1984), Punt et Blackmore 

(1991), Punt et al. (1988, 1995, 2003, 2009), Beug (2004), Hesse et al. 

(2009), and PalDat (2000). Some plant families (e.g. Chenopodiaceae) 

lack specific traits for species determination, thus their identification is 

limited solely to the family level. In chemically treated samples, 

numerous non-pollen particles are preserved. Cell walls of green coccal 

algae of the genera Pediastrum, Botryococcus, and Scenedesmus are 

frequently preserved in lentic sediments (Komárek et Jankovská 2001). 

Conifer stomata may be recovered if a corresponding tree was locally 
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present (Hansen 1995, Sweeney 2004). Concentrations of microcharcoals 

reflect the regional fire fallout (Tolonen 1986, Umbanhowar et McGrath 

1998). Moreover, fungal ascospores, rotifer resting eggs and other plant 

and animal remains may be determined based on the scientific literature 

concerning non-pollen palynomorphs (NPPs), (van Geel 2001, Marret et 

al. 2021). 

By counting a minimal pollen sum of at least 500 (without the dominant 

taxon), the results may be expressed as relative abundances of the 

individual pollen taxa. Using e.g. Tilia software (Grimm 2011), pollen 

diagrams usually display relative abundances of selected pollen taxa 

plotted against a core depth/age based on the depth-age model. Using the 

pollen relative abundances of the individual plant species brings up the 

problems connected to different production and dispersal patterns of the 

pollen among plant species. Numerous pollen grains originating from a 

few newly grown and mature pines located in a proximity to the future 

coring site may lead to overestimation of the pine abundance in its 

vicinity, and on the other hand underestimation of the area covered by 

low pollen producers. Such issue may be partly overcome by estimating 

pollen influx. The pollen influx (grains cm"2 year"1) may be inferred by 

determining the total pollen count of each pollen taxa using a lycopodium 

tablet possessing a given count of Lycopodium spores, by taking a known 

volume of a sample (1 cm3), and by estimating the sedimentation rate 

(Berglund et Ralska-Jasiewiczova 1986, Hicks et Hyvarinen 1999). 

Among the numerical methods used in palynology (Birks 2012, Pardoe et 

al. 2021), multivariate analysis identifies the groups of samples with a 

similar pollen-assemblage composition. Having a set of chronologically 
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subsequent samples, significant pollen assemblage zones may be 

clustered using a CONNISS cluster analysis with a fixed position of 

samples. Moreover, to express the pollen-assemblage diversity some 

authors use various biodiversity indices such as the Shannon's, Simpson's, 

and a-index. Changes in the pollen richness across time may be expressed 

using a rarefaction analysis (Birks et Line 1992). The rate of 

compositional change may be quantified using R-Ratepol (Mottl et al. 

2021b). Yet, whether the pollen-assemblage richness reflects the floristic 

richness represents a challenging question. The changes in the pollen 

assemblage richness would reflect the actual species richness assuming 

the equal and constant pollen production across all plant species. 

Assuming numerous limitations to the equal representation of plant 

communities in the pollen spectra as listed below, a problematic 

relationship between the pollen and floristic richness was reported by 

Goring et al. (2013): 1) The regional pollen rain is predominantly 

composed of the pollen that is dispersed by wind. E.g., most of the 

species of Acer are entomophilous and tend to be underestimated in the 

pollen record. 2) Pollen production and dispersal differs among species. 

Conifers usually produce many bisaccate pollen grains that easily disperse 

by wind. 3) However, even the pollen grains of each conifer species differ 

in size, the smaller pine grains tend to disperse further. 4) Grains of some 

species such as Acer and Fraxinus are fragile and do not preserve well. 

Nevertheless, in their recent review, Birks et al. (2016) still claimed that 

modern pollen richness reflects both the modern vegetation richness and 

the landscape structure. 
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To overcome some of these difficulties, quantitative land-cover 

reconstruction has been recently introduced, bypassing the issues 

concerning pollen productivity, taphonomy, pollen dispersal, and 

atmospheric conditions (Prentice 1985, Sugita 2007, Githumbi et al. 

2022). Landscape Reconstruction Algorithm (LRA) combines L O V E 

estimates and R E V E A L S models that are based on exact data originating 

from the modern pollen samples referenced to the surrounding vegetation 

via pollen productivity estimates (PPEs) or relative pollen productivity 

estimates (RPPs) (Kuneš et al. 2019, Theuerkauf et Couwenberg 2021). 

Moreover, R E V E A L S estimates of vegetation cover were used for 

evaluation of the past biodiversity, anthropogenic land-cover change, past 

land cover-climate interactions and for climate modelling (e.g. Trondman 

et al. 2015). 

Grouping the pollen assemblages throughout Europe (Huntley et Birks 

1983) created so called "isopollen" maps. These reflected the species 

migration and allowed biome reconstruction for past spatial intervals. 

Nowadays, the data on fossil pollen and geochronology are collected in 

the Czech Quaternary Palynological Database ( P A L Y C Z , Kuneš et al. 

2009), and the Eurasian Modern Pollen Database (Davis et al. 2020). 

Pollen data grouped with complementary data on vertebrates, diatoms, 

ostracodes, macroinvertebrates, plant macrofossils, insects, and testate 

amoebae are accessed in the Neotoma database (Goring et al. 2015, 

Williams et al. 2018). Moreover, the pollen accumulation rates (PARs) 

have been gathered in the Pollen Monitoring Programme Database 

(Abraham et al. 2021). 
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1.5. Reshaping of the cultural landscape in the Middle Ages 

1.5.1. Woodland clearance and maintenance 

Medieval transformation (Klápště 2012) sets a new frame to the 

landscape and vegetation that had developed in the prehistoric times. The 

closest match between the pollen-reconstructed vegetation and the 

potential natural vegetation in the Czech lands (CL) was recorded for the 

period A D 500-1000 (Abraham et al. 2016), which immediately predated 

this change. In this era, different development was recorded in Czech 

lowlands versus highlands and mountains, still reflecting the status quo 

set during the Neolithic period. 

A significant woodland ratio decline was documented in the lowlands 

corresponding to the central parts of the C L and their traditional 

settlement area (Kozáková et al. 2009, Novák et al. 2012, Kozáková et al. 

2014, Pokorná et al. 2014, for review see Kuneš et Abraham 2017). This 

trend was later copied in the highlands and mountains corresponding to 

marginal parts of the C L (Hrubý et al. 2014, Kozáková et al. 2015, 

Roleček et al. 2020) that were influenced by large-scale colonization as 

late as in the High Medieval (mainly in the 13-14* centuries A D ; Klápště 

2016). The medieval deforestation in the cultural landscape may be 

indicated by the decrease in the relative abundance of arboreal (AP) and 

increase in non-arboreal (NAP) pollen. In majority of the above cited 

studies, this ratio has served as the most straightfoward indicator of the 

human impact recorded in past pollen spectra. The relationship can be 

validated only by coupling with independent complementary pieces of 

evidence such as the archaeological record of settlement areas, and/or 

written sources (Mercuri et al. 2015, Brázdil et al. 2021). The medieval 

26 



deforestation significantly affected erosion and alluvial deposition, which 

resulted in alteration of some alluvial habitats (Chytrý 2017). An 

increasing frequency of flooding in the C L recorded since the 14 t h century 

A D has been linked to both the archaeological and the palaeoecological 

record in the alluvium of the river Dyje (Petřík et al. 2019). Similarly, 

half of the sediments in the lower floodplain of Ohře River were 

identified as younger than 1 ka years, in particular those spanning the last 

five centuries (Elznicová et al. 2021). A continuous fluvial aggregation 

corresponding to a long-lasting increase in human impact with delayed 

response in lower valleys compared to hillslopes was identified in the 

European loess belt (Verstraeten et al. 2017). On the contrary, analysis of 

the pollen record in peaty deposits at the edge of the Morava River 

floodplain excluded similar trends in this region (Matys Grygar et al. 

2011). 

In addition to simple forest clearance, the trees and forests were subjected 

to other specific types of management. Whereas selective tree cutting for 

firewood may be implied from combined results of e.g. charcoal analysis 

and quantitative pollen reconstruction (Novák et al. 2016), the extent of 

particular woodland managements such as coppicing, popular in the Late 

Middle Ages, was evidenced solely by written records (Szabó 2010, 

Szabó et al. 2015). 

Apart from the borderline of CL , forests were not extensive and were 

economically used by their owners. The forests by Zbečno and Křivoklát 

(Central Bohemia) possessed the status of a royal hunting ground and 

were under protection since the 14 t h centrury A D (Klimek 2014). As 

another example, the medieval authorities promoted open lowland 
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oakwoods in Hodonínská Dúbrava (South Moravia) by banning their 

cutting (Jamrichová et al. 2013). 

1.5.2. Medieval agriculture 

Quantification of human indicators in past pollen spectra using an 

indicator-species approach (Behre 1981) reflected a remarkable extension 

of arable land during the Medieval times. The pollen of cultivated plants 

(crops, Fagopyrum aesculentum, Linum usitatissimum, Cannabis sativa) 

and their weeds (e.g. Centaurea cyanus, Agrostemma githago) 

significantly increased in abundance. The highest increase in abundance 

was generally recorded in the pollen of Secale cereale and C. cyanus 

during the Highly Medieval period (Jankovská 1997). Eventhough S. 

cereale exhibits higher dispersion abilities than other crop species, 

R E V E A L S identified a similar trend by reconstructing a significant 

increase in the proportion of cerealia, particularly in the Elbe River 

lowland and the NE Bohemia (Abraham et al. 2016). The increasing area 

of arable fields was naturally followed by the invention and spread of 

improved agricultural techniques. Most important of them was the three-

field rotation system, established already in the early Middle Ages, with 

the spring cereals (Triticum), the winter cereals (Avena, Hordeum, and 

Secale), and the fallow in three subsequent seasons. This consequently led 

to a complete differentiation of the fields versus grasslands (Poschlod 

2015, Chytrý 2017). Moreover, implementation of the heavy plow further 

increased the effectiveness of the agricultural production and stimulated 

economic development. Based on Andersen et al. (2016), it accounted for 

more than 15 % of the total increase in urbanization (averaged across 

Europe), leading to colonization of marginal areas by medieval farmers 

28 



(Klír 2009, Fanta et al. 2020, Costello 2021). In the CL , High Medieval 

villages harboured their own long-strip field system called pluzina since 

the 13 t h century A D . According to Poschlod (2015), only a relatively few 

new cultivated species were introduced in CE: Fagopyrum aesculentum, 

Vigna unguiculata, Rumex acetosa, Tragopogon porrifolius, Pastinaca 

sativa, Brassica oleracea, Daucus carota ssp. sativus, Spinacia oleracea, 

and Cichorium endivia. Vitis vinifera has been classified as an 

archeophyte cultivated since the medieval period in C L (Pyšek et al. 

2012). The older finds of above-mentioned species from the Iron Age 

have been rather classified as imports (Sálková et al. 2015, Sálková et al. 

2019). 

Using the pollen-based indicator species, an array of man-made 

habitats comprising dry pastures, wet meadows and pastures, grazed 

forests, and fallow land (for a complete list of pollen types see Behre 

1981 and Gaillard 2013) were distinguished throughout the Middle Ages. 

The records of Plantago lanceolata pollen are frequently used as a 

prominent indicator of animal breeding as a species typical for fallow 

phases and grazed areas rather than crop cultures (Rósch 2013, Tserendorj 

et al. 2021). As reconstructed by Pokorná et al. (2018), pastural species 

avoided by grazing animals, species of wet forests and alluvial meadows 

were recorded by macro-fossils analysis only as late as in the Early 

Medieval period (Pokorná et al. 2018). Other habitats under human 

management were pastures and mown meadows. The area of man-made 

grasslands and fallows expanded along with the ongoing colonization and 

forest clearing, including the mid-altitude areas. This process of 

implementation of the extensive agricultural management has however 
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continued up to the Modern Period (Chytrý 2017). As Hejcman et al. 

(2013a) reviewed, the occurrence of mown meadows was connected to 

the medieval spread of the use of a new tool - the long scythe. In the CL, 

the oldest archaeological finds originated from the turn of the 13 t h and 

14 th centuries A D . Moreover, medieval hay meadows were reconstructed 

based on plant macro fossils analysis originating from medieval towns 

(e.g. Culíková 1993). Another example of human management of 

grasslands is represented by grazing and burning as recorded in the 

species-rich grasslands in Bílé Karpaty Mts. during the Late Middle Ages 

(Hájková et al. 2018). Moreover, a generally high diversity of semi-

natural grassland types in the cultural landscape in the Middle Ages was 

reported (Hejcman et al. 2013a). A rather fine structure of non-forested 

areas composed of natural xerophilous grasslands has been reconstructed 

in the lowland areas of the C L by means of both pollen and macro 

remnant analysis during the Early Medieval period (Opravil 1969; 

Kozáková et Pokorný 2007; Pokorná et al. 2014). 

1.5.3. Urban areas 

Plant assemblages composed of nitrophilous ruderal species 

growing on human-made substrata were reconstructed based on the first 

occurrences of plant macro fossils of the the alien/native species in the 

Early Middle Ages (AD 580-1200), (Pokorná et al. 2018). The Early 

Medival Prague incorporated a mosaic of habitats composed of sunlit 

disturbed patches, revealing young nutrient-rich substrates such as 

landfills, hosting a vegetation composed mainly of annual plants. On the 

less disturbed substrates as walls, ruins, or moist and fertile substrates, the 

ruderal vegetation became denser, and biennial and perennial plants 
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frequently prevailed (Jankovská 2005, Kozáková et al. 2009, Chytrý 

2017). During the Higly Medieval urbanization, the number of man-made 

habitats increased, comprising rural urban synanthropic species on 

footpaths, ruderal communities on vegetable garden beds, and ornamental 

species (Swieta-Musznicka et al. 2013, Swieta-Musznicka et al. 2021). 

Yet, it seems that the habitats of the High Medieval Prague became more 

uniform (Kozáková a kol. 2009), and villages often served as local 

eutrophication centres in the High Middle Ages (Pokorná et al 2014). The 

elevated nutrient availability has remained the characteristic trait of 

intravilán plant communities until today as reflected by their species 

composition (Hejcman et al. 2013b). In addition, the archaeobotanical 

analyses of urban waste deposits revealed imported plant species (e.g. 

Myrtus communis; Pimpinella anisum, Helleborus viridis), documenting 

the long-distance trade (Jankovská 2005, Beneš et al. 2002). 

1.6. Aims of the thesis 

A general aim of the thesis was to obtain pollen data sets from fossil 

records to access the continuous memory of the Czech landscape since the 

pre-historic times, as it was gradually transformed by the combination of 

climate events and human impact. The fine-scaled and in-detail studies of 

past vegetation change at selected natural and man-made sites in Czech 

Republic should provide more precise insights into particular processes 

forming the Central European vegetation. A rather long time-span of the 

studies, ranging from the Late Glacial to Late Medieval periods, was 

selected to track the origins of the human endeavour in this area. Finally, 

the focus of the thesis lies in obtaining a better picture of the cultural 
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landscape formation during the High Medieval colonization, comparing 

three village sites across an altitudinal gradient, including the central and 

the marginal parts of the colonized areas of the Czech Lands. 
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2. Results 

2.1. The most importatnt outcomes of the thesis 

The thesis comprises five studies on various aspects of reconstruction of 

the past human impact recorded in fossil pollen spectra. The first study 

was dealing with the period of the Late-glacial/Holocene transition in the 

Central European shallow lake Komořany, demonstrating the dominance 

of natural processess both in the surrounding vegetation and in the aquatic 

ecosystem response (Paper I). This topic was further elaborated in the 

study originating from the same locality, dealing with a sedimentary 

record of the Holocene dated to interval 11.2-3.2 ka BP. This period was 

already influenced by human activity, and a pollen-based climate 

reconstruction together with changes in hydrology revealed both the 

natural and combined (natural and human) forces affecting the lake 

development and the surrounding vegetation (Paper II). 

In the following studies, major human impact on the landscape 

development and vegetation cover were identified in the fossil and 

archaeological record of three medieval villages: 

(i) Rybník, originating from the traditional lowland residential area of 

the CL , i.e. the suburbs of the early medieval Prague, revealing the 

early history of fishpond farming in the C L (Paper III). 

(ii) Landscape transformation of an entire medieval agrarian system 

of the village Malonin in a highland area of the C L , resulting from 

the High Medieval colonization (Paper IV). 

(iii) Reconstruction of the High Medieval colonization in the 

mountain area of the Krušné Mts., exploring the concept of short-
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lived medieval villages, along with the rapid succession of vegetation 

after the village abandonment (Paper V). 

2.2. Paper I. Nutrient availability affected shallow-lake 
ecosystem response along the Late-glacial/Holocene 
transition 

The Last Deglaciation was partially recorded in the sedimentary record of 

a former Central European shallow lake Komofany. The selected depth 

interval covered the period -15.6-10.8 ka BP to reflect the Late-

glacial/Holocene transition. The aquatic conditions were rather uniform, 

with high nutrient availibility since the lake origin. The shift in aquatic 

environment was inferred from the decrease in relative abundance of 

nutrient-demanding species in diatom and chironomid assemblages, dated 

close to the end of the Late Glacial. It was followed by an increase in 

concentration of all recorded micro-fossils and by changes in 

sedimentation processes. In our interpretation, the main driver of the 

observed shift was the onset of more favourable climate in the Holocene, 

which supported the increased primary productivity in the lake. Biomass 

of the primary producers subsequently served as a sink for nutrients, 

causing the trophic status of the lake to drop. 

Results of pollen analysis reflected rather gradual processes in the past 

plant species composition without any significant events recorded in 

pollen ratios until -11 ka BP. A relatively stable ecosystem with gradual 

changes in aquatic and terrestrial communities was reconstructed. A 

pollen ratio -70 % of trees and shrubs (Pinus sylvestris type and Betula), 

scattered presence of the Pinus cembra pollen type, and relatively high 

amount of Poaceae, Artemisia, Helianthemum, Potentilla, Juniperus, 
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Salix, Betula nana, and Alnus viridis-type may point to a relatively stable 

occurrence of patchy vegetation in N W Bohemia, with elements of 

steppe-tundra, shrub-tundra, and hemiboreal forests during the major part 

of the Last Deglaciation (untill -11 ka BP). The glacial elements slowly 

retreated during this period. In pollen spectra, the significant change is 

reflected by a rapid onset of Corylus slightly before 11 ka BP. This is in 

agreement with the exponential spread of Corylus across Europe, which 

peaked just at around 11.2/11.1 ka BP (Giesecke et al. 2017). The spread 

of thermophilous tree taxa (Quercus, Tilia and Fraxinus) at the site might 

be facilitated by a warmer but also more humid phase after the 11.2 ka BP 

event as previously reconstructed over northern Central Europe 

(Theuerkauf et al. 2014). Migration of tree species in the Early Holocene 

was most likely controlled by rather natural causes (Paper I, II) driven by 

the ongoing climate and soil change and manifesting through other 

natural prosesses such as the tree species migration lags, the long-distance 

dispersal probabilities of their seeds, and population growth rates (Clark 

et al. 1998, Powell et Zimmermann 2004, Giesecke et al. 2017). 

2.3. Paper II. Holocene climatic events linked to environmental 
changes at Lake Komof any Basin, Czech Republic 

The study originated from the same locality as in Paper I, the former 

Central European shallow lake Komof any. It was concerned with a 

sedimentary record mapping the Early to Late Holocene, corresponding to 

the time period of 11.2-3.2 ka BP. The onset of sedimentation at the site 

location of the profile under study started at around 11.2 ka BP. The 

fluctuation in water depth significantly affected the surface area of the 

shallow lake, reflecting the short-term climatic events in the Early 
36 



Holocene. Palaeopalynological analysis of the profile allowed us to 

reconstruct the past pollen assemblages and infer a pollen-based climate 

model according to Nakagawa et al. (2002). A biomization approach 

employed in the study, grouping the pollen types into general plant 

functional types (pft), was based on the assumption that the biomes 

represented climate-induced physiognomic vegetation classes. Relatively 

dry conditions and stable mean annual temperatures were reconstructed 

between 9.1 and 6.5 ka BP. Thereafter, warm and wet climate 

corresponding to the largest lake area was reconstructed in the interval 

6.3-4.8 ka BP. This period was followed by a decrease in the mean 

annual temperature around 4.8/4.7 ka BP, and a corresponding reduction 

in the lake surface area. Eventhough Paper II focused primarily on the 

climate forcing, particular changes in hydrology and pollen spectra were, 

in contrast to the results of Paper I, likely driven both by the climate 

changes and the human impact. Expansion of grasslands in the area since 

5.5 ka BP occurred despite the ongoing humid and warm climate, thus 

being probably linked to human activity. On the other hand, the 

increasing trophic status of the lake since 3.5 ka BP was more likely a 

result of the reduction of the lake area rather than human-caused 

eutrophication. Generally, we have assumed a complex combined effect 

of the climate changes and human activities on the past vegetation 

development as recorded elswhere (Dearing 2006, Dearing et al. 2006, 

Gaillard et al. 2010). The connection with archaeological investigation 

and evidence of past human activity (as recorded e.g. by charcoal and 

microcharcoal analysis) in the region of N W Bohemia has been part of 

the research in progress and is planned to be published separately. 

37 



Demographic estimates (Kozáková et al. 2014), human activity models 

(Kuneš et al. 2015), and spatio-temporal modelling (Kolář et al. 2016) 

have been frequently linked to climate reconstructions in other Czech 

regions. The biomization approach utilized in our study reflects rather the 

climate-induced changes, however pollen types may be also grouped 

based on the anthropogenic land cover classes (Fyfe et al. 2015). This 

approach may be useful for the following research focused on tracking the 

human impact in the region. Knowing that biomization and 

pseudobiomization provide only rough estimates of the anthropogenic 

impact on European biomes (Trondman et al. 2015), a more precise 

quantification of the past landscape changes using R E V E A L S 

reconstructions should be included in the future study. 

2.4. Paper III. The oldest Czech fishpond discovered? An 
interdisciplinary approach to reconstruction of local 
vegetation in mediaeval Prague suburbs 

Major human impact on the landscape and vegetation cover was 

identified based on archaeobotanical analyses performed along with the 

archaeological excavation of the Medieval village Rybník. Rybník was 

firstly recorded in A D 993 in a written record and was located in the 

traditional lowland residential area of the CL , in the suburbs of the Early 

Medieval Prague. The area of the village was later transformed as a part 

of the newly established New Town of Prague after A D 1348. Although 

performed in a cellar of the house V Tůních no. 1625/11, the rescue 

archaeological excavation included nowadays recommended field 

techniques such as profiling and trenching (Rick et al. 2022). Wet 

sediments of a former water reservoir dated from the 10 t h to the middle of 
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the 14 century A D were discovered, possessing fossil remains of several 

species of freshwater fishes. A change from oligotrophic to hypertrophic 

aquatic conditions corresponded to the change of plant communities in 

the surrounding area. An original mosaic of habitats exhibiting semi-

natural character later became more uniform following the intensification 

of human pressure, supporting the extension of tramped and ruderal areas. 

The ratio of arboreal pollen remained rather high (-25 %) in comparison 

to the record from village Spindelbach located in the marginal areas of the 

CL, where it dropped to -11% under the human exploatation (Paper V). 

However, Pinus as a massive pollen producer was likely more abundant 

in the centre of the CL , and its contribution to the past pollen assemblage 

in this area could be positively biased although the tree cover distribution 

might have been rather scattered. This said, the clearance pressure to 

forests, eventhough recorded also in the case of the upper colline belt in 

South Bohemia (Paper IV), still seemed to be the most severe in case of 

the industrial exploatation by mining and glassworking in the marginal 

areas of the Krušné Mts. (Paper V). 

2.5. Paper IV. Origin and development of long-strip field 
patterns: A case study of an abandoned medieval village in 
the Czech Republic 

Landscape transformation of an entire medieval agrarian system of the 

former village Malonin in a mid-altitudinal area of the C L was dated to 

the period between the second half of the 12 t h century and the first half of 

the 13 t h century A D . Our results predated the first written records of the 

village existence (AD 1349) and the interval of the Highly Medieval 
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colonization (13—14 centuries AD). Conifer-beech forests of the upper 

colline belt were transformed via the slash-and-burn management into an 

agrarian system called pluzina. The findings of plant macrofossils of 

charred fir needles pointed to mixed forest stands with fir, or even forests 

where fir dominated, prior to the deforestation. This is consistant with the 

general trend of fir decline recorded in pollen spectra during the High 

Medieval times in the C L (Kozáková et al. 2011). Fir belonged to one of 

the four tree species most intensively utilized for historical constructions 

based on their availability in the C L until 18 t h century A D (Kolář et al. 

2021). The deforestation resulted in subsequent alluvial transformation 

below the village's hillslope, reflecting an increased soil errosion. A 

charred fragment of a Hordeum caryopsis suggested that part of the area 

of this pluzina served for crop cultivation. These results were based on 

undisturbed soil profiles and were properly dated. The existence of fields 

was further supported by the soil samples taken in the area of the former 

field, where the pollen of Secale cereale was the most abundant one. This 

would be consistent with the archaeobotanical reconstruction by Rósch 

(2013) identifying S. cereale and Avena sativa as the main crops 

cultivated on the poorest and most acidic soils in the High Medieval 

period. Linum was another species processed in the village, Secale and 

Linum were probably locally cultivated and utilized, but these finds 

lacked proper age determination as the revealed stratigraphy of soil 

profiles underwent numerous taphonomical processes. To specify the list 

of cultivated crops and past patterns of the open land (fields, pastures, 

meadows, field boundaries), further research should be focused on 

chronologically stratified alluvial deposits, where the preserved pollen 
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was recorded (Šitnerová et al., in prep.). The studied pluzina in Malonin 

was chosen as a typical medieval village system and an ongoing research 

has depicted similar landscape patterns that have developed across the 

whole area of modern Czech Rebublic (e.g. Šitnerová et al. 2020, Fanta et 

al. 2020). 

2.6. Paper V. The dynamics of a non-forested stand in the 
Krušné Mts.: the effect of a short-lived medieval village on 
the local environment 

The spread of the High Medieval colonization as recorded in the previous 

contribution (Paper IV) further affected the marginal mountain area of the 

Krušné Mts. above 800 m a.s.l. One of the established settlements in 

studied area, a village Spindelbach, was founded in the second half of the 

13 t h century A D based on archaeological data (Klir 2016). The existence 

of Spindelbach was reported in written records in A D 1356-1481. Its 

establishment was in correspondence with the enhanced industrial 

exploatation of Krušné Mts. (glassworking and mining) which reflected 

the medieval socio-demographic and economic boom, and might have 

been as well linked to the favourable climate/weather conditions recorded 

by written sources in the A D 1260s-1380s in the C L (Brázdil et Kotyza 

1995). On the other hand, its desertion corresponded to opposite trends: 

an era of economic stagnation, and a series of severe winters in the A D 

1430s-1450s and 1480s (Brázdil et Kotyza 1995). Such situation in 

general illustrates the phenomenon of short-lived and abandoned 

villages/areas (e.g. Dreslerová et al. 2013, Kl i r et al. 2018, Petr and 

Vařeka 2019). These areas have preserved some medieval landscape 

patterns, e.g. the patterns of the long-strip field system (Paper IV) and 
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provided also suitable palaeo-records (Petr and Vafeka 2019, Sitnerova et 

al. 2020). Following the current trends of the highest taxonomic pollen 

resolution (Deza-Araujo et al. 2022), a detailed pollen analysis provided 

data sufficient to demonstrate a rapid vegetation succession after the 

village abandonment (Paper V), comparable to their modern analogues 

described in Jehlik (1971) and Balatova-Tulackova (1981). 
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3. Conclusions 
Sediments of the Central European shallow lake Komořany provided a 

unique geo-bioarchive reflecting the history of a major part of the Last 

Deglaciation, the period of the Late-glacial/Holocene transition, and the 

Holocene until 3.2 ka BP (Papers I and II). The dominance of natural 

processess both in the surrounding vegetation and in the aquatic 

ecosystem response was demonstrated at least until the Early Holocene 

(Paper I). Both the natural and combined (natural and human) forces 

affecting the lake development and the surrounding vegetation in 11.2-

3.2 ka BP period were inferred based on the pollen-based climate 

reconstruction, reconstruction of changes in the hydrological regime and 

the aquatic environment, and changes in the past plant assemblages 

(Paper II). Although the sediment accumulation in the shallow lake was 

certainly to some extent affected by sediment focusing and other 

processes (Hilton et al. 1986), it retained a fine palaeoecological record 

sensitive to climate fluctuations in terms of hydrological changes (water 

level and surface area). High resolution sampling (~2 mm) proved to be a 

powerful tool to at least partly overcome the issue connected to low 

resolution of the historical data (Paper I). Moreover, a relatively detailed 

sampling of sediment cores throughout the former lake area (Jankovská et 

Pokorný 2013, Bešta et al. 2015) facilitated the reconstruction of changes 

in the lake surface area extent in the past (Paper I and II). 

Major human impact on the landscape development and vegetation cover 

was identified in the fossil and archaeological record of three Medieval 

villages located at distinct elevations, covering the Czech altitudinal 

gradient (lowland, mid-elevation, and mountains). The village Rybník, 
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located in the suburbs of the Early Medieval Prague, revealed the early 

history of fishpond farming in the CL , and demonstrated the effects of 

forthcoming urbanization on the development of plant species 

composition in a traditional lowland residential area of the C L (216 m 

a.s.L), (Paper III). By the time when the village Rybník prosperred and 

was surrounded by a mosaic of semi-natural habitats, cereal fields, and 

scattered trees, a slash-and-burn management was underway in the 

middle-elevation area of South Bohemia (660-735 m a.s.L), leading to 

establishment of a complete medieval agrarian system of the village 

Malonin (Paper IV). Almost in parallel (few years, maximally several 

decades after the village of Malonin was established), an increased 

industrial activity in the montane area of the Krušné Mts. stimulated a 

wave of colonization, including the newly founded village of Spindelbach 

(800-880 m a.s.L) (Paper V). The existence of each of these two villages 

resulted in massive reduction of the conifer-beech forests in their vicinity, 

likely being more severe in case of the industrial exploatation of the 

Krušné Mts. (Paper IV, V). In the middle of the 14 th century A D (Late 

Middle Ages), an increased human pressure led to homogenization of 

urban habitats in the lowlands (Paper III), increased soil errosion down 

the hillslopes in the mid-elevations (Paper IV), and extreme deforestation 

of mountain areas in the vicinity of mines (Paper V). These trends have 

not been reverted (e.g. Izdebski et al. 2022), as the Black Death in A D 

1347 avoided the CL . Yet, an era of economic stagnation since A D 1430 

resulted in desertion of many villages or entire areas. The abandonement 

of Spindelbach was followed by rapid vegetation succession and the 
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recovery of a secondary forest favouring Picea stands as recorded by the 

archaeobotanical analyses. 

In summary, the studies included in this thesis attempted to deepen our 

understanding of the vegetation change connected to climatic events and 

human activity in the Central European context, focusing on the medieval 

landscape transformation. Our study approach exemplifies the advantages 

of up-to-date sampling techniques, objective dating, fine-resolution 

sediment sampling, and elaborate pollen analysis (both quantitatively and 

in terms of taxonomic resolution). An integrative multidisciplinary 

approach based on the synthesis of the pollen record with other palaeo-

and archaeological data can still provide valuable new insights and help to 

achieve a better picture of the past human-environment interactions. 
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Abstract Shallow lowland lakes undergo long-last­
ing natural eutrophication processes, which can be 
studied through the development of communities of 
aquatic organisms. However, records showing millen­
nial-scale trophic status variability in these water 
bodies are rare. Two radiocarbon-dated sedimentary 
profiles from former (now destroyed by brown coal 
mining) Lake Komofany (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 condi­
tions 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 transforma­
tion occurred before the onset of the Holocene. As this 
qualitative change was characterized 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. 
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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 a l , 2014; Orbán et a l , 2018) and 
freshwater communities (e.g. Goslar et a l , 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 (Sch-
effer, 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 a l , 1998; Scheffer & Van Nes, 2007). 

The trophic state development of shallow lowland 
lakes is driven by natural and anthropogenic factors 
(Cohen, 2003; Nöges et a l , 2003). Although great 
attention is paid to human-induced eutrophication, 
shallow lowland lakes naturally tend towards a higher 
trophic 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 posi­
tion 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 a l , 1999; Brodersen et a l , 2001; Sayer et a l , 2010; 
Vermaire et al., 2013; Tarrats et al., 2018), water depth 
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(Bennion, 1995; Barley et al., 2006) and chironomids 
additionally to the oxygen level (Brodersen & Quin-
lan, 2006). Despite this, and because of that their 
paleorecords represent an imprint of various environ­
mental 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 L G / H transition in 
lowland shallow lake basins in this region. Shallow 
thermokarstic lakes in Poland (Apolinářska et a l , 
2012; Drzymulska et a l , 2015; Galka et a l , 2015; 
Kolaczek et a l , 2015; Pedziszewska et a l , 2015; 
Mendyk et a l , 2016; Zawiska et a l , 2019) demon­
strate lacustrine development along the gradient of 
glacier influence depending on the position towards 
the line of glaciation (Miroslaw-Grabowska & Zaw-
isza, 2018). German lowlands provide records of 
Holocene onset from the deeper Sacrower See (Kir-
ilova et al., 2009; Enters et al., 2010) and shallow 
floodpfain lakes of the Jeetzel Valley (Turner et a l , 
2013, 2014). Late-Glacial sediments were studied in 
the Pannonian Basin in paleolake Súr (Petr et a l , 
20 f 3) and in the fargest fake of Centraf Europe— 
Bafaton (Siimegi et ai., 2008). In the Czech Repubfic, 
paieofimnoiogicai studies of the L G / H transition in 
shaifow iowfand fakes are facking. From Czech non-
montane iocafities at middie attitudes, a detaiied 
record of the L G was found in the former Lake 
Svarcenberk (Pokorný & Jankovská, 2000; Hošek 
et al., 2014) and the L G / H transition was documented 
in the shallow lake Velanská Cesta (Bešta et a l , 2009). 
Our target locality, Lake Komořany, reached the 
largest surface area (max ~ 25 km 2) 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 L G / H transition remains unexplored. As 
European shallow lowland lakes have undergone long-
lasting cultural eutrophication (Anderson, 1995) since 
the Neolithic Age (DreBler et al., 2011), scarce 
opportunities exist to study their dynamics and 
climatic relations without anthropogenic impact. 
Therefore, the reconstruction of past climatically 
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induced trophic state changes at the L G / 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 L G / H transition. By analysing 
sedimentary diatoms, chironomids, pollen and geo­
chemistry, 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. 

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. 1. (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 (Hurnik, 1969). This lowland, large 
(max. surface area ~ 25 km 2) 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 km 3) and surrounding mires in 
1834 (Pokorný, 1963). Unfortunately, the last rem­
nants 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; Liihne, 
1897), most studies have dealt with vegetation 
succession during the Holocene while the Late-Glacial 
(LG) record was only considered marginally (Ru­
dolph, 1926; Losert, 1940; Neústupný, 1985). Simi­
larly, the research of diatom succession was 
systematically conducted only in the Holocene sedi­
mentary sequence (Řeháková, 1983,1986; Bešta et al., 
2015; Houfková et a l , 2017). Our study presents the 
first multi-proxy research of the Lake Komořany 
record representing the L G / H transition based on the 
basal part of the profiles P K - l - L and P K - l - M . 

