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Abstract

The aim of the study is a palaeoecological reconstruction of the environment in the area of the
archaeological site in Rozprza on the Piotrkéw Plain (LédZ Voivodeship), including the history of
transformations of local ecosystems. It focuses on the natural and anthropogenic processes taking
place in them, as well as climate changes in the region. The basis of this study are the results of
the analysis of subfossil Chironomidae assemblages from five sediment profiles from the moat

system and palaeo-oxbow.

The changes in Chironomidae assemblages in the Late Glacial were investigated with the use of a
lake profile taken from the palaeomeander (palaeo-oxbow) of the Lucigza River. The aim of the
research was to reconstruct the mean summer air temperatures and hydrological changes in the
period of Allergd and Younger Dryas (approx. 13.300 — 12.200 cal. BP). The obtained results
constitute the well-documented report of the cool inter-Allergd oscillation ("Gerzensee
Oscillation") in East-Central Europe. Moreover, they reveal relatively high summer temperatures
(up to 16°C) in the Younger Dryas, which may indicate warmer local conditions at the end of the

Vistulan or a high degree of continentalism during this stadial in central Poland.

Based on the Chironomidae assemblages, habitat changes in two types of water bodies were also
reconstructed: the natural palaeo-oxbow and the moat from the late-medieval motte-and-bailey
complex. The obtained results provided data for the reconstruction of the history of settlement in
Rozprza and the functioning of the moat, including changes in the water trophic state. The
research enabled tracking human influence on the moat ecosystem in the late medieval period

and indicated the possible interference of the stronghold inhabitants in its flushing.

The record of Chironomidae, along with sedimentological and geochemical data from four cores
of organic sediments collected at different points in the moat system, allowed the spatio-
temporal characterisation of habitat changes. This resulted in mapping the habitats present in the
moat during its functioning. The study has proven that even in a body as small and shallow as a
moat, the pace and extent of ecological processes and associated habitats were not uniform. The
differentiation of the moat habitats depended mainly on the depth of the bottom, exposure to

denudation processes and fresh water supply from a nearby river.

The thesis also presents the results of an analysis of the morphological and trophic groups of
Chironomidae, which is the first stage of research on the use of functional traits of these insects in
palaeoecology. Sixteen types of Chironomidae larvae head capsules have been identified. It has

been shown that the morphology of their mouthparts can serve as an indicator of habitat



changes, including physicochemical conditions and vegetation, to a similar extent as trophic

guilds.

The obtained results confirm the great importance of Chironomidae larvae in palaeoecological
and archaeological research. The results of the Chironomidae analyses have led to a better
understanding of the ecology of artificial water bodies, such as medieval moats, and a comparison
of the extent and rate of processes occurring in natural water bodies and man-made reservoirs.
They indicated that paludification happened much faster in the artificial water body (moat) than
in the oxbow lake. In natural reservoirs, Chironomidae communities were mainly shaped by global
and regional climatic changes, while in the moat the determinants of the occurrence and

composition of Chironomidae were local habitat changes.



Streszczenie

Celem pracy jest paleoekologiczna rekonstrukcja s$rodowiska w rejonie stanowiska
archeologicznego w Rozprzy na Réwninie Piotrkowskiej (woj. todzkie), w tym okreslenie historii
przeksztatcen lokalnych ekosystemow. Praca skupia sie na naturalnych i antropogenicznych
procesach w nich zachodzacych, a takze zmianach klimatu w regionie. Podstawg opracowania sg
wyniki analizy subfosylnych zgrupowan Chironomidae z pieciu profili osadéw z systemu fos

i paleostarorzecza.

Zmienno$¢ zgrupowan Chironomidae w pdinym glacjale zostata zbadana
z wykorzystaniem profilu jeziornego pobranego z paleomeandru (paleostarorzecza) rzeki Lucigzy.
Badania miaty na celu odtworzenie Srednich temperatur lata i zmian hydrologicznych w okresie
allergdu i mtodszego dryasu (ok. 13 300 — 12 200 lat cal. BP). Uzyskane wyniki stanowia jedno
z pierwszych, dobrze udokumentowanych stwierdzen chtodnej oscylacji interallergdzkiej
(tzw. ,Gerzensee Oscillation”) w Europie Srodkowo-Wschodniej. Wskazujg ponadto na
stosunkowo wysokie temperatury lata (do 16°C) w mtodszym dryasie. Moze to wynikaé z lokalnie
cieplejszych warunkéw pod koniec zlodowacenia wisty badZ wysokiego stopnia kontynentalizmu

w tym stadiale w Polsce srodkowej.

Na podstawie subfosylnych zgrupowarn Chironomidae zrekonstruowano réwniez zmiany
siedliskowe w dwdch typach zbiornikbw wodnych: naturalnym paleostarorzeczu i fosie,
wchodzacej w sktad kompleksu pdznosredniowiecznego gréodka stozkowatego. Uzyskane wyniki
dostarczyty danych do rekonstrukcji historii osadnictwa w Rozprzy i funkcjonowania fosy, w tym
zmian stanu troficznego wody. Badania umozliwity przesledzenie wptywu cztowieka na ekosystem
fosy w pdinym sredniowieczu i wskazaty na prawdopodobng ingerencje mieszkancéw grodka

w jej przeptukiwanie.

Zapis wystepowania larw Chironomidae, wraz z danymi sedymentologicznymi
i geochemicznymi z czterech rdzeni osadow organicznych pobranych w réznych punktach systemu
fos, pozwolit na scharakteryzowanie zmian siedliskowych w czasie i przestrzeni. W konsekwencji
dokonano mapowania siedlisk obecnych w fosie podczas jej funkcjonowania. Badania wykazaty, ze
nawet w tak matym i ptytkim zbiorniku wodnym jak fosa, tempo i zakres proceséw ekologicznych
oraz zwigzanych z nimi siedlisk nie byty réwnomierne. Zréznicowanie fosy zalezato gtéwnie od
gtebokosci dna, ekspozycji na procesy denudacyjne i zaopatrzenia w Swiezg wode z pobliskiej

rzeki.

W pracy przedstawiono réwniez wyniki analizy grup morfologicznych i troficznych

Chironomidae, bedacej pierwszym etapem badain nad wykorzystaniem cech funkcyjnych



(functional traits) tych owaddéw w paleoekologii. Udowodniono, ze morfo-taksonomia na
podstawie aparatu gebowego moze by¢ wykorzystywana do rekonstrukcji zmian siedliskowych,

w tym warunkéw fizykochemicznych i roslinnosci, w podobnym stopniu, jak gildie troficzne.

Uzyskane wyniki potwierdzajg duze znaczenie larw Chironomidae w badaniach z zakresu
paleoekologii i archeologii srodowiskowej. Wyniki analiz ochotkowatych umozliwity poszerzenie
wiedzy na temat ekologii sztucznych zbiornikdw wodnych, takich jak sredniowieczne fosy, oraz
poréwnanie zasiegu i tempa proceséw zachodzgcych w zbiornikach naturalnych oraz stworzonych
przez cztowieka. Pozwolity one wskaza¢ na znacznie szybsze tempo paludyfikacji w zbiorniku
sztucznym (fosa) niz w starorzeczu. W naturalnych zbiornikach zgrupowania Chironomidae byty
ksztattowane gtéwnie przez globalne i regionalne zmiany klimatyczne, podczas gdy w fosie

determinantami wystepowania i sktadu Chironomidae byty lokalne zmiany siedliskowe.



Chapter I. General introduction

Palaeoecology in climatic and environmental reconstructions

According to the most recent IPCC (Intergovernmental Panel on Climate Change) report, the
global temperature rise is caused both by natural factors and cycles, and by human activity. The
report draws the possible scenarios of global warming and points out the regional climate
differences (IPCC, 2021). Facing this fact, societies, from common people to policymakers, are
asking how the climate was changing in the past, what are the reasons, directions and
implications of changes in the climate system both in regional and global scales. Although the first
temperature measurements have been done in today’s Poland as early as in the mid-17th century
(Camuffo & Bertolin, 2012), the global temperature data time series have been recorded for no
longer than since 1850 (Brohan et al., 2006). Moreover, the historical measurements were not
carried out evenly across the world (Menne et al., 2018). To reconstruct the global climate in the
long time scale, it is necessary to reach for information preserved in such palaeoarchives as ice
sheets, terrestrial and marine sediments. The subfossil plant and animal remains preserved in
sediments allow for reconstructions of habitats, ecosystems and landscapes. It is possible only
with the assumption of the principle of uniformitarianism, which states that '"present is the key to
the past", and thus contemporary organism-environment relationships can be used as a model for

past conditions (Scott, 1963; Rymer, 1978).