Materials and methods 

Sampling and lithology 

Studied profiles P K - l - L and P K - l - M were sampled 
from the bottom of the former Dfinov reservoir by V. 
Jankovska, J. Kyncl, J. Klapste and J. Benes in 1987 
using Kubiena tins (50 x 10 x 8 cm metal boxes 
with one 50 x 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 P K - l - L 
(128-143.6 cm) and P K - l - M (134-148 cm) were 
chosen for further analyses due to their supposed L G 
age. P K - l - 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) analy­
ses. P K - l - 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 
Houfkova et al., 2017) and the resulting need for 
relatively large samples (> 8 g of dry sediment). 
Additionally, X R F analysis was also processed on 
samples from P K - l - M . 

The frequency and size of silica grains were 
subjectively monitored using a light microscope in 
parallel to diatom analysis in the profile P K - l - 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 abun­
dant and larger pieces (> 100 Lim) present. 

Chronology 

Five bulk samples from the P K - l - L profile were dated 
by 1 4 C 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 applica­
tion (Bronk Ramsey, 2013) with a boundary at the 
depth of 134 cm where sedimentation rate changed 
considerably. The basal bulk sample of the P K - l - M 
profile was dated using the same methods to date the 
start of sedimentation. The profiles were correlated by 
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Fig . 1 Map of the study site 
with locations of the cores. 
The location of the former 
Lake Komofany (Czech 
Republic, Central Europe) 
indicated by a red dot. The 
location of the profiles P K -
1-L (black dot) and P K - l - M 
(red triangle) indicated 
inside the estimated 
maximal area of the lake 
(hatched area) using a 
230 m a. s. 1. threshold, 
taken after Besta et al. 
(2015) 

10 km 

- 50°35'N 

- 50°30'N 

13°30'E 13°40'E 

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

Diatom analysis 

The diatom record was analysed from 2-mm-thick 
layers in 0.4-0.6-mm intervals from the core P K - l - 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 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 micro­
spheres 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 (Ehren-
berg) Bukhtiyarova). The dominants were enumerated 

Table 1 List of radiocarbon dates from the P K - l - L and P K - l - M profiles, Lake Komofany 

Sample ID (UGAMS#) Profile Depth (cm) 1 4 C age (year BP) ± 1 4 C age (cal year BP; 
interval of 95.4 probability) 

10,365 P K - l - L 114.2 8,420 30 9,555-9,140 

9,461 P K - l - L 134 9,960 30 12,020-11,195 

10,366 P K - l - L 136.5 10,940 30 13,100-12,670 

10,367 P K - l - L 139.5 12,640 35 15,465-14,230 

9,462 P K - l - L 144.5 13,130 40 16,265-15,230 

9,463 P K - l - M 147 13,810 40 15,449-15,109 

The uncalibrated dates ( 1 4 C age) and their intervals ( ± ) are quoted in radiocarbon years before 1950 A D (year BP). Intervals of 
calibrated dates (cal year BP) are counted using Poisson-process deposition model in OxCal 4.2.4 (Bronk Ramsey, 2013) using 
IntCall3 calibration curve (Reimer et al., 2013) 
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Fig . 2 Lithology and 
correlation of the profiles 
P K - l - L a n d P K - l - M . 
Clastic silica quantity from 
profile P K - l - L quoted in 
four categories: 0—grains 
absent or negligible, 1— 
grains rare, 2—grains 
common, 3—grains 
abundant and larger pieces 
(> 100 urn) present. Rb/Sr 
ratios plotted for both 
profiles. Clayey gyttja 
represented by a grey 
background, layered gyttja 
represented by a white 
background 

r 1 2 8 n r 132-
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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 x 1,000 magnification using the light 
microscope Nikon Eclipse E400 with a Canon 
EOS650D camera. Determination followed Krammer 
& Lange-Bertalot (1986, 1988, 1991a, b), Krammer 
(2000, 2002, 2003) and Lange-Bertalot (2001). 

Nomenclature was updated according to AlgaeBase 
(Guiry & Guiry, 2019) and unified with the approach 
of last diatom analyses from Lake Komofany (Besta 
et al., 2015; Houfkova 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. 
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Chironomid and other Diptera analyses 

For chironomid analysis, 14 1-cm-thick layers from 
the core P K - l - M were used (depth interval of 
130-144 cm according to P K - l - 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 min and washed with distilled water onto a sieve 
with 100-(J.m 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 ( x40 
to x50 magnification). After dehydration in 80% 
ethyl alcohol, head capsules were mounted on slides 
in Euparal® mounting medium and identified using a 
light microscope (125 to x250 magnification). Taxo-
nomical and autecological determination mainly fol­
lows Wiederholm (1983) and Brooks et al. (2007). 
When mentum was damaged or worn and mandibles 
or premandibles were not available, a higher taxo-
nomic group was identified. Chironomid head capsule 
concentration was estimated by counting all head 
capsules in the samples. 

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 P K - l - L 
(128-143.6 cm depth). Sediment samples were boiled 
in potassium hydroxide, sieved, acetolysed and incu­
bated 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 concentra­
tion (Stockmarr, 1971). Pollen was counted under a 
Nikon Eclipse 80i optical microscope at magnifica­
tions of x 400 to x 1000. At least 500 pollen deter­
minations 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 iden­
tified according to Stuchlik (2001). 

Numerical analysis 

Significant diatom (DAZ), pollen (PAZ) and chirono­
mid (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 clus­
tering 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 transforma­
tion 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). 

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 h 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 4 h 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 X R F analyser with 9-mm 
(uncollimated) spot size was used. Every 1-cm-thick 
layer was exposed three times for 3 min with two 
beams in "Geochem mode"—the first beam of up to 
11 keV for lighter elements for 90 s and a second 
beam of up to 50 keV for heavier elements for 90 s. 
Presented data (%) are arithmetic averages from the 
three measurements. 

Results 

Lithology 

A sharp lithological interface between clayey and 
layered gyttja was observed at the depth of 135 cm in 
the P K - l - L profile (Fig. 2). The P K - l - M profile was 
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created by clayey gyttja without remarkable litholog-
ical 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 P K - l - L profile (Fig. 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 P K - l - L . The studied depth interval covered 
period ~ 15,600-10,800 cal year BP. The sedimen­
tation rate of the clayey gyttja (depth 143.6-135 cm) 
was 430 year/cm on average, while the average 
sedimentation rate of layered gyttja (depth 
135-128 cm) was 160 year/cm. 

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 gen­
erally higher concentrations of diatom valves than the 
clayey gyttja from the basal part of the profile (Fig. 4). 

Tiny fragilarioid taxa (Staurosira Ehrenberg, Stau-
rosirella Williams & Round, Pseudostaurosira Wi l ­
liams & Round) predominated along the whole studied 
interval. The diatom relative abundance record was 
divided into two significant diatom assemblage zones, 
(DAZ 1, D A Z 2) and the second zone was divided into 
two non-significant subzones (Fig. 4). 

D A Z 1 (143.6-136.2 cm, 15,600-12,600 cal year 
BP) was characterized by the dominance of Staurosira 
construens f. venter, accompanied by subdominant 
Staurosira construens var. binodis (Ehrenberg) 
Hamilton and Fragilaria heidenii 0strup. Pseudostau­
rosira polonica (Witak & Lange-Bertalot) Morales & 
Edlund, Gyrosigma acuminatum (Kiitzing) Raben-
horst and Planothidium joursacense (Heribaud-
Joseph) Lange-Bertalot reached a considerable abun­
dance (> 0.5%) within this zone only. Aulacoseira 
ambigua (Grunow) Simonsen was the only noticeable 
representative of euplanktonic taxa in D A Z 1. 

D A Z 2a (136.2-131.2 cm, 12,600-11,100 cal year 
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 pin-
nata (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 berolinen-
sis (Lemmermann) Bukhtiyarova reached noticeable 
relative abundance beside A. ambigua being contin­
uously present. The upper subzone boundary was 
defined using CONISS with excluded dominant taxa 
only. 

D A Z 2b (131.2-128 cm, 11,100-10,800 cal year 
BP) reflected growth of less abundant motile benthic 
taxa Geissleria schoenfeldii (Hustedt) Lange-Bertalot 
& Metzeltin, Navicula laterostrata Hustedt, Navicula 
radiosa Kiitzing and Sellaphora vitabunda (Hustedt) 
Mann, accompanied by Fragilaria capucina s. 1. 
Desmazieres. 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. 

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, Table 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 Holo­
cene. 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 assem­
blage zones were defined (CAZ 1 and 2). 

C A Z 1 (143.5-136 cm, 15,600-12,500 cal year 
BP) was characterized by the dominance of C. 
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Fig . 3 Age-depth model 
for the profile P K - l - 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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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 

Springer 

total chironomid abundance also increased. The 
dominant taxa (> 15% at least in one layer) were 
accompanied by several subdominant taxa (4-15% at 
least in one layer)—the Cladotanytarsus mancus-type, 
Einfeldia dissidenslnatchitocheae-type, Microchi-
ronomus, 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 
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Fig . 4 Stratigraphical diagram of diatom relative abundances 
from the profile P K - l - L . Diatom concentration curve expressed 
as number of valves per 1 g of dry sediment. Relative 
abundances represented by a black silhouette, lines correspond­
ing to 10 times of exaggeration. Significant diatom assemblage 

zones ( D A Z 1, D A Z 2) and non-significant subzones ( D A Z 2a, 
D A Z 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 
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Fig . 5 Stratigraphical diagram of chironomid relative abun­
dances from the profile P K - l - M . Depth expressed in P K - l - L 
depth scale. Chironomid concentration curve expressed as 
number of H C (head capsules) per 1 g of dry sediment. Relative 
abundances represented by a black silhouette, lines 

corresponding to 10 times of exaggeration. Significant chirono­
mid assemblage zones (CAZ 1, C A Z 2) defined by CONISS 
(stratigraphically constrained cluster analysis) and Broken-Stick 
model. Not-studied depth interval indicated by 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 

Trophic state preference Diatom taxa Chironomid taxa 

Eutraphentic Aulacoseira ambigua Chironomus anthracinus-type 

Fragilaria heidenü Chironomus plumosus-type 

Gyrosigma acuminatum Einfeidia dissidens-type 

Lindavia cf. balatonis Einfeidia dissidens/natchitocheae-type 

Staurosirella berolinensis Einfeidia natchitocheae-type 

Polypedilum nubeculosum-type 

Meso-eutraphentic Navicula radiosa Cladotanytarsus mancus-type 

Planothidium joursacense Glyptotendipes pallens-type 

Staurosira construens f. construens Microchironomus 

Staurosira construens f. venter Procladius 

Staurosira construens var. binodis Stictochironomus rosenschoeldi-type 

Mesotraphentic Fragilaria capucina s. 1. 

Geissleria schoenfeldii 

Oligo-mesotraphentic Pseudostaurosira polonica 

Sellaphora vitabunda 

Oligotraphentic Tanytarsus lugens-type? Tanytarsus cf. lugens-type 

Indifferent Pseudostaurosira brevistriata 

Staurosirella pinnata 

Species ecology is based on observations summarized 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 

strongly reduced. These findings are presented as the 
T. cf. lugens-type. 

C A Z 2 (136-130.5 cm, 12,500-11,000 cal year 
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 dis­
tinctly in reverse and became the most abundant taxon. 
Besides these 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 pre­
sent, Cladotanytarsus mancus-type reappeared in the 
lower half of the C A Z 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 Einfel­
dia dissidens-type, Polypedilum nubeculosum-type 
and Glyptotendipes pallens-type. 

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

both C A Z 1 and C A Z 2, and one head capsule of 
family Simuliidae in C A Z 2 was documented. 

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 x 105 grains 
g _ 1 in PAZ 1 and amplified to ca 1-2.5 x 106 grains 
g _ 1 in PAZ 2 and 3. Pinus sylvestris-type and Betula 
pubescens-type pollen were the most abundant 
(~ 70-80%) in PAZ 1 (143.3-135.7 cm, 
15,600-12,300 cal year BP). Pollen of shrubs (Ju-
niperus, 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 
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Fig . 6 Stratigraphical diagram of pollen relative abundances 
from the profile P K - l - L . Pollen concentration curve expressed 
as number of particles per 1 g of dry sediment. Relative 
abundances of A P (arboreal pollen) represented by a black 
silhouette, relative abundances of N A P (non-arboreal pollen) 
represented by a dark grey silhouette. Relative species 

Butomus umbellatus were recorded. The pollen of 
light demanding species (the Corylus avellana-type), 
the deciduous species of the Quercetum mixtum (the 
Quercus robur-gmap, 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 year 
BP). In PAZ 3 (130.2-128 cm, 11,000-10,800 cal -
year BP), pollen of the Corylus avellana increased in 
abundance above 20% and was succeeded by pollen of 
deciduous species of the Quercetum mixtum. Hygro-
philous and water species were above all represented 
by pollen of the Typha angustifolia and the Sparga-
nium emersum-typt. 

Trophic state indication 

The succession of diatom and chironomid ecological 
groups suggested a decreasing trend of nutrient 
availability during the L G / 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 dom­
inants since the phase of diatom valves' counting. 
Eutraphentic diatom species abundance decreased at 

Pollen analyst: P. Houftova 

abundances represented by black silhouettes, lines correspond­
ing to 10 times of exaggeration. Significant pollen assemblage 
zones (PAZ 1, P A Z 2, P A Z 3) defined by CONISS (stratigraph-
ically constrained cluster analysis) and Broken-Stick model. 
Clayey gyttja indicated by a grey background, layered gyttja 
indicated by a white background 

the D A Z 1/DAZ 2 boundary. Similarly, eutraphentic 
chironomids became less abundant after the C A Z 
1/CAZ 2 boundary. While meso-eutraphentic diatoms 
decreased later at the D A Z 2a/DAZ 2b boundary 
inversely to the increase of mesotraphentic and 
oligotraphentic diatom species, meso-eutraphentic 
chironomids increased at the C A Z 1/CAZ 2 boundary. 
Higher relative abundances of oligotraphentic chi­
ronomids in C A Z 1 were driven by Tanytarsus lugens-
type presence (Table 2). 

Diatom valve concentration increased at the L G / 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 and 10.4% in the L G and between 
13 and 16.5% in the Holocene but it remained at a 
relatively low level along the whole studied interval of 
the P K - l - L profile (max. 16.5% at 129-129.8 cm) 
(Fig. 8). Fe/Mn ratio decreased twice at the litholog-
ical boundary, when average values for the L G (91.1) 
and for the Holocene were compared (41.2) (Fig. 8). 

Sprin ger 

81 



Hydrobiológia 

Dia tom eco log i ca l g roups (without dominan t taxa) 

Relative abundance [%] 
0 10 20 30 40 50 60 70 80 90 100 

DAZ 2b 

DAZ 2a 

DAZ 1 

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. 

Discussion 

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 
Komofany. The remarkable feature of this transition is 
the asynchronous change in diatom species composi­
tion and their productivity indicated by diatom valve 
concentration (Fig. 4). While diatom productivity 
abruptly increased and changed the character of 
sediment at the supposed L G / H boundary 
(135-134.5 cm, 12,000-11,700 cal year BP) (Figs. 2, 
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Ch i ronom id eco log ica l g roups 

Relative abundance [%] 
0 10 20 30 40 50 60 70 80 90 100 

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 

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 year 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 influ­
ence on the lowland lakes (Goslar et a l , 1993; 
Zawiska et a l , 2015) and was detected also in a 
diatom record from a shallow lake situated in the 
southern part of the Czech Republic (Besta et a l , 
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Fig . 8 Stratigraphical diagram of variables representing lacus­
trine trophic state from the profile P K - l - L . L O I (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 X R F analysis. 

Significant diatom assemblage zones (DAZ 1, D A Z 2) and non­
significant subzones ( D A Z 2a, D A Z 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 

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 L G 
periods (e.g. Aller0d) 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 L G terrestrial record from Lake Komofany. The 
second event, characterized by the abrupt rise in 
diatom productivity, is synchronous with the L G / H 
boundary (Fig. 2). It offers a bold conclusion that the 
first recorded change preceding the L G / H boundary 
was more prominent, since there was a shift in both 
chironomid and diatom species composition (quality), 
whereas only diatom valve concentration (quantity) 
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changed during the second shift. The second quanti­
tative shift in diatom assemblage, i.e. the increase in 
productivity of dominant fragilarioids, could be con­
nected 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 produc­
tivity could not be biassed 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 L G (16,300/ 
15,200-11,700 cal year 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 (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 a l , 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 year BP (Houfková et a l , 2017). 

The recorded gradual development of terrestrial 
vegetation documents a very limited climatic forcing 
of the studied lowland environment at the L G / 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 
(Figs. 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 a l , 2014). 
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Low water depth is considered as one of the driving 
factors causing relatively stable aquatic assemblage 
composition in Lake Komofany because it determines 
the frequency of mixing in the whole water column 
(Scheffer, 2004). The long-lasting shallow character 
of Lake Komofany 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 com­
position well known from other Late-Glacial lakes 
(Haworth 1976; Denys et al. 1990) and large shallow 
lakes in general (Heinsalu et al., 2008; Buczko et a l , 
2019). This is consistent with the dominance of 
fragilarioid tychoplanktonic taxa throughout the exis­
tence of Lake Komofany (Besta et al., 2015; Houfkova 
et a l , 2017). Observed invariable diatom composition 
indicates a shallow lacustrine character without 
extensive phases of deep water during the L G and 
weak climate forcing of the lake ecosystem. Never­
theless, 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 
(Houfkova 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 littoral parts is 
further indicated by a presence of pollen of Typha 
angustifolia or Humulus lupulus ~ 11,200 cal year 
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 L G in Lake Komofany. Therefore, the change in 
trophic state was tracked as a potential prominent 
device in how climate indirectly influenced the 
lacustrine ecosystem. 

Trophic state reconstruction 

Our results document mesotrophic to eutrophic con­
ditions already since the lake formation in the L G 
(Figs. 7, 8). Various aspects of the lacustrine trophic 
state were reconstructed, through aquatic macro­
phytes, primary productivity and nutrient availability. 
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Aquatic macrophytes shape the regime of shallow 
lakes (Jeppesen et al., 1998) and affect species 
composition of chironomid and diatom assemblages 
(Sayer et a l , 1999; Brodersen et al., 2001; Vermaire 
et a l , 2013; Tarrats et a l , 2018). Even in the L G , 
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 L G 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 macro­
phytes and the spread of broad-leaved species (Pota-
mogeton natans-type, Sparganium emersum-type, 
Typha angustifolia) are linked with the onset of the 
Holocene (Fig. 6). This littoral vegetation provided 
more stable bottom habitats enabling the establish­
ment of an epipelic diatom community including 
Navicula radiosa and other motile benthic diatoms 
(Geissleria schoenfeldii, Navicula laterostrata, Sel-
laphora vitabunda) (Fig. 4). Moreover, we must 
consider not only the substantial influence of aquatic 
macrophytes on nutrient availability by bottom stabi­
lization but also the direct consumption of phosphorus 
during enhanced growth under the Holocene favour­
able 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 a l , 1998). 
Furthermore, the lower abundance of macrophytes 
during the L G could strengthen the sensitivity of 
benthic diatoms 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 a l , 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). Addition­
ally, 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 concen­
trations of organically bound nitrogen compared to 
S. construens f. construens (Van Dam et al., 1994). 
Although the coenococcal algae Pediastrum kawrais-
kyi 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 
L G . 

Chironomid ecological preferences follow a similar 
trend showing a substitution of eutraphentic domi­
nants for meso-eutraphentic taxa (Fig. 7). The most 
abundant chironomids of our record, namely Chirono-
mus anthracinus-type, C. plumosus-type and Procla-
dius (Fig. 5, Table 2), often produce very abundant 
populations in highly productive lakes with low clarity 
and oxygen depletion or anoxia near the bottom 
(Nagell & Landahl, 1978; Matena, 1989; Hamburger 
et al., 1994). Characteristic cold stenothermic taxa 
inhabiting oligotrophic and well-oxygenated waters 
(e.g. the Heterotrissocladius grimshawi-type or Mi-
cropsectra spp.) are missing, although reported in 
many European records, including L G sediments of 
lowland shallow lakes (Brooks et al., 1997; Brodersen 
& Lindegaard, 1999; Plócienniket a l , 2011; Bos et a l , 
2017) or Czech L G lakes situated in elevations of 
above 900 m a. s. 1. (Kletetschka et a l , 2018). 
Furthermore, mesotraphentic species (e.g. the 
Derotanypus or Corynocera ambigua-type) present 
in regional mid-altitude lakes (400-900 m a. s. 1.) 
(Hošek et al., 2014; Hájková et a l , 2016) are also 
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absent from Lake Komofany records. The only 
exception are rare findings of Tanytarsus lugens-type, 
a morpho-taxon typical of the profundal in olig-
otrophic lakes (Brooks et al., 2007). 

Driving mechanisms of nutrient availability 

We make the case that nutrient availability was a 
probable factor in the Lake Komofany ecosystem 
change at the L G / H transition. Similar decreases in the 
nutrient level at the time of the climate amelioration 
are known from Scandinavian (Bjork, 2010), Polish 
(Apolinarska et al., 2012) and German lowland lakes 
(Kirilova et a l , 2009; Turner et al., 2014). In case of 
Lake Komofany 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 L G . A higher input of 
inorganic material into Lake Komofany is clearly 
indicated by an increased proportion of clastic 
particles in the L G parts of the profiles (Fig. 2). 
Although a decrease of Rb at the L G / H transition 
corresponds with more intensive erosion from 
catchment during the L G (cf. Hosek et al., 2014), 
our lower values of Rb/Sr ratio in L G (Fig. 2) 
contradict trends usually observed for colder 
periods (Jin et a l , 2006). This is caused by a 
distinct decrease of Sr at the L G / 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 stratifi­
cation causes an internal recycling of sedimentary 
phosphorus (Wetzel, 2001). The presence of 
Chironomus anthracinus-type, C. plumosus-type 
and Stictochironomus rosenschoeldi-type during 
the L G (Fig. 5) suggests at least seasonally anoxic 
conditions near the lake bottom (Nagell & Lan-
dahl, 1978; Int Panis et al.,1995), whereas Tany­
tarsus 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 
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the Bilina River. The above-mentioned taxa are 
characteristic of our L G 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 con­
centrations during the L G On the other hand, we 
cannot rule out the possibility that anoxic condi­
tions affected Early Holocene chironomid assem­
blages as well. Chironomid concentration became 
very low (Fig. 5) documenting unfavourable con­
ditions. Profundal taxa decreased and were par­
tially replaced by littoral taxa. Therefore, the 
effect of oxygen depletion caused by the enhanced 
decomposition of biomass produced after climate 
amelioration cannot be fully excluded. 

3. Higher primary productivity in the Early Holo­
cene was able to enhance competition for avail­
able nutrients and made them a limiting factor in 
contrast to the L G . 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 a l , 2000). While primary productivity rises, a 
phosphorus turnover in the lake increases but its 
instantaneous concentrations often decrease or 
fluctuate (Wetzel, 2001). In Lake Komofany, 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 concentra­
tion (Fig. 4). Additionally, the limitation of 
biomass production by harsh conditions during 
the L G possibly allowed a higher availability of 
nutrients for surviving organisms. Light availabil­
ity and mechanical disturbances are supposed key 
limiting factors for primary productivity during 
the L G in Lake Komofany: (a) Severe light 
attenuation by turbid inorganic particles is 
expected during the L G as a consequence of the 
potentially stronger input of minerogenic material 
by the tributary (the Bilina River). As we found 
only indications of a slightly higher input of 
particles in the L G (Fig. 2) and the sedimentation 
rate remained low (Fig. 3), the turbidity of parti­
cles by water column mixing seems to be a more 
important factor than the absolute amount of 
washed-in material. The potential input of 
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particles could also fertilize benthic algae surviv­
ing 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 produc­
tivity 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 a l , 1996). 

These processes could cause either lower absolute 
nutrient level towards the Holocene or at least raise 
relative nutrient availability in the L G . 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 Komofany, the 
presence of nutrient-demanding diatoms and chirono-
mids 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 chirono-
mid assemblages with the 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 consid­
ered the main driving factor of change in lacustrine 
nutrient availability in Lake Komofany at the L G / H 
transition. 

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 A M S 1 4 C dating with reference to 
previous successful application to Holocene material 
from Lake Komofany (Besta et al., 2015; Houfkova 
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 L G record 
from both studied profiles. The continuous develop­
ment 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 year BP) was 
seen to be identical to the peak recorded in the P K - l - C 
profile from Lake Komofany (26%, ~ 11,000 cal -
year BP) (Houfkova et al., 2017), which is in 
accordance with data from other sites in Central 
Europe (Theuerkauf et al., 2014). 

Conclusion 

A relatively stable ecosystem with gradual changes in 
aquatic and terrestrial communities was recorded in 
Lake Komofany at the Late-Glacial/Holocene transi­
tion. 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 
L G / H boundary and (ii) the quantitative one at the L G / 
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 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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Abstract 
Former Lake Komorany, located in Northwest Bohemia in Central Europe, provides multiple proxies (pollen, plant macrofossils, diatoms, chironomids 
and sediment chemistry) that allowed reconstruction of the development of its aquatic environment and catchment, throughout the Holocene. In order 
to reconstruct the climatic forcing of this development, we performed a pollen-based reconstruction of climate changes using the best modern analogue 
method. The climate reconstruction was successful for the interval of 10.0-3.2ka BP. We demonstrate that shifts in climate were coupled with biotic 
changes within the lacustrine environment. Both processes were interconnected mainly through changes in the water level status of the lake. The most 
significant climatic and environmental changes were recorded at 9.1, 6.3, 4.8/4.7, 3.8 and 3.5 ka BP. 
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Introduction 
The Holocene epoch (11.7 ka BP-present) was formally proposed 
to be subdivided into three sub-series, separated by the early-
Holocene-middle-Holocene boundary at 8.2 ka BP and the mid-
dle-Holocene-late-Holocene boundary at 4.2 ka BP (Walker et a l , 
2012). The 8.2-ka BP event is now considered to have been a 
global short-term cooling episode caused by the massive meltwa-
ter release from glacial lakes into the North Atlantic clearly 
reflected in the isotopic signal in Greenland ice cores (Rasmussen 
et a l , 2014). In Central Europe (CE), it was identified mainly in 
the record of cave speleothems (Boch et al., 2009; Fohlmeister 
et a l , 2012; Wackerbarth et a l , 2012), in limnic sediments (Heiri 
et a l , 2004; Magny, 2004; Magny et a l , 2007; Miroslaw-
GrabowskaandZawisza, 2014; Von Grafenstein et a l , 1999) or in 
tree-ring width records (Spurk et a l , 2002). Although there exists 
evidence of a rapid vegetation change associated with the 8.2-ka 
event (Tinner and Lotter, 2001), and decreasing summer tempera­
tures occurring even until 7.6ka BP in the alpine region (Heiri 
et al., 2004), temperature anomalies based on pollen reconstruc­
tions were less distinct across C E than they were in the rest of the 
continent (Davis et a l , 2003). 

The 4.2-ka BP event, a mid-/low-altitude aridification that 
coincided with a weakening of intertropical convergence zone 
activity and the onset of the modern E l Nino Southern Oscillation 
regime (Walker et a l , 2012), was described less often from CE. A 
pollen-based temperature reconstruction did not separate the mid-
dle-Holocene and late-Holocene at all (Davis et al., 2003). Even 
though complex environmental changes are very well ascribed for 
the late-Holocene period (e.g. Kuneš et a l , 2015), above all the 
irreversible switch in soil chemistry described from Czech sand­
stone areas (Ložek, 1998; Pokorný and Kuneš, 2005), no clear 

link has been shown for the 4.2-ka BP climatic changes. A n abrupt 
shift to a cooler late-Holocene climate was reconstructed in the 
alpine region later on, around 4.0-3.7ka BP (Heiri et a l , 2003) or 
at 3.8ka BP (Haas et a l , 1998). 

The above-described two climatic changes that established the 
Holocene boundaries were possibly major and important but not 
the sole factors (Mayewski et al., 2004; Rasmussen et a l , 2014; 
Wanner, 2011). Temporal changes in treeline maxima, glacial 
extension, hydrology and fossil chironomid record provided data 
on further C E Holocene climatic fluctuations (Haas et a l , 1998; 
Heiri et a l , 2003; Hormes et a l , 2001; Tinner et a l , 1996), includ­
ing an 11.4-ka BP event (Rasmussen et a l , 2014), referred to as 
the Preboreal oscillations (Besta et al., 2009; Hosek et al., 2014), 
declining summer temperature at 10.7-10.5 ka BP (Heiri et al., 
2004), climate changes initiated at ca. 6.3 ka BP (Arbogast et al., 
2006; Kalis et a l , 2003), oscillations at 5.6-5.3ka BP (Magny 
et al., 2006) and a shift in the alpine region between 5 and 4 ka BP 
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2 The Holocene 

from the dominant Atlantic climate influence to the more Medi­
terranean (Schmidt et a l , 2006). 

Past vegetation development, climate changes and human 
activities can be reconstructed from the spectra of biotic and abi­
otic factors originating from archives (Kaiser et al., 2012) includ­
ing peatlands (Speranza et a l , 2000; Svobodová et a l , 2002; 
Veron et al., 2014) and limnic sediments (Battarbee, 2000; Birks 
and Birks, 2006). Natural lakes are common in the formerly glaci­
ated regions of CE and exceptionally possess annually laminated 
sediments (Bonk et a l , 2015; Dörfler et a l , 2012; Dreibrodt and 
Wiethold, 2015; Tylmann et al., 2013). On the contrary, natural 
lakes are rather rare in the former extraglacial areas of C E , repre­
sented, for example, by maar lakes (Zolitschka et al., 2000) or by 
shallow lakes (Löffler, 1979). In the area of the Czech Republic 
(CR), most of the lakes were gradually infilled during the Holo­
cene (Vondrák et a l , 2015). 

The large and shallow Lake Komořany was situated in a low­
land basin (the Most Basin), and its surroundings were under the 
long-term influence of human activity (Bešta et al., 2015; Neús­
tupný, 1985). Based on the settings of the lake and the surround­
ing geomorphology, the lake represents a favourable site reflecting 
changes shaped by both external and internal forces. Being so 
unique for the lowlands of the CR, Lake Komořany represents a 
traditional site for palaeoecological studies based on diatom 
(Řeháková, 1983, 1986) and pollen analyses (Losert, 1940; 
Rudolph, 1926). A comprehensive palynological study (Jankovská 
and Pokorný, 2013) summarized the general development of veg­
etation in the late Glacial and throughout the entire Holocene; 
however, this study did not explicitly show the major climatic 
changes. A long stable period (9.0^1.7 ka BP) in the lacustrine 
environment was postulated based on multiple evidence inferred 
from a sediment core located in the lake littoral (Bešta et a l , 
2015). However, a comprehensive study using multiple available 
proxies (pollen, diatoms, plant macrofossils, chironomids, char­
coal and sediment chemistry) covering most of the Holocene has 
been lacking. 

The objective of this study was to track Holocene climate 
changes via a pollen-based reconstruction using the best modern 
analogue method developed by Nakagawa et al. (2002) and to 
distinguish climate shifts using pollen and climate data sets from 
CE. As climate reconstructions based on biotic proxies are 
affected by numerous factors such as human impact (Birks et a l , 
2010; Gaillard et a l , 2010), we attempted to link these shifts to 
local processes based on the reconstruction of the development of 
the aquatic environment and lake-level changes (Guiot et a l , 
1993). Based on the approaches mentioned above, we attempted 
to answer the following questions: 

1. Do the most distinct climate events in a lowland area of 
semi-continental C E correspond to the inner Holocene 
boundaries at 8.2 and 4.2ka BP? 

2. Does the pollen-based climate reconstruction correspond to 
internal lacustrine processes of a shallow and large lake? 

Study area 
Lake Komořany was located at 230m a.s.l. in the Most Basin and 
formed the largest water body in the area of the C R in the Holo­
cene period (Figure l a and b). The lake basin is superimposed on 
crystalline and metamorphic rocks of the Krušné Mountains (Ore 
Mountains) within Miocene sediments of the Northern Bohemian 
Brown Coal Basin (Řeháková, 1986). The large and shallow Lake 
Komořany originated at the onset of the late Glacial (Jankovská 
and Pokorný, 2013). The reconstructions of the lake varied from 
an overestimated area of 70km 2 (Zapletal, 1954) to the existence 
of a vast moorland without any standing water (Pokorný, 1963). 

5°E 25°E 

Figure I. (a) Location of former Lake Komořany, N W Bohemia, 
Czech Republic, is indicated by a dot.The grid of 45-60°N and 
5-25°E corresponds to the area of pollen and climate data training 
sets, (b) Location of the core PK-1 -C is indicated by a dot.The 
hatched area marks the estimated maximal area of the lake using a 
230 m a.s.l. threshold, taken after Bešta et al. (2015). 

The reasonable reconstruction of its maximum extent is 25 km 2 

with the depth not exceeding 10m (Bešta et al., 2015; Hurnik, 
1969; Rudolph, 1926). Even though the lake was filled for most 
of its existence, the draining instructions from 1831 referred to a 
water surface equal to 1,94km2 and a floodplain area of 17.4km2 

(Stanzl, 1832). Beginning about lOOyears ago, the area has been 
completely destroyed due to surface mining of brown coal situ­
ated below the limnic sediments. 

Lake Komořany was situated in the Bohemian thermophyti-
cum in the lee of the Krušné Mountains (Ore Mountains). The 
slopes of the Krušné Mountains are at present covered mainly by 
beech forests. Its supramontane belt is formed mainly by spruce 
forests, while minerotrophic mires and bogs occur on the pla­
teaus. The thermophilous Lounsko-Labské Středohoří, located to 
the south-east of the lake, are characterized by the presence of 
volcanic hills, which are in many cases covered by steppe vegeta­
tion on their south-facing slopes (Chytrý, 2012). According to the 
floristic evidence, fossil snail and pollen records, steppe vegeta­
tion has persisted throughout the entire Holocene (Pokorný et al., 
2015). The present vegetation of the volcanic hills, which lie to 
the east and at higher elevations from the lake, is mainly forest 
vegetation of Fagion sylvaticae, Carpinion betuli and Tilio 
platyphylli-Acerion. 

The climate is moderately warm and moderately dry with 
moderate winters. The mean summer temperature ranges from 
15°C to 17°C, and the mean annual total precipitation is 400-
500 mm based on the 40-year average according to the Czech 
Hydrometeorological Institute (Tolasz et a l , 2007). 

Methods 
Fieldwork, sampling and lithology 

Profile P K - l - C (50.543°N, 13.544°E; Figure lb) was collected in 
Kubiena boxes (50 x 10 x 10 cm3) during the extension of a brown 
coal mine in the late 1980s. A 78-cm profile was divided into 1 cm 
layers, where possible. More precise sampling was not reliable 
due to sediment dehydration making the sections hard to divide. 
Lithological description was based on Troels-Smith (1955). 
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Radiocarbon dating 

Since seeds of terrestrial plants and charcoals were absent in the 
majority of samples, accelerator mass spectrometer (AMS) 1 4 C 
dating was performed on seven gyttja samples in the CAIS labo­
ratory (US). APoisson-process deposition model (Bronk Ramsey, 
2008, 2009) with 10 and 40 postulated events per centimetre 
(k= 10 in the depth interval of 78-20cm and k=40 in 20-0cm) 
was constructed using the OxCal 4.2 online application (Bronk 
Ramsey, 2014) based on the IntCal 13 (Reimer et a l , 2013) cali­
bration curve. 

Microfossils analysis 

Sediment samples (0.3 g dry weight (DW)) were prepared accord­
ing to Faegri and Iversen (1989). Three tablets of Lycopodium 
spores were added to each sample to determine the absolute pol­
len concentration (Stockmarr, 1971) with 500 pollen determina­
tions conducted per sample. The total count was increased up to at 
least 300 counts excluding dominant pollen types. Taxonomic 
identifications followed Punt (1976), Punt andBlackmore (1991), 
Punt et al. (1988, 1995, 2003, 2009), Punt and Clarke (1980, 
1981, 1984) and Beug (2004). Reworked pollen grains of Tertiary 
age were identified according to Stuchlik (2001). The presence of 
non-pollen palynomorphs (e.g. algal and invertebrate remains) 
was recorded (Komarek and Jankovska, 2001; Van Geel, 2001). 

Diatom analysis 

Sediment samples were prepared as described by Besta et al. 
(2015). Determination followed C E diatom floras (Krammer and 
Lange-Bertalot, 1986, 1988, 1991a, 1991b). Species traits were 
determined according to Van Dam et al. (1994) and Laird et al. 
(2011). Diatoms were grouped according to Denys (1991). 

Geochemistry 

Organic matter and carbonate contents were measured by loss on 
ignition (LOI 5 5 0 , L O I 9 5 0 ; Dean, 1974; Heiri et a l , 2001). Concen­
trations of metal elements were determined in the AcmeLabs 
Laboratory (Canada) as described in Besta et al. (2015). The 
method detection limits and relative standard deviations were as 
follows: Fe (0.01%; 3.11%), M n (2ppm, 4.11%) and P (0.001%, 
2.06%). Concentration of total phosphorus (TP) was used as an 
indicator of the trophic status in the lake independently of diatom-
inferred total phosphorus (DI-TP). Evidence of anoxic conditions 
in the lake was based on Fe and M n concentrations and the Fe/Mn 
ratio (Boyle, 2001). 

Plant macrofossil analysis 

Sediment of every second sample was soaked in 5% K O H and 
washed through sieves down to a diameter of 250 urn (Wasy-
likowa, 1986). Macrofossils (plant seeds and fragments, charcoal 
pieces and charophyte oogonia) were recovered and identified 
according to Anderberg (1994), Berggren (1981), Cappers et al. 
(2006), Schweingruber et al. (1990) and Krause (1986). The num­
bers of finds were transformed to a D W of 10 g. 

Chironomids, cladocerans and bryozoans 

The preparation technique used for cleaning and mounting of chi-
ronomid head capsules (HCs) and cladoceran ephippia onto 
microscope slides of selected samples was described by Brooks 
et al. (2007). Chironomid taxonomy followed Brooks et al. (2007) 
and Wiederholm (1983). Bryozoan remains (resting eggs) were 
recovered along with plant macrofossils and identified according 

to Francis (2001). Cladoceran remains were identified according 
to Szeroczyhska and Sarmaja-Korjonen (2007). 

Quantitative pollen-based climate and biome 
reconstruction 

A biome reconstruction was based on Prentice et al. (1996). Pol­
len taxa were assigned to European plant functional types (PFTs); 
biomes with the highest affinity scores were used for the recon­
struction. A quantitative pollen-based climate reconstruction was 
done using Polygon 2.3.3 (Nakagawa et a l , 2002). The pollen 
record of samples from ca. 1.1 ka BP and originating from 241 
cores with robust 1 4 C chronology including 265 dated layers 
(Supplementary Table SI , available online) were taken from the 
Czech Pollen Database P A L Y C Z (Kunes et a l , 2009) and the 
European Pollen Database (Fyfe et al., 2009) and used as the best 
modern analogues (Abraham et a l , 2016). Both complete pollen 
spectra, excluding aquatic species and selected pollen types, 
which according to Prentice et al. (1996) define PFTs, were used 
as training sets. Cores were located in the spatial window of 45-
60°N and 05-25°E, focusing on the area of C E , including alpine 
regions and adjacent areas of Northern Europe (Figure la). The 
climate data were based on a set of meteorological data from the 
same spatial window covering the time period from 1961 to 1990. 
Interpolated data were assigned to coordinates that represented 
the centre points of 0.5° x 0.5° grid cells (New et a l , 2002). The 
chosen climate variables were mean annual temperature (T^), 
annual precipitation ( P J and mean temperature of the warmest 
(Tw) and the coolest (r c) months. The modern climate at the core 
sites was estimated in a 1 0 radius by interpolation using Polation 
1.1. Use of this radius reduced the number of used sites from 241 
to 222. A temperature lapse rate of 0.6°C/100m (Nakagawa et al., 
2002) and a precipitation lapse rate with the highest R l 
(10 mm/100 m) were used as the difference in elevation between 
each pollen site and the nearest meteorological site. To recon­
struct the climate variables, the data, including all pollen types, 
were square root transformed to test the effect of rare species. On 
the contrary, selected data corresponding to the PFTs were not 
transformed to test the effect of the dominant taxa. Using Pol-
Calib 3.0, the reconstruction having higher correlation coeffi­
cients (accuracy) between the observed and estimated climatic 
variables (R) was chosen as the most reliable. 

Quantitative diatom reconstruction of TP and pH 

DI-TP and pH (DI-pH) were calculated using weighted averag­
ing (WA) with inverse (pH) and classical (TP) deshrinking. The 
computations were based on the combined TP and pH training 
data sets available on the European Diatom Database (EDDI). 
The modern analogue technique (MAT) was used as a measure of 
the similarity of the reconstructed sample with the training set 
(Birks, 2012). 

Cluster analysis and data processing 

Stratigraphic diagrams, each with a CONISS cluster dendrogram 
(Grimm, 1987), were created using Tilia 1.5.12 (Grimm, 2011). To 
determine the significant accumulation zones (SAZs), a broken 
stick model (Legendre and Legendre, 1998; MacArthur, 1957) 
was calculated in R 2.11.0 (R Development Core Team, 2010) and 
Tinn-R 2.3.5.2 (Faria, 2009). SAZs were based on the results of 
pollen assemblage zone (PAZ) and diatom assemblage zone 
(DAZ) analyses. The results of other analyses were considered 
with respect to D A Z . Linear correlations were performed in R 
2.11.0 (R Development Core Team, 2010) in order to test the rela­
tionships between DI-TP and TP concentrations. The Holocene 
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boundaries to which the results were compared follow the dating 
proposal of Walker et al. (2012). 

Results 
Profile description and lithology 

The P K - l - C profile was composed of two lithological units: (1) 
Lso3, L d l in PAZ-1 and PAZ-3-5, and (2) Lso2, Ga2, Ld+ in 
PAZ-2. The bedrock was composed of gravel and sand (Ag3, 
Gal). The top of recovered profile does not reflect the end of sedi­
mentation at the locality since the uppermost layer was already 
removed with the preceding overburden. 

Radiocarbon dating 

A Bayesian model (Figure 2) based on six A M S 1 4 C data (Table 1) 
revealed a sedimentation rate of 130yr/cm on average in the depth 

12 10 8 6 A 
M o d e l l e d a g e [ka BP] 

Figure 2. A Poisson-process deposition model (Bronk Ramsey, 
2008,2009) with 10 postulated events per centimetre (k = 10) in 
78-20cm and 40 (k = 40) in 20-0cm constructed using the OxCal 
4.2 online application (Bronk Ramsey, 2014) based on the IntCal 13 
(Reimer et al., 2013) calibration curve. 

of 78-20 cm, while the layers corresponding to depths of 20-0 cm 
had an average sedimentation rate of 35yr/cm. Intrusion of old 
reworked material caused outlier classification of the 1 4 C date 
from 76 cm (PAZ-2). 

Microfossils analysis 

Five RAZs were determined (Figure 3) with a total of 190 pollen 
types recorded. The number of pollen types varied between 19 
and 53 per one sample. Concentration in PAZ-2 (1-2.105 grains/ 
gDW) was one order of magnitude lower than the other RAZs 
(1—4.106 grains/gDW). Green coccal algae were poorly preserved 
in a majority of samples; therefore, we considered that the recon­
structed trends would not be reliable. The pollen record depicted 
the relatively early occurrence (PAZ-1, 11.2-11.Oka BP) of light-
demanding species (Corylus avellana) and deciduous species of 
the Quercetum mixtum. Pollen spectra from the samples classi­
fied to PAZ-2 (11.0-10.0 ka BP) were composed of mixed pollen 
of different ages and origins, based on the 25^-5% of pollen 
being from herbaceous and grass communities and by the pres­
ence of Tertiary pollen grains redeposited from the watershed. 
PAZ-3 (9.8-6.5 ka BP) was characterized by an increase in the 
abundance of Alnus glutinosa-type, Picea abies and Fraxinus 
excelsior; a low ratio (3-7%) of herbaceous and grass communi­
ties; and the occurrence of Hedera helix and Viscum pollen grains. 
A n increase in the abundance of Fagus pollen up to 20% charac­
terized PAZ-4 (6.5-3.9ka BP). Carpinus Abies formed a sta­
ble proportion in the pollen spectrum in PAZ-5 (3.8-3.2ka BP), 
while other arboreal pollen (AP) decreased in abundance. The 
presence of anthropogenic indicators (AIs) was already character­
istic in PAZ-4. Pollen grains of grazing indicators, such as Plan-
tago lanceolata, Calluna vulgaris, Rumex acetosella and 
Odontites-type, were detected. Nitrophilous species increased in 
abundance. In PAZ-5, the pollen curves of cereal species became 
continuous and significant. The occurrences of rare herbaceous 
and shrub species were more frequent in PAZ-4 and PAZ-5. 

The pollen and spores of aquatic species depicted the vegeta­
tion development directly in the lake. Hygrophilous and water 
species were represented by pollen of the Typha latifolia-type and 
Sparganium emersum-type in PAZ-1. Spores of Sphagnum and 
pollen grains of Cyperaceae, Typha latifolia-type and Typha 
angustifolia were recorded in PAZ-2. Pollen of Trapa natans, 
Nymphaea alba, and Myriophyllum spicatum were recorded in 
PAZ-3b. These species further increased in abundance along with 
Oenanthe aquatica pollen grains in PAZ-5. 

Diatom analysis 

Diatom valves were well preserved at high concentrations (10 7-
10 1 0 valves/gDW). A total of 157 diatom species and varieties 
were recorded. Three DAZs were distinguished in the studied sec­
tion (Figure 4). DAZ-1 (11.2-10.0 ka BP) consisted of samples 

Table I. List of radiocarbon dates from the PK - l - C profile, Lake Komofany, Czech Republic (50.543°N, 13.544°E).The quoted uncalibrated 
dates ( l 4 C age) and their intervals (±) were given by CAIS laboratory in radiocarbon years before 1950 (yr BP). Intervals of calibrated dates 
(cal. yr BP) were based on a Bayesian model in the OxCa l 4.2 online application. 

Sample ID (UGAMS#) Depth (cm) l 4 C age (yr BP) + l 4 C age (cal.yr BP; interval 
of 95.4 probability) 

4743 0 3000 30 3075-3326 

5464 20 3580 25 3831-3971 

16331 26 4280 30 4821^1957 

4744 40 5450 30 6204-6300 

5465 57 7660 30 8400-8538 

12,297 76 12,040 30 13,765-14,013 

4748 78 9750 30 1 1,150-1 1,235 
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Figure 4. Results of diatom analysis from the core PK-1 -C, Lake Komofany, Czech Republic (50.543°N, 13.544°E). Relative abundance of 
diatom species is in black, and the grey area corresponds to 10-fold of the black. Black curves show trends in the content of organic matter, 
diatom-inferred pH (DI-pH) and diatom-inferred total phosphorus (DI-TP), content of selected elements (P, Mn and Fe) and the Fe/Mn ratio. 

with abruptly changing diatom species composition and valve 
concentration. Samples dominated by the nominate form of the 
tychoplanktonic Staurosira construens alternated with samples 
typified by the occurrence of Fragilaria heidenii, a taxon prefer­
ring eutrophic saline water, along with other forms of S. constru­
ens (binodis and venter). Also, chrysophycean stomatocysts 
reached their maximum abundance. 

The species composition and valve concentration were rather 
stable in DAZ-2 (10.0-4.8ka BP) with the tychoplanktonic spe­
cies S. construens van construens being dominant. The epipelic 
Navicula radiosa and N. laterostrata occurred solely in DAZ-2. 
Euplanktonic species were represented by Aulacoseira ambigua 
wADiscostella stelligera, a taxon preferring deep water. Euplank­
tonic taxa preferring eutrophic water (F. heidenii and Staurosire-
lla berolinensis) were significantly abundant in 9.5-9.1 ka BP. 
Decreasing abundance of euplanktonic species was recorded in 
9.9-9.8, 9.1-8.4 and 6.3-5.1 (4.9) ka BP. The third one was less 
distinct, linked with fluctuation of D. stelligera. A massive occur­
rence of euplanktonic species (A. ambigua, D. stelligera and S. 
berolinensis) specified DAZ-3 (4.7-3.2ka BP). Their abundance 
decreased in 3.8-3.6ka BP, which coincided with a peak in the 
benthic Pseudostaurosira brevistriata. Several euplanktonic spe­
cies {A. granulata and A. subarctica) preferring eutrophic condi­
tions occurred in 3.6-3.2ka BP. 

Geochemistry 

Low levels of LOI 5 5o (5-8%, except of the peak at 11.1 ka BP) 
were recorded in samples corresponding to DAZ-1 . These 
increased to 17-22% for the period 11.0-8.4ka BP followed by a 
gradual decrease from 29% to 22% in the 8.2-3.9ka BP period. 
Fluctuating levels ranging between 21% and 30% were recorded 
at 3.8-3.2ka BP (Figure 4). LOI 9 5 0 levels were generally low and 
stable and did not exceed 3%, which implies a negligible hard-
water effect. Similar trends in sediment TP and DI-TP values 
(Figure 4) were confirmed by their highly significant correlation 

(p<0.001, i? 2 = 0.51). A lake environment sensitive to hypolim-
netic oxygen (from 11.2 to 10.0 ka BP) and permanently aerobic 
conditions in 10.0-3.2 ka BP was detected on the basis of Fe/Mn 
ratios (Figure 4). 

Plant macrofossil analysis 

The recovered plant macrofossil spectra were rather poor 
(Figure 5) with a total of 12 plant species recorded. Their number 
ranged between 0 and 140 counts. Plant remnants were com­
pletely absent except for a few finds of charophycean oospores in 
DAZ-1 (11.2-10.0ka BP). There was a distinct increase in the 
number of Myriophyllum spicatum seeds at 8.3ka BP. Low num­
bers of Trapa natans fruits and appendices, Alisma plantago-
aquatica and Schoenoplectus tabernaontanii fruits, and fruits of 
Potamogeton sp. div. and Typha were identified in the 8.2—4.8 ka 
BP period. Charophycean oospores were present in 6.4-4.9 ka BP. 
Charcoals of Alnus, Salix and unidentified monocots and rem­
nants of Typha, Juncus, Oenanthe, Betula and T. natans were 
present in 4.7-3.2ka BP. 

Chironomids, cladocerans and bryozoans 

A total of 25 chironomid taxa (Diptera and Chironomidae) were 
distinguished (Figure 5). The often poorly preserved HCs reached 
very low counts onaverage(7 HC/gDW). InDAZ-1 (11.2-10.0ka 
BP), chironomids preferring eutrophic and tolerating anoxic con­
ditions prevailed: Chironomus anthracinus-type, Chironomus 
plumosus-type and Procladius. Chironomid remains were lacking 
in DAZ-2 (10.0—4.8ka BP), except for the presence of taxa asso­
ciated with aquatic macrophytes at 8.3 ka BP. A gradual increase 
in H C concentrations (up to 70 HC/gDW) was characterized by 
the dominance of Glyptotendipes pallens-type, and members of 
the genus Endochironomus (E. albipennis-type, E. impar-type 
and E. tendens-type) in DAZ-3 (4.7-3.2ka BP). No remains of 
phantom midges (Diptera: Chaoboridae) were found in the 
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Figure 5. Results of plant macrofossils, chironomids, cladocerans and bryozoans from the core PK-1 -C, Lake Komofany, Czech Republic 
(50.543°N, 13.544°E).Total counts are expressed by black histograms.The presence of Daphniidae ephippia is expressed by black full dots and 
its absence by black empty dots.The relative abundance of chironomids was expressed by black histograms; all types were assigned to general 
groups with the exception of two dominant types that were plotted by grey histograms. Selected samples for chironomid analysis are visualized 
by black dots in column 'Chironomid concentration'. 

Table 2. Correlation coefficients for four climatic variables 
(T a n n T w T c and P a n n) between a pollen-based reconstructed and 
the estimated values (R,) as well as between the estimated and 
observed climate variables (R2), according to Nakagawa et al. (2002). 
The reconstruction was based on pollen data from the PK-1 -C 
profile, Lake Komofany, Czech Republic (50.543°N, I3.544°E). 

Reconstructed parameter R, R2 

Tnn 0.72 0.98 

0.74 0.98 

Tc 0.65 0.95 
P 
ann 

0.78 0.96 

sediment. Cladocerans (Crustacea: Cladocera) were recorded by 
counting the resting eggs of the family Daphniidae only. A l l eggs 
were identified as ephippia of Ceriodaphnia sp. and Daphnia sp. 
Resting eggs of freshwater bryozoans (Cristatella mucedo and 
Plumatella sp.) occurred in DAZ-3. 

Quantitative pollen-based climate and biome 
reconstruction 

Cool mixed forest had the highest affinity score during the whole 
recorded period, excluding one sample originating from PAZ-2, 
where a temperate deciduous forest was reconstructed. There was 
sufficiently high accuracy (i?>0.99 for temperature and i?>0.98 
for precipitation) of the estimation of the modern climate in the 
best modern analogue pollen spectra. The correlation coefficients 
are listed in Table 2. Reconstructions based on a training set com­
posed of data including all terrestrial pollen types provided higher 
i?j in comparison with reconstructions based on a training set 

composed of pollen types that define PFTs. The blank space in the 
diagrams corresponds to samples defining PAZ-2 (11.0-10.0ka 
BP), which did not have any analogues for reconstruction (Figure 
6). There were eight analogues for each layer, with the exception 
of the layers pointing to climate shifts at 9.5-9.2ka BP, where 
there were one or four analogues. The pollen-based climate recon­
struction revealed six periods (Figure 6): (1) 10.0-9.2ka BP com­
posed of samples with a low number of analogues indicating low 
7 ^ , especially Tw, (2) 9.1-6.5 ka BP corresponding to a relatively 
dry climate with rather stable r a m , (3) 6.2^1.8ka BP pointing to 
humid and warm conditions with the precipitation maximum 
around 5.Oka BP, (4) 4.7-3.8ka BP pointing to decreasing T^, 
(5) 3.8-3.5ka BP corresponding to decreasing temperature and 
precipitation and (6) 3.5-3.2ka BP defined by temperature 
increases. 

Quantitative diatom reconstruction of TP and pH 

The DI-pH (Figure 4) ranged from 7.1 to 7.4 and corresponded to 
circumneutral conditions in the whole studied sequence. DI-TP 
(Figure 4) ranged from 67 to 199 u.g/L which indicated eutrophic-
hypereutrophic conditions in the lake in DAZ-1 (11.2-10.0ka 
BP), to stable mesotrophic conditions in DAZ-2 (10.0-4.8ka BP) 
and to meso-eutrophic conditions in DAZ-3 (4.7-3.2ka BP). 

Discussion 
Reliability of sediments used for palaeolimnological 
investigation 

The limits of our study are linked with the nature of shallow 
lakes. Even though their sediments cannot offer data with the 
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Pollen types based reconstruction enhancing minor taxa 
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Figure 6. Climate changes of the period I 1.2-3.2 ka BP around Lake Komofany, Czech Republic (50.543°N, 13.544°E), reconstructed from the 
pollen record excluding aquatic species from the PK- l-C core by the best modern analogue method. 

resolution comparable to sediments from deep lakes (Pražáková 
et al., 2006; Van Raden et al., 2013) or even with the varved ones 
(Bronk Ramsey et al., 2012; Ojala et a l , 2012; Zolitschka et al., 
2015), they are sensitive to climate fluctuations and can also be 
of great ecological and socio-economic importance now as well 
as in the past (Korponai et a l , 2010; Kuneš et al., 2015). The low 
resolution of their historical data is due to a low sedimentation 
rate (Gasiorowski, 2008; Willemse, 2002), which is influenced 
by sediment focusing and other processes (Hilton et al., 1986). In 
P K - l - C , the extremely low sedimentation rate can be explained 
by (1) a low supply of allochthonous inorganic material as proved 
by the lack of sand, clay and silt on the diatom slides; (2) con­
tinuous remineralization as evidenced by the relatively low con­
tent of organic matter (LOI 55 0); and (3) sediment focusing 
indicated by the sedimentation rate being half of that in the lit­
toral parts of Lake Komořany (Bešta et al., 2015; Jankovská and 
Pokorný, 2013). Disturbances in the stratigraphic record are dif­
ficult to detect unless an abrupt hiatus is evident in the lithologi-
cal, geochemical, 1 4 C , diatom or pollen data (Whitmore et al., 
1996). Based on our data, the fairly continuous deposition from 
10 to 3.2ka BP is analogous to the constant sedimentation pro­
cess in lake littorals for the 9 .1^ .7ka BP period (Bešta et al., 
2015) with an abrupt interruption in PAZ-2 recorded in P K - l - C . 
Short-term hiatuses probably may not change the interpretations 
of our time resolution (~50-150yr/sample). Another limit comes 
from the use of bulk sediment for A M S 1 4 C dating. Any hard-
water effect was of minor importance since L O I 9 5 0 < 3 % suggests 
a negligible content of carbonates in the sediment. Moreover, 
Lake Komořany lacks environmental factors which would influ­
ence A M S 1 4 C dating of soft water sediments (Bjorck and 
Wohlfarth, 2001). Factors causing an offset between A M S 1 4 C 
dates of terrestrial macrofossils and bulk sediment, such as 
increased input of allochthonous material (Gasiorowski, 2008), 
major sediment redistribution (Whitmore et al., 1996) or oxygen 
deficiency (Barnekow et a l , 1998), were documented in P K - l - C 
only in the early-Holocene, and the corresponding 1 4 C date was 
excluded from the deposition model. Although most circum­
stances support a negligible reservoir effect (Willemse, 2002), 
the chronological interpretations were made with an awareness 
of possible errors. 

Development in early-Holocene 

Lake-level shifts often forced by climate changes (Eusterhues 
et a l , 2002; Finsinger et a l , 2010; Kalis et a l , 2003; Magny 

et al., 2009, 2013) are recorded in Lake Komořany due to the 
different ages of the start and end of sedimentation of the lake 
deposits at different locations (Bešta et a l , 2015; Jankovská and 
Pokorný, 2013; Losert, 1940). The start of sedimentation in the 
P K - l - C section is dated to ca. 11.2ka BP (Table 1), which is 
synchronous with warming after the 11,4-ka event recorded in 
the Greenland D Y E - 3 , GRIP and NGRIP ice cores (Kobashi 
et al., 2008; Rasmussen et a l , 2007, 2014) tentatively equal to 
the 'Preboreal Oscillation' (Hoek and Bos, 2007). This transition 
was linked with enhanced humidity in N W Europe (Bos et a l , 
2007) and possibly coincided with phases of high water levels in 
west-central European (WCE) lakes (Magny, 2004). The recon­
structed lake-level rise in Lake Komořany coincides with an 
increase in Corylus pollen abundance (PAZ 1, Figure 3). We sug­
gest that the warmer but also more humid phase at ca. 11.2ka BP 
facilitated a spread of this thermophilous tree taxa in the area 
before the spread of a 'Preboreal dry phase' in C E after 11.16ka 
BP (Kalis et a l , 2003; Kulesza et a l , 2012; Theuerkauf et a l , 
2014). The start of this dry period was perhaps linked to distinct 
redeposition events and changes in the aquatic environment (e.g. 
lowering of the water level and periodic desiccation) in PAZ-2 as 
supported by identification of some 15% of pollen grains of Ter­
tiary origin, low pollen concentration, presence of rather dam­
aged pollen grains (Figure 3), an outlier date of a gyttja sample 
(Table 1), fluctuation in diatom spectra, eutrophic-hypereutro-
phic conditions according to DI-TP and TP concentrations and an 
environment sensitive to hypolimnetic oxygen concentrations 
using Fe/Mn ratios (Figure 4) and chironomid analysis (Figure 
5). Disturbed deposition in early-Holocene sediments is known 
from numerous C E lakes (Fajer et a l , 2012; Losert, 1940; Ral-
ska-Jasiewiczowa et al., 1998; Rudolph, 1926). Based on our 
results, we expect there was a rather warm, shallow and marshy 
aquatic environment with anoxic conditions from 11.0 to 1 O.Oka 
BP. A significant change to more stable conditions was recorded 
in the lake environment starting at 10.Oka BP (Figure 3 and 4), 
and which bordered the period of further expansion of other ther­
mophilous tree taxa in the vicinity of Lake Komořany (Figure 3), 
which is in accordance with data from other C E sites (Ralska-
Jasiewiczowa et a l , 1998; Theuerkauf et a l , 2014). The less sig­
nificant decrease in temperatures was reconstructed in 9.5-9.2 ka 
BP (Figure 6), which is synchronous with a cool and wet phase in 
9.5-9.2ka BP and glacier advances reconstructed in the alpine 
region in the period from 9.6 to 9.3 ka BP (Joerin et a l , 2006; 
Schmidt et a l , 2006). A significant rise in temperature recon­
structed according to a macrophysical climate model ( M C M ) in 
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Pannonian lowlands after 9.5 ka BP (Kunes et al., 2015) may be 
also influenced by the Atlantic climate and connected with a 9.3-
ka event described in Rasmussen et al. (2007). The reconstructed 
temperature shift was followed by changes in the lake environ­
ment at 9.2ka BP (Figure 4). Halophilous diatoms were suc­
ceeded by an increased abundance of benthic ones pointing to the 
increased contribution of the littoral species pool to the recorded 
spectrum after 9.1 ka BP (Figure 4). This corresponds with the 
onset of lacustrine sedimentation at the site of the P K - l - C H core 
(Besta et al., 2015) implying lake expansion, particularly of its 
extended littorals. To summarize, the influence of the Atlantic 
climate, especially the short-term '11.4, and 9.3 events', was 
probably reflected in processes in continental and lowland Lake 
Komofany. 

Changing lake in a stable climate in 9. l-6.5ka BP 

A stable climate defined by low precipitation rates prevailed until 
6.5 ka BP with lacustrine alternations at 8.4ka BP. Even though we 
cannot exclude there being a shift in our dating model and that these 
alternations actually correspond to the '8.2-ka event', we suppose 
that the boundary between the early-Holocene and middle-Holocene 
is not reflected by any analysed proxy similar to the climate recon­
structions from W C E (Litt et a l , 2009). Moreover, synchronicity 
with the beginning of the Holocene optimum at 8.5 ka BP in the 
mid-northern latitudes of Europe (Litt et a l , 2009) and wetter cli­
mate in Germany from 7.5 to 6.3 ka BP (Kalis et a l , 2003) are not 
reflected by our data. Pollen of Hedera and Viscum are the only indi­
cators of elevated temperatures in the 9.1-6.5 ka BP period. 

The spread of water macrophytes in Lake Komofany at 8.4-
8.3 ka BP correlates with an increased abundance of chironomid 
species bound to aquatic plants (Figure 5). Even though the distri­
bution of aquatic plant taxa reflect increased temperatures (Vali-
ranta et al., 2015) and human activities (Karg, 2006), it is often 
driven by the availability of suitable habitats consisting of shal­
low, eutrophic standing water (Schofield and Bunting, 2005). The 
increased abundance of aquatic species in the pollen record 
reflects most probably their spatial distribution and close proxim­
ity of littorals (Davis and Brubaker, 1973; Davis et a l , 1971). 
This interpretation, along with a decrease in the contribution of 
littorals to the recorded diatom spectra in the 8.3-6.5 ka BP period 
(Figures 3 and 4), implies that the lake area was smaller in this 
interval. The lack of macrofossils indicates that the location of the 
core was not directly by the location of the lake shore during the 
8.2-6.5 ka BP period (Figure 6). Correlation with a low number of 
poorly preserved chironomid HCs indicates mixing of the water 
column with the absence of anoxic conditions (Naeher et a l , 
2013) and transport of mixed material towards a downwind 
shoreline (Grelsson and Nilsson, 1991; Sarneel et a l , 2014). 

Climatic optimum in 6.5-4.8 ka BP 

A moist and warm climate (Figure 6) corresponds with the more 
expanded lake area in 6.5^1.8ka BP. This is based on our data 
corresponding to previously described assumptions and inferred 
from lithology and pollen data (Losert, 1940). Moreover, a local 
lack of macrophytes growing in the littorals is indicated by the 
increased count of Chara oospores (Figure 5) pointing to trans­
parent water (Harmon and Gaillard, 1997). Our climate data are in 
agreement with reconstructed increased precipitation between 
time points at 7, 6 and 5ka BP for a site close to Lake Komofany 
(Mauri et a l , 2015) and in nearby lowland areas (Mondsee, 6.5-
4.5ka; Balaton, 5.6-5.Oka BP) which peaked at 5ka BP (Korpo-
nai et a l , 2010; Swierczynski et al., 2013). But such data are not 
fully consistent in C E lowlands, as increased aridity has been 
reconstructed elsewhere ( M C M , Vracov, 9.5-5.5ka BP; multiple 
sites in Germany after 6.3 ka BP; Kalis et a l , 2003; Kunes et a l , 
2015). There was a more variable climate in W C E (Arbogast 

et al., 2006; Baier et al., 2004; Magny, 2004) and the alpine region 
(Joerin et a l , 2006; Patzelt, 1977; Swierczynski et al., 2013), even 
though some described climate fluctuations are considered to be 
rather minor in the longer time horizon (Ivy-Ochs et al., 2009). 
But since our data are synchronous to the significant changes 
reconstructed in the area of a nearby Lake Vracov, based on a 
R E V E A L S estimated vegetation (e.g. increase in Corylus abun­
dance), and are not reflected by the used M C M (Kuneš et al., 
2015), further studies are needed. 

The late-Holocene and a collapse in the landscape 

Decreases in the reconstructed temperature and the lake level were 
initiated starting in 4.8/4.7 ka BP, before a climatostratigraphical 
boundary for the onset of the late-Holocene in 4.2 ka BP (Walker 
et a l , 2012), but occur after a temperature drop in W E and W C E 
in 5ka BP (Davis et a l , 2003; Litt et a l , 2009). The reconstructed 
changes temporally coincide with an event of clustering changes in 
European pollen diagrams identified by Giesecke et al. (2011). The 
drop in the Lake Komofany water level is synchronously recorded 
in the P K - l - C H core resulting in the cessation of gyttja sedimenta­
tion in 4.1ka BP (Bešta et a l , 2015). In P K - l - C , this water level 
decrease was deduced from the increased abundance of water mac­
rophytes and littoral species in the pollen (Figure 3) and macrofos-
sil spectra (Figure 5). Almost 100% of the chironomid species were 
associated with the macrophytes implying their extremely dense 
overgrowth (Figure 5). Two phases of reduced littorals are recon­
structed for the 4.7-3.9 and 3.5-3.2ka BP periods based on the 
diverse proportions of benthic and euplanktonic diatoms (Figure 4). 
These phases correspond to less distinct climate shifts in 3.8 and 
3.5ka BP (Figure 6). Climate deterioration starting in 3.8ka BP cor­
responds with increased human impact in the region as inferred 
from increased AI abundance (Figure 3). Eutrophication and 
increased content of organic matter developed from 3.5ka BP 
onwards (Figure 4). As in the case of the significant change in veg­
etation cover connected with the development of gradual soil acidi­
fication in 4.7 ka BP leading to a complete collapse in the sandstone 
landscape (Pokorný and Kuneš, 2005), we consider that the syn­
chronously starting process of lake transgression is a multifactorial 
process that was not straightforwardly caused by climatic changes. 
We suggest that it was affected by climate, but it might also have 
been induced by humans with a significant time lag and connected 
with the ongoing deforestation in the catchment area starting from 
5.5ka BP. Even though the A P / N A P ratio remained constant, the 
pollen curve of Plantago lanceolata pointed to the expansion of 
dry grasslands (Poschlod and Baumann, 2010) caused by the 
increased influence of grazing (Behre, 1981). 

Conclusion 
Synchronicity in the external climate and local lacustrine changes 
was documented in the Holocene record of the large and shallow 
Lake Komofany located in a semi-continental lowland of CE. 
Water surface area extension reacted to short-term climate events 
in the early-Holocene, namely to warming after the '11.4 and 
9.3ka events'. Long-term trends in the Holocene climate, recon­
structed from the pollen record of the P K - l - C core, indicate rela­
tively dry conditions and stable mean annual temperatures 
between 9.1 and 6.5ka BP and do not reflect the '8.2-ka event'. 
The traditionally considered 'climatic optimum' probably did not 
start until 6.5ka BP, having its peak centred to the 6.3^1.8ka BP 
period. The reconstructed warm and wet climate corresponded to 
the largest lake area. Despite a humid and warm climate, dry 
grasslands expanded from 5.5ka BP onwards, thus being proba­
bly caused by human impact. One of the most significant changes 
was dated to 4.8/4.7 ka BP and resulted in the reduction of the lake 
surface area. This event was connected with a decrease in mean 
annual temperature. No climate changes were reconstructed at the 
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middle-Holocene-late-Holocene boundary at 4.2 ka BP. A less 
distinct drop in mean annual precipitations and temperature 
occurred at 3.8ka BP, along with the record of increased human 
impact. Further reduction in the lake area corresponded to less 
distinct climate changes, an increase in temperature and a decrease 
in precipitation at 3.5 ka BP. 