Pollen and plant macrofossils, diatoms, as well as stable isotopes and geochemical sediment
composition are best known and most often used among the palaeoecological proxies. However,
to achieve a reliable, holistic picture of the past environments, a wide spectrum of tools is
necessary. Combined proxies can reveal the weaknesses and misinterpretations derived from
a single analysis, as well as strengthen some other signals (Mann, 2002; Birks & Birks, 2006). One
of the proxies commonly used in palaeolimnology are non-biting midge (Chironomidae) subfossils

(Walker, 1995, 2001; Brooks, 2003).

Non-biting midges (Diptera Chironomidae)

Chironomidae is a taxonomically and ecologically diverse family of true flies (Diptera) from the
suborder Nematocera. In total, ca. 7,000 chironomid species have been described so far (Pape et
al., 2011; GBIF, 2019), and this number is still growing. While only a couple of Western European
countries have updated checklists (Rossaro et al., 2019), the state of knowledge about the non-
biting midge richness besides Holarctic region is far from being complete (Ferrington, 2008). Thus,

even the assessment by Cranston (1995) that there are at least 10,000 chironomid species
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worldwide seems to be underestimated. Non-biting midges are not only species-rich, but also
widespread and found across the world, including Antarctica (Ferrington, 2008). These
holometabolous insects with flying, short-living adult stage, usually have four larval instars
(Armitage et al., 1995; Lackman & Butler, 2018). The larvae most often feed on periphytic algae or
detritus, but there are many predators and filter feeders as well. Among phytophagous
chironomids there are several mining species (Beiger, 2004). Others are associated with
inundated wood (Armitage et al., 1995; Courtney & Cranston, 2015). The larvae are common
inhabitants of aquatic ecosystems, such as rivers, lakes, springs and streams. However, they are
also often found in terrestrial and semi-terrestrial habitats (e.g. moist soil, bryophyte mats, lichen
heaths) (Pinder, 1995; Delettre, 2000). Some species are known from extreme conditions,
inhabiting e.g. saline waters, hot springs, phytotelmata, glaciers and even fresh dung (Cranston,
1995; Ferrington, 2008). The diverse ecological preferences of non-biting midges make them good
indicators. They are used in the monitoring of water quality (Lindegaard, 1995; Wozniak et al.,
2018), but they can also indicate chemical pollution (Rosenberg, 1993; Lindegaard, 1995) and past
environmental conditions (Walker, 2001; Porinchu & MacDonald, 2003; Brooks, 2006).

The sclerotised head capsules of larvae, on which the taxonomic identification is mostly based,
are usually well preserved and abundant in the sediment deposits. As Chironomidae is a species-
rich family, their subfossil assemblages are diverse and thus well representing environmental
changes. The fast larval development, as well as a winged, mobile imago make them capable of
almost immediate response to the change in local conditions. Most chironomid species have
narrow ecological preferences, some of them are even stenotopic. The sensitivity of
Chironomidae and their well-recognised autecology are excellent starting points for past

environments reconstructions (Walker, 1995, 2001; Brooks et al., 2007).

Chironomidae in palaeoenvironmental studies

The first studies concerning shifts in the non-biting midge assemblages in relation to the
palaeoenvironmental changes were conducted in the first half of 20th century (Gams, 1927;
Andersen, 1938; Deevey, 1942; Lastochkin, 1949). For next decades, however, chironomid
analyses were rarely included in palaeoecological studies (Walker, 2001). The palaeolimnological
studies involving chironomid history started to be conducted intensively in the 1980s. Their value
as aproxy for tracking environmental changes increased after the introduction of the

Chironomidae-based calibration data sets in the 1990s (Walker, 2001).

The application of quantitative reconstruction of past environmental variables was first presented

by Imbrie and Kipp (1971). They used the transfer function approach based on foraminifera
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assemblages to reconstruct sea-surface temperature and salinity. The basic idea behind this
method is to gain the ecological optima of taxa recorded as subfossils in the sediment deposits
from the modern taxon data (training set). Training sets include the data derived from a wide
range of surface sediment samples from the sites distributed along an environmental gradient to
be reconstructed. After numerical modelling of the contemporary taxa responses to the measured
environmental variables, the obtained calibration function can be used to transform the fossil
biotic record into quantitative reconstruction of past temperature, water trophic state, salinity or
other environmental variables (Juggins, 2009; Birks et al., 2010). The introduction of the two-way
weighted averaging method with the use of surface-sediment calibration data sets (ter Braak &
van Dam, 1989) turned out to be crucial for the quantitative environmental reconstructions. The
method has been adopted to the various biological proxies (Birks et al., 2010; Juggins & Birks,
2012; Smol et al., 2012).