Three major phases of Lake Komořany were distinguished. 
The character of the lake environment was rather warm, shallow, 
eutrophic, anoxic and marshy in the period of 11.2-10.0ka BP. 
Relatively stable conditions prevailed in the period of 9.1^1.7ka 
BP, pointing to the most extensive lake area possessing transparent 
water from 6.5 to 4.8 ka BP. The reduction of the lake area started 
at 4.7, continued at 3.5ka BP and affected the trophic status. 
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Abstract Wet sediments of a former water reservoir 
were discovered during an archaeological rescue 
excavation. Vegetation and environmental changes 
taking place in the mediaeval suburbs of Prague, Czech 
Republic, from the tenth to the middle of the fourteenth 
century were investigated. The origin and function of 
the water reservoir was revealed using a multi-proxy 
approach that combined the results of macrofossil, 
pollen, diatom, antracological, archaeo-zoological and 
sedimentological analyses. Gradual changes of the 
surrounding vegetation were documented. Field indi­
cators increased in time, whereas proportions of broad-
leaf trees and shrubs decreased; proportions of ruderal 
plants increased continually. A gradual decline of 

semi-natural hygrophilous vegetation was accompa­
nied by an inverse tendency in trampled vegetation. A l l 
these trends indicate an intensification of human 
activity around the pool. A similar intensification of 
anthropogenic influence is clearly visible in the 
development of the aquatic environment. According 
to the diatom composition, the base of the profile is the 
result of sedimentation in considerably oligotrophic 
conditions. A successive deterioration of water quality 
was documented by various organisms (diatoms, green 
algae, water macrophyta, fishes and intestinal para­
sites). The high content of dissolved nutrients, prob­
ably connected with anoxia, could have caused the 
disappearance of both diatoms and fishes. 
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Introduction 

Fish farming has a long and rich tradition in the Czech 
lands. The spreading of carp (and knowledge of carp 
breeding) was probably connected with cultural influ­
ences coming from West Europe (Makowiecki, 2001). 
The progressive development of fishpond building in 
thirteenth century further culminated in fifteenth to 
sixteenth centuries (Hurt, 1960; Andreska, 1987; Citek 
et al., 1998). However, there are indications that some 
kind of artificial water reservoirs containing fishes 
existed here already before the introduction of the carp 
fishponds. Sporadic written sources (mostly chronicles 
and legends) mention 'fishponds' already in tenth to 
eleventh centuries. The oldest known reference is 
traditionally being identified with a ceased Mediaeval 
village called Rybník (the Czech meaning of its name 
is 'the Fishpond') once located in the area of today's 
New Town of Prague. The Rybník village was first 
mentioned in 993 in the Donation Deed of the Břevnov 
Monastery, obliging that the monastery receives tithes 
from all fields belonging to this village (called Ribnyk 
in the original Latin text). 

A range of palaeoenvironmental techniques was 
used to study sediments which were supposed to be 
remnants of a pool once connected with the Rybník 
village. Among others, diatom analysis and the 
presence of eggs of intestinal parasites were included 
in the presented research. Structure of diatom com­
munity is tightly linked with changes in aquatic 
environment (e.g. Battarbee, 1986) and the rate of 
artificial pollution has been traditionally expressed in 
the index of saprobity (Sládeček, 1986). The presence 
of eggs of intestinal parasites has been used as an 
indicator of pollution by faeces (Bosi et al., 2011). 

Combination of several techniques, above all 
palynology, anthracology and analysis of plant 
macro-remains were used for reconstruction of both 
aquatic and terrestrial vegetation. These analyses 
already proved their reliability within the palaeoeco-
logical and archaeobotanical research (e.g. Smol et al., 
2001). Each of these methods naturally has its own 
advantages as well as limits resulting from different 
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source areas of material, taphonomy and different 
determination levels (for more details see e.g. Birks & 
Birks, 2006; Gaillard, 2007; Novák et a l , 2012; 
Théry-Parisot et al., 2010); therefore, it is advisable to 
combine them (for some examples see Sadori et a l , 
2010 or Šwieta-Musznicka et al., 2013). 

Good examples of former water reservoirs studied 
using multi-proxy techniques are investigations of 
late-Glacial to early-Holocene Lake Svarcenberk 
(Pokorný, 2002) or a cistern at the pre-Roman Iron 
Age hillfort Vladař (Pokorný et al., 2006) as well as a 
Holocene profile from the Režabinec fishpond (Ry­
bníčková & Rybníček, 1985). However, there are not 
many palaeoenvironmental studies dealing with Medi­
aeval fishponds. Several fishponds were investigated 
in Germany (Hellwig, 1997; Rosch, 1999, 2012). 
Sediments of Mediaeval fishpond Vajgar (Jindřichův 
Hradec, Czech Republic), established at the thirteenth 
century, reflect Mediaeval colonization as well as the 
development of the fishpond until recent times (Jan-
kovská & Pokorný, 2002). 

The study site 

The foundation of the New Town of Prague in 1348 
had probably posed prominent changes in the envi­
ronment of the Mediaeval town's suburbs. According 
to its Foundation Deed, the New Town was established 
in a suburban area, where 'villages, gardens and fields 
had been located'. We attempt to examine what the 
vegetation character of these suburbs must have been 
like before the site changed to one of building and 
construction. 

The New Town of Prague (as well as the Old Town 
of Prague) is situated on the right bank of the Vltava 
River (Fig. 1). The morphology and character of its 
original terrain, as well as its hydrology, was directly 
influenced by a system of several riverine terraces, 
deposited here within the Pleistocene. According to 
many archaeological records, several moist depres­
sions and a rather dense network of brooks were 
evidenced in the area outside the Old Town walls 
(Kaštovský et a l , 1999; Starec, 2005; Kašpar, 2007; 
Starec et al., 2012). The moist depressions were later 
filled in with the town's domestic waste and likely 
disappeared even before the foundation of the New 
Town (Hrdlička, 1984, 1997). The permanently moist 
sediments of these features represent an optimal 
environment for the preservation of both plant 
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Fig. 1 Schematic representation of the surroundings of the Old 
town of Prague before 1348. The boundary of the New town of 
Prague is indicated by dotted line. The former settlements' 
positions are marked by dashed lines. The supposed position of 
Rybnik village is marked by an arrow. The course of the Vltava 
River {grey) corresponds to the recent situation. Redrawn 
according to Mencl (1969) 

macrofossils and pollen grains. However, the waste 
origin of these deposits makes the interpretation of the 
performed archaeobotanical analyses difficult, as the 
plant assemblages represent an inseparable mixture of 
material from several sources. 

Having the intention to reconstruct the character of 
the area's original vegetation, we needed to analyse a 
different type of sediment, namely the sediment of a 
water reservoir that had resulted from a natural 
sedimentation process. In 2009, such sediment was 
found during a rescue archaeological excavation in the 
cellar of the house V Tůních no. 1625/11 (the 
excavation being directed by P. Starec, Prague City 
Museum). The formation of grey clay layers was 
preliminarily interpreted as the lacustrine sediments of 
a former pool, promising good preservation of biofacts 
in the waterlogged conditions. These sediments (and 
the pool) could have been related to the ceased 
Mediaeval village Rybník (see above). Archaeological 
evidence (Kašpar, 2003) supports the existence of the 
village at a location to the northwest of the investi­
gation site between at least the eleventh and thirteenth 
century (Figs. 1, 2). 

Our aims are to describe the vegetation of the 
Mediaeval Old Town of Prague's suburbs and to 
consider the environmental changes that have occurred 

Fig. 2 Surroundings of the excavation site including positions 
of individual profiles mentioned in the text. The Romanesque 
rotunda of Saint Stephen (Saint Longinus today) represented the 
religious centre of the Rybnik settlement. A section of a former 
stream {grey) was documented archaeologically by Kašpar 
(2007). The supposed direction of the stream (according to the 
present-day slope direction) is shown by an arrow 

before the mid-fourteenth century. The second aim of 
this study is to reveal the origin and function of the 
investigated water reservoir. 

Materials and methods 

A trench 1 m wide and approximately 1 m deep had 
been dug out during the reconstruction of a basement 
(canalisation trench) of the house V Tůních no. 
1625/11. Four profiles, placed subsequently on the line 
of the trench, and one additional profile placed within 
the static test pit, were studied (for the position of 
individual profiles, see Fig. 2). As all the encountered 
sediments were waterlogged, sediment samples taken 
from individual layers were wet sieved to obtain 
biological remains (seeds, charcoal pieces, animal 
bones, etc.) Two sieves of 1 mm and 0.25 mm were 
used, sample volumes varying from 0.5 to 3 1. 
Fragments of wood and animal remains (bones of 
large- and medium-sized mammals, mussels) when 
encountered during the excavation were also analysed. 

For a more detailed approach, a box profile one 
metre in length was taken within the profile A20 (the 
longest of the profiles investigated). Sub-samples of 
1 cm 3 were taken for pollen and diatom analyses at 
5 cm intervals. In the lowermost part of the profile, the 
sampling frequency was increased. The remaining 
sediment was then divided into 5-cm sections (approx. 
0.5 1 each) and wet sieved to obtain plant macrofossils 
and fish remains. Three sub-samples for radiocarbon 
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dating were also taken from this profile. Radiocarbon 
( 1 4 C AMS) dating was undertaken using selected 
Chenopodium album seeds by the laboratory CAIS, 
USA (Center for Applied Isotope Studies, University 
of Georgia). Calibration of radiocarbon data, based on 
the calibration curve IntCal 09 (Reimer et a l , 2009), 
was performed using the application OxCal 4.1.6 
(Ramsey et a l , 2010). 

The wet-sieved and dried material was sorted under 
a binocular microscope and the plant seed/fruit 
remains were identified in the whole volume, using 
both a reference collection (Department of Botany, 
Faculty of Science, Charles University in Prague) and 
determination literature (Katz et al., 1965; Cappers 
et a l , 2006). The results of the carpological analysis 
were processed using the ArboDatMulti database 
programme (Kreuz & Schäfer, 2002) and became a 
part of the Czech archaeobotanical database C Z A D 
(Pokorná et al., 2011). The nomenclature used in the 
following text was based on Kubát et al. (2002) 
(vascular plants) and Chytrý & Tichý (2003) (vege­
tation units). 

Pollen grains from sub-samples (1 g) were 
extracted by chemical treatment according to Faegri 
& Iversen (1989) including boiling in 10% KOH, 
sieving, acetolysis and treatment in 40% HF to remove 
silica. Lycopodium spores of a known quantity were 
added to each sample in order to determine the 
absolute pollen concentration (Stockmarr, 1971). 
Pollen grains were counted under a light microscope 
at a magnification of 400-1000 x. A minimum of 500 
pollen determinations (where possible) were made for 
every sample. Taxonomie identifications followed 
Punt (1976), Punt & Blackmore (1991), Punt & Clarke 
(1980, 1981, 1984), Punt et al. (1988, 1995, 2003, 
2009), and Beug (2004). The presence of non-pollen 
palynomorphs (e.g. intestinal parasite eggs, algal and 
invertebrate remains) was recorded (Komárek & 
Jankovská, 2001; van Geel, 2001); their quantification 
was related to the total pollen count. Data were 
processed using Tilia 1.5.12. software (Grimm, 2011). 
The diversity of pollen spectra was expressed using 
the Shannon index (Shannon, 1948). 

The charcoal and wood analyses were performed 
only on the largest fraction of fragments (>2 mm). 
Charcoal pieces were identified using an episcopic 
interference microscope (Nikon Eclipse 80i) with a 

200-500 x magnification. The reference collection 
(Laboratory of Archaeobotany and Paleoecology in 
České Budějovice) was used for determination. In 
addition, standard identification keys were also used 
(Schweingruber, 1990; Heiss, 2000). 

The analysis of diatoms was based on methods 
described by Battarbee (1986). Permanent slides were 
prepared using hydrogen peroxide for digestion, and 
Pleurax as a mounting medium (Fott, 1954). Frustules 
were counted using a light microscope at a magnifi­
cation of lOOOx. A minimum of 400 valves were 
counted per slide with the exception of the deepest 
sample where the total only reached 99 valves due to 
the low concentration of frustules in the sediment. 
Taxonomie identifications primarily followed Siis-
swasserflora von Mitteleuropa (Krammer & Lange-
Bertalot, 1986, 1988, 1991a, b). Calculation of 
saprobic indices was based on values of species-
specific weights and saprobic indices stated in 
Sládeček (1986) with corrections proposed by Marvan 
(unpublished). 

Small fish remains (predominantly scales, pharyn­
geal teeth and vertebrae) recovered by wet sieving 
were identified using a fish skeleton reference collec­
tion (Laboratory of Archaeobotany and Paleoecology 
in České Budějovice) and determination literature 
(Baruš & Oliva, 1995; Radu, 2005; Wheeler & Jones, 
2009). Fish remains were identified to the lowest 
taxonomie level possible. The evaluation of represen­
tative taxa was calculated using the number of 
identified specimens (NISP). For the determination 
of aquatic bivalve molluscs, Pfleger (1988) and Beran 
(1998) were used. An overview of the identification of 
mammalian bones is summarized elsewhere (Kovači-
ková, unpublished report). 

A CONISS cluster analysis (Grimm, 1987) and 
determination of significant pollen accumulation 
zones (PAZ) based on the broken stick model (Mac-
Arthur, 1957, Legendre & Legendre, 1998) were 
performed using package Rioja (Juggins, 2009) in R 
2.11.0 (R Development Core Team, 2010). Canonical 
correspondence analysis (CCA) of pollen data was 
realized in the package Vegan (Oksanen et al., 2010). 
Affiliation of the samples to particular sediment layers 
was used as an environmental factor. Both cluster and 
C C A analyses were performed on square root trans­
formed data. 
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Results 

General features 

Three main vertically positioned zones were distin­
guished within the whole profile according to their 
sedimentary structure and the presence or absence of 
ecofacts indicating the aquatic environment (Fig. 3, 
Table 1). Zone 1 overlies the bedrock formed by the 
Older Palaeozoic marine sediments of the Prague 
Basin (Barrandien). The gradual decrease of its 
thickness towards the northwest implies that it could 
represent deluvio-fluvial sediments transported to the 
site from the Vinohrady terrace (the edge of this 
riverine terrace of Pleistocene origin is about 150 m to 
the southeast). Zone 2 surely represents the aquatic 
phase of the sedimentation (for more details see 

below). Zone 3 delineates a well-marked sedimentary 
stratification, probably the result of an outwash 
erosion of psammitic material and its subsequent 
deposition in the water reservoir. 

Within the archaeozoological assemblage, 82.6% 
(NISP = 166) of the total remains (N = 201) have 
been identified as fish (the remains comprising bones, 
teeth and scales). Scales (both cycloid and ctenoid) 
and their fragments dominated (55.2% of total finds of 
fish remains). The identified species included tench 
(Tinea tinea), chub (Leuciscus cephalus), bleak (Al-
burnus alburnus) and roach (Rutilus rutilus). The 
ctenoid scales are typical of the order Perciformes. 
From this order, we take into consideration the 
following species: European perch (Perca fluviatilis), 
pike-perch (Sander lucioperca) or ruffe (Gymnoceph-
alus cernuus). For the environmental demands of the 
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Table 1 General description of individual zones distinguished within the profile A20 

Zone Mineralogical description Ecofacts presence 

1 Sandy layers with bulky quartz and quartzite fluvial boulders 

2 Grey dusty clays with high admixture of organic material, 
classified by its character and stratigraphic position as 
sediments of a pool with standing water 

A thick formation consisting of sand with stripes of grey 
dusty clay in the upper part of the profiles 

Very low concentrations of plant macro-remains and no fish 
remains 

Frequent presence of various indicators of water phase: seeds 
of various species of aquatic plants (Z. pallustris, 
Potamogeton spp., C. and Lemna minor/gibba), fish 
remains, mussels, Cladocera, Charales, coccal green algae 
and diatoms 

No fish remains, seeds of Lemna minor/gibba in much lesser 
quantity than in the zone 2, no other aquatic plants 
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fishes (and other aquatic animals identified) see 
Table 2. 

Profile A20 

The profile A20 was used for more detailed investigation 
because it was the longest one, and also because the zone 
2 was the thickest one in this profile. For precise position 
of the two sampling boxes see Fig. 3. Three samples 
were chosen for dating using the radiocarbon method 
(see Table 3). The seeds of C. album were used in all 
cases. The lowermost layer of the profile was not suitable 
for dating because of a very low concentration of plant 
macro-remains (and the absence of the terrestrial ones). 
Therefore, the first sample was taken from the layer 180 
(10 cm above the bottom). The second sample was taken 
from the layer 178 (40 cm above the bottom). Those two 
dates delimit the duration of the sedimentation of the 
zone 2 between the end of 10th century and the first half 
of 14th century. The third sample for dating was located 
65 cm above the bottom (the zone 3, layer 161). This 
sample was chosen to determine the period of sedimen­
tation of the thin clayey layer between the sandy layers 
overlaying the aquatic sediments. 

Two significant pollen accumulation zones (PAZ) 
were determined using species with minimum abun­
dance of 3%. On the contrary, no significant PAZ 
occurred if all species were included. The classifica­
tion of A20 profile according to the sedimentologi-
cally defined layers was preferred, since the results of 
C C A analysis showed their significant (P < 0.05, 
39.1% of total explained variability) relation to the 
pollen samples composition. 

Layer 182 

The lowermost layer was characterised by an absence 
of pollen grains and a very low occurrence of plant 
macro-remains. However, Lemna minor/gibba, Zan-
nichellia palustris and several pieces of Salix branches 
were found here. 

Layer 181 

The concentration of plant macro-remains was still 
very low here; the pollen spectrum was composed 

Table 2 The environmental demands of fishes and other 
aquatic animals documented archaeo-zoologically 

Taxon Characteristics 

Fishes 

Rutilus rutilus 
roach—Cyprinidae 

Tinea tinea tench-
Cyprinidae 

Leuciscus cephalus 
chub—Cyprinidae 

Alburnus alburnus 
bleak—Cyprinidae 

Perciformes 

Mussels 

Anodonta/Unio 
mussel—Unionidae 

Cladocera 

Daphnia magna 

Daphnia pulex 

Prefers deeper water layers; young 
individuals stay in the shallows; 
the middle tolerance of oxygen 
dissolved in water; maximum 
length 40 cm 

Prefers warmer parts in shallow 
shore zone; able to tolerate low 
oxygen concentrations; present in 
both stagnant and slow-moving 
water, often in pools with muddy 
substrates, covered with abundant 
vegetation; maximum length 
30-63 cm 

Prefers indented bottoms and banks 
(it hides both between stones and 
under the undermined and 
overgrown shores); it tolerates 
slightly polluted water, i f the 
amount of dissolved oxygen is 
sufficient; maximum length 60 cm 

Occurs near the surface (superficial 
fish) of both stagnant and slow-
moving water, avoiding the parts 
overgrown by vegetation; 
maximum length 15-20 cm 

Three species could be expected 
within this family: Perca fluviatilis 
(European perch)—lakes of all 
types to medium-sized streams; 
Sander lucioperca (pike-perch)— 
large, turbid rivers and eutrophic 
lakes; and Gymnocephalus cernuus 
(ruffe)—bottom parts of both 
lacustrine and flowing waters 
(depths to 85 m) 

Mussels of family Unionidae occur 
mostly in slow-moving 
watercourses of different types as 
well as in stagnant water 

Typical zooplankton of various types 
of stagnant water; it tolerates 
highly polluted water; often being 
found in enormous amounts (up to 
2,000 individuals/L) 

In slightly polluted ponds and 
backwaters 
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Table 3 List of calibrated radiocarbon data originating from 
macro-remains of Chenopodium album separated from profile 
A20 

Sample layer <513C, %o 1 4 C age ± Calibrated 1 4 C 
ID age 

18_A20 180 -28.2 1060 B.P. 25 cal A . D . 
945-1023 

12_A20 178 -26.8 650 B.P. 25 cal A . D 
1282-1362 

07_A20 161 -27.5 980 B.P. 25 cal A . D 
.995-1154 

mainly of non-arboreal pollen (NAP). Following 
macrophytes were documented (both macro-remains 
and pollen): Alisma plantago-aquatica, L. minor/ 
gibba, Myriophyllum spicatum type, Potamogeton 
(P. natans type), Sparganium erectum type and Z. 
palustris. The diatom composition (Amphora pedicu-
lus, Gomphonema sarcophagus, G. angustatum s.L, 
Cymbella aspera, Navicula radiosa s.L and Planothi-
dium frequentissimum) indicates clean water (the 
index of saprobity equates to 1.2). Among the water 
algae, Charales, Pediastrum simplex and Tetraedron 
minimum were found. The resting eggs of Rotifers 
appeared here in low quantities, as well as ephippia of 
Daphnia cf. pulex. 

Among pollen of the terrestrial plants the family 
Poaceae dominated. Anthropogenic indicators (e.g. 
crops and numerous ruderal species) as well as grazing 
indicators (Plantago lanceolata and Calluna vulgaris) 
were recorded in the pollen spectrum. The arboreal/ 
non-arboreal pollen ratio (AP/NAP) equals 25%; 
charcoal of Quercus and small Salix branches were 
recorded. 

Layer 180 

The radiocarbon date from this layer has been 
calibrated and the resulting interval is A.D. 
945-1023 (see Table 3). The layer shows an increas­
ing concentration of macro-remains and pollen of 
aquatic macrophytes (Ceratophyllum demersum, 
Lemna and Potamogeton); green algae (T. minimum, 
P. simplex and Scenedesmus) were also abundant here. 
Fish bones and scales were found in high quantities 
(e.g. T. tinea, A. alburnus or L. cephalus) as well as 
mussel shells and ephippia of both Daphnia magna 
and D. cf. pulex. The composition of diatoms differed 

markedly from layer 181. Species with a low index of 
saprobity (A. pediculus and G. sarcophagus) remained 
only in minor quantities. A domination of Stephano-
discus hantzschii, Amphora veneta and Cocconeis 
placentula v. euglypta (species with an index of 
saprobity above 2), along with Achnanthidium minu-
tissimum, Hippodonta capitata, Lemnicola hungarica 
and Nitzschia fonticola was recorded. 

Among terrestrial plants, hygrophilous vegetation 
and wet meadows were indicated (e.g. Carex, Juncus, 
Lysimachia vulgaris type, Lythrum salicaria type, 
Persicaria hydropiper, Ranunculus sceleratus, R. 
acris group, Urtica dioica type and Scirpus sylvati-
cus). The abundance of pollen types of the family 
Poaceae and genus Artemisia decreased in contrast to 
the increasing percentage of anthropogenic indicators 
(Polygonum aviculare, Chenopodium spp., Rumex 
acetosa type and the family Brassicaceae). Aside from 
other cereal species, a presence of Secale cereale 
pollen was recorded. Three bones of large mammals 
were also found here. AP/NAP remained similar to the 
previous layer. 

Layer 179 

The layer was characterised by a high number of 
pollen types and a high absolute concentration of 
pollen grains. Also the concentration (above 500/1) of 
plant macro-remains and the number of determined 
plant species (46 taxa) reached their maximum here. 
Lemna dominated among aquatic macrophytes; C. 
demersum, M. spicatum type, Potamogeton and Z. 
palustris were abundant too. The number of fish 
remains (Cyprinidae and Perciformes) also reached its 
maximum as well as the ephippia of both Daphnia 
species. Both green algae and diatoms showed a very 
similar species composition to that in layer 180. 

Hygrophilous plant species were also abundant here 
(Bidens tripartita type, Eleocharis palustris aggr., 
Lycopus europaeus, P. hydropiper, P. lapathifolia, R. 
sceleratus and cf. Solanum dulcamara). However, 
Alisma plantago-aquatica type and S. erectum type 
decreased in the pollen spectrum. Wet meadows were 
represented by Chaerophyllum hirsutum type, Filipen-
dula type, Juncus, Lychnis flos-c\xc\x\i, Peucedanum 
palustre type, R. acris group, R. flammula group, S. 
sylvaticus and Valeriana officinalis type. 

Field crops (Horedeum type, Triticum type, Avena 
type and S. cereale) and weeds as well as ruderal taxa 
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(e.g. Artemisia type, Anthemis arvensis type, Brassi-
caceae, Chenopodiaceae, P. aviculare type and R. 
acetosa type) were documented in pollen. Abundance 
of Poaceae and P. lanceolata (grazing indicator) was 
recorded. Among the macro-remains, the following 
weeds were found: Agrostemma githago, Anthemis 
cotula, Chenopodium spp., Polycnemum arvense, 
Thlaspi arvense and Valerianella dentata. Compared 
to layer 180, P. aviculare, C. album and U. dioica 
macro-remains slightly increased. One seed of Cuc-
umis melo/sativus and a glume of Panicum miliaceum 
were found here, as well as macro-remains of edible 
wild species: Rubus idaeus, Rubusfruticosus aggr., cf. 
Fragaria, Sambucus nigra and Corylus avellana. 

Tree species composition in the pollen spectrum 
remained similar to the previous layer; however, 
Fraxinus type and Acer type appeared here. Besides, 
occurrence of rare taxa such as Prunus type and 
Cornus mas type was recorded. Salix pollen grains 
disappeared in contrast to many small pieces of Salix 
branches found here. This layer contained a high 
amount of charcoal fragments of Quercus, Pinus 
sylvestris and Fagus sylvatica. Fragments of wood of 
P. sylvestris were quite abundant and some scarce 
occurrences of Abies alba wood were also recorded. 

Layer 178 

The radiocarbon date from this layer is cal. A.D. 
1282-1362 (see Table 3). It was still rich in both plant 
macro-remains and pollen types; however, the number 
of fish remains decreased markedly. Lemna and Z. 
palustris remained at comparable high concentrations 
as in the previous layer. On the contrary, the macro-
remains of Potamogeton decreased rapidly. A l l the 
diatom species disappeared in this layer, as well as the 
green algae (with the single exception of P. simplex). 
Ephippia of Daphnia cf. pulex disappeared and the D. 
magna concentration decreased. The occurrence of 
parasite eggs of Trichuris was firstly recorded from the 
upper half of this layer. 

Macro-remains of hygrophilous plant species 
decreased compared to the previous layer (both the 
number of species and concentration). The indicators 
of wet meadows nearly disappeared here, also the 
pollen ratio of Poaceae decreased. Among the grass­
land species, only those of dry grasslands (Festuco-
Brometea) remained present (macro-remains of Are-
naria serpyllifolia and Hypericum perforatum). On the 
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other hand, the abundance of pollen of field crops 
increased, as well as P. aviculare type (indicator of 
trampled vegetation). Also the concentration of C. 
album increased markedly in this layer. Weeds were 
represented by A. arvensis, Centaurea cyanus, C. 
ficifolium, Consolida ambigua type, Euphorbia he-
lioscopia, Fumaria officinalis, Papaver rhoeas type, 
P. arvense, T. arvense and Stellaria media. One seed 
of cf. Vitis vinifera and two bones from a large 
mammal were found here. 

Layer 162 

Contrarily to the previous clayey layers, this layer was 
characterised by a high admixture of sand. Concen­
tration of both plant macro-remains and pollen 
decreased markedly here. Further, the pollen curves 
based on the absolute values of all woody species were 
lowered. However, the percentage diagram shows an 
increase in the AP/NAP ratio. This is based on an 
increase in the Pinus proportion in the layers with a 
sand admixture. 

Remains of aquatic macrophytes as well as 
hygrophilous plants nearly disappeared in this layer 
(with exception of Lemna and R. sceleratus), also 
Daphnia magna and rotifers became scarce here, and 
only two fish bones of Cyprinidae were found. On the 
other hand, the macro-remains of ruderal plants 
increased their concentration; this trend was most 
prominent in C. album, C. hybridum and Sambucus 
ebulus. The composition of root crop weeds was very 
similar to that of layer 178, whereas the macro-
remains of field weeds were very scarce. Among the 
NAP pollen curves, an increase in the abundance of 
Chenopodiaceae, P. aviculare type and C. cyanus was 
observed. 

Layer 161 

This layer differs from both the underlying and the 
overlaying layers in its sedimentological character. It 
represents a streak of grey dusty clay between shale 
and siliceous sands of the layers 162, 145 and 144. 

Radiocarbon date (Table 3) from this layer (after 
calibration) is A.D. 995-1154 (for more details, see 
"Discussion" section). In the pollen diagram, the total 
number of species (pollen types) decreased compared 
to previous layers as well as the number of plant 
species in the macro-remain assemblage. 
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The concentration of Lemna macro-remains was 
relatively high but no other aquatic macrophytes were 
encountered (except for 2 achenes of Alisma plantago-
aquatica). The following species of natural hygrophi-
lous habitats were found here: Carex, Juncus, Lemna, P. 
maculosa, R. aquatilis group, R. sceleratus, R. crispus/ 
obtusifolius, S. erectum and Typha latifolia. 

The macro-remains concentration of C. album (and 
other species of this genus) culminated here. Compo­
sition of the macro-remains of weeds was similar to 
the previous layers; on the other hand, indications of 
weeds such as Dipsacus fullonum type, Gnaphalium 
uliginosum type, Jasione montana type, Scleranthus 
annuus, Sedum type, Teucrium and Xanthium stru-
marium type appeared among the rare species in 
pollen spectra. The pollen of crops, weeds and ruderals 
as well as of species growing on highly disturbed areas 
increased in abundance in this layer. 

The abundance of almost all woody species in the 
pollen diagram decreased; however, the proportion of 
Pinus in the percentage pollen diagram increased 
(probably due to a sand admixture in the upper part of 
this layer). Among both charcoal and wood fragments, 
P. sylvestris dominated. 

Layers 145 and 144 

In both of these uppermost layers of the profile A20, 
the concentration of plant macro-remains decreased 
continually along with the number of determined taxa. 
The total number of pollen types also decreased. The 
only remaining aquatic species represented by macro-
remains was Lemna, while the only remaining 
hygrophilous species was R. sceleratus. The compo­
sition of species typical for ruderal habitats was 
extended by Atriplex and cf. Galeopsis tetrahit, in 
addition to the Chenopodium species and Sambucus 
ebulus found also in previous layers. Among the 
weeds, the only remaining species were F. officinalis 
and P. arvense (both in gradually decreasing concen­
trations). Glaucium corniculatum appeared for the first 
time in layer 144; two caryopses of S. cereale were 
also found in this layer. The dominant pollen type was 
P. aviculare, followed by species of the Poaceae, 
Chenopodiaceae, genus Artemisia and Rumex. The 
pollen of crops, ruderals, weeds and species of highly 
disturbed sites increased in abundance. By contrast, 
the abundance of pollen of woody species was very 
low here. 

Discussion 

The permanently moist sediments comprise optimal 
conditions for the preservation of environmental 
information. However, the majority of wet sediments 
obtained until now in the city of Prague have 
originated chiefly from pits or wells (Opravil, 1986, 
1994; Čulíková, 1987, 1998a, b, 2001a, b, 2005, 2008, 
2010), which represent an inseparable mixture of 
material of various origins (both natural and anthro­
pogenic). Indeed, it is difficult to find a suitable 
material in urban archaeology as the localities under 
focus are mostly completely built up. Any research of 
a former water reservoir located under recent build­
ings is rare (e.g. Hellwig, 1997; Sasaki & Takahara, 
2011; Starec et a l , 2012). Within the area of Prague, 
the only investigated wet sediments of more or less 
natural origin were those of the so-called Old Town 
defence system moat (Beneš et a l , 2002) and the 
alluvial sediments of the Vltava River backwaters 
(Kozáková & Pokorný, 2007; Čulíková 2010). 

Time extent of the sedimentation record 

The sediments investigated by this study were dated 
using the radiocarbon method (see Table 3). As for the 
lowermost part (first 6 cm) of the investigated profile 
A20, there were not enough macro-remains for dating. 
Moreover, this material contained almost no pollen; 
therefore, we cannot make any conclusion concerning 
the age of the oldest part of the profile. The first date 
(from the sample located 10 cm above the bottom) 
corresponds approximately to the oldest known refer­
ence to the Rybník village (tenth to eleventh century). 
The second date (thirteenth to fourteenth century) 
comes from the sample located 40 cm above the 
bottom. This material has probably sedimented shortly 
before the ending of the pond existence, which could 
be causally related to the demise of the Rybník village 
after the New Town foundation in 1348. This period 
was characterised by an extensive building activity in 
the neighbourhood. 

The third date (tenth to eleventh century) was 
obtained from the clayey layer 161, set between the 
sandy layers above the aquatic sediments. According to 
the correspondence analysis, this sample is much more 
similar to the samples from layer 178 than to the 
samples originated from the adjacent layers. There­
fore, we can assume that this material was the result of 
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redeposition of older sediment, perhaps connected 
with the later increased building activity at the site. 
Another explanation takes into consideration an out-
wash from some higher positions of the drainage area. 
Either way, this peculiar date must lead us to extreme 
caution when interpreting the upper half of the profile. 

Still, we consider the two dates from the lower half 
of the profile as being plausible. They are in accor­
dance with our expectations, the succession between 
them is uninterrupted, and the fragments of ceramic 
found between them correspond to the twelfth century. 
Besides, the emergence of C. cyanus pollen by the end 
of the tenth century and the gradual growth of its curve 
in the course of the following centuries accords with 
the results of other investigations in the Czech 
Republic (Jankovská, 1997; Kozáková et al., 2009). 

Vegetation types 

The classification of vascular plant species was based 
on the recent vegetation of the Czech Republic 
characterised by the diagnostic species (Chytrý & 
Tichý, 2003). The Following vegetational units were 
identified (see Table 4): aquatic vegetation, hygroph-
ilous herbaceous vegetation, hygrophilous woodland 
vegetation, grassland vegetation (meadows, pastures 
and dry grasslands), annual vegetation of ruderalised 
sites, and weeds. 

Aquatic vegetation 

Among aquatic macrophytes, the following species 
were documented: C. demersum, Lemna minor, M. 
spicatum, P. crispus, P. cf. natans and Z. palustris. 
Classes of Lemnetea and Potametea (Nymphaeion 
albae, Magnopotamion and Parvopotamion) could be 
identified according to the diagnostic species. These are 
common vegetation types of standing water extending 
nearly all over the world. Nevertheless, the macro-
remains of these species are not very common in other 
documented archaeobotanical assemblages from Pra­
gue. For a more detailed description of the development 
of the water environment of this site see the following 
section. 

Hygrophilous herbaceous vegetation 

The following species of hygrophilous herbs were 
found: Alisma plantago-aquatica, Bidens cernua, 
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Bidens cf. tripartita, Butomus umbellatus, E. palustris, 
G. uliginosum, L. europaeus, L. salicaria, P. hydro-
piper, R. sceleratus, Rorippa palustris, Saggitaria 
sagittifolia, S. erectum, Sparganium emersum and T. 
latifolia. Classes of Isoeto-Nanojuncetea (Eleochari-
tion ovateae), Phragmito-Magnocaricetea (Phragm-
ition communis and Oenanthion aquaticae) and 
Bidentetea tripartitae (Bidention tripartitae) could be 
identified according to the diagnostic species. 

The species of hygrophilous vegetation culminated 
(both quantitatively and qualitatively) in the lower half 
of the profile, and showed a decreasing tendency. This 
trend was prominent both in the macro-remains and 
pollen. These plants were probably growing on sites 
connected immediately with the pond. Similar vege­
tation was detected near a backwater in Malá Strana 
(Kozáková & Pokorný, 2007; Čulíková, 2010). Hove-
wer, Eleocharis and Lycopus have been found in 
nearly all sites in Mediaeval Prague, including pits 
(Opravil, 1986, 1994; Čulíková, 1998a, b, 2001a, b, 
2005, 2010). 

Hygrophilous woodland vegetation 

The following taxa of hygrophilous woodland vege­
tation were found: Salix, Alnus cf. glutinosa, Aegop-
odium podagraria, C. hirsutum, Fraxinus exelsior, cf. 
Myosoton aquaticum (Cerastium fontánům group), R. 
idaeus, Rumex crispuslobtusifolius, S. nigra and U. 
dioica. Classes of Salicetea purpureae (Salicion trian-
dreae) and Querco-Fagetea (Alnion incanae) could be 
identified according to the diagnostic species. 

These species were represented mostly by pollen or 
wood (charcoal). Only Rumex, Urtica, R. idaeus and S. 
nigra (edible fruits) were also found in the macro-
remains. This could be intepreted as a consequence of 
a situation when this type of vegetation was growing 
nearby, but not directly on the site. 

Wet meadows 

The following species (or pollen types) indicating wet 
meadows were found: Angelica sylvestris, Alchemilla 
pentaphyllea, Alnus, Caltha palustris, Carex cf. hirta, 
Carex cf. pallescens, C. hirsutum, Cichorium intybus 
type, Cirsium palustre type, Filipendula ulmaria, 
Geranium molle type, Heracleum sphondylium, 
Lathyrus, Leucanthemum vulgare aggr., Lychnis flos-
cuculi, L. vulgaris type, R. acris, R. repens, Rubiaceae, 
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Table 4 Vegetation units identified according to (recent) diagnostic species (classification of plant taxa into syntaxa follows Chytrý 
& Tichý 2003) based on finds of macro-remains 

Ecological groups 1 2 3 4 5 6 7 8 9 

Syntaxa A B C D E F G H I J K L M N O P Q R 

Aethusa cynapium 0 

Agrostemma githago X 

Ajuga cf. reptans 0 + 

Alisma plantago-aquatica + 0 

Anagallis arvensis + + 
Anthemis arvensis 0 

Anthemis cotula X 

Aphanes arvensis 0 

Arenaria serpyllifolia agg. 0 + 
Atriplex sp. 0 

Bidens cernua 0 

Bidens cf. tripartita + 0 

Bupleurum rotundifolium X 

Capsella bursa-pastoris + + 
Carex cf. hirta 0 

Carex cf. pallescens + 
Carex leporina 0 

Centaurea cyanus + 
Ceratophyllum demersum 0 0 . 

Chenopodium album agg. + + 
Chenopodium ficifolium 0 

Chenopodium hybridum + 
Chenopodium polyspermum 0 

Cirsium cf. palustre 0 + . 
Dianthus armeria/deltoides 0 

Echinochloa crus-galli 0 

Eleocharis palustris agg. 0 

Euphorbia helioscopia + + 
Fallopia convolvulus + + 
Filipendula ulmaria 0 + + . 
Fumaria officinalis 0 

cf. Galeopsis tetrahit + 
Geranium molle/collumbinum + 
Glaucium corniculatum X 

Herniaria glabra 0 

Hypericum perforatum + 0 

Juncus sp. + 0 

Lamium cf. amplexicaule 0 + 
Lapsana communis 0 + 
Lemna minor/gibba 0 + 0 

Leontodon autumnalis + 
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Table 4 continued 

Ecological groups 

Syntaxa 

1 2 3 4 

A B C D E F G 

7 8 

H I J K L M N O P Q R 

Leucanthemum vulgare agg. 

Lychnis flos-cuculi 

Lycopus europaeus 

cf. Myosoton aquaticum 

Myriophyllum cf. verticillatum 

Myriophyllum spicatum 

Neslia paniculata 

Papaver cf. rhoeas 

Persicaria hydropiper 

Persicaria lapathifolia agg. 

Persicaria maculosa 

Picris cf. hieracioides 

Polycnemum arvense 

Polygonum aviculare agg. 

Potamogeton cf. natans 

Potamogeton crispus 

Potentilla anserina 

Prunella vulgaris 

Ranunculus acris 

Ranunculus repens 

Ranunculus sceleratus 

Rorippa palustris 

Rubus idaeus 

Rumex cf. crispus 

Rumex cf. obtusifolius 

Sambucus ebulus 

Scirpus sylvaticus 

Scleranthus anuus 

Setaria cf. viridis 

Setaria pumila 

Silene cf. viscaria 

Solanum dulcamara 

cf. Sparganium erectum 

Stachys cf. annua 

Stellaria graminea 

Stellaria media agg. 

Taraxacum officinale agg. 

cf. Thalictrum flavum 

Thlaspi arvense 

cf. Typha latifolia 

Urtica dioica 

Urtica urens 

+ 
+ 

0 0 + 

o 

+ 

o 

+ 

o 

o 

+ o 

o 

o 

+ 
o 

o 

+ 

+ + 
o 

o + 

+ + + 

o + 

o + 
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Table 4 continued 

Ecological groups 1 2 3 4 5 6 7 8 9 

Syntaxa A B C D E F G H I J K L M N O P Q R 

Vaccaria hispanica . . . . . . . . . . . . . x . . . 

Valerianella dentata . . . . . . . . . . . . . o . . . 

Zannichellia palustris + . . . . . . . . . . . . . . . 

Ecological groups and the syntaxa relating to the various groups 

1 Aquatic vegetation. A , Lemnetea; B , Potametea 

2 Hygrophilous herbaceous vegetation. C, Eleocharion ovatae; D, Phragmition communis; E , Oenanthion aquaticae 

3 Ruderalised hygrophilous habitats. F, Bidention tripartitae 

4 Grassland vegetation (meadows, pastures and dry grasslands). G , Calthion; H , Arrhenatherion; I, Plantagini-Festucion ovinae; J, 
Festuco-Brometea; K , Violion caninae 

5 Trampled habitats. L , Plantaginetea majoris 

6 Annual vegetation of ruderalised sites. M , Chenopodietea (Fumario-Euphorbion, Spergulo-Oxalidion, Panico-Setarion) 

7 Crop weeds. N , Secalietea (Caucalidion lappulae, Sherardion, Veronico politae-Taraxacion, Aphanion) 

8 Hygrophilous woodland vegetation. O, Salicion triandrae; P, Alnion glutinosae; Q, Alnion incanae 

9 Trees. R, Querco-Fagetea 

+ Taxon occurs in the group 

o Taxon has its main occurrence in the group 

x Taxon is considered to have occurred in the group in the past 

R. acetosa type and S. sylvaticus. The class Molinio-
Arrhenatheretea (Calthion) could be identified accord­
ing to the diagnostic species. Also S. graminaea—the 
species with a wide ecological valence from dry to wet 
meadows was among the list of grassland species. 

Both the macro-remains and pollen of this group 
showed a decreasing tendency in the profile. Many of 
them were also found in the backwater in Mala Strana 
(Kozáková & Pokorný, 2007; Čulíková, 2010), as well 
as in the drainage ditch of the Old Town defence 
system (Beneš et a l , 2002), and in the Prague Castle 
(Kozáková & Boháčova, 2008). Moreover, the fol­
lowing taxa were also found in other archaeological 
sites in Mediaeval Prague: Caltha palustris, Lychnis 
flos-cuculi, Ranunculus, S. sylvaticus, S. graminaea 
and Cirsium. It is thus possible to conclude that 
meadows were probably quite widespread in Prague 
suburbs (mostly around the river and its tributaries) 
and the material of the meadows (hay) was also 
manipulated in households (or it could have been 
transported by animals and deposited in cesspits in the 
form of dung). 

Dry grasslands 

The occurrence of some rare pollen types (e.g. Lychnis 
viscaria type, Anthericum type, Saxifraga oppositifolia 
type, Thesium type, Aster tripolium type, Helianthe-
mum, Lithospermum arvense, Medicago lupulina type, 
Echium type, Teucrium type and Verbascum type) in 
the pollen spectrum would imply that xerophilous 
grasslands probably developed in the close vicinity of 
the investigated water reservoir. The area of Prague has 
many places where biotopes mainly belonging to the 
class Festuco-Brometea could occur. These habitats 
were probably used as pastures in the past. The 
presence of grazing indicators (e.g. pollen of Poaceae, 
P. lanceolata, C. vulgaris, J. montana type; and 
charcoal from Juniperus) in the pollen spectrum would 
support such a scenario (Behre, 1981). Those habitats 
with remaining dry grassland vegetation within Prague 
are nowadays generally under the status of nature 
reserves (Dostalek & Frantfk, 2008). We could suppose 
that such habitats were more common within the area 
before the New Town of Prague was established. 
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Annual vegetation of ruderalised sites 

The following species of ruderal vegetation were 
found: cf. Capsella bursa-pastoris, Chenopodium 
album aggr., C. hybridům, C. polyspermum, Echino-
chloa crus-galli, E. helioscopia, Lapsana communis, 
P. aviculare aggr., Setaria pumila, Stellaria media 
aggr., and T. arvense. The present-day class Chenop-
odietea (Fumario-Euphorbion and Panico-Setarion) 
could be identified according to the diagnostic species. 

This group of vegetation shows an increasing 
tendency, culminating in the upper half of the profile. 
It corresponds with the pollen curve of trampled 
vegetation indicators, and this trend is at the same time 
opposite to the trend of semi-natural types of vegeta­
tion mentioned above. When comparing with other 
sites, the macro-remains of these species are nearly 
ubiquitous both in archaeological sites and in natural 
sediments, so this vegetation probably grew inside the 
town and around the villages, as well as along 
watercourses. In contrast, perennial ruderals were 
very scarce on this site. Nevertheless, their particular 
occurrence in the Old Prague trade centre Ungelt 
(Opravil, 1986) indicates the different environment in 
the urban and trade centre of that time. 

Weeds 

The following weeds were found: Anagallis arvensis, 
Aethusa cynapium, Agrostemma githago, A. arvensis, 
Aphanes arvensis, A. serpyllifolia aggr., Bupleurum 
rotundifolium, cf. Capsella bursa-pastoris (Brassi-
caceae), C. cyanus, Chenopodium album aggr., E. 
helioscopia, Fallopia convolvulus, F. officinalis, Glau-
cium corniculatum, Lapsana communis, Lithospermum 
arvense, Microrrhinum minus, Neslia paniculata, Papa-
ver cf. rhoeas, P. lanceolata, P. major, P. arvense, P. 
aviculare aggr., Rumex crispuslobtusifolius, S. annuus, 
Stachys cf. annua, Stellaria media aggr., T. arvense and 
V. dentata. The present-day class Secalietea (Caucalidi-
on lappulae, Sherardion, Aphanion and Veronico poli-
tae-Taraxacion) could be identified according to the 
diagnostic species. However, some of these weedy 
species are no longer present in present-day fields, 
although they were very frequent in Mediaeval fields (i.e. 
Agrostemma githago, Glaucium corniculatum, Bupleu­
rum rotundifolium and P. arvense). 

Both the number of species and quantity of weeds 
increased in time (both pollen and macro-remains), 
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along with the pollen of cereals. Many of these weed 
species are ubiquitous in archaeological sites {Aethusa 
cynapium, Anagallis arvensis, A. arvensis, A. serpylli­
folia, C. cyanus, F. officinalis, Lithospermum arvense, 
Neslia paniculata, Fallopia convolvulus, S. annuus 
and V. dentata). The possible explanation is that they 
frequently entered settlements along with the field 
products brought in. Nevertheless, some weedy spe­
cies often found in cesspits were not encountered on 
this site (e.g. Caucalis platycarpos, Galium spurium, 
Lithospermum arvense, Adonis aestivalis and Sinapis 
arvensis). On the other hand, some weedy species 
were almost only found here (e.g. A. cotula, Vaccaria 
hispanica and S. annuus) though some of them were 
also encountered at Mala Strana. 

Environmental changes 

Terrestrial vegetation 

During the period between the end of tenth to 
approximately the middle of fourteenth century, rather 
extensive changes of plant species composition took 
place in the region of Prague. The changes observed at 
the investigated site clearly correspond with the 
general trends in landscape management recon­
structed by Kozáková et al. (2009). According to this 
reconstruction, a fine mosaic of habitats existed in 
Prague before the end of twelfth century. Subse­
quently, the environmental diversity decreased con­
siderably during the following centuries. This trend 
was explained as a result of increasing ruderalization 
and intensification of the land use. 

In the site investigated, the field indicators (both 
cereals and field weeds) increased over time (Fig. 4), 
whereas the proportion of broad-leaf trees and shrubs 
decreased (Fig. 5). This trend in the pollen spectra 
could be interpreted as a manifestation of the gradual 
enlargement of land under the plough. At the same 
time, the proportion of ruderal plants increased 
continually both in the pollen and macro-remains 
spectra. The trend in grassland indicators is much less 
clear; however, this type of vegetation seems to 
decrease slightly with time. A gradual decline in the 
semi-natural hygrophilous vegetation was accompa­
nied by an opposite tendency in trampled vegetation 
(P. aviculare and R. acetosella). This trend, along with 
the distinct increase of landscape ruderalisation, seems 
to indicate the gradual intensification of human 
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VTunich no. 1625/11, Prague, profile A20 
50°4'35.5"N, 14°25'38.5"E, 216a.s.l 

Macro-remain analysis by A. Pokorna 
Pollen analysis by P. Houfkova 

Fig. 4 Trends in development of vegetation units (as recorded in the A20 profile) expressed by both sums of macro-remains (histograms) and percentage of pollen within the total 
pollen spectrum (curves). Dark grey curves represent total percentage of pollen types assigned to individual vegetation units; whereas the light grey area within the curve represent 
the proportion of selected pollen type within the unit. Total number of determined pollen types is expressed by the Shannon index (dimensionless quantity). The depth from the 
surface (y axis) is expressed in cm. Calibrated radiocarbon dates (cal yr AD) are plotted along the y axis 



V Tunich no. 1625/11, Prague, profile A20 
50°4'35.5"N, 14°25'38.5"E, 216 a.s.l 
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Pollen analysis by P. Houfkova 
Charcoal analysis by J . Novak 

Fig. 5 Occurrence of woody plants in the A20 profile. Mixed diagram of both pollen (percentage within the total pollen spectrum expressed by curves, grey areas depict the same 
values exaggerated tenfold) and charcoal/wood (count of pieces expressed by histograms). The depth from the surface (y axis) is expressed in cm. Calibrated radiocarbon dates 
(cal yr AD) are plotted along the y axis 
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activity around the water pool. A similar intensifica­
tion of anthropogenic influence is clearly visible in the 
development of the aquatic environment of the pool, 
which has been documented thoroughly. 

The area of Prague belongs to the Bohemian 
Thermophytic region, the Prague Basin subunit of the 
phytogeographical region called The Prague Plateau 
(Skalicky, 1997). The potential vegetation of this site is 
Hercynian oak-hornbeam forest (Carpinion), acidoph­
i l u s oak forest (Genisto germanicae-Quercion) and 
ash-alder alluvial forest (Alnenion glutinoso-incanae) 
(Moravecetal., 1991;Neuhauslova, 1998). According 
to the results of pollen, wood and charcoal analyses, all 

of these types of forest vegetation were probably 
present in the vicinity of the study site. An analogous 
species composition has been recorded from other 
Prague Mediaeval sites (Beneš et al., 2002; Kozáková 
& Pokorný, 2007; Kozáková et a l , 2009; Novák et a l , 
2012). The results originating from both charcoal and 
wood analyses revealed a lower number of species than 
the pollen analysis. Some rare shrub species (e.g. 
Viburnum opulus type, C. mas type and Juglans regia 
type) were recorded only through the pollen analysis. 
Such differences between the pollen and the charcoal/ 
wood analyses reflect the various source areas. The 
species composition of charcoal fragments reflects the 

V Tůních no. 1625/11, Prague, profile A 2 0 
50 o4'35.5"N, 14 025'38.5"E, 216 a.s.l 
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Fig . 6 Quantification of proxy data indicating the aquatic 
environment (as recorded in the A20 profile). The depth from 
the surface (y axis) is expressed in cm. Calibrated radiocarbon 
dates (cal yr AD) are plotted along the y axis. The count of 
macro-remains (macrophyta, algae, resting eggs of rotifers, 
Trichuris eggs as well as fish remains) is expressed in pieces (x 
axis). Aquatic macrophyta are represtnted by both sum of 

macro-remains (M) and percentage of pollen (P). Estimated 
abundance of mussels and Daphnia are plotted as black dots; the 
size of dots (small, medium and big) corresponds to the 
estimated quantification. The level of aquatic pollution is 
expressed by index of saprobity (dimensionless quantity) 
calculated according to diatom spectrum 
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use of firewood originating in close proximity of the 
site (Thery-Parisot et al., 2010; Novak et a l , 2012). In 
contrast, the species composition of wood often reflects 
local vegetation cover, e.g. willow branches, or 
selectively collected construction material (fir and 
spruce). 

Aquatic environment 

Using a series of various methods, it was possible to 
make a detailed reconstruction of the aquatic environ­
ment of the site and its gradual changes. The changes of 
water quality were documented by a series of organ­
isms: water macrophytes (C. demersum, Lemna minor/ 
gibbal, M. spicatum, Potamogeton, Sparganium and Z. 
pallustris), green algae (Pediastrum simplex, T. min­
imum and Scenedesmus), cladocera (ephipia of D. 
magna and D. cf. pulex), fish (Cyprinidae: T. tinea, L. 
cephalus, A. alburnus, R. rutilus and Perciformes), 
rotifers and diatoms of various species. On the grounds 
of the diatom composition, an index of saprobity was 
calculated—which could be used as a measure of water 
quality (Fig. 6). 

According to the index of saprobity (1.2), the base 
of the profile (layers 181 and 182) was the result of 
sedimentation in considerably oligosaprobic condi­
tions. The index of saprobity then gradually increased, 
exceeding 2 within layer 179, followed by the absolute 
disappearance of diatoms in layer 178. The rapid and 
almost synchronous decrease of green algae, diatoms 
and fishes in layer 178 implies that it was probably the 
response of aquatic organisms to some changes in the 
environment. The water was obviously greatly shaded 
by a thick layer of both L. gibba/minor and P. natans. 
This could explain the decrease of green algae but not 
also the decrease of diatoms occurring in early spring 
and late autumn, when summer shadowing by floating 
plants should be irrelevant. Alternatively, the high 
content of dissolved nutrients, which was probably 
connected with anoxia, could have been a major 
culprit causing the disappearance of both diatoms and 
fishes. Pollution of the water by organic waste (e.g. 
excrement) could be the principal reason for the rapid 
decrease in water quality. This interpretation is 
supported by appearance of the intestinal parasite 
Trichuris (not the human one) eggs shortly before the 
diatoms disappeared. Other waste indicators found in 
these two layers were as follows: seed of cucumber, 
seed of grape, pig bone and several pieces of ceramics. 
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According to the environmental demands of the fish 
(Table 2), the aquatic environment of the pond was 
probably rather diversified—the determined fish spe­
cies occur both in lotic (i.e. flowing) and stagnant water 
(e.g. ponds and pools with muddy substrates). Tench 
and chub tolerate a lower amount of oxygen dissolved 
in water and prefer sites overgrown by vegetation. 
Species of the order Perciformes could occur in various 
types of water pools (e.g. lagoons, lakes of all types, or 
slow to medium flowing watercourses). 

As opposed to the lower half of the profile, the 
intrerpretation of the upper part is much less clear. We 
assume that the layers 180, 179 and 178 definitely 
represent sedimentation in water reservoir. On the 
other hand, the overlying sediments (layers 162, 161, 
145 and 144) are characterised by a rapid decrease in 
the number of remains of aquatic organisms. This 
could be due to a deterioration of preservation 
conditions. Besides, the psammitic (fine sandstone) 
character of the sediment of these layers implies an 
increased influx of material, which could be connected 
to an increased risk of contamination. Moreover, the 
possibility of the redeposition of an older material (the 
1 4 C date within the layer 161, see above) should be 
taken into consideration. 

There are two possible explanations of this phe­
nomenon. One of the possibilities is that the material 
of the layer 161 is the result of redeposition of older 
sediment, perhaps connected to subsequent increase of 
building activity at the site. In that case all the 
materials from the upper part of the profile would be 
heavily contaminated. Alternatively, the older mate­
rial encountered in the layer 161 could have been 
washed away from another location and later settled 
on the investigated site, similarly to the sandy 
sediments of the layers 162, 145 and 144—which are 
probably the result of an outwash from some higher 
positions of the drainage area. In that case the 
assemblages of biofacts encountered in the upper part 
of the profile would represent a mixture of material of 
both local and regional origin. Nevertheless, we 
suppose that the second scenario is more probable 
because of continuous succession of anthropogenic 
indicators in both macro-remains and pollen spectra. 
On the other hand, it is not possible to determine 
whether the water reservoir merely changed its 
character after the middle of fourteenth century or it 
disappeared and only a wet place with seasonal water 
influx remained. 
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Origin and function of the pond 

Origin 

The existence of the water reservoir is obviously related 
to the strong springs rising on the boundary between the 
permeable gravel of the Vinohrady riverine terrace and 
the underlying impermeable clay and bedrock (Zavřel, 
unpublished reports). The groundwater emerging from 
the base of this terrace also probably flowed inside the 
permeable layers of the secondary transported sands, 
afterwards seeping out onto the surface. In addition to 
that, the water from the terrace could also have flowed 
above the surface creating occasional small water­
courses. For all these reasons the site and its near 
surroundings had been characterised for a long time by a 
high level of groundwater (Zavřel, 2009, unpublished 
report) and numerous wetlands and springheads (for 
more details to the hydrology of the New Town of 
Prague, see Zavřel (2006)). 

The most probable explanation of the pond origin is 
that this naturally wet place was dammed artificially. 
However, this could not be proved definitively, as the 
supposed dam position lies outside the excavation 
area. Nevertheless, a 50-m section of a brook was 
found in the close vicinity of the investigated area 
(Fig. 2) (Kašpar, 2003). There could be two possible 
interpretations of the mutual relationship between 
these two features (the pond and the brook): Accord­
ing to the slope direction, either the brook flowed out 
of the pond, or the brook had no connection with the 
pond (in which case the pond would probably be very 
small). 

Function 

Knowledge of carp breeding and fishpond dam 
construction came to the Czech lands from West 
Europe (Makowiecki, 2001), probably with monks 
from Germany. Before this time, the so-called 'vivaria 
piscium', i.e. artificial water pools (stews, 'stavy') 
used for storage of captured fishes (Citek et al., 1998), 
were constructed here, probably already since the 
eightth to ninth centuries (Andreska, 1987). Their 
existence in Moravia near Olomouc has been sup­
ported by a document from 1078 (Hurt, 1960). The 
oldest reference concerning a fishpond in Bohemia is a 
mention in the Chronica Bohemorum, in the part 
relating to the foundation of the Sázava monastery 

(Kosmas, 2011) in the 11th century. In 1227, the king 
Ottokar II of Bohemia authorized the construction of 
fishponds. In the fourteenth century, fish farming was 
already an important economic activity in the Czech 
lands. Since the first half of the fourteenth century, 
small ponds were built in the middle of each village, 
serving both for fish farming, and as fire water 
reservoirs (Citek et al., 1998). 

According to the fish species composition and the 
dating of the sediments, we could assume that the pond 
could have served for the retention of water and/or 
storing of fish, but not for fish breeding. During the 
earlier phases of the pond's existence, the water was 
clean enough for drinking; however, it was later 
heavily contaminated by organic material. Still, it 
could have served as a water reservoir for various 
handicrafts, as, for example, brickmaking, pottery, 
ironworking or leather processing. 

The further history of the pond remains unclear. 
The uppermost layers of the sedimentary sequence had 
been destroyed during the construction of the base­
ment. However, the existence of three ponds belong­
ing to a farmstead nearby was documented even in 
1428 (Tomek, 1892). According to historical maps 
from 1791 (Herget's plan) and from 1816 (Juttner's 
plan), this part of the New Town of Prague remained 
undeveloped (at least not built on) and the ground 
concerned was a part of some open areas or garden 
plots. 

Conclusions 

The results of this study allow the following 
conclusions: 

1. According to the results of the environmental 
analyses, the material of the lower part of the 
profile is definitely a result of sedimentation on 
the bottom of a water reservoir. The duration of 
the water body was estimated for the period from 
the end of tenth century to approximately half of 
fourteenth century according to radiocarbon dat­
ing. Several species of freshwater fishes were 
determined according to bones/scales, but no 
remains of carp were found. Therefore, we can 
conclude that this was probably a kind of water 
reservoir containing fishes; however, it was not a 
typical fishpond intended for carp farming. 
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2. The origin of the water reservoir was connected 
with rich water springs having their source on the 
slope of the riverine terrace. The pond itself was 
probably constructed artificially, or alternatively a 
shallow natural pool could have been deepened 
and extended. Nevertheless, because the extent of 
the investigation area was too small, any remains 
of the dam structure were not documented. 

3. The water quality was estimated according to proxy 
data. We assume that the water was originally 
relatively clean and the base of the profile was the 
result of sedimentation in considerably oligosaprobic 
conditions. However, increasing degree of organic 
pollution was documented in subsequent layers, 
caused probably by human influence (occasional 
waste disposal and defecation of domestic animals). 

4. The character of the surrounding vegetation was 
reconstructed according to both pollen and macro-
remains data. Originally, the water body was 
surrounded by vegetation of semi-natural charac­
ter (i.e. hygrophilous herbaceous vegetation 
directly on the banks as well as wet meadows, 
pastures and willow shrubs in the proximity). 
Later, gradual changes in the surrounding envi­
ronment were documented. Increasing ruderali-
sation and intensification of human impact in 
closer proximity were manifested by indicators of 
trampled vegetation and nitrophilous plant spe­
cies. Additionally, increasing proportion of cere­
als and decreasing proportion of trees in the pollen 
diagram indicated the significant changes taking 
place on the landscape level. 
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Long-strip and terraced fields systems form significant elements of the current cultural landscape. When evalu­
ating their significance, it is necessary to determine their origins and to further specify their development. 
However, archeological researchers have encountered problems in dating field systems that were exposed to in­
tensive agriculture in the 20th century AD. In this study, we describe a combination of approaches used to 
confirm the current landscape's High Medieval origin of the long-strip terrace-like field system of the former 
village of Malonin, which is located in the Bohemian Forest Mts., Czech Republic. The methods employed are 
radionuclide dating, geographic information system (GlS)-based reconstruction using old maps, historical docu­
ments, and archeological and palaeobotanical records. Our study evaluated the historical significance of field 
boundaries in the form of hedgerows, which have stabilized the pattern of the agricultural landscape since 
medieval times. The results of this study provide a basis for further land use planning and for conserving the 
cultural landscape. 

© 2015 Elsevier B.V. All rights reserved. 

1. Introduction 

Long-strip field systems and terraced field systems form agricultural 
landscapes showing a diverse morphology of fields and field bound­
aries. These systems reflect diverse recent and historical management 
based on local terrain typologies (Denevan, 2001; Fleming and Ralph, 
1982; Matzat, 1988; Mitchell, 1990). Terraced slopes (Stanchi et al., 
2012) , terraced paddy fields (liyama et al., 2005) and hedgerow net­
work landscape known as bocage (Baudry et al., 2000; Groot et al., 
2010) have recently been subjected to conservation and careful man­
agement in recognition of their environmental and aesthetic value. 
Maintained field boundaries in the form of stone-walled terraces and 
hedgerows contribute to long-term soil conservation (Oshunsanya, 
2013) , improve topsoil retention (Goodman-Elgar, 2008), and reduce 
runoff and intense erosion (Bayer and Benes, 2004; Seeger and Ries, 
2008). Shelterbelts and hedgerows have been shown to be artificial lin­
ear features that enhance species biodiversity (Cornulier et al., 2011; 
DeClerck et al., 2010; Harvey et al., 2005; Le Cceur et al., 2002; 

* Corresponding author. 
E-mail address: petra.houfkova@gmail.com (P. Houfková). 

Pulido-Santacruz and Renjifo, 2011; Staley et al., 2012). In addition, 
present plant communities are influenced by the past land use of a par­
ticular landscape patch (Karlik and Poschlod, 2009). Field boundaries 
are a prominent indicator of former arable land use in recent grasslands 
or forests (Hejcman et al., 2013). 

The establishment of a particular field system is generally difficult to 
date (Bevan and Conolly, 2011; Frederick and Krahtopoulou, 2000; 
Petersson, 1999), though in some cases ancient origins have been deter­
mined (Denevan, 2001; Gibson, 2001; Iriarte etal., 2010; Krahtopoulou 
and Frederick, 2008; Malpass, 1987). Archeological dating of artifacts is 
often the main source for assessing the age of terraced fields, but this in­
formation embraces rather long time intervals. Historical documents 
and maps are restricted by limited availability of sources. The combina­
tion of these sources with environmental methods (Kosnovska et al., 
2011; Sasaki and Takahara, 2011), archeological dating of artifacts and 
physical age determination based on 1 4 C data (Bronk Ramsey, 2009), 
2 1 0 Pb concentrations for sediment layers younger than 150 years, and 
the discrete stratigraphic chronomaker137Cs peaks derived from atomic 
bomb testing in 1963-1964 AD and the Chernobyl accident in 1986 AD 
(Appleby, 2008; Gunten et al., 2009; He and Walling, 1997; 
Sanchez-Cabeza and Ruiz-Fernandez, 2012) provide other powerful 
tools (Fernandez Mier et al., 2014; Follain et al., 2009; Schoorl et al., 
2004a,b; Wakiyama et al., 2010). 

http ://dx.doi.org/l 0.1016/j.catena.2015.06.017 
0341-8162/D 2015 Elsevier B.V. A l l rights reserved. 
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In various areas of the world, field systems have created specific pat­
terns, each with its own historical origin. In the Czech Republic, a specif­
ic landscape mosaic is shaped by field systems of neighboring 
villages (Černý, 1979; Gojda, 2000). A field system originally belong­
ing to a single High Medieval village is called "pluzina" in the Czech 
language. As this is a regionally specific phenomenon, the term 
pluzina has been adopted in English language scientific literature 
(Sklenička et al, 2009). Each pluzina consists of a number of individ­
ual fields, long parallel plots with a minimum of transversal separa­
tors, which are connected with individual farmsteads in the village. 
From the 13th century AD, most of the High Medieval field structures 
were organized into long, narrow parallel plots mainly in response to 
the new, single direction tillage technology (Bayer and Beneš, 2004). 
According to the local geomorphology, the field boundaries can take 
the form of terraces, mounds, or clearance walls (Fleming and Ralph, 
1982; Kuna and Tomášek, 2004), while some boundaries are also de­
fined by hedgerows. Although the structural attributes have frequently 
been preserved, the hedgerow network was massively reduced in the 
20th century AD due to the intensification of agriculture and further 
extensification of land management (Molnárová, 2008; Sklenička 
et al., 2009). 

The objective of this study is to reconstruct and date the changes in 
the pluzina field pattern of the deserted former village of Malonin, 
which is currently characterized by the presence of a well-preserved 
abandoned long-strip field system with a terrace-like morphology. 

Using the combination of the dating approaches mentioned above, 
we attempt to answer the following questions: 

1) How old is the field system in the study site? 
2) Is the dating of the field system using written resources, pottery 

chronology, and radiocarbon methods consistent? 
3) Was the field system established when the village was being 

established, and was it stable during the centuries that followed? 

2. Material and methods 

2.1. A description of the study site 

The study was conducted within the 216 ha area of the former 
village of Malonin, situated in the cadastral area of the village of 
Frantoly, Prachatice region, in the foothills of the Bohemian Forest, 
Czech Republic (Fig. 1). The elevation of the study site ranges from 
660 to 735 m. The mean annual temperature is 5-6 °C, and the mean an­
nual precipitation is about 700 mm. 

Previous archeological excavations carried out in the built-up former 
village area determined that its origin was High Medieval (Beneš, 1995), 
coinciding with the settlement activity in the region in the second half 
of the 13th century AD (Boháč, 1983; Profous, 1951). This is further in 
accordance with data on the colonization of other marginal areas in 
the Czech Republic (Klápště, 2005; Sláma, 1976; Žemlička, 2002). No 
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records of prehistoric settlement activity were detected at the study 
site. Relatively low settlement density has been reconstructed through­
out the region (Parkman, 2003a,b, 2004). We assumed that we are deal­
ing with the first distinctive change to the local landscape pattern, 
which took place during High Medieval times. 

The study site was characterized by the presence of sediments 
containing well-preserved macro-botanical remnants suitable for 
radiocarbon analysis. The background geology is composed of 
Moldanubian Massif granulites. In the lower parts of the slopes, 
these rocks are covered by colluvial deposits. The lowermost parts 
of the valley bottom are composed of bedded alluvial deposits from 
the Chrobolsky Stream, consisting of gravely, sandy, and locally clayey 
or silt loam deposits, including organic charcoal-rich layers. Dystric 
Cambisols, with a high skeletal content in parts deeper than 30 cm, 
are typical soils in the study area. The alluvial zone is dominated by 
Eutric Fluvisols (Czech Geological Survey, 2013). The current vegetation 
is characterized as a mosaic of grasslands, hedgerows, and forests 
(Figs. 1,2). 

22. History of the study site 

The settlement activity in the region started in the second half of the 
13th century, and was characterized by several waves of building activ­
ity. The closest village to the study site, Frantoly, situated 2 km north of 
the site, was founded in 1315 AD (Boháč, 1983; Profous, 1951). The first 
written record of the village of Malonin comes from 1349 AD. By this 
year, the village had already been in existence for some time. 

The village was not damaged by the Thirty Years War in 
1618-1648 AD (Doskočil, 1953-1954). In Malonin, there were four 
farmsteads with land ownership greater than 4.5 ha, eight farmsteads 
with less than 4.5 ha, and one cottage with some small land ownership, 

Fig. 2. Aerial map from 2010 of the area of the former Malonin village. White crosses cor­
respond to the series of test pits in the north-southwards direction:(R) water reservoir on 
the village square, (FM1-FM3) field margins, (I) inner part of the field, (CW) clearance-
wall and (A) alluvium. Dominant soils are Dystric Cambisols, the alluvial zone is dominat­
ed by Eutric Fluvisols. Used scale bar —300 m. 

according to the landholding registry from 1654 AD. The tax registry re­
fers to 73 cows, 30 sheep, 17 pigs and arable fields suitable for Secale 
cereale cropping (Doskočil, 1953-1954). The same number of farm­
steads as in 1654 AD corresponds with the data in the Stable Cadastre 
in 1826 AD (Fig. 1). 

According to local records (Chronicle of Frantoly, 1945-1954), 14 
buildings and 2 remote settlements were located in Malonin in 
1945 AD. All inhabitants were German speaking, and all were resettled 
in February 1946 AD. Some of the houses were demolished, and the re­
maining nine houses were settled by invited Slovak farmers from 
Romania in April 1946 AD. The arable land gradually became grassland, 
the number of inhabitants decreased, and in 1954 AD only five houses 
remained. The ruins of the houses were completely demolished in 
1956-1957 AD. After the early 1950s AD, the grasslands were used as 
cattle pastures by the local cooperative farm, and some grasslands 
were reforested. 

2.3. Data collection 

In the deserted village, we selected the village square water reser­
voir and the most typical farmstead (no. 3.), with the former fields 
ending in the adjacent alluvium of the Chrobolsky Stream. Since our 
aim was to combine 1 4 C data with the chronology based on the 
archeological record, the character of the excavation was defined as a 
set of archeological test pits. 

The distribution of the test pits was selected on the basis of a 
geographic information system (GlS)-based analysis of old maps 
and aerial photographs (Zimova et al, 2013; Fig. 2), and also on the 
basis of on-the-ground experience at the site (Millican, 2012). We 
selected (a) the water reservoir on the village square (R), (b) the 
inner part of a former field (1), (c) the former field margins (FM1-
FM3), which took the form of steps more than one meter in height 
(Fig. 3a,b), (d) a field margin in the form of a 0.6 m high clearance-
wall (CW) built from stones removed from the former arable field 
(Fig. 3c), and (e) the alluvium (A) in the most remote part of the 
village (Fig. 2, Table 1). 

The soft sediment thoroughly saturated with water in the former 
village square water reservoir was cored. All other samples were collect­
ed from profiles revealed in the test pits (Table 1). Soil and sediment 
samples were taken from the bottom layers. In the case of the test 
pits, archeological material was recovered from each 10 cm layer. To fol­
low the topology of the decline of the terrain, the test pits situated in the 
field margins were classified into three sectors (Fig. 3b). The first sector 
corresponded to the change in the terrain level between two fields, and 
the compact excavated profile reflected a change in depth of more than 
one meter. Two other sectors were shallower. Since the FM1 recovered 
profile was well preserved and compact (Fig. 3a), an additional soil sam­
ple for 1 4 C dating was recovered (Figs. 3a, 5). Two further test pits were 
placed in the field margins (FM2 and FM3) and data was collected in a 
similar manner. A 20 m long segment more distant from the village cen­
ter was differentiated from the rest of the field margin by the presence 
of a stone wall. 