The first calibration dataset based on chironomid assemblages was created by Walker (1991) for
the palaeotemperature reconstruction in Atlantic Canada (Walker et al., 1991). This proxy was
considered ‘the most promising biological transfer function approach for direct temperature
reconstruction’ (Battarbee, 2000). Thus, a number of chironomid-based training sets have been
created in many regions of the world. In Europe, chironomid-inferred climate reconstructions are
possible with the application of several inference models (e.g. Lotter et al., 1998; Larocque et al.,
2001; Luoto, 2009a; Heiri et al., 2011; Self et al., 2011; Luoto & Nevalainen, 2017; Luoto et al.,
2019; Kotrys et al., 2020). Moreover, non-biting midge subfossils are also used for tracking
changes in other environmental variables in regional and local scale (i.e. Luoto et al., 2012).
Nowadays, a number of chironomid-based calibration sets are available. Among reconstructed
factors are: total phosphorus (Lotter et al., 1998; Brooks et al., 2001; Luoto, 2011), total nitrogen
(Brodersen & Anderson, 2002), hypolimnetic oxygen (Quinlan & Smol, 2001; Luoto & Salonen,
2010), salinity (Eggermont et al., 2006), chlorophyll a (Brodersen & Lindegaard, 1999; Langdon et
al., 2006), dissolved organic carbon (Larocque et al., 2006), stream flow (Luoto, 2010), and water

depth (Luoto, 2009b; Kurek & Cwynar, 2009).

Such a wide range of reconstructed variables may suggest that chironomids are not good
indicators for none of them. In fact, they should not be used for reconstructing surrogate
variables, or variables which have some indirect effect and are confounded with other factors,
such as dissolved organic carbon (DOC) (Juggins, 2013). However, their usefulness as a reliable
proxy for mean July air temperature in the Lateglacial and Holocene reconstruction is well proven
(Walker, 2001; Brooks et al., 2001, 2012). Besides that, there is a need to take into consideration

the factors indirectly related to the air temperature, such as continentalism and insolation level
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(Engels et al., 2014; Nazarova et al., 2017), as well as water trophic state. The latter is often
considered as obscuring the climate reconstructions (e.g. Velle et al., 2010), but Brooks et al.
(2012) argue that such correlation is not universal, especially in warmer climates. Dickson and
Walker (2015) referred to this debate, experimentally proving the direct linkage between midge
emergence and survival, and air temperature. In fact, factors like trophic state, pH and salinity
may be more significant at the local scale, while air temperature is rather a regional-level driver
(Brooks et al., 2001, 2007; Luoto et al., 2012). Every reconstruction based on biological proxy,
including chironomids, can be influenced by confounding factors (Heiri & Lotter, 2005; Velle et al.,
2010; Brooks et al., 2012). Thus, the reconstruction results should be compared with independent
climate proxies (e.g. pollen, stable isotopes) and the possible discrepancies should be carefully

detected (Brooks et al., 2012; Eggermont & Heiri, 2012).

First chironomid-temperature inference models were based on the water surface temperature
data (e.g. Walker et al., 2001). However, the surface water temperature might be highly variable
and such data (taken from the exact point of the lake, at exact time) used for training set
construction may lead to obscure or false results (Brooks, 2006). In fact, the relationship between
air and surface water temperature is well proven (particularly in the temperate zone) (Livingstone
& Lotter, 1998; Eggermont & Heiri, 2012; Luoto et al., 2014). The air temperature greatly
influences the distribution of the short-living winged adult stage (Brooks et al., 2001; Ptéciennik
et al., 2018), and nowadays the training sets are constructed using long-term climatic data from
the meteorological stations (Brooks, 2006). The problem appears when there is an input of cold
water from the glacier or snow bed to the lake, which lowers the chironomid-inferred air
temperatures (Brooks et al., 2001; Heiri & Lotter, 2010; Eggermont & Heiri, 2012). The training

sets need to be calibrated considering such situations.