The test pit in the clearance-wall reached a total depth of 100 cm. 
This inner part was classified as the first sector. The depth on its two 
sides reached 50 cm beneath the current level of the terrain (Fig. 3c). 
Two sides of the pit were then classified as two more sectors. The 
upper part of the profile was composed of large stones and formed a 
loose stratigraphy. The 18-cm-thick soil layer buried beneath the stones 
was mainly intact (Table 1). 

2.4. Archeological artifacts 

Potsherds distributed as manuring scatters were collected from all 
test pits from layers 10 cm in depth (Table 1) located in the inner part 
of the field, in the field margins, in the clearance-wall, and in a trench 
in the alluvium. To collect all the artifacts, soil from each mechanical 
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Fig. 3. Scheme of the field margin (FM1) and the clearance-wall (CW) arrangement, Malonin, Bohemian Forest Mts., the Czech Republic. Used scale bars fit to both axes, each part 
corresponds to 20 cm. a) Revealed profile in the front side of t h e F M l test pit. Soil samples which provided the material for radiocarbon analysis were taken from the 003 and 004 
layers and their location is marked with X. b) Side view of the FM1 test pit defined by the gradual terrain decline between two adjacent field terraces, c) Side view of the CW test 
pit. The revealed profile was situated in the middle of the test pit. Soil samples which provided the material for radiocarbon analysis were taken from layer 004 and their location 
is marked with X . 

layer was sieved using a 2 mm mesh. Sherds were then sorted into 
typology classes according their fabric (Klapste, 2002; Nekuda and 
Reichertova, 1968; Salac, 1998; Vareka, 1998), reflecting approximate 
chronological periods (see Fig. 4). Ordinary sherds were added to the 
probable period, but were listed as a separate group. 

2.5. Radiocarbon dating 

Macro-botanical remnant analysis was carried out in order to ob­
tain suitable material for radiocarbon dating (Birks and Birks, 2000). 
Sediment samples (100 ml) were washed through 0.25 mm sieves. 

Table 1 
Position, coordinates, and sampling descriptions of each test pit/core in the former Malonin village, Bohemian Forest Mts., the Czech Republic. 

Test pits/core Coordinates Altitude [m.a.s.L] Distance from the intravilán [m] Total depth [cm] Sector size [m] Number of sectors 

R 14.0799050 E 
48.9717397 N 

720 Village center 91 Core -

FM1 14.0797169 E 
48.9704600 N 

736 21 118 1 x 1 3 

FM2 14.0791172 E 
48.9697828 N 

743 209 140 1 x 1 3 

FM3 14.0796672 E 
48.9696000 N 

736 234 150 1 x 1 3 

I 14.0794361 E 740 177 35 1 x 1 1 
48.9701358 N 

CW 14.0793369 E 
48.9681619 N 

728 800 100 1 x 1 3 

A 14.0781369 E 
48.9636900 N 

660 1400 80 1 x 1 1 
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ages using the OxCal 4.2 online application (Bronk Ramsey, 2009) 
based on the IntCal 13 (Reimer et al, 2013) calibration curve. 

Fig. 4.3D scan of a sherd in manuring scatters typical for the 14th century AD found in field 
margin test pit (FM1) in Malonin, Bohemian Forest Mts., the Czech Republic 
(14.0797169 E, 48.9704600 N). Each part of used scale bar corresponds to 1 cm. 

Macro-botanical remnants were picked out and identified according 
to Anderberg (1994), Berggren (1981) and Cappers et al. (2006). 
Accelerator Mass Spectrometer (AMS) 1 4 C dating of 8 macrofossil 
samples was carried out in the CA1S laboratory, USA. When possible, 
macro-botanical remnants of the same origin (charred needles of 
Abies alba) were used. The 1 4 C data were calibrated to calendar 

2.6. Recent soil dating 

A compact profile was taken from the field margin test pit (FM1) and 
was stored at 4 °C until it was opened. Sediment samples were taken at 
precise positions along the profile. Gamma-decay counts of radionu­
clide concentrations (2 1 0Pb, 2 2 6 Ra, 1 3 7Cs) were measured in the CEN 
Radiochronology Laboratory, Canada, using the High-Purity Germanium 
detector (HPGe). The excess lead-210 ( 2 1 0Pb e x) activity was assessed by 
subtracting the 2 2 6 Ra value from the total 2 1 0Pb, assuming that support­
ed 2 1 0 Pb is in secular equilibrium with 2 2 6 Ra. However, the negative 
2 1 0 Pb e x values from the lower part of the profile indicated that equilib­
rium was not established due to the loss of some 2 2 2 Rn from the soil 
through evaporation and washing. We adjusted the final 2 1 0 Pb e x value 
by estimating the fraction of 2 2 2 Rn lost from the soil using the standard 
emanation coefficient of 0.3, as suggested by Du and Walling (2012). 

M a l o n i n , B o h e m i a n Fores t Mts. , C z e c h R e p u b l i c 
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Fig. 5. Distribution of sherds in manuring scatters in the field margin test pit FM1, sector I, is given by black histograms, n — indicates total number of sherds of each chronological category 
excavated within the pit. Calibrated radiocarbon dates are plotted along the diagram. Chronology is given in years AD. Concentrations of 2 1 ° P b e x and 1 3 7 Csare given by the black line with 
the dots representing the measured values. The recovered profile was characterized by layers marked as 001-005 following the principles of archeological stratigraphy. The individual 
layers were composed of soil transferred from arable fields with intrusions of pottery fragments (001,002,003), stones (002,003), and fine charcoal fragments (004) resulting from direct 
human activity. 
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Fig. 6. Distribution of sherds in manuring scatters is given by black histograms in field 
margin test pits (FM2, FM3), sector I. n — indicates total number of sherds of each chrono­
logical category excavated within whole test pit. Chronology is given in years AD. Position 
of FM2 test pit was located in undisturbed part of field margin (14.0791172 E, 
48.9697828 N). Stratigraphy was analogous as in FM1 test pit. Position of FM3 test pit 
reflected the locus of hedged field margin characterized by the presence of stone wall 
(14.0796672 E, 48.9696000 N). 

3. Results 

3.1. Archeological artifacts 

32. Radiocarbon dating 

Charred needle remains of A. alba were recovered in test pit FM1 
and in test pit A. No charred remains were present in the samples orig­
inating from the water reservoir and the clearance-wall, so subfossil 
seeds of Scleranthus anuus and Fragaria vesca were used. As intensive 
soil mixing was recognized in the test pit located in the inner part of 
the field on the basis of the distribution of the sherds, the recovered 
sample was not submitted to further analysis. The bottom layer (004) 
in field margin FM1 was dated to 1154-1271 year cal AD, and the 
upper layer (003) was dated to 1266-1398 years cal AD. The 1 4 C date 
originating from the charred fragment of caryopsis (probably of 
Hordeum) obtained from the bottom layer (004) of FM2 was calibrated 
to 1165-1265 years cal AD. The charred Fabaceae seed 1 4 C date recovered 
from the bottom layer (004) of FM3 fitted to the 1472-1637 years cal AD 
interval. The probability distribution of 1 4 C date from the bottom layer 
(004) of the clearance-wall exhibited a multimodal character (sample 
ID 12300 in Table 1). To achieve a more precise dating, a second 1 4 C 
date was obtained from the same layer. For this purpose, a ten times 
greater amount of soil (1 L) was used. The charred Sambucus nigra seed 
used for this radiocarbon analysis was of modern origin (sample ID 
13082 in Table 1). The organic layer (charred needle of A. alba from a 
depth of 72 cm) at the base of the Chrobolsky Stream alluvium was 
dated to the interval 1279-1391 year cal AD. Results originating from a 
subfossil S. anuus seed separated from the organic sediment indicated 
the modern origin of the base of the water reservoir (Table 2). 

The vertical distribution of the sherds in field margin test pit FM1 is 
presented in Fig. 5. The spectrum of sherds covered the time horizon 
from the 14th century until the 20th century AD, and the typological 
distribution in particular layers reflected the time horizon of the layer 
deposition. Similar results were obtained from field margin pit FM2. 
The record of the sherds differed in field margin pit FM3 (Fig. 6). A mix­
ture of sherds from each interval (14th, 15th-16th, 17th-19th, 20th 
century AD) was recovered in all layers of the test pit originating from 
the inner part of the field. 

We discovered only three sherds from the clearance-wall test pit; 
one sherd dated to the 14th century AD was recorded in the 50-to-
60 cm depth interval, and two sherds dated to the 15th-16th century 
AD were recorded in bottom layer (90-100 cm). No sherds were discov­
ered in the alluvium. 

3.3. Recent soil dating 

Soil samples taken along field margin test pit FM1 showed extremely 
low concentrations of all measured radionuclides. Almost all values 
were within the range of the counter background. 2 1 0 P b e x was absent 
in almost all samples, and there was a concentration of 9.2 Bq k g - 1 

without the use of a correction factor at a depth of 3 cm. The 2 1 0 P b e x 

values from the lower part of the profile were negative, so the emana­
tion coefficient of 0.3 was used. The coefficient increased the value to 
17.2 Bq k g - 1 at a depth of 3 cm. Increased 1 3 7Cs concentrations were 
recorded in soil layers up to a depth 15 cm. The concentrations were 
very low and almost constant at depths from 20 to 120 cm (Fig. 5). 

4. Discussion 

Table 2 
List of radiocarbon dates originating from macro remnants separated from given soil sam­
ple, Malonin, Bohemian Forest Mts., the Czech Republic. The quoted uncalibrated dates 
( 1 4 C age) and their intervals ( ± ) were given by CAIS laboratory in radiocarbon years 
before 1950 (years BP), using the 1 4 C half-life of 5568 years. Each interval of calibrated date 
(year cal AD) using the OxCal 4.2 online application was stated with its probability (%). 

Test pits/core Sample ID 
(UGAMS#) 

Layer and/or 
depth 

"Cage , 
years BP 

± Year cal AD % 

R 12302 87-91 cm Modern - Modern -
FM1 12298 003/73-83 cm 670 45 1266-1332 51.2 

1337-1398 44.2 
12299 004/115-118 cm 830 35 1059-1063 0.4 

1154-1271 95 
FM2 17267 004/140 cm 820 30 1165-1265 95.4 
FM3 17268 004/150 cm 340 25 1472-1637 95.4 
CW 12300 004/100 cm 240 50 1489-1604 21.9 

1610-1694 33.6 
1727-1813 29.7 
1918-1955 10.2 

13082 004/100 cm Modern - Modern -
A 12301 72 cm 660 25 1279-1319 47.5 

1352-1391 47.9 

GPS location of study site is 14.079 E, 48.971 N . 

4.1. Origin and development of the field system 

The accumulation of charred organic material at the base of 
the revealed field margin profile FM1 dated to the interval 
1154-1271 year cal AD was directly connected with human activities. 
It preceded the first written record of colonization of the region, which 
dates from 1349 AD (Profous, 1951). Relatively frequent finds of 
charred needles of A. alba, a shade-tolerant climax tree species, indicate 
that the area was forested directly before the establishment of the 
village and the long-strip terraced fields. The first step of the newly-
arrived farmers, prior to the introduction of arable farming, was proba­
bly slash-and-burn. The excavated field margin profiles were very 
compact, so we assume that the plant remnants had not migrated 
through the established soil layers in recent times, but had been buried 
at the time when the soil layer accumulated. According to Frederick and 
Krahtopoulou (2000), radiocarbon dating of organic inclusions in 
buried soil does not necessarily date the establishment or the use of a 
terraced field. However, the use of multiple 1 4 C dating could specify 
the process of soil accumulation more precisely (Dreibrodt et al, 
2013; Jansen et al., 2013; Robin et al., 2013; Schroedter, et al., 2013). 
In the case of the terrace-like field margin studied here, the gradual ac­
cumulation of soil could be taken into consideration. For test pit FM1, 
the ability to determine two separate layers dated to 1154-1271 and 
1266-1398 years cal AD can provide support for a scenario of this 
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type. However, it is also possible that these layers do not represent 
two distinct periods of time, as the soil may have been mixed by the 
settlers. If this is what happened, the accumulation is likely to have 
taken place rather abruptly between 1266 and 1271 AD. One way or 
another, our results suggest that some prominent human activity affect­
ing the local landscape took place between 1154-1271 AD, at least 
78 years before the first mention of the village in written sources 
(1349 AD). This is supported by the dating of the charred material orig­
inating from FM2. A fragment of charred caryopsis (probably Hordeum) 
was dated to 1165-1265 years cal AD suggesting possible agricultural 
activity at that time. Large amounts of charcoal residues document 
increased fire activity in the area. The resulting deforestation probably 
led to increased erosion and to the formation of the alluvium of the 
Chrobolský Stream, which has an 8-cm-thick organic charcoal-rich 
layer on the basis. Radiocarbon analysis of charred organic 
material originating from this bottom layer of the Chrobolský Stream 
alluvium dated these massive changes in landscape use to the interval 
1279-1391 year cal AD and is clearly connected with the existence of 
the village of Malonín. Malonin was first mentioned in written resources 
in 1349 AD (Profous, 1951). This date is supported by data originating 
from archeological excavations previously carried out in the center of 
the village, which revealed the existence of a 14th century AD settlement 
(Beneš, 1995). 

The presence of 14th century AD sherds at a depth of 55 cm, above 
the layer characterized by the intrusion of stones, documents the 
presence of humans and inclusions of farmland manure suggests the ex­
istence of fertilized arable fields (Beneš, 1996; Schofield, 1991). The 
presence of a small amount of 14th century AD sherds may have been 
caused by the fragmentation of ceramics in acid soils, a phenomenon 
described by Beneš (1998). The simultaneous occurrence of sherds orig­
inating from the periods of the 14th century and the 15th-16th centu­
ries AD at a depth of 50 cm may correspond with a change in the 
accumulation rate connected with different land use in the 15th-16th 
century AD. The interval of 1472-1637 years cal AD, originating from 
the charred Fabaceae seed from the hedgerow segment characterized 
by the presence of a stone wall, may imply that the field boundaries 
were maintained in good conditions and were repaired. This statement 
is supported by the presence of a mixture of sherds dated to various 
time horizons at the base of FM3. The ceramic record provides evidence 
of the maintenance of fields during the 17th and 19th centuries AD, as 
mentioned in written sources and as shown in old Stable Cadastre 
maps (1826 AD). In addition, the occurrence of 14th to 20th century 
AD sherds recorded in all layers of the test pit in the inner part of the 
field provides evidence of the use of tillage, i.e., a land use involving 
intensive soil mixing. 

Historical maps from 1826 AD depict the existence of a field bound­
ary in the second part of the field. The rather loose structure of the 
clearance-wall probably allowed the transport of recent plant remnants 
through the wall to its bottom layers, and it is therefore not possible to 
date the establishment of the boundary directly. 

The dating of modern soil layers using 2 1 0 P b e x and 1 3 7 Cs radionu­
clides together with findings of ceramics has contributed to the 
reconstruction of recent accumulation processes in field margins. 
Radionuclides 2 1 0 Pb e x and 1 3 7Cs are delivered as wet or dry atmospheric 
deposition to the soil surface, where they rapidly become associated 
with organic matter and clay-sized mineral particles. They are 
redistributed across the landscape mainly by soil transport and erosion 
(Mabit et al., 2014). Measurements of 2 1 0 Pb e x and 1 3 7Cs activities served 
above all as a negative control. We assumed that in case of abrupt ma­
terial transport to the field edge in recent times, concentrations of 
both radionuclides increase in all samples. A gradual increase in their 
concentrations would imply gradual accumulation of the soil at the 
field edge in the course of the last 100-150 years. Zero concentrations 
of 2 1 0 P b e x contradict the genesis of the terrace entirely during last 
100-150 years, and near a surface peak of 1 3 7Cs followed by a decrease 
near to zero suggests that the profile comprises undisturbed soil 

(Matisoff, 2014). After fundamental changes in land use throughout 
the landscape unit, as recorded in written sources due to abandonment 
of the village and transformation of the arable land into pastures, there 
was very low soil accumulation in the field margins. The abandonment 
of the village is also recorded in the sediments in the water reservoir. 
The sediment accumulated after the village was abandoned, when the 
water reservoir ceased to be cleaned. Its bottom layer was dated to 
modern times on the basis of 1 4 C analysis. Since the macro-botanical 
remnants spectrum that was recovered reflected agricultural activity, 
the sediment probably originated from the early 1950s AD. 

42. Significance of the landscape structure from the historical point of view, 
and future conservation of the landscape 

Using the multi-proxy approach, we demonstrate that the current 
structure of the long-strip field landscape originates from the High 
Medieval period, and that the pluzina field pattern carries the historical 
memory of the landscape. At the present time, the hedgerows preserve 
plant species that are rarely found in the region. They do not occur in the 
surrounding forests or in the grasslands (e.g., Corydalis cava, Digitalis 
grandiflora and Lilium martagon). In addition, in the present-day form 
of the field patterns there are also secondary grasslands, providing a 
habitat that makes the main contribution to the total number of species 
and exhibits the highest species density in the Bohemian Forest Mts. 
area (Prach et al., 1996). The regional diversity pool is thus bound to 
all elements of the historic pluzina landscape pattern. Pastures or 
meadows were established on the former arable fields, and these 
parts can be considered as long-term deforested parts of the landscape. 
This statement can be supported by the results of an experimental study 
that drew attention to the enormous efforts connected with the removal 
of shrubs from terraced fields treads (Palmer et al., 2010). From the 
point of restoration management, exceptional cases of the spontaneous 
establishment of woody communities in old fields should be taken into 
consideration (Jírova et al., 2012). We suggest that maintaining 
deforested parts in combination with maintaining the pluzina hedge­
rows can improve habitat availability and conserve biodiversity by 
following the historical pattern of the landscape. Preserving this pattern 
could serve to maintain the connectivity of the habitat mosaic 
(Zimmermann et al., 2011), and could have a similar effect in conserva­
tion management as the widely used methods of establishing fence 
lines and nearby uncultivated patches in agricultural landscapes 
(Nicholls and Altieri, 2013) or temporary abandoned areas in grasslands 
(Šumpich and Konvička, 2012). 

5. Conclusions 

In this study we present for the first time a detailed multi-proxy 
analysis of field systems in the Czech Republic in order to decipher 
their origin. Our approach involved combining information from 
various sources, i.e., historical documents and maps, chronologies 
based on dating of archeological artifacts, 1 4 C data, and the measure­
ment of 2 1 0 Pb and 1 3 7Cs activities. This analysis demonstrates that the 
present-day fields pattern around the former village of Malonin were 
formed in the High Middle Ages and preceded the first written record 
of human impact in this area. Written records must therefore be taken 
with caution for dating the establishment of field systems. The field sys­
tem in Malonin was formed within a relatively short period of time, and 
reflects the transformation of medieval society. The High Medieval 
origin of the field system corresponds with information about the 
colonization process in other marginal areas of the Czech Republic. 
We hypothesize that the current-day landscape pattern around 
Malonin, which reflects the medieval landscape, is representative for 
many other villages in marginal areas of Central Europe that originated 
in the Middle Ages. Preservation of these landscape units will conserve 
both the long-term historical pattern as well as the high biodiversity 
that is typical for these fragmented landscapes. 
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Abstract 
Medieval vegetation-human-climate interactions were studied from a sediment profile situated in the centre of a short-lived 
medieval village located above 800 m a.s.l. on the ridge of the Krušné Mts., NW Bohemia, Central Europe. Analyses of 
pollen, seeds/fruits, micro- and macro-charcoals, diatoms and concentrations of microelements in connection with written 
sources revealed a significant human-induced deforestation in the second half of the 14th century. This deforestation occurred 
sooner than supposed and the area did not revert after A D 1347 as elsewhere in Europe. Arable fields probably enabled basic 
self-sustaining cultivation of winter cereals even at such elevations in the climatically favourable years of the Medieval 
Warm Period. The village presumably collapsed due to a combination of weather fluctuations at the onset of the Little Ice 
Age, simultaneous socioeconomic stagnation in the Czech Lands and exploitation of the surrounding forest. The dynamics 
of wet stand vegetation and Calthion palustris montane wet meadows were driven by fluctuating human and grazing impacts. 
Annual and biennial herbaceous species that peaked after village abandonment were rapidly replaced by Filipendula ulmaria 
and Salix stands. The secondary forest developed towards Picea stands. Only later, mesic montane meadows of medium tall 
grasses combined with Meum athamanticum and mountain dry pastures developed on nutrient poor patches. 

Keywords Bioarchaeology • Deserted medieval village • Environmental reconstruction • Peripheral mountain area • Central 
Europe • Succession 
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I n t r o d u c t i o n 

The phenomenon of short-lived, deserted medieval vil­
lages has been documented all across Europe, but espe­
cially in Central Europe (CE) including the Czech Lands 
(CL) (Nocuň et al. 2016; Čapek and Holata 2017). Medieval 
demographic and economic growth is often associated with 
the rather moderate climate fluctuations during the epoch 
conceptualized as the Medieval Warm Period (MWP) (Biint-
gen et al. 2011). The large degree of abandonment in the 
Late Medieval Period followed climate deterioration dur­
ing the Little Ice Age (LIA) as evidenced in studies from 
northern countries such as Iceland (Gissel et al. 1981), Scan­
dinavia (Fredskild 1988) and Greenland (Sveinbjarnardót-
tir 1992), as well as in the English village Wharram Percy 
(Hoskins 1988). However, at the same time settlements were 
abandoned also in traditional settlement areas with a more 
favourable climate where socio-economic, institutional, cul­
tural and demographic trends outweighed climatic causes 
(Alfonso 2007; Kitsikopoulos 2011). 
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Settlements most prone to abandonment were typically 
situated on the periphery of a particular country. In the CL, 
these were foremost the border mountain areas, includ­
ing the Krušné Mts. The major colonization of their ridge 
(Fig. 1) is dated to the High Medieval Age around the mid­
dle of the 13th century A D , succeeding the major coloniza­
tion in the Bohemian traditional settlement area dated to 
the 12th and 13th centuries (Klápště 2016). These regions 
were settled mostly due to mining activities and glassworks 
(Kenzler 2012; Černá and Klir 2014), (Fig. lb). The spread 
of industrial activities corresponded with the era of pros­
perity that culminated during the reign of Charles IV (AD 
1344/1348-1378) and was also synchronized with the MWP, 
which occurred from A D 1260-1380 in CL according to 
interpretations of historical documents (Brázdil and Kotyza 
1995). This was contrary to other parts of Europe, where the 
Black Death killed almost half of the population (Brázdil 
and Kotyza 1995; Biintgen et al. 2011). Decreased industrial 
activity took place during a period historians call the "Late 
Medieval" Crisis which affected all aspects of society (Maur 
1989; Schuster 1999). In the CL, the social instability con­
tinued into the 15th century A D culminating in the Hussite 
wars in A D 1419-1434, the interregnum in A D 1439-1453 
and the Bohemian-Hungarian war in A D 1468-1478. 

Human activities and climate influence vegetation 
cover in general (Gaillard et al. 2010). The European pol­
len record revealed massive deforestation during the MWP 
with the exception of the rise in forested usable land after 
the Black Death in A D 1347 (Kaplan et al. 2009). Similarly, 
the woodland ratio decline was documented from traditional 

Fig. 1 (a) Location of the former village of Spindelbach in the Ore 
Mts., NW Bohemia is indicated by a filled square, (b) Scheme of col­
onization in a 5 km radius of Spindelbach (SPI filled square) due to 
industrial activity. Glassworking that preceded the establishment of 
villages in the area of Spindelbach and Jilmová is dated to the first 
half of the 13th century AD (marked as filled diamond). A boom in 
ore mining was connected with establishment of villages in the 13th 
century AD (marked as black filled square). The next wave of village 
establishment occurred no sooner than in the middle of the 16th cen­
tury (marked as filled circle). Only Spindelbach was abandoned in the 
middle of the 15th century AD. (c) A plan of Spindelbach. The cross 
indicates the location of the core SPI-1 
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settlement areas in CL (e.g. Kozáková et al. 2009, 2014; 
Pokorná et al. 2014) and less often in its marginal areas 
(Kozáková et al. 2015). The available pollen studies from the 
Krušné Mts. documented major man-made deforestation in 
the Late Subatlantic period (Jankovská et al. 2007) and no 
sooner than A D 1500-2000, based on the REVEALS model 
averaged over NW Bohemia (Abraham et al. 2016). 

In fact, herbaceous communities occupied a significant 
part of CL vegetation cover according to an estimate of 
anthropogenic land cover change from A D 1250-1600 (Gail­
lard et al. 2010). These non-forested biotopes included a 
variety of types ranging from rural urban habitats (Pokorná 
et al. 2018) to xerophylous grasslands reconstructed in the 
area of medieval Prague or in the Most basin (Opravil 1969; 
Pokorná et al. 2014). Even though some of them probably 
persisted locally during the whole Holocene (e.g. dry grass­
lands in the northern part of CL) (Pokorný et al. 2015), 
some of them originated due to human induced deforesta­
tion (Houfková et al. 2015). However, understanding of the 
fine-scale spatial structure of past herbaceous vegetation 
often remains neglected (Szabó et al. 2017). Based on the 
knowledge of their modern analogues, we assume that non-
forest biotopes exhibited rather high dynamics. The chang­
ing intensity of human pressure especially leads to rapid 
changes in species diversity, as documented in abandoned 
meadows (Hájková et al. 2010). A rather rapid succession 
from annual and biennial herbs to perennial grasslands and 
shrubs was observed in upland villages abandoned after the 
Second World War in the Czech borderlands (Jehlik 1971). 
Our study of these dynamics focused on the area of the for­
mer village Spindelbach, composed nowadays of wet stands 
and Calthion palustris montane wet meadows. 

Spindelbach village 

Spindelbach was a medieval village located at 
800-880 m a.s.l. (50.480N, 13.196E) on the ridge of the 
Krušné Mts. The village topography corresponds to the 
structure of a so called "forest village" (Waldhufendorf), 
a typical village type documented on many sites in the 
uplands near the border of the Czech Republic and Germany. 
According to an archaeological survey and excavation, the 
village was founded in the second half of the 13th century 
A D and abandoned completely around A D 1450 (Hylmarová 
et al. 2013; Klir 2016). In the written sources, the village of 
Spindelbach was first mentioned in A D 1356 and for the last 
time in A D 1481 (Profous 1951). However, it was supposed 
to be already deserted in A D 1481 (Klir 2016). After AD 1490, 
its toponym only referred to a fishpond, a forest and mead­
ows (Profous 1951). 

Although written sources did not mention the means of 
subsistence for Spindelbach directly, the settlement form, 
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relicts of agricultural terraces and artefacts found during the 
archaeological excavation of one of the medieval farmsteads 
give evidence that cereal production and animal husbandry 
were important parts of the village economy (Hylmarová et al. 
2013). Based on archaeological findings of various tools in 
Spindelbach as well as analogies from across contemporane­
ous sites in CE, subsistence agriculture production was season­
ally supplemented by market non-agricultural activities, such 
as forest crafts, the carrying trade, and service for the mining 
industry (Klir 2016). 

P r e s en t v e g e t a t i o n o f t h e s a m p l i n g s i te 

The slopes of the Krušné Mts. are today mainly covered by 
beech forests. Their supramontane belt is formed mainly by 
spruce forests while minerotrophic mires and bogs occur on 
the plateaux (Chytrý 2012). Dominant vegetation, according 
to floristic evidence, includes several plant associations in 
particular stands: Montio-Cardaminetea with Montia fon­
tána, Carex canescens and C. rostrata, Deschampsia caespi-
tosa and Galium palustre by springs or in slow-moving water 
stands with a low calcium content, Calthion palustris with 
Cirsium palustre, Carex nigra, C. panicea and Juncus effu-
sus on wet meadows on acidic soils, and spruce alder carrs 
(Alnion incanae with Picea abies, Alnus glutinosa, Calama-
grostis villosa and Viola palustris). The mean summer tem­
perature ranges from 10 to 11 °C, and the mean annual total 
precipitation from 800 to 1,000 mm year - 1 based on the 
40-year average according to the Czech Hydrometeorologi-
cal Institute (Tolasz et al. 2007). 

The s t u d y 

We used pollen and macrofossil analyses to reconstruct the 
plant cover dynamics, diatom analysis for inferring changes 
in the aquatic environment and geochemistry for tracking 
mining activities at the medieval site with short-term set­
tlement that developed in the MWP and ceased in the LIA. 
Our aims were: (1) to provide evidence about woodland spe­
cies dynamics prior to medieval colonization and specify 
trends in local deforestation in the Krušné Mts. during the 
MWP/LIA; (2) to specify the vegetation background and 
reconstruct the dynamics of local vegetation cover driven 
by the established medieval village Spindelbach; and (3) to 
describe the vegetation succession after its collapse. 

M a t e r i a l s a n d m e t h o d s 

Fieldwork and sampling 

The main core (SPI-1) was taken in a shallow depression 
located in the central part of a wet meadow just in the 

centre of the abandoned village Spindelbach (50.4829333N, 
13.1941667E), approximately 50 m from a nearby brook. 
The site is permanently wet due to a high groundwater level. 
There is a low bank just below the coring site, which partly 
prevents water leaching from the depression, however, it is 
not clear whether the bank was of natural or artificial ori­
gin. The lithological description was based on Troels-Smith 
(1955). The complete profile was sampled for pollen and 
other analyses (micro-charcoals, geochemistry and macro 
remains) at 3 cm intervals. Diatom analysis was performed 
on selected levels. 

Radiocarbon dating 

Accelerator Mass Spectrometry (AMS) 1 4 C dating of four 
samples was performed on subfossil seeds in the Center for 
Applied Isotope Studies, USA (CAIS) and Poznari Radio­
carbon Laboratory, Poland (PRL). A Poisson-process dep­
osition model (Bronk Ramsey 2008) with one postulated 
event per centimetre (k= 1 in the depth interval of 82-33 cm, 
Bronk Ramsey and Lee 2013) was constructed using the 
OxCal 4.3.2 online application (Bronk Ramsey 2009) based 
on the IntCal 13 (Reimer et al. 2013) calibration curve. 

Pollen and micro-charcoal analysis 

Sediment samples of 1 cm 3 were boiled in potassium 
hydroxide, sieved, acetolyzed and treated with hydrofluo­
ric acid according to Faegri and Iversen (1989). A known 
quantity of Lycopodium spores were added to each sample 
to determine the total pollen concentration (TPC) (Stock-
marr 1971). Pollen was counted under a Nikon Eclipse 80i 
light microscope (LM) at a magnification of 400-1,000X. 
A minimum of 500 pollen grains were determined in each 
sample. Taxonomic identifications followed Beug (2004), 
Punt et al. (1976-2009). Plant stomata were calculated as 
percentages of the total pollen sum (Sweeney 2004). Only 
dominant pollen types are displayed in the pollen diagram; 
trees and shrubs were grouped according to Gaillard (2013). 

Microcharcoal abundance was estimated by L M using a 
Lycopodium spore standard (Stockmarr 1971). Micro-char­
coal types were classified according to Umbanhowar and 
McGrath (1998). The origin of spheroidal microcharcoals 
was determined according to Griffin and Goldberg (1979) 
and Rose (2001). 

Geochemistry 

The near total element concentration was measured after 
energy-dispersive-X-ray-fluorescence analysis (ED-XRF) 
with a portable Delta Professional ED-XRF analyser (PXRF) 
by Olympus InnovX, with Soil Geochem measurement mode 
(Kalnicky and Singhvi 2001; Hiirkamp et al. 2009). The 
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samples used for this analysis were dried at 40 °C for 13 h. 
Al l measurements were performed for 1 min with 30 s of 
a 10 kV beam and 30 s of a 40 kV beam. The used PXRF 
model gives data as weight ppm. The quality of the device 
measurements was successfully tested by BAS Rudice Ltd. 
on 55 reference materials (e.g. SRM 2709a, 2710a, 2711a, 
OREAS 161,164, 166, RTC 405,408). Data were standard­
ized using measured Sr values. 

Diatom analysis 

Organic matter from sediment samples was removed using 
cold H 2 0 2 for several days (Houk 2003). Diatom valves were 
counted from Pleurax (Fott 1954) mounted permanent slides 
under an Olympus BX 51 light microscope at 1,000 X mag­
nification. Diatom taxonomie determination was based on 
central European floras (Krammer and Lange-Bertalot 1986, 
1988, 1991a, b). At least 100 valves were counted in each 
sample. The diatom inferred trophic state (TID) was calcu­
lated with Omnidia 5.1 software using values published in 
Rott et al. (1999). Typical species habitats were determined 
according to Denys (1991), and their pH preferences accord­
ing to van Dam et al. (1994). 

Macro-fossil analysis 

Sediment was wet-sieved in the laboratory using sieves of a 
0.25 mm minimal mesh size. The dried material was sorted 
under a binocular microscope and seeds, fruits, wood and 
charcoal remains were identified according to Katz et al. 
(1965), Schweingruber (1990), Cappers et al. (2006) and 
using the reference collections of the Department of Botany, 
Faculty of Science, Charles University and the Laboratory of 
Archaeobotany and Paleoecology in České Budějovice. The 
results were further processed using the ArboDatMulti data­
base programme (Kreuz and Schäfer 2002; Pokorná et al. 
2011). The charcoal and wood analyses were performed 
using a Nikon Eclipse 80i episcopic interference micro­
scope on fragments larger than 2 mm. The nomenclature 
of vascular plants used in the following text follows Kubát 
et al. (2002). 

Diagrams and statistics 

Stratigraphic diagrams were created using Tilia 1.5.12. 
(Grimm 2011). The relative abundances of dominant pol­
len types and diatom species were plotted in black solid 
silhouettes, using a grey extension for ten times exaggera­
tion. Counts of macrofossils and wood/charcoals were trans­
formed to a unified volume of 11 and plotted in black histo­
grams. The significance of the pollen, diatom, macrofossil 
and geochemical accumulation zones based on CONISS 
(Grimm 1987) were determined using the broken stick 
model (MacArthur 1957; Legendre and Legendre 1998) and 
calculated in R 2.11.0 (R Development Core Team 2010) 
and Tinn-R 2.3.5.2 (Faria 2009). 

Resu l t s 

Sedimentary record 

The base of the profile (SP-1) was composed of sand, 
probably in connection with alluvial sedimentation of the 
nearby brook, whereas the overlying sediment (82-30 cm) 
is mainly organogenic. The homogenous sedimentation was 
interrupted by a layer of sand/silt admixture (30-15 cm), 
whereas the uppermost layer (15-0 cm) was formed mainly 
by sphagnum peat (Table 1). 

Radiocarbon dating 

A Bayesian model based on four 1 4 C dates provided detailed 
chronology for the SPI-1 core (Table 2; Fig. 2). The maxi­
mum and minimum standard deviations (6) for the calcu­
lated levels were 35 and 11 years, respectively. 

Pollen analysis 

Pollen and spores were well preserved with 124 pollen 
types and groups recorded in total. Three significant pol­
len accumulation zones (PAZ) based on the relative abun­
dance of pollen types were separated (Figs. 3, 4). Mono-
lete spores of ferns decreased from 38 to 6% in PAZ1 

Table 1 Stratigraphy of the 
profile SPI-1, Spindelbach. 
Abbreviations according to 
Troels-Smith (1955) 

Depth (cm) Abbreviation Description 

0-15 Tb°4 Sphagnum peat 
15-18 Tb'3 Gal Clayish mud with Sphagnum 
18-27 Gs3 T b ' l Th+ Silty mud with sand and Sphagnum admixture 
27-30 G a 2 T b 1 l T h 1 l Silty mud with Sphagnum admixture 
30-66 Sh4Dl + Dh+ Washed-in silty sediment, rich in organic detritus 
66-82 Sh3 DU Dh+ 
Base Gs4 Sand 
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Table 2 Radiocarbon dates 
from the Spindelbach SP-1 core Lab. no. Depth (cm) 4 C years (BP) Cal. years (AD) Dated material (subfossil seeds) 

Poz-78065 33--36 325 ±30 1530--1601 Scirpus sylvaticus, Carex 
sp., Stellaria sp., 
Cirsium]Carduus sp. 

UGAMS# 17269 51--54 380 ±25 1453--1481 Carex sp. 
Poz-78066 63--66 635 ±30 1377--1398 Ranunculus acrislrepens 
UGAMS# 13074 78--82 580 ±40 1303--1336 Montia fontana 

The calibration was based on a Poisson-process deposition model (Bronk Ramsey 2008) with one postu­
lated event per cm (k= 1) within 95.4% confidence interval (Bronk Ramsey and Lee 2013) 

1000 1200 1400 1600 

Modelled date (AD) 

1800 2000 

species (e.g. Chenopodiaceae), and weeds (e.g. Anagal-
lis arvensis, Centaurea cyanus) followed a similar trend. 
Species occurring in wet stands (e.g. Montia, Chryso-
splenium) and meadows (e.g. Caltha palustris, Chaero-
phyllum hirsutum, Valeriana dioica) were also recorded. 

At the boundary of PAZ1 and 2, the abundances of 
Anthemis arvensis-type and Brassicaceae pollen increased 
up to 10% and 11%, respectively. The ratio of Salix pollen 
reached 46% in PAZ2 samples (51-24 cm). Species of 
wet meadows increased in abundance, with the pollen of 
Filipendula reaching 11%. Cereals, weeds, ruderals and 
nitrophilous species decreased, while the abundance of 
Picea pollen slightly increased. Aquatic species, such as 
Lythrum salicaria, Thalictrum flavum and Typha latifolia, 
were represented as rare pollen types. In PAZ3 (24-0 cm), 
AP {Picea, Alnus glutinosa, Corylus avellana, Tilia cor-
data, Ulmus, Fraxinus excelsior and Sorbus) increased in 
abundance, while pollen of Cyperaceae, cf. Glyceria, Vac-
cinium and Sphagnum spores were recorded. The ratio of 
cultivated plants, weeds, and grazing indicators increased. 
A low but continuous abundance of Meum athamanticum 
and Sanguisorba officinalis was recorded. The uppermost 
layers were distinguished by the presence of the Ambrosia 
pollen type. 

Fig. 2 A Poisson-process deposition model (Bronk Ramsey 2008) 
with one postulated event per cm (k = 1 for depths 82-33 cm, Bronk 
Ramsey and Lee 2013) based on the IntCal 13 (Reimer et al. 2013) 
calibration curve. The model was calculated and figure created in the 
OxCal 4.3.2 online application (Bronk Ramsey 2009) 

(84-51 cm). The arboreal pollen (AP) ratio composed of 
pollen of particularly shade tolerant species {Fagus sylvat-
ica, Abies alba and Picea) decreased from 46 to 11%. Non-
arboreal pollen (NAP) gradually increased above 79%, 
mostly due to an increase in the abundance of pollen of 
the Poaceae family (above 38%). Pollen of cereal species 
(Secale cereale, Triticum, Panicum, Avena and Hordeum) 
increased from the 1-2% recorded in its first subzone to 
2-4% recorded in the second. Grazing indicators (e.g. 
Rumex acetosella, Juniperus, Calluna vulgaris), ruderal 

Charcoal and micro-charcoal analysis 

In the zone corresponding to PAZ 1, Picea charcoal con­
centration was estimated at above 1,000 n l _ 1 . In the cor­
responding samples, the concentration of microcharcoal 
of wood origin peaked ca. 244 X 103 ng _ 1 . Then, almost 
no charcoal, with only 18 n l _ 1 of Fagus charcoal, was 
recorded in the 45-48 cm layer with microcharcoal con­
centration remaining below 105 ng _ 1 . A slight increase 
of microcharcoal concentration to - 105 ng _ 1 was meas­
ured at the end of PAZ 2 (24-33 cm). In the 78-82 cm 
layer, almost 2% of charcoal was classified as small (area 
100-200 |im) and spheroidal (length/width ratio 1-2). 
Spheroidal carbonaceous particles (SCPs) reached up to 
5% by the end of PAZ 3 (Fig. 3). 
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Fig. 3 Trends in tree species composition and fire activity based on 
pollen, macrofossil, charcoal and microcharcoals recorded in the core 
SPI-1, Spindelbach, Ore Mts. (50.4808494N, 13.1957847E). The 
grey area corresponds to a tenfold increase in relative abundance of 
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Fig. 4 Pollen diagram from the core SPI-1. The relative abundance 
of major pollen types is in black, the grey area corresponds to a ten­
fold increase over the black. Aquatic pollen types with discontinuous 

occurrence were grouped as Aquatics. The presence of cultivated 
trees is expressed by grey filled dots. Trees and shrubs were grouped 
according to Gaillard (2013) 
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Geochemistry 

Two significant accumulation zones (GAZ) were separated 
(Fig. 5). A low concentration of elements was measured in 
the first cluster (GAZ 1), yet Rb, K and Zr concentrations 
were about four times higher than in the second one. There, 
Ca, S and Fe concentrations increased, followed by P, Pb, 
Cu and As. In GAZ 2, the concentrations of Si, Ag, Th, Cd, 
U and Mo increased. The increased concentrations of Al , K 
and Rb corresponded to the lithological unit Gs3 Tb' l Th+. 
The uppermost part had samples with increased concentra­
tions of P, As, Cu, Al , Y, Zn, Ag, Th, Cd, U and Mo. 

Diatom analysis 

Generally, the abundance of diatom valves was low and 
valves were frequently damaged. Three significant zones 
were separated (Fig. 6). In DAZ 1 (82-54 cm), benthic taxa 
of relatively low aquatic trophic status dominated (Pin-
nularia sp., Gomphonema cf. productum and Encyonema 
silesiacum). Taxa tolerant to enhanced osmotic pressure, 
caused either by dessication or high aquatic salinity, were 
present at the boundary with DAZ 2 (e.g. Aulacoseira ital-
ica). Although absolutely low (TID = 1.2-1.4), TID in this 
zone reached the highest value in the profile. The species 
composition corresponded to circumneutral aquatic condi­
tions (pH ~7). In DAZ 2 (47-27 cm), species demanding 
clean water and exhibiting TID = 1.2-0.9 dominated. Ben­
thic taxa (Fragilariforma virescens and Eunotia incisa) 
dominated, while tychoplanctonic taxa were present (e.g. 
Aulacoseira distans and Tabellaria flocculosa), but spe­
cies tolerant to dessication were no longer present. The 
steep decrease of the trophic state in the 45^47 cm sample 
(TID = 0.9) was caused above all by the dominance of E. 
incisa. A shift to more acidic conditions was evidenced by 
the dominance of acidophilic taxa (pH 6-7). The diatom 
community composition corresponded to the existence of a 

shallow aquatic body without external loading of nutrients. 
In DAZ 3 (27-0 cm), the aquatic environment showed 
dystrophic conditions characteristic of peat bog establish­
ment. Benthic acidobiontic species typical of peat bogs 
(E. exigua, E. bilunaris and E. tenella) with pH optimum 
lower than six dominated. This is further evidenced by the 
decrease of TID (-0.9) and the proportion of tychoplanc­
tonic species. 

Macro-fossil analysis 

Seeds/fruits were well preserved, mostly by waterlog­
ging, and only rarely by charring. Three significant zones 
(MAZ) were separated (Fig. 7). In total, 36 taxa (species 
or genera) were determined according to their seeds/fruits 
(for detailed descriptions of selected taxa see Fig. 7). 

In MAZ 1 (82-57 cm), wet stands were evidenced by 
the presence of Montia fontana and Glyceria fluitans. At 
the same time, grassland species, such as Prunella vul­
garis, Rumex crispuslobtusifilius, Ranunculus acrislrepens 
and Caltha palustris, were common in this zone. The upper 
part of MAZ1 corresponded to PAZ lb and was character­
ized by species common to pastures {Rumex acetosella) 
and human activities {Raphanus raphanistrum, Stellaria 
media, Spergula cf. arvensis and Polygonum arenastrum). 
The development of wet meadows on acidic soils was 
reconstructed mainly in MAZ 2 (57-12 cm), based on the 
presence of Lychnis flos-cuculi, CirsiumlCarduus, Viola 
sp., Juncus sp. and Scirpus silvaticus. Fragaria seeds 
occurred at the depth of 30 cm. Both cone scales and nee­
dles of Picea abies were found in MAZ 3 (12-0 cm). 

Fig. 5 Results of geochemical 
analysis from the core SPI-1. 
Curves show trends in the 
content of selected elements and 
the Fe/Mn ratio 
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Fig. 6 Results of dratom ana.ysis from the core SPI-.. Relative abundance of diatom species is in black, the grey area corresponds to a tenfo.d 
increase over the black. Black dots correspond to the reconstructed diatom inferred trophic state (T1D) 
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Discussion 

Core stratigraphy and genesis of the sediment 

Although the diatom species indicate an aquatic environ­
ment within the entire profile (with the exception of Aula-
coseira italica at 54 cm, a species tolerant of desiccation) 
(Fig. 6), the lack of macrofossils of aquatic macrophyta 
makes the genesis of the sediment (limnic or semi-terres­
trial) uncertain (Fig. 7). An admixture of hygrophyllous 
species was present in the pollen data (Montia, Chryso-
splenium, Lythrum salicaria, Thalictrum flavum and 
Typha latifolia), however, with the exception of very rare 
pollen grains of Myriophyllum spicatum (in PAZ 2), no 
aquatic macrophyta were documented (Fig. 4). Still, the 
diatom composition suggests a minimum external loading 
of nutrients. Therefore, we could expect that the organic 
material analysed represented a local signal of the immedi­
ate surroundings of the coring site. 

The methods used in our study differ in the spatial 
extent of their source area. Diatoms solely indicate the 
local environment around the core. Also, macro remains 
(seeds/fruits and macro charcoals) are generally of rather 
local origin (mostly up to several metres). Microele­
ments are, on the contrary, airborne, so that they could 
be transported from greater distances, as for example Zn, 
Cd and As in the uppermost layers of the profile (Fig. 5) 
originated probably from brown coal fuelled power plants, 
located in the adjacent lowland since the A D 1980S. The 
increased concentration of some elements could, therefore, 
be connected with ore mining up to several km distant 
from the core (the concentrations would be much higher 
if the mining was local). 

The pollen signal is the most difficult to interpret. It 
could be partly of local origin (vegetation of the coring 
site) or it may cover the area of the whole village with its 
farmed land. At the same time, some pollen grains could 
be of a regional origin, i.e. coming from forests and farm­
steads placed several km away. Besides, pollen grains from 
very long distances could be admixed sporadically (e.g. 
thermophilous species from lowlands), however, this does 
not seem to be the case for our data, which lacked thermo­
philous species. Another complication is that species differ 
in their pollen dispersion abilities. A good example is the 
pollen of various cereals. Rye is a wind-pollinated cereal 
and its pollen was therefore of a regional origin, whereas 
the other cereals are cleistogamic, therefore their pollen 
was more likely of a local origin. 

Palaeoecological record from the wet stand 
in Spindelbach 

The wet stand was situated in the village centre (Fig. lc). 
The village was founded in the A D 1350S according to 
historical evidence (Profous 1951). However, the oldest 
buildings located in the lower part of the village may have 
already been built in the second half of the 13th century 
A D according to archaeological evidence (Klir 2016). This 
is in correspondence with the obtained 1 4 C data, because 
the sedimentary record exhibiting human influence is pri­
marily dated to the 14th and 15th centuries A D (Table 2; 
Figs. 2, 3,4). Plant remnants recorded in the studied sedi­
ment reflect the colonization pictured in Fig. lc, but the 
sediment is not older than about A D 1300 based on the 
calibrated 1 4 C intervals (Table 2; Fig. 2). We assume the 
sedimentological record reflects: 

1. The period lasting ~ 70 years when the settlement was 
being established in the first half of the 14th century 
defined by the first lithological unit and PAZ la (82-
66 cm); 

2. Existence of a fully developed village from A D 1370-
1450 as defined by PAZ lb (66-51 cm); 

3. The collapse horizon during the period A D 1450-1480 
(54-51 cm); 

4. Succession in the abandoned village area (51-30 cm); 
5. A hiatus implied by sand admixture reflecting up to a 3 

centuries long period (30-15 cm); 
6. A subrecent epoch (15-0 cm), (Figs. 3, 4). 

Since no significant PAZ is determined between (1) and 
(2), PAZ 1 likely reflects human activity driving a rather 
gradual process of forming the fully functional village. 
Period (4) may have lasted from the A D 1480S to the 1540s. 
This conclusion is, besides the deposition model (Fig. 2), 
based on an assumption that the increased human activ­
ity recorded at the site was connected to another village, 
Výsluní, established nearby in the A D 1540S. The hiatus is 
implied by the PAZ2/3 boundary (21-24 cm) and is also 
strongly indicated by a fluctuation in the total pollen con­
centration (TPC) (Magyari et al. 2014), which increases up 
to 385 X 103 grains per cm3 and is followed by a decrease to 
less than 50 X 103 grains per cm3. The comparison of cluster 
analysis and outlined settlement periods is given in the ESM. 

Development of plant cover at the site 

Reclamation of the area 

The dominance of pollen from the shade tolerant climax tree 
species Fagus, Abies and Picea, and fern spores indicates 
the broader area was forested at the beginning of the 14th 
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century (Fig. 3). Nevertheless, the recorded percentages of 
AP (-46%) and fern spores (~ 35%), Picea charcoal concen­
tration reaching > 1,000 n l _ 1 , and the increased concentra­
tion of wood microcharcoal (Fig. 3) may reflect previous 
local glassworks activity (Fig. 1) (Černá and Klir 2014). In 
particular, Picea wood together with ferns were among the 
key materials in glassmaking (Cílová and Woitsch 2012). 
The increased charcoal concentrations may already coincide 
with a local slash-and-burn strategy as some houses with an 
agricultural background were being established in the lower 
part of the village by that time (Klir 2016). This accumula­
tion of charcoal was rather caused by direct local human 
influence than by frequent fires resulting from droughts 
that were documented in CL in the 14th century (Brázdil 
et al. 2013). Mining activities had started in other parts of 
the Krušné Mts. as early as 250 BC (Veron et al. 2014) and 
the broader area was concurrently colonized due to min­
ing (Fig. 1). However, there was no detection of increased 
local heavy metal concentrations in our study indicating the 
absence of mining activity in this particular area (Fig. 5). 
The composition of the macrofossil spectrum implies that 
locally there was development of a light-demanding wet 
stand vegetation (Fig. 7), which was supplied by slowly 
moving water with circumneutral aquatic conditions, rela­
tively low aquatic trophic status (Fig. 6) and low calcium 
content (Fig. 5). Calthion palustris montane wet meadows 
occurred in the wet canopy openings around the springs and/ 
or, to a lesser extent, in partially shaded places of the allu­
vial zone of the upper stream (Balátová-Tuláčková 1981; 
Hájková et al. 2010), (Figs. 3, 4). 

Local deforestation in the Krušné Mts. 

Generally in CE, the trend of a distinct deforestation dur­
ing MWP in the 11th and 12th centuries was somewhat 
reversed due to European population decline after the 
Black Death in A D 1347 (Kaplan et al. 2009; Poschlod 
2015). However, these trends do not correspond with 
those reconstructed by us in the Krušné Mts. The most 
significant decrease of the AP below 12% was recorded in 
the second half of the 14th century in the studied region 
(Fig. 3). As another five mining villages were established 
in a 5 km radius of Spindelbach, such a human-induced 
deforestation likely affected the structure of tree species 
composition in the broader area (Fig. lb). The dominant 
tree species composition prior to colonization of the area is 
in correspondence with the REVEALS estimates for NW 
Bohemia for a chronozone dating from 3000 B C - A D 1500, 
in which major deforestation was not predicted until the 
second half of the last millennium (Abraham et al. 2016). 
The decline in Abies and Picea pollen abundance in PAZ 
la was followed by that of Fagus in PAZ lb (Fig. 3), and 
their TPCs showed the same trend. This may indicate that 
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Fagus could grow at lower elevations, more distant from 
the village than stands of coniferous trees and thus were 
cut later (Hicks 2006). Because a fluctuating sedimenta­
tion rate (Seppá and Hicks 2006) can be assumed for our 
sediment sample, we did not reconstruct further details 
regarding the actual tree cover based on annual pollen 
accumulation rates (van der Knaap 2009; van der Knaap 
et al. 2010). The decline of tree pollen abundance equalled 
or even outweighed that reconstructed in the Czech low­
lands in the High Medieval Times (Kozáková et al. 2014; 
Pokorná et al. 2014). The decrease in the AP to 11% at the 
depth of 52 cm (Fig. 3) probably reflects intense use of 
wood for industrial activity as mining progressed in the 
broader area. An enormous amount of Picea and Fagus 
wood was also usually consumed to produce the ash that 
was used in the glassmaking process (Cílová and Woitsch 
2012). In addition, the samples possessing low values of 
AP correspond to a period of severe winters recorded in 
CL in the A D 1430s-1450s and 1480s (Brázdil and Kotyza 
1995), which may have contributed to enhanced wood 
consumption. 

Even though Picea was later restored, Fagus and Abies 
never achieved their former abundances (Fig. 3). We assume 
that the distribution of newly spreading tree species was 
determined by several factors in the several decades after 
Spindelbach was fully abandoned in the A D 1480s (Giesecke 
et al. 2007). These factors possibly included: 

1. Picea spreading naturally as a pioneer tree on newly 
cleared forest stands and its being favoured by humans 
because of its obvious advantages; 

2. Climate limitations driving the recruitment of seedlings. 
Contrary to young Picea trees (Schuster and Oberhuber 
2013), Fagus growth and its seedling distribution may 
not be favoured by low summer precipitation, or late 
spring and early autumn frosts (van Hees 1997; Jump 
et al. 2006). Abies growth was found to be even more 
sensitive to summer droughts than Fagus (Cailleret and 
Davi 2011). Low summer precipitation amounts were 
reconstructed in CL during the first half of the 16th 
century A D including long-lasting droughts in A D 1540 
(Brázdil et al. 2013; Dobrovolný et al. 2015). On the 
contrary, wet years were on average reconstructed in the 
second half of the 16th century A D (Dobrovolný et al. 
2015). This trend was however related to the prolonged 
winters connected to late spring and early autumn frosts 
starting about A D 1540 and reaching a 30-year long cold 
period in A D 1569-1598 (Brázdil and Kotyza 2000; 
Dobrovolný et al. 2010); 

3. Physiological differences of the participating tree spe­
cies influencing their propagation and current pollen 
production. For example, Fagus lacks a persistent seed 
bank as it sprouts (Pickett and McDonnell 1989). The 
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noted pollen production may have resulted from e.g. dif­
ferent flowering maturity ages (Giesecke and Bennett 
2004; Hicks 2006; Bradshaw et al. 2010); 

4. The different spatial distributions of the trees in the 
Krušné Mts. as a result of past local management around 
Spindelbach may have favoured a succession on aban­
doned pastures toward Picea stands while Fagus was 
possibly still exploited at lower altitudes, as other vil­
lages were not abandoned (Fig. lb). 

Economy and populat ion of the vil lage 
of Spindelbach 

Spindelbach was established outside the traditional settle­
ment regions in an area that is very marginal for agricultural 
production in terms of the short-fallow cultivation systems 
that were typical for high and late medieval CE (e.g. Kenzler 
2012; Klápště 2016). Its long strip fields covered a roughly 
estimated area of 640 ha and were analogous to medieval 
field systems described in other parts of CL (Houfková 
et al. 2015) or Europe (Matzat 1988; Kenzler 2012). Calth-
ion palustris montane wet meadows, a vegetation formation 
indicating grazing (Behre 1981), represented a significant 
part of the surrounding vegetation cover (Fig. 4). Thus, 
livestock breeding must have contributed a major part of 
the local agricultural production (Figs. 4, 7). We demon­
strated that cereal pollen types dominated by Secale cereale 
and Triticum sp. reached above 4% of relative pollen abun­
dance in the layers corresponding to the village's existence 
(Fig. 4). Archaeobotanical studies from a nearby medieval 
village at a similar altitude proved the processing of cereals 
imported from warmer regions, which resulted in enhanced 
cereal pollen concentrations (Kočár et al. 2014). However, 
such pollen spectra also included enhanced proportions of 
thermophilous weeds such as Agrostemma githago or Cen-
taurea cyanus. In contrast, the Spindelbach profile, although 
having higher total pollen counts, did not contain weed pol­
len except for Centaurea cyanus recorded only at the very 
end of the settlement (Fig. 4). This implies winter cereals 
were locally cultivated on arable land. As cereals usually 
covered 1/3-1/2 of medieval long strip fields, we assume 
that the corresponding 200-300 ha could have yielded the 
cereals needed for the subsistence of the estimated local 25 
concurrently living families (Beck 2004). The establishment 
of Spindelbach coincided with the MWP, which in CL is 
delimited to A D 1260-1380 according to interpretation of 
narrative sources (Brázdil and Kotyza 1995). Therefore, 
we speculate that climate conditions prevailing in the 14th 
century may have enabled self-sustaining cultivation using 
winter cereals at the site. In the village centre, wet stand 
vegetation persisted, although the representation of seeds 
and pollen of particular species fluctuated (Figs. 4, 7), pos­
sibly in response to human/livestock pressure. However, this 

potential artificial pressure was not recorded in the aquatic 
environment since no eutrophication of the wet stand, based 
on diatom index TID (Fig. 6) or total phosphorus (TP) con­
centration (Fig. 5), was detected. The colonization of the 
site had at least two detectable impacts: (1) macrofossil and 
sedimentological data that demonstrated a gradual silting up 
of the sedimentation basin; and (2) deforestation and cereal 
growth is evidenced in the pollen diagram. These changes 
were not rapid, but led to radical and until nowadays irre­
versible changes, e.g. in the above described tree species 
composition. 

Succession after the collapse of the local settlement 

The collapse 

Spindelbach was last mentioned in the historical records in 
A D 1481 (Profous 1951). However, based on the archaeologi­
cal excavations, some farmsteads were already abandoned 
around the middle of the 15th century (Hylmarová et al. 
2013; Klir 2016). A collapse horizon is reflected in the plant 
fossil spectrum followed by succession on abandoned build­
ings and in their adjacent areas (Figs. 3, 4, 7). The desertion 
of Spindelbach was likely not forced as low fire activity is 
indicated in the corresponding layers (Fig. 3). We speculate 
that the Spindelbach desertion resulted from a combination 
of unfavourable factors: (1) agrarian depression and decrease 
in the regional mining/industrial activity, followed by a 
lower demand for work forces, very probably coincided as 
demonstrated in other industrial parts of the CL in the 15th 
century; (2) gradual exploitation of the forest culminating 
in this period might have led to the lack of fire wood. This 
can be seen in the charcoal and wood values which already 
decline before the tree pollen minimum (Fig. 3); (3) extreme 
weather variability was reconstructed showing dry summers 
peaking in the A D 1480s and severe winters particularly in 
the A D 1430s-1450s and 1480s (Brázdil and Kotyza 1995). 
Weather fluctuations could have had a stronger effect on the 
local agricultural system due to the fact that Spindelbach 
was located just at the edge of the winter cereal cultivation 
zone, being more than 100 m a.s.l. higher than the other 
co-established villages. Examples of unfavourable weather 
conditions leading to site-specific village abandonment have 
been very well described at the onset of the LIA, as in case 
of Wharram Percy in England (Hoskins 1988). 

Immediate succession 

The plant fossil spectrum reflected village abandonment and 
ongoing succession analogous to modern evidence docu­
mented in the area of abandoned villages in Northern Bohe­
mia in the A D 1960s, where the initial successional phase 
typically lasted up to 4 years after village abandonment 
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(Jehlík 1971). This event was probably recorded in the 
upper layers of PAZ 1 and MAZ 1 (Figs. 4, 7). Seeds of 
annual and biennial herbaceous species, such as Raphanus 
raphanistrum, reached hundreds of finds l - 1 , whereas cereal 
pollen decreased. The wet stand was restored and densely 
covered by Montia fontána probably due to decreased graz­
ing (Figs. 4, 7). The slightly enhanced calcium content 
may correspond to its leaching from village ruins (Fig. 5). 
Calthion palustris montane wet meadows persisted, but did 
not contribute to the same extent and with the same species 
composition (Figs. 4, 7). This was influenced especially by 
decreased grazing documented by a decrease in the rela­
tive pollen abundance and macro fossil concentration of all 
indicator species (Figs. 4, 7) (Behre 1981), and a decrease 
in reconstructed TID (Fig. 6). The slightly increased ratio of 
pollen of Urtica dioica-type (and also its TPC) and seeds of 
Rumex crispuslobtusifolius were documented in the follow­
ing layers, rapidly replaced by the onset of Filipendula ulma-
ria and Salix stands. Pollen of Sambucus racemosalnigra, 
and Acer campestre-type contributed. Stands of high sedges, 
such as C. rostrata, developed locally, as indicated by the 
presence of its fossil seeds (Fig. 7). Occasionally, some pre­
viously planted herbs, like Levisticum officinale, persisted 
(Fig. 4). Picea was restored relatively soon according to 
both its increasing TPC and percentage in the pollen spec­
trum (Fig. 4). The development of a secondary forest that in 
general significantly differed from the ancient one in areas 
of abandoned villages (Vojta 2007) is further implied by 
the increase in Betula pollen abundance (Fig. 3). Simulta­
neously, further expansion of the Calthion wet meadows 
(Fig. 4) took place on the unforested stands, since the need 
for wood persisted in the region. This probably corresponded 
to the era after the A D 1540s, when mining activity developed 
around the newly established settlement Výsluní located 
3 km to the southeast (Fig. lb) (Hofmann 1939). Iron ore 
mining was implied by the increased concentrations of Fe 
and Si. Mining of silver ores is implied by the increased Ag 
concentration together with increased concentrations of Pb, 
Cu, As, Mo, Cd, U and Th (Fig. 5). This finding has its anal­
ogy in the nearby Zvonící potok valley where ore remnants 
containing 46.6% Fe, 26.3% Si and 0.3% Mn were detected 
from the still preserved mining tunnels (Kratochvíl 1953). 

Further development 

The whole area was negatively affected during the Thirty 
Years' War (AD 1618-1648), with Výsluní being burned 
down in A D 1640 (Crkal 2015). A pond named Spindelbach 
was mentioned in historical documents even in the 16th and 
17th centuries A D , but its location has not been further speci­
fied (Crkal and Černá 2009). No pond was mapped after 
the second half of the 18th century A D . We did not record 
any war events, because fire activity did not increase in the 
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sediment layers corresponding to further development at 
the site (Fig. 3). More likely, this epoch is part of a hiatus, 
which is implied by the sedimentological and geochemi-
cal evidence in the 30-15 cm layers. In these layers, sand 
and gravel admixed to acidic soil probably due to erosion 
(Fig. 5). This acidity was reconstructed based on diatom 
species preferring a pH lower than six (Fig. 6). Moreover, 
the obtained diatom spectrum indicates a low aquatic trophic 
status based on TID values (Fig. 6). This implies the occur­
rence of disturbed, rather acidic and nutrient poor habitats in 
the respective layers. This is in accordance with the observed 
vegetation changes. Mesic montane meadows of medium tall 
grasses combined with Meum athamanticum, mountain dry 
pastures (Violion caninae), and heathland vegetation devel­
oped in the surrounding landscape (Fig. 4), while the wet 
stand persisted at the sampling site. The huge quantity of 
Viola seeds (Fig. 7) belonged very likely to Viola palustris 
living directly on the wet stand. These nutrient poor patches 
were further disturbed by grazing animals (Figs. 4, 7). Lay­
ers in the 15-0 cm depth already correspond to a sub-recent 
period, as indicated by the presence of the Ambrosia pollen 
type, SCPs, and the increased concentration of trace ele­
ments, above all of Zn, Cd and As (Figs. 3, 4, 5). This prob­
ably corresponds to a peak in the emission of fly-ash and 
adsorbed trace elements recorded in the A D 1980S that origi­
nates from brown coal fuelled power plants located in the 
adjacent lowland (Fott et al. 1998). Diatom species composi­
tion reconstructed the dystrophic conditions characteristic 
for establishment of a peat bog (Fig. 6), corresponding to the 
described sub-recent Sphagnum growth in LU7 (15-0 cm). 

Conclusions 

Vegetation structure gradually but completely changed dur­
ing human exploitation of the mountain peripheral areas of 
CL during the High Middle Ages in the 13th and 15th cen­
turies A D . Establishment of the short-lived medieval village 
Spindelbach above 800 m a.s.l. in the Ore Mts. reflected the 
socio-economic trends in the second half of the 13 th cen­
tury and was probably connected with the favourable climate 
conditions recorded in the A D 1260s-1380S in CL (Brázdil 
and Kotyza 1995). Direct short-termed human impact was 
enhanced by ore mining in the broader area. Intense human 
pressure, together with climate conditions, irreversibly 
changed the woodland structure favouring Picea stands that 
have persisted until today. Even at such elevations, arable 
fields probably enabled a self-sustaining cultivation of win­
ter cereals for the local inhabitants in good years during 
the MWP. Development of wet Calthion meadows driven 
by local grazing was reconstructed at least since the 14th 
century. However, Spindelbach was soon abandoned in the 
A D 1450s-1480s. Its desertion corresponded to an epoch 
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of economic and demographic stagnation, overexploita-
tion of the surrounding forests and an era of severe weather 
recorded in CL in the A D 1430S-1450S and 1480s (Brázdil 
and Kotyza 1995). Successional trends after the abandon­
ment of the local settlement and diminished grazing were 
comparable to their modern analogues described in Jehlik 
(1971) and Balatová-Tuláčková (1981). These have been val­
idated independently over time and in the prevailing climate. 

Acknowledgements This research was supported by the project 
'PAPAVER', Reg. no. CZ. 1.07/2.3.00/20.0289, a grant from the Euro­
pean Regional Development Fund-Project "Creativity and Adaptabil­
ity as Conditions of the Success of Europe in an Interrelated World" 
(no. CZ.02.1.01/0.0/0.0/16_019/0000734), and the Charles University 
Grant Agency, Project no. 307415. We wish to thank to Jan Mareš for 
help during the coring, and Kristina Uhrová with sample preparation 
and Keith Edwards for language corrections. We are grateful to the 
anonymous reviewers whose comments substantially improved the 
manuscript. 