Chironomidae in environmental archaeology

Many palaeoecological studies are nowadays more and more often applied in environmental
archaeology, to track changes in relations between past human societies and the environment
(Dearing et al., 2006). The most important palaeoecological proxies in archaeology (similarly as in
palaeolimnology) seem to be pollen and plant macrofossils. Those methods have already been
used in archaeology before World War Il (Koztowska, 1921; Jaron, 1938, 1939; Moldenhawer,
1939). In comparison to beetles, which have a long history in archaeological studies (Whitehouse
et al., 2008; Elias, 2010), Chironomidae started to be applied in this kind of research relatively
late. A pioneer archaeoentomological research in Poland, where chironomid analysis was applied,

was undertaken by Czeczuga et al. (1979). However, it was the study by O’Brien et al. (2005),
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which turned out to be the crucial one, showing how much potential Chironomidae have in the

archaeological studies on aquatic deposits (Ruiz et al. 2006).

Environmental archaeology is necessary in studying past settlement conditions, food economy
and population movements. Some palaeoecological methods are undertaken during
archaeological research of medieval defensive structures, such as moats (e.g. Benes et al., 2002;
Kocar et al., 2010; Brown & Pluskowski, 2011; Makohonienko, 2014; Koszatka, 2000, 2014).
Although the sediment deposit of a moat is similar to that of small, natural water bodies (such as
oxbows), no aquatic invertebrate analyses (neither Cladocera nor Chironomidae) have been
implemented so far. The palaeolimnological research in Rozprza complements this gap, being

considered one of the most comprehensive multi-proxy studies in Europe.

Rozprza archaeological site

Rozprza village is located in central Poland, in the £édz region. The study site is situated in the
middle section of the Lucigza River valley. Lucigza River is a tributary of Pilica River in the Vistula

River basin (see Fig. 1, Chapter ).

Rozprza was considered one of the most important medieval strongholds in central Poland
(Sikora, 2007, 2009). However, the results of the archaeological study conducted by Chmielowska
in the 1960s indicated its extraordinarily small size and poor facilities (Chmielowska, 1966, 1982).
In 2013-2015, Rozprza was included in the project of the non-destructive archaeological survey of
the medieval strongholds of central Poland (Sikora et al., 2015; Andrzejewski & Sikora, 2018). The
multidisciplinary research revealed remnants of a settlement complex, including ramparts, moat
system, channels and road, visible in the field. The large-scale geophysical and geochemical
prospecting, aerial photography, as well as thorough geological mapping have shown a complex
system of palaesomeanders and dikes in the vicinity of the archaeological site (Kittel et al., 2015,
2018a,b; Sikora et al., 2015). A thick (up to 2.5 m) layer of organic sediments and a number of
well-preserved wood fragments and nuts suggested that with the application of a broad range of
palaeoecological and palaeogeographical methods, the detailed evolution of the environment
may be reconstructed. Such complex, extensive research including many methods of
environmental archaeology were rarely conducted in central Poland (Kittel et al., 2014).

Therefore, Rozprza was chosen as the area for detailed multi-proxy study.
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Material and methods

The sediments for palaeoecological analyses were collected from the walls of archaeological
trenches. Three profiles of deposits — RP W1, RP W3(2), and RP W3(4) — were obtained from
different parts of the main moat. The RP F2 core was taken from the thoroughly deepened and
purified wall of the drainage ditch, which currently crosses the southern secondary moat. The RP
W4 core of sediment was collected from the trench, located on the large palaesomeander
approximately 100 m north-west of the stronghold (Fig. 1.1). The deposits were collected as
monoliths using metal boxes with dimensions of 50x10x10 cm. This method enables preserving

their undisturbed structure.

0 50 100 150 200 m A
Coordinates: 51°18'07" N; 19°40'04" E A
’; Glaciofluvial River i Valley Large palaeomeanders JL) Small palaecomeanders Artificial
terrace terrace ! floor (Late Vistulian) (Holocene) channels
Moat ~' Moat . Contemporary ditcheS . Dikes, ways
11th-13th c. AD (?) @ 14th-15th c. AD (‘/ Rampars and river channels or enbankments

Fig. 1.1. The location of studied profiles in the vicinity of the Rozprza stronghold.

The sediment cores were transported to the laboratory. For Chironomidae analysis, the
contiguous 2 cm slices of the sediment were taken from each profile, besides RP W3(2) core, from
which they were collected with 4 cm resolution. In addition to Chironomidae, being the object of
this dissertation, also pollen, plant macrofossils, diatoms, Cladocera, Coleoptera and

geochemistry were studied.
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Sample processing followed the standard method outlined in Brooks et al. (2007). Additionally,
a kerosene flotation was used, following Rolland and Larocque (2007). The samples were wet-
sieved in a 63 um mesh with the use of a detergent in order to remove remains of kerosene.
Sieved sediment was put into a Bogorov counting tray and scanned under stereo-binocular
microscope. If possible, at least 100 chironomid head capsules from each sample were picked and
mounted in Euparal® on microscope slides. Identification of chironomid head capsules to the
highest possible taxonomic level was based mostly on Brooks et al. (2007), Andersen et al. (2013)
and Schmid (1993). The publication by Bitusik & Hamerlik (2014) was used to identify some of the
Tanypodinae head capsules. The identification of Psectrocladius (Psectrocladius) was based on the
key by van Nieuwenhijzen (2017), whereas numerous subfossils of Glyptotendipes caulicola were
identified on the basis of Contreras-Lichtenberg (2001). Nomenclature follows the above-
mentioned literature. The ecological preferences of identified taxa were based on Brooks et al.
(2007), Vallenduuk and Moller Pillot (2007), Moller Pillot (2009, 2013), Gitka (2011), Bitusik &
Hamerlik (2014), and Vallenduuk (2017). Besides chironomids, head capsules of Simuliidae and
Ceratopogonidae were also identified. Within biting midges (Ceratopogonidae), two morphotypes
were recognised following Walker (2001). Black flies (Simuliidae) subfossils were not identified to

the lower taxonomic level.

In total, the material obtained from the five studied profiles includes 7348 chironomid head
capsules identified to 115 morphotypes (Table 1.1), as well as 130 Ceratopogonidae and 5
Simuliidae individuals. The material is deposited in the Laboratory of Palaeoecology and

Archaeobotany (University of Gdansk).

Table 1.1. Summary of Chironomidae material collected within this study.

. . Depthrange  Number | Samples volume Number of Number of
Profile | Location 3 . ..
(cm b.g.l.)  of samples range (cm”) individuals | morphotypes
RP W1 0-50 23 16.5-56 935 59
RPW3(2) =~ Main 28-136 27 5-70 2568 83
moat
RP W3(4) 38-86 24 16-52 2219 63
RP F2 second | 54 99 25 13-44 116 18
moat
RP W4 Palaeo- | 54514 63 1-36.5 1510 64
oxbow

b.g.l. — below ground level
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In order to obtain quantitative environmental reconstructions, the available training sets were
used. The information about past climatic conditions in the Lucigza River valley was derived from
Chironomidae data obtained from the palaeo-oxbow deposits (RP W4 profile, Chapter Il). The
mean July air temperature was reconstructed using East-European (Luoto et al., 2019) and Swiss-

Norwegian-Polish (Kotrys et al., 2020) training sets.

The East-European training set (EE TS) is based on the 2-component WA-PLS (Weighted Averaging
Partial Least Squares) regression model and uses the transfer function from the combined Polish
and Finnish sites. The Swiss-Norwegian-Polish training set (SNP TS) is based on the data from
Norway (including Svalbard), Swiss Alps and Poland. It uses both the 3-component WA-PLS, and

the artificial neural network (ANN) transfer function model (Table 1.2).

Table 1.2. Characteristics of the East-European and Swiss-Norwegian-Polish chironomid-based
temperature training sets (TS).

East-European TS Swiss-Norwegian-Polish TS

Number of chironomid taxa 142 134
Number of lakes 212 357
Latitude range 49.19-69.55 °N 79.8-46.1 °N
Longitude range 14.51-30.13 °E 5.0-31.0°E
Elevation range 4-1624 m a.s.l. 4-2815 m a.s.l.
Sampling water depth range 0.3-15.0m 2.5-77.0m
Mean July air temperature range 11.3-20.1°C 3.5-20.0°C
pH range 4.6-9.8 4.7-9.8
Root mean squared error WA-PLS: WA-PLS: ANN:
of prediction (RMSEP) 0.88°C 1.39°C 1.34°C

. . ) WA-PLS: WA-PLS: ANN:
Correlation coefficient (R%j.ck)

0.88 0.91 0.95

a.s.l. —above sea level

The chironomid data from the RP W3(2) profile was used for water trophic state reconstruction in
the moat system (Chapter IV). The values of total phosphorus (TP) were derived using two
geographically distant training sets (Table 1.3). The Finnish TS is based on the 4-component WA-
PLS regression model (Luoto, 2011), while the British TS uses a one-component WA (Weighted

Averaging) (inverse) model (Brooks et al., 2001).
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Table 1.3. Characteristics of the Finnish and British chironomid-based water trophic state training

Finnish TS British TS

sets (TS).