Re f e r en ce s 

Abraham V, Kuneš P, Petr L et al (2016) A pollen-based quantitative 
reconstruction of the Holocene vegetation updates a perspective 
on the natural vegetation in the Czech Republic and Slovakia. 
Preslia 88:409^134 

Alfonso I (2007) Rural history of medieval European societies: trends 
and perspectives. The medieval countryside, vol 1. Brepols, 
Turnhout 

Balátová-Tuláčková E (1981) Phytozönologische und synökologische 
Charakteristik der Feuchtwiesen NW-Böhmens. Rozpravy ČSAV, 
Rada matematických a přírodních věd 91:1-91 

Beck R (2004) Unterfinning: Ländliche Welt vor Anbruch der Mod­
erne. C. H. Beck, München 

Behre K-E (1981) The interpretation of anthropogenic indicators in 
pollen diagrams. Pollen Spores 23:225-245 

Beug H-J (2004) Leitfaden der Pollenbestimmung für Mitteleuropa und 
angrenzende Gebiete. Pfeil, München 

Bradshaw RHW, Kito N, Giesecke T (2010) Factors influencing the 
Holocene history of Fagus. For Ecol Manag 259:2,204-2,212 

Brázdil R, Kotyza O (1995) History of weather and climate in the 
Czech lands I: period 1000-1500. Zürcher Geographische Schrif­
ten, vol 62. Geographisches Institut ETH, Zürich 

Brázdil R, Kotyza O (2000) History of weather and climate in the 
Czech Lands IV: utilisation of economic sources for the study of 
climate fluctuation in the Louny Region in the fifteenth-seven­
teenth centuries. Masaryk University, Brno 

Brázdil R, Dobrovolný P, Trnka M et al (2013) Droughts in the Czech 
Lands, 1090-2012 AD. Clim Past 9:1,985-2,002 

Bronk Ramsey C (2008) Deposition models for chronological records. 
Quat Sei Rev 27:42-60 

Bronk Ramsey C (2009) Bayesian analysis of radiocarbon dates. Radio­
carbon 51:337-360 

Bronk Ramsey C, Lee S (2013) Recent and planned developments of 
the program OxCal. Radiocarbon 552:720-730 

Büntgen U, Tegel W, Nicolussi K et al (2011) 2500 years of Euro­
pean climate variability and human susceptibility. Science 
331:578-582 

Cailleret M , Davi H (2011) Effects of climate on diameter growth of 
co-occurring Fagus sylvatica and Abies alba along an altitudinal 
gradient. Trees Struct Funct 25:265-276 

Čapek L, Holata L (2017) General overview of medieval settlement 
research in the Czech Republic: emergence and development of 
the field, main issues and adoption of landscape context. Revista 
ArkeoGazte Aldizkaria 7:267-320 

Cappers RTJ, Bekker R M , Jans JEA (2006) Digital seed atlas of the 
Netherlands. Groningen archaeological studies, vol 4. Barkhuis 
Publishing, Eelde 

Černá E, Klír T (2014) The settlement of the Ore Mountains in the 
Later Middle Ages and Early Modern Period. The context and 
objectives of interdisciplinary research. In: Boháčova I, Sommer 
P (eds) Medieval Europe in motion. In honour of Jan Klápště. 
Institute of Archaeology of the CAS, Prague, v.v.i., Praha, 
pp 105-118 

Chytrý M (2012) Vegetation of the Czech Republic: diversity, ecology, 
history and dynamics. Preslia 84:427-504 

Cílová Z, Woitsch J (2012) Potash—a key raw material of glass batch 
for Bohemian glasses from 14th-17th centuries? J Archaeol Sci 
39:371-380 

Crkal J (2015) Výsluní. In: Urban M (ed) Horní města Krušných hor. 
Fornica Publishing, Sokolov, pp 300-319 

Crkal J, Černá E (2009) Nové objevy v Krušných horách-zaniklé 
středověké sklárny na k. ú. Výsluní, okr. Chomutov. Archaeol 
Hist 34:503-521 

Denys L (1991) A check-list of the diatoms in the Holocene deposits 
of the western Belgian coastal plain with a survey of their appar­
ent ecological requirements. 1. Introduction, ecological code and 
complete list. Service Géologique de Belgique 246:1-41 

Dobrovolný P, Brázdil R, Kotyza O, Valášek H (2010) Extreme sum­
mer and winter temperatures in the Czech Lands after A.D. 1500 
and their Central European context. Geografie 115:266-283 

Dobrovolný P, Rybníček M , Kolář T et al (2015) A tree-ring perspec­
tive on temporal changes in the frequency and intensity of hydro-
climatic extremes in the territory of the Czech Republic since 
761 AD. Clim Past 11:1,453-1,466 

Faegri K, Iversen J (1989) Textbook of Pollen analysis, 4th edn (revised 
by Faegri K, Kaland PE, Krzywinski K ) , Wiley, Chichester 

Faria JC (2009) Resources of Tinn-R GUI/editor for R environment. 
UESC, Ilheus 

Fott B (1954) Pleurax, synthetická pryskyřice pro preparaci rozsivek. 
Preslia 26:163-194 

Fott J, Vukic J, Rose NL (1998) The spatial distribution of charac­
terized fly-ash particles and trace metals in lake sediments 
and catchment mosses: Czech Republic. Water Air Soil Pollut 
106:241-261 

Fredskild B (1988) Agriculture in a marginal area—South Greenland 
from the Norse Landnam (A.D. 985) to the present (A.D. 1985). 
In: Birks HH, Birks HJB, Kaland PE, Moe D (eds) The cul­
tural landscape—past, present and future. Cambridge University 
Press, Cambridge, pp 381-393 

Gaillard MJ (2013) Pollen methods and studies, archaeological applica­
tions. In: Elias SA, Mock CJ (eds) Encyclopedia of quaternary 
science, 2nd edn. Elsevier, Oxford, pp 880-903 

Gaillard MJ, Sugita S, Mazier F et al (2010) Holocene land-cover 
reconstructions for studies on land cover-climate feedbacks. 
Clim Past 6:483-499 

Giesecke T, Bennett KD (2004) The Holocene spread of Picea abies 
(L.) Karst. in Fennoscandia and adjacent areas. J Biogeogr 
31:1,523-1,548 

Giesecke T, Hickler T, Kunkel T et al (2007) Towards an understanding 
of the Holocene distribution of Fagus sylvatica L . J Biogeogr 
34:118-131 

Gissel S, Juttikkala E, Osterberg E, Sandnes J, Teitsson B (1981) 
Desertion and land colonization in the Nordic countries c. 
1300-1600: comparative report from the Scandinavian research 
project on deserted farms and villages. Almqvist & Wiksell Inter­
national, Stockholm 

Springer 

157 



620 Vegetation History and Archaeobotany (2019) 28:607-621 

Griffin JJ, Goldberg ED (1979) Morphologies and origin of elemental 
carbon in the environment. Science 206:563-565 

Grimm EC (1987) CONISS: a FORTRAN 77 program for stratigraphi-
cally constrained cluster analysis by the method of incremental 
sum of squares. Comput Geosci 13:13-35 

Grimm EC (2011) Tilia. Version 1.7.16. Illinois State Museum, 
Springfield 

Hájková P, Hájek M , Blažková D et al (2010) Meadows and mesic 
pastures. In: Chytrý M (ed) Vegetation of the Czech Republic 1: 
grassland and heathland vegetation. Academia, Praha 

Hicks S (2006) When no pollen does not mean no trees. Veg Hist 
Archaeobot15:253-261 

Hofmann F (1939) Geschichtes Memorandum über die Freie Bergstadt 
Sonnenberg. Erzg., Sudetengau 

Hoskins W (1988) The making of the English landscape. Hodder and 
Stoughton, London 

Houfková P, Bumerl J, Pospíšil L et al (2015) Origin and development 
of long-strip field patterns: a case study of an abandoned medi­
eval village in the Czech Republic. Catena 135:83-91 

Houk V (2003) Atlas of freshwater centric diatoms with a brief key and 
descriptions, part 1: Melosiraceae, Orthoseiraceae, Paraliaceae 
and Aulacoseiraceae. Czech Phycol Suppl 1:1-27 

Hürkamp K, Raab T, Volkel J (2009) Two and three-dimensional 
quantification of lead contamination in alluvial soils of a historic 
mining area using field portable X-ray fluorescence (FPXRF) 
analysis. Geomorphology 110:28-36 

Hylmarová L, Klír T, Černá E (2013) Iron objects from the defunct 
village of Spindelbach, Krušné Hory Mountains. Results of metal 
detecting. Archaeol Hist 38:569-609 

Jankovská V, Kuneš P, van der Knaap WO (2007) 1. Fláje-Kiefern 
(Krušné Hory Mountains): Late Glacial and Holocene vegetation 
development. Grana 46:214-216 

Jehlík V (1971) Die Vegetationsbesiedlung der Dorftrümmer in Nor­
dböhmen. Eine Studie über synanthrope Vegetation und Flora. 
Rozpravy Československé akademie věd 81. Academia, Praha 

Jump AS, Hunt JM, Martinez-Izquierdo JA, Penuelas J (2006) Natu­
ral selection and climate change: temperature-linked spatial and 
temporal trends in gene frequency in Fagus sylvatica. Mol Ecol 
15:3,469-3,480 

Kalnicky DJ, Singhvi R (2001) Field portable XRF analysis of envi­
ronmental samples. J Hazard Mater 83:93-122 

Kaplan JO, Krumhardt K M , Zimmermann N (2009) The prehis­
toric and preindustrial deforestation of Europe. Quat Sei Rev 
28:3,016-3,034 

Katz N, Katz S, Kipiani M (1965) Atlas and keys of fruits and seeds 
occuring in the quaternary deposits of the USSR. Academy of 
Science of the USSR, Nauka, Moscow 

Kenzier H (2012) Die hoch- und spätmittelalterliche Besiedlung des 
Erzgebirges: Strategien zur Kolonisation eines landwirtchaftli-
chen Ungunstraumes. Habelt, Bonn 

Kitsikopoulos H (2011) Agrarian change and crisis in Europe, 1200-
1500. Routledge research in medieval studies. Routledge, New 
York 

Klápště J (2016) The archaeology of Prague and the medieval Czech 
lands. Studies in the archaeology of medieval Europe. Equinox 
Publishing, Sheffield, pp 1100-1600 

Klír T (2016) Research of deserted Medieval villages conducted by 
the Institute of Archaeology at Charles University in Prague. In: 
Nocuň P et al (eds) Wieš zaginiona. Stan i perspektywy badaň. 
Monografie i materiály MGPE 5. Muzeum "Górnošlaski Park 
Etnograficzny w Chorzowie", Chorzów, pp 17-59 

Kočár P, Kočárová R, Petr L et al (2014) Pflanzenreste aus den hoch­
mittelalterlichen Bergbaustandorten im Erzgebirge. Archeomon-
tan 29:119-135 

Kozáková R, Pokorný P, Havrda J, Jankovská V (2009) The potential 
of pollen analyses from urban deposits: multivariate statistical 

Springer 

analysis of a data set from the medieval city of Prague, Czech 
Republic. Veg Hist Archaeobot 18:477^188 

Kozáková R, Pokorný P, Mařík J et al (2014) Early to high medieval 
colonization and alluvial landscape transformation of the Labe 
valley (Czech Republic): evaluation of archaeological, pollen and 
macrofossil evidence. Veg Hist Archaeobot 23:701-718 

Kozáková R, Pokorný P, Peša V et al (2015) Prehistoric human impact 
in the mountains of Bohemia. Do pollen and archaeological data 
support the traditional scenario of a prehistoric "wilderness"? 
Rev Palaeobot Palynol 220:29^13 

Krammer K, Lange-Bertalot H (1986) Bacillariophyceae. 1. Teil: 
Naviculaceae. In: Ettl H, Gerloff J, Heinig H, Mollenhauer D 
(eds) Süsswasserflora von Mitteleuropa, vol 2/1. Gustav Fischer, 
Stuttgart 

Krammer K, Lange-Bertalot H (1988) Bacillariophyceae. 2. Teil: 
Bacillariaceae, Epithemiaceae, Surirellaceae. In: Ettl H, Ger­
loff J, Heinig H, Mollenhauer D (eds) Süsswasserflora von Mit­
teleuropa, vol 2/2. Gustav Fischer, Stuttgart 

Krammer K, Lange-Bertalot H (1991a) Bacillariophyceae. 4. Teil: 
Achnanteaceae, Kritische Ergänzungen zu Navicula (Lineo-
lateae) und Gomphonema. Gesamtliteraturverzeichnis Teil 1^1. 
In: Ettl H, Gerloff J, Heinig H, Mollenhauer D (eds) Süsswas­
serflora von Mitteleuropa, vol 2/4. Gustav Fischer, Stuttgart 

Krammer K, Lange-Bertalot H (1991b) Bacillariophyceae. Teil 3: Cen­
trales, Fragilariaceae, Eunotiaceae. In: Ettl H, Gerloff J, Heinig 
H, Mollenhauer D (eds) Süsswasserflora von Mitteleuropa, 
vol 2/3. Gustav Fischer, Stuttgart 

Kratochvíl F (1953) Zpráva o geologickém mapování a rudních výsky­
tech v okolí Výsluní u Chomutova. Unpublished report, Geofond 
Praha, p P5042 

Kreuz A, Schäfer E (2002) A new archaeobotanical database program. 
Veg Hist Archaeobot 11:177-180 

Kubát K, Hrouda L, Chrtek J (2002) Klíčke květeně České republiky. 
Academia, Praha 

Legendre P, Legendre L (1998) Numerical ecology. Elsevier, 
Amsterdam 

MacArthur RH (1957) On the relative abundance of bird species. Proc 
Natl Acad Sei USA 43:293-295 

Magyari EK, Kuneš P, Jakab G et al (2014) Late Pleniglacial vegetation 
in eastern-central Europe: are there modern analogues in Siberia? 
Quat Sei Rev 95:60-79 

Matzat W (1988) Long strip field layouts and their later subdivi­
sions—a comparison of English and German cases. Geogr Ann 
B 70:133-147 

Maur E (1989) Ein Beitrag zur demographischen Problematik Böh­
mens in vorhussitischer Zeit (1346-1419). Acta Universitatis 
Carolinae-Philosophica et historica. Stud Hist 34:7-71 

Nocuň P, Przybyla-Dumin A, Fokt K (2016) Wies zaginiona. Stan i 
perspektywy badaň. Monografie i materiály MGPE 5. Muzeum 
"Górnošlaski Park Etnograficzny w Chorzowie", Chorzów 

Opravil E (1969) Synantropní rostliny dvou středověkých objektů ze 
SZ Čech. Preslia 41:248-257 

Pickett STA, McDonnell MJ (1989) Seed bank dynamics in temperate 
deciduous forest. In: Leck M A (ed) Ecology of soil seed banks. 
Academic Press, San Diego, pp 123-147 

Pokorná A, Dreslerová D, Křivánková D (2011) Archaeobotanical data­
base of the Czech Republic, an interim report. IANSA 2:49-53 

Pokorná A, Houfková P, Novák J et al (2014) The oldest Czech fish­
pond discovered? An interdisciplinary approach to reconstruction 
of local vegetation in mediaeval Prague suburbs. Hydrobiologia 
730:191-213 

Pokorná A, Kočár P, Novák J et al (2018) Ancient and Early Medieval 
man-made habitats in the Czech Republic: colonization history 
and vegetation changes. Preslia 90:171-193 

Pokorný P, Chytrý M , Juřičková L et al (2015) Mid-Holocene bottle­
neck for central European dry grasslands: did steppe survive the 

158 



Vegetation History and Archaeobotany (2019) 28:607-621 621 

forest optimum in northern Bohemia, Czech Republic? Holocene 
25:716-726 

Poschlod P (2015) Geschichte der Kulturlandschaft. Ulmer, Stuttgart 
Profous A (1951) Místní jména v Čechách. Jejich vznik, púvod, význam 

a zmeny III. Nakl. Československé akadémie véd, Prague 
Punt W et al (1976-2009) The Northwest European Pollen Flora 

(NEPF) Vol I (1976), Vol II (1980), Vol III (1981), Vol IV (1984) 
Vol V (1988), Vol VI (1991), Vol VII (1996), Vol VIII (2003), 
Vol IX (2009). Elsevier, Amsterdam 

R Development Core Team (2010) R: a language and environment for 
statistical computing. R Foundation for Statistical Computing, 
Vienna 

Reimer PJ, Bard E, Bayliss A et al (2013) Intcall3 and Marinel3 radio­
carbon age calibration curves 0-50,000 years cal BP. Radiocar­
bon 55:1,869-1,887 

Rose NL (2001) Fly-ash particles. In: Last W M , Smol JP (eds) Track­
ing environmental change using lake sediments. Physical and 
geochemical methods, vol 2. Kluwer Academic Publisher, 
Dordrecht, pp 319-349 

Rott E, Pipp E, Pfister P et al (1999) Indikationslisten für Aufwuchsal­
gen in österreichischen Fliessgewässern, Teil 2: Trophieindika-
tion. Bundesministerium für Land- und Forstwirtschaft, Wien 

Schuster P (1999) Die Krise des Spätmittelalters. Zur Evidenz eines 
sozial- und wirtschaftsgeschichtlichen Paradigmas in der 
Geschichtsschreibung des 20. Jahrhunderts HistZ 269:19-55 

Schuster R, Oberhuber W (2013) Age-dependent climate-growth rela­
tionships and regeneration of Picea abies in a drought-prone 
mixed-coniferous forest in the Alps. Can J For Res 43:609-618 

Schweingruber F H (1990) Mikroskopische Holzanatomie. For­
menspektren mitteleuropäischer Stamm- und Zweighölzer zur 
Bestimmung von rezentem und subfossilem Material, vol 3. 
Aufl. Eidgenössische Anstalt für das Forstliche Versuchswesen, 
Birmensdorf 

Seppä H , Hicks S (2006) Integration of modern and past pollen 
accumulation rate (PAR) records across the arctic tree-line: a 
method for more precise vegetation reconstructions. Quat Sei 
Rev 25:1,501-1,516 

Stockmarr J (1971) Tablets with spores used in absolute pollen analy­
sis. Pollen Spores 13:615-621 

Sveinbjarnardóttir G (1992) Farm abandonment in medieval and post-
medieval Iceland: an interdisciplinary study. Oxbow Books, 
Oxford 

Sweeney CA (2004) A key for the identification of stomata of the native 
conifers of Scandinavia. Rev Palaeobot Palynol 128:281-290 

Szabo P, Kunes P, Svobodova-Svitavska H et al (2017) Using historical 
ecology to reassess the conservation status of coniferous forests 
in Central Europe. Conserv Biol 31:150-160 

Tolasz R, Mikova T, Valerianova A, Vozenilek V (2007) Climate atlas 
of Czechia. Czech Hydrometeorological Institute, Prague 

Troels-Smith JA (1955) Karakterisering af l0se jordarter (Charac­
terization of unconsolidated sediments). Danmarks Geologiske 
Unders0gelse 3:1-73 

Umbanhowar CE, McGrath MJ (1998) Experimental production and 
analysis of microscopic charcoal from wood, leaves and grasses. 
Holocene 8:341-346 

Van Hees A F M (1997) Growth and morphology of pedunculate oak 
(Quercus robur L) and beech (Fagus sylvatica L) seedlings in 
relation to shading and drought. Ann Sci For 54:9-18 

Van Dam H, Mertens A, Sinkeldam J (1994) A coded checklist and 
ecological indicator values of freshwater diatoms from The Neth­
erlands. Aquat Ecol 28:117-133 

Van der Knaap WO (2009) Estimating pollen diversity from pollen 
accumulation rates: a method to assess taxonomic richness in 
the landscape. Holocene 19:159-163 

Van der Knaap WO, van Leeuwen JF, Svitavska-Svobodova H et al 
(2010) Annual pollen traps reveal the complexity of climatic 
control on pollen productivity in Europe and the Caucasus. Veg 
Hist Archaeobot 19:285-307 

Veron A, Novak M , Brizova E, Stepanova M (2014) Environmental 
imprints of climate changes and anthropogenic activities in the 
Ore Mountains of Bohemia (Central Europe) since 13 cal. kyr 
BP. Holocene 24:919-931 

Vojta J (2007) Relative importance of historical and natural factors 
influencing vegetation of secondary forests in abandoned vil­
lages. Preslia 79:223-244 

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

159 

Springer 



6. Curriculum vitae 

Name and Title: Petra Marešová, Mgr. (equivalent to MSc.) 
Born: 29. 3. 1984 in Teplice (Czech Republic) 

Contact 
University of South Bohemia in České Budějovice 
Faculty of Science, Department of Botany 
Laboratory of Archaeobotany and Palaeoecology 
Na Zlaté stoce 3 
CZ-37005 České Budějovice 
Czech Republic 
Tel.: +420387776306 
Cell Phone: +420777001621 
E-mail: petra.houfkova@gmail.com 
Web: http://lape.prf.jcu.cz/lide/petra-houfkova/ 

Education 
December 2021-2022: doctoral study resumed 
2015-2021: doctoral study paused due to two maternity leaves 
2009-2015: Faculty of Science, University of South Bohemia 
PhD. programme: Botany, specialization in Archaeobotany and 
Palaeoecology 
PhD. Thesis: Human impact as reflected in the pollen record, with a focus 
on the Middle Ages 

2006-2009: Faculty of Science, University of South Bohemia 
MSc. programme: Experimental biology 
MSc. Thesis (research project): Houfková, P. (2009): Identification of 
interacting partners of Discs overgrown in vivo, MSc. thesis. University 
of South Bohemia, Faculty of Science, České Budějovice, 59 pp. 

2003-2006: Faculty of Biological Sciences, University of South Bohemia 
BSc. programme: General Biology 
Bsc. Thesis (research project): Houfková, P. (2006): Functional analysis 
of methyltransferases from Trypanosoma brucei, BSc. thesis. University 
of South Bohemia, Faculty of Biological Sciences, České Budějovice, 34 
pp. 

160 

mailto:petra.houfkova@gmail.com
http://lape.prf.jcu.cz/lide/petra-houfkova/


Employers 

since 2010: Faculty of Science, University of South Bohemia 

Research interests 
Focus on pollen analysis, non-pollen palynomorphs and microcharcoal 
analysis used in palaeocological reconstructions with reference to 
archaeological context. 
Project and grant cooperation 
Since 2021: cooperation with Nature Conservation Agency of the Czech 

Republic (PI of two projects) 

Since 2018: Czech Ministry of Culture project NAKIDG18P02OVV060 
Identification and Protection of Preserved Remains of Historical Long-
stripped Fields (team member) 

2013-2017: GAČR 13-08169S: Prior to the Neolithic: Contextual 
Analysis of Environmental Dynamics During Early Postglacial 
Transformation of Central Europe (team member) 

2013-2015: Czech Ministry of Education, Youth and Sports, project 
PAP A V E R , Centre for human and plant studies in Europe and 
Northern Africa in the postglacial period (team member) 

2013-2015: GAČR 13-11193S: Holocene environmental dynamics in the 
Hornomoravský úval region: Key processes inducing the formation of 
recent landscape mosaic (team member) 

2009-2012: GAČR 206/09/1564: A multi-proxy paleoecological 
investigation of the unique sediments from the former Komořanské 
jezero Lake, Most Basin, Czech Republic (team member) 

Student grants from the Student Grant Agency of the Faculty of Science: 

2008: SGA2008/006 (solver) 

2007: SGA2007/007 (solver) 

2006: SGA2006/005 (co-solver) 

2005: SGA2005/001 (solver) 

Foreign internship: 
2012 - research stay at the Newcastle University, Great Britain, School of 
Geography, Politics and Sociology, Prof. T. Nakagawa 

161 



Publications 

Salaš, M . , Šálková, T., Houfková, P., Kmošek, M . (2020) An Urnfield 
period metal hoard from Babí lom ridge near Svinošice (south 
Moravia) and the contribution of its culturally-chronological semantic 
and environmental contex, Archeologické rozhledy, LXXII : 26-66. 

Tichá, A . , Bešta, T., Vondrák, D., Houfková, P., Jankovská, V . (2019) 
Nutrient availability affected shallow-lake ecosystem response along 
the Late-Glacial/Holocene transition, Hydrobiologia, 846: 87-108. 

Houfková, P., Horák, H . , Pokorná, A. , Bešta, T., Pravcová, L, Novák, J., 
Klír, T. (2019) The dynamics of a non-forested stand in the Krušné 
Mts.: the effect of a short-lived medieval village on the local 
environment, Vegetation History and Archaeobotany, 28: 607-621. 

Chvojka, O., Menšík, P., Houfková, P., Šálková, T. (2018) On the issue 
of rib hoards from an Early Bronze Age settlement context: The hoard 
from Kucer in south Bohemia from the perspective of archaeology and 
archaeobotany, Archeologické Rozhledy, 70:195-238. 

Abraham, V. , Novák, J., Houfková, P., Petr, L . , Dudová, L . (2017) A 
Landscape Reconstruction Algorithm and pedoanthracological data 
reveal Late Holocene woodland history in the lowlands of the NE 
Czech Republic, Rewiev of Paleobotany and Palynology, 244: 54-64. 

Kysela, J., Bursák, D., Houfková, P., Šálková, T. (2017) Stebno-Nouze: 
pozoruhodný laténský depot z Podbořanska, Archeologické 
Rozhledy, L X I X : 74-108. (in Czech) 

Houfková, P., Bešta, T., Bernardova, A . , Vondrák, D., Pokorný, P., 
Novák, J. (2017) Holocene climatic events linked to environmental 
changes at Lake Komořany Basin, Czech Republic, Holocene, 27: 
1132-1145. 

Novák, J. , Abraham, V. , Houfková, P., Kočár, P., Vaněček, Z., Peška, J. 
(2017) History of the Litovelské Pomoraví woodland (NE Czech 
Republic): A comparison of archaeo-anthracological, 
pedoanthracological, and pollen data, Quaternary International, 463: 
352-362. 

Novák, J., Abraham, V. , Kočár, P., Petr, L . , Kočárová, R., Nováková, K. , 
Houfková, P., Jankovská, V. & Vaněček, Z. (2017) Middle- and upper 
Holocene woodland history in central Moravia (Czech Republic) 

162 



reveals biases of pollen and anthracological analysis, Holocene, 27: 
349-360. 

Šálková T., Hiltscher T., Novák J., Houfková P., Kováčikova L (2017) 
Bioarcheologická anaýza polykulturní lokality Písek -AISIN II (okr. 
Písek) z roku 2014, Archeologické výzkumy v jižních Cechách, 30: 
185-211. (in Czech) 

Šálková T., Houfková P. (2017) Organické materiály jako součást depotů 
kovových artefaktů, in Chvojka et al. (eds.) Nové české depoty doby 
bronzové. České Budějovice, Praha, Plzeň: Jihočeská univerzita v 
Českých Budějovicích, Archeologický ústav A V CR, Západočeské 
muzeum v Plzni. 195-197. (in Czech) 

Hošek, J., Prach, J., Šída, P., Houfková, P., Vondrák, D., Lisá, L . , 
Pokorný, P., Chvojka, O., Dohnal, J. (2016) Sedimentární vývoj 
pozdně glaciálních jezer u Veselí nad Lužnicí, Geoscience Research 
Reports, 49: 157-164. (in Czech) 

Chvojka, J., John, J., Thomováí, Z., Bezděk, A . , Bumerl, J., Dudáček, K. , 
Houfková, P., Kováčikova, L . , Kovář, D., Šálková, T. (2016) 
Bošilecký poklad. České Budějovice: Jihočeská univerzita v Českých 
Budějovicích, 175 pp. (in Czech) 

Houfková, P., Bumerl, J., Pospíšil, L . , Karlík, P., Beneš, J., Bernardova, 
A. , Hrabalíková, M . , Janečková Molnárová, K. , Hej eman, M . (2015) 
Origin and development of long-strip field patterns: A case study of an 
abandoned medieval village in the Czech Republic, Catena, 135: 83-
91. 

Čapek, L . , Chvojka, O., Kodýdková, K. , Beneš, J., Houfková, P., 
Myšková, E. (2015) Středověká odpadní jímka domu čp. 7 v Krajinské 
ulici v Českých Budějovicích ve výsledcích rozboru artefaktů a 
environmentálních analýz, Archeologické výzkumy v jižních Cechách, 
28: 227-252. (in Czech) 

Hlásek, D., Houfková, P., John, J., Novák J., Šálková T. (2015) 
Všemyslice - Kozí vrch. Nové poznatky o hradišti z počátku střední 
doby bronzové, výsledky multidisciplinárního výzkumu, Archeologie 
západních Cech, 9: 96-121. (in Czech) 

Hlásek, D., Chvojka, O., Šálková, T., Fröhlich, J., Houfková, P., 
Kováčikova, L . , Majer, A . , Menšík, P., Michálek, J., Netolický, P., 
Novák, J., Pavelka, J., Petřík, J., Sosna, D. (2015) Vrcovice. Hradiště z 

163 



počátku střední doby bronzové. Archeologické výzkumy v jižních 
Čechách. Supplementum 10. České Budějovice: Jihočeské muzeum v 
Českých Budějovicích, 320 pp. (in Czech) 

Šálková, T., Houfková, P., Jiřík, J., Kováčikova, L . , Novák, J., Pták, M . , 
Bešta, T., Čejková, A. , Myšková, E. (2015) Economy and 
Environment of a Medieval Town Reflected in Wells Backfill in Písek, 
Bakaláře Square (South Bohemia, Czech Republic), Interdisciplinaria 
Archaeologica, Natural Sciences in Archaeology, 4: 63-82. 

Šálková, T., Bezděk, A . , Březinová, H . , Farkašová, K. , Houfková, P., 
Chvojka, O., John, J., Koník, P., Kováčikova, L . , Michálek, J., Novák, 
J., Pavelka, J., Šuláková, H . , Bešta, T., Myšková, E., Weiter, L . , 
Zronek, P. (2015) Bioarchaeological reconstruction of the funeral rite -
case study based on organic material from the Hallstatt Period tumulus 
at the site Zahrádka (South Bohemia, Czech Republic), Památky 
archeologické, 106: 95-135. 

Vondrák, D., Prach, J., Houfková, P. (2015): Sediments of postglacial 
lakes in the Czech Republic - unique natural archives overlooked by 
(Czech) limnology, in Řádková, V. , Bojková, J. (eds.): XVII. 
konference České limnologické společnosti a Slovenskej limnologickej 
spoločnosti „ Voda - věc veřejná " - Sborník příspěvků. Mikulov 29.6. -
3.7.2015, Brno: ČLS a Masarykova univerzita v Brně. 162-167. (in 
Czech with English abstract) 

John, J., Houfková, P. (2014) Laténský depot z Holubova, Archeologické 
výzkumy v jižních Čechách, 27: 181-192. (in Czech) 

Hlásek, D., Houfková, P., Kováčikova, L . , Majer, A . , Novák, J., Pavelka, 
J., Bešta, T., Šálková, T. (2014) The Use of Environmental Methods 
for Studying the Fortification, Economic System and Natural 
Environment of a Hillfort from the Beginning of the Middle Bronze 
Age at Vrcovice, Czech Republic, Interdisciplinaria archaeologica, 
Natural Sciences in Archaeology, V : 31-47. 

Prostředník, J., Hadacz, R., Houfková, P., Novák, J. (2014) 
Bioarcheologický výzkum skalní dutiny Velbloud v Klokočských 
skalách, Archeologie ve středních Čechách, 18: 114-145. (in Czech) 

Pokorná, A. , Houfková, P., Novák, J., Bešta, T., Kováčikova, L. , 
Nováková, K. , Zavřel, J., Starec, P. (2014) The Oldest Czech Fishpond 
Discovered? An Interdisciplinary Approach to Reconstruction of Local 

164 



Vegetation in Mediaeval Prague Suburbs, Hydrobiologia, 730: 191-
213. 

Zimová, K., Pospíšil, L. , Janovská, V. , Karlík, P., Houfková, P., Bumerl, 
J., Molnárová, K. , Beneš, J., Bernardova, A . (2013) Analýza vývoje 
plužiny zaniklé obce Malonín na Prachaticku, Acta Pruhoniciana, 104: 
27-37. (in Czech) 

Beneš, J., Pták, M . , Dobisíková, M . , Hojerová, H. , Houfková, P., 
Kutílková, P., Parkman, M . , Šálková, T., Žďárský, E. (2012) Výzkum 
Hradiště Na Jánu vNetolicích v krajinných, antropologických, 
genetických a artefaktuálních souvislostech: Zpráva za sezónu 2011, 
Archeologické výzkumy v jižních Cechách, 25: 265-277'. (in Czech) 

Starec, P., Houfková, P., Bernardova, A . (2012) Příspěvek k poznání 
přírodních podmínek Nového Města - výzkum v Panské ulici čp. 
1308/11, Staletá Praha 28/2: 102-117. (in Czech) 

Houfková, P., Bernardova, A. , Nováková, K., Novák, J. (2011) Závist by 
Sepekov: Vegetation dynamics of a fir stand and alder carr during the 
Late Holocene. In Chvojka O. et al., (eds.) Osídlení doby bronzové 
v povodí říčky Smutné v jižních Cechách, Archeologické výzkumy 
v jižních Cechách, Supplementum 8. České Budějovice, 328-333. (in 
Czech) 

Kosňovská, J., Houfková, P. Kovář, D. (2011) Lannova street, České 
Budějovice, based on archaeobotanical analyses and historical sources, 
Archeologické výzkumy v jižních Cechách 24: 263-280. (in Czech) 

Novák, J., Bernardova, A . , Bešta, T., Houfková, P. & Jankovská, V . 
(2011) The littoral part of the Komořany Lake from a paleoecological 
perspective, Severočeskou přírodou, 42: 83-88. (in Czech) 

Selected conference contributions 

Houfková, P., Bernardova A. , Novák J., Horák J. (2014) Complex of 
mountain mires located in the Ore mountains, Central Europe: its 
origin and development. Culture, Climate and Environment 
Interactions at Prehistoric Wetland Sites, Bern, Switzerland, (poster 
presentation) 

Uhrová, K., Houfková, P., Beneš, J. (2013) Late Glacial vegetation 
development of the South Bohemian Basin, Czech Republic. Pollen 

165 



Monitoring Programme 9th International Meeting, Prague, Czech 
republic, (poster contribution) 

Houfková, P., Novák, J., Bernardova, A . (2013) Fire history and 
vegetation dynamics recorded in sediment of the Komořany lake, 
Czech republic. 56th Symposium of the International Association for 
Vegetation Science (IAVS 2013), Tartu, Estonia, (poster presentation) 

Houfková, P., Pták, M . , Jiřík, J. , Kodýdková, K., Vaněček, Z., 
Stehlíková, E., Baudyšová, J., Majer, A. , Bešta, T., Komárkova, V. , 
Beneš, J., Divišová, M . , Šálková, T. (2013) Archeobotanical evidence 
of human impact within the area of Pisecké mountains, Czech 
Republic, 6th Conference of The International Workgroup for 
Palaeoethnobotany, Thessaloniki, Greece, (poster contribution) 

Bernardova, A. , Houfková, P., Novák, J., Chvojka, O., Nováková, K. 
(2013) Of alder and man. 6th Conference of The International 
Workgroup for Palaeoethnobotany, Thessaloniki, Greece, (poster 
contribution) 

Houfková, P., Bešta, T., Bernardova, A . , Jankovská, V. , Valentová, D., 
Lisa, L . , Novák, J. (2012) Multi-proxy paleoecological study of the 
profile P K - l - C from the former Komořany Lake, Czech Republic. 12th 

International Palaeolimnology Symposium, Glasgow, Great Britain, 
(poster presentation) 

Bešta, T., Novák, J, Jankovská, V. , Lisa, L , Houfková, P., Bernardova, 
A. , Dreslerová, D., Valentová, D., Tátosová, J., Vondrák, D. (2013) 
Vývoj Komořanského jezera ve světle nových informací ze 
zachráněných profilů. 9th Conference of Enviromnental Archaeology, 
České Budějovice (oral presentation) 

Pospíšil, L. , Houfková, P., Bumerl, J., Karlík, P., Beneš, J., Zimová, K., 
Janovská, V. , Molnárová, K., Bernardova, A . (2013) Vývoj historické 
plužiny s agrárními terasami ve světle interdisciplinárního přístupu. 9th 

Conference of Enviromnental Archaeology, České Budějovice (oral 
presentation) 

Bešta, T., Novák, J. , Jankovská, V. , Lisá, L. , Houfková, P., Bernardova, 
A . (2012) Multi-proxy resarch of the exploited former lake, Lake 
Komořany, Czech Republic. 12th International Palaeolimnology 
Symposium, Glasgow, Great Britain, (poster contribution) 

166 



Jiřík, J., Pták, M . , Šálková, T., Houfková, P., Kováčikova, L . (2012) 
Archaeological Excavation at the Bakaláře Square in Písek (South 
Bohemia): Medieval and Early Modern Water Management. 22. 
Treffen: Archäologische Arbeitsgemeinschaft Ostbayern /West- und 
Südböhmen /Oberösterreich, Attersee - Mondsee, Austria, (oral 
presentation) 

Myšková, E., Houfková, P., Kočár, P., Cymbalak, T., Ditrich, O. (2012) 
Palaeoparasitological findings at an archaeological locality in Prague, 
Národní třída. 8th Conference of Enviromnental Archaeology, Praha, 
(poster presentation) 

Houfková, P., Pokorná, A . , Bešta, T., Kováčikova, L . , Nováková, K., 
Starec, P. (2011) The oldest Czech medieval pond, Prague. 
Environmental Archaeology of Urban Sites, Gdansk, Poland, (poster 
presentation) 

Pedagogical activity 

2017: Imaging in bioarchaeology (selected lectures) 

2015-2016: Archaeobotany + Archaeobotany for archaeologists (selected 
lectures) 

2012- 2016: Introduction to environmental archaeology (selected lectures) 

2012: Field work for biologist (selected lectures) 

2011-2015: Archaeological field work (selected lectures) 

2011-2015: Palynology (assistance with selected seminars) 

2015-2017: co-supervisor of the Msc. thesis: Pravcová, I. (2017) 
Holocene fire dynamics in the upper parts of the Ore Mountains with 
the focus on the Middle Ages 

2013- 2015 co-supervisor of the Bsc. thesis: Trávníková, K. (2015) 
Human impact recorded by pollen analysis in sediments of Netolicko 
region 

2011-2012 supervisor of the Bsc. thesis: Uhrová, K. (2012) 
Palaeoecological study of a site near the Černiš fish pond (České 
Budějovice, Czech Republic). 

167 



© for non-pub l i shed parts Petra Marešová 

pe t ra .hou f kova@gma i l . com 

H u m a n impact as re f lected in the po l len record , w i th a focus on the M i d d l e Ages 
Ph.D. Thesis Ser ies, 2022 , No . 7 

Al l r ights reserved 
For non -commerc ia l use only 

Pr in ted in the Czech Repub l ic by Typodes ign 

Edi t ion of 10 cop ies 

Univers i ty of South Bohemia in České Budějovice 
Faculty of Sc ience 
Branišovská 1760 

CZ-37005 České Budějovice, Czech Republ ic 

Phone : +420 387 776 201 
www.pr f . j cu .cz , e -mai l : sekre t - fp r@pr f . j cu .cz 

mailto:petra.houfkova@gmail.com
http://www.prf.jcu.cz
mailto:sekret-fpr@prf.jcu.cz