Number of chironomid taxa 32 72
Number of lakes 51 44
Total phosphorus (TP) range (pg/l) 1.5-105 5-1162
Dissolved oxygen range (mg/ ) 0-14 0.1-9.6
Conductivity range (1S/cm) 8-220 28-724
pH range 4.5-8.3 5.6-8.6
Root mean squared error WA-PLS: WA:
of prediction (RMSEP) 6.675 pg/l 2.19 pg/l
Correlati icient (R? WA-PLS: WA:
orrelation coefficient (R%j.c) 0921 0.60




Aims and hypotheses

The main aim of this PhD thesis was to estimate the character and scale of natural and

anthropogenic processes in small, lowland water bodies on the basis of subfossil midge

assemblages. The analyses of chironomid remnants found in moats and palaeochannel sediments

(combined with other proxies) also allows for completing the following goals:

1)

2)

3)

4)

5)

6)

provide a high-resolution reconstruction of climate in Lucigza River valley during Allergd

and early Younger Dryas,

describe the environmental history of small water bodies (oxbow and moat) in the vicinity

of the Rozprza motte,
estimate the human impact in the Middle Ages on the nearby aquatic ecosystems,

contribute to better understanding of the ecology and habitat complexity of the medieval

moats during their functioning,

compare the complexity and diversity of Chironomidae assemblages in the moat and the

oxbow,

examine the applicability of Chironomidae morphological functional traits in habitat

reconstruction.

In order to meet the above research goals, the following hypotheses have been verified:

H1 The succession processes are faster in anthropogenic water bodies (moats) than in

natural oxbow lakes located in the same area.

H2 Human activity had a strong impact on the Chironomidae assemblages in medieval
moats. The inhabitants of the ringfort influenced the fauna of the moat system mainly by

increasing the water trophic state.

H3 Even in such a small and shallow water body as a moat, the spatial differences in

Chironomidae community composition were significant.

H4 Chironomidae assemblages in oxbow lakes are influenced mainly by long-term climate
changes, whereas the midge community composition in a moat is determined mainly by

local habitat-scale factors.
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ARTICLE INFO ABSTRACT

Keywords: The vicinity of the Rozprza archaeological site (central Poland) has been the area of a series of palaeoecological
Late Vistulian studies tracking the environmental history of the Luciaza River valley up to ca. 13,200 cal. BP. Numerous
Palaeoecology

subfossil palaecomeanders of different sizes have been discovered in the valley floor. Here, we present the first
results of multiproxy research on the paleo-oxbow lake fill, one of the oldest in the region. The wide range of
palaeoecological analyses resulted in reconstructions of vegetation history, climatic, hydrological and habitat
changes. The studied oxbow was an aquatic ecosystem with diverse invertebrate fauna until the end of Younger
Dryas when it transformed into a limno-telmatic habitat. The sediment composition indicates active denudation
processes and several episodes of turbulent hydrological conditions. Such an increased river activity could have
caused flooding, resulting in an allochthonous matter supply to the oxbow lake in Late Vistulian. Environmental
changes were strictly related to the regional features of the catchment, the transformation of soils, and the
hydrogeological conditions. The chironomid- and pollen-inferred climatic reconstructions indicate periods of
high and low continentality. The chironomid record indicates relatively cool summer conditions in the Allergd,
especially ca. 13,000 cal. BP, possibly related to the Gerzensee Oscillation. On the other hand, a distinct increase
of summer temperatures in Younger Dryas (up to 16 °C) was recorded. Such a situation was also confirmed in
some other studies from the region, suggesting that it might be the effect of some specific, local palaeoclimatic
conditions.
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1. Introduction

The multi-proxy approach is the most comprehensive way to achieve
a reliable, holistic picture of the past environments. It helps to detect
possible misinterpretations and improve environmental reconstructions
(Mann, 2002). Biotic proxies play an important role in such studies
especially in palaeohydrological reconstructions but also in tracking
past climatic and other environmental changes (Smol et al., 2001a,
2001b; Birks et al., 2010; Vandenberghe and Sidorchuk, 2020). Plant
macrofossils serve as good indicators of local habitat character, while
pollen is useful to reflect the environment on the regional scale. How-
ever, vegetation often responds with some delay to rapid and short-term
climate changes, whereas aquatic invertebrates are sensitive to even
minor, local climate signals.

In recent years, the multi-proxy approach has been implemented in
high-resolution research on palaeoclimate of Polish territory (e.g.
Zawiska et al., 2015; Stowinski et al., 2016, 2017; Lamentowicz et al.,
2019; Pleskot et al., 2020). Additionally, many studies in central Poland
were undertaken on the palaeo-oxbow lakes, documenting the history of
river valleys in the Late Vistulian (i.e. Rotnicki, 1988; Turkowska, 1988;
Kozarski, 1991; Forysiak et al., 2010; Pawtowski et al., 2015a; Kittel
et al., 2016; Ptociennik et al., 2016; Niska et al., 2017; Gatka et al.,
2020).

Fluvial landscapes in Central Europe are characterised by small-size
Holocene and large-size Vistulian meanders as the record of different
discharge dynamics, often driven by climate changes (Turkowska, 1990;
Starkel et al., 2013; Vandenberghe and Sidorchuk, 2020). Therefore,

Vistulian
glaciated area -

" Old glacia?
w zone

.
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sedimentological and geochemical studies are crucial in the analysis of
fluvial systems, as the water cycle, as well as the nature and intensity of
transport of dissolved and suspended substances in the valley zone, are
all influenced by the type, scale, and rate of denudation processes in the
individual parts of the catchment area (Zwolinski, 1985; Gatka et al.,
2020; Okupny and Pawtowski, 2021).

Vistulian sediments from the £.6dz region (central Poland) are rela-
tively well investigated, covering several sites (see Fig. 1B). Although
most of them were studied comprehensively, the data resolution for
climatic reconstructions was generally low. The nearest high-resolution
site (with varved deposits) is Gosciaz lake, localised ca. 100 km to the
north from £6dz (Miiller et al., 2021).

Hitherto, Late Vistulian history was investigated in the Luciaza River
valley mostly using sedimentological methods (Wachecka-Kotkowska,
2004). The only site in the valley studied using various palaeoecological
analyses and covering a similar timespan as the one at Rozprza is the
Beczkowice mire (Forysiak, 2012). Nevertheless, Rozprza is nowadays
the best-studied site in the Luciaza River valley and one of the reference
sites in the £.6dz region. The multidisciplinary research conducted on the
medieval settlement complex in Rozprza revealed information including
human-environment interactions, moat system functioning, and the
unique rampart construction (Kittel et al., 2018a, 2018b; Sikora et al.,
2019). The human activity in the Late Palaeolithic has, however, only
poor record in the vicinity of Rozprza. The single finds of flint tools may
prove poor penetration of the area by small groups of hunter-gatherers.
The present study is a part of the project, providing the environmental
history of the valley evolution of the middle-reach Luciaza River.

Uplands
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and rainfall floods
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0 15 30 km
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Fig. 1. A - Location of study deposits in the territory of Poland. B — The documented localities in central Poland with Allergd and/or Younger Dryas biogenic record
against typical periods of floods occurrence after Biernat (1994): 1 - Beczkowice, 2 - Grabica, 3 - Jozefka, 4 - Kamion-Samice, 5 - Kowalce, 6 - Korzen, 7 - Kozmin-Las,
8 - Ldzan, 9 - Lugi, 10 - Ner-Lublinek, 11 - Ner-Zawada, 12 - Okup, 13 - Pawlowa, 14 - Podwddka, 15 - Przerab, 16 - Rogdzno, 17 - Rozprza, 18 - Swedéw, 19 -
Swierczyna, 20 - éwinice-Warckie, 21 - Trzas, 22 - Tum, 23 - Wilczkéw, 24 - Wiodzimierzow, 25 - Wola Grzymalina (based on: Wasylikowa, 1964; Szczepanek, 1982;
Rotnicki, 1988; Gozdzik and Konecka-Betley, 1992; Ralska-Jasiewiczowa et al., 2003; Dzieduszynska, 2011; Forysiak, 2012; Marosik and Forysiak, 2014; Pawtowski
et al., 2016; Stepien and Forysiak, 2017; Okupny and Pawlowski, 2021). C — satellite map of the investigated site, and other Late Vistulian sites against hypsometry
and physico-geographical units of the Luciaza river catchment (after Manikowska, 1982; Wachecka-Kotkowska, 2004; Forysiak, 2012), contemporary range of the
flood risk areas (after Hydroportal, 2015), and climate parameters (after Climate-Data.org) for selected stations.
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The aims of this study are following: 1) to describe the development
history of the oxbow during the Allergd and early Younger Dryas, 2) to
present the high-resolution multi-proxy climatic reconstructions from
this period for central Poland, and 3) to track the palaeohydrology and
flooding events in the Luciaza River catchment. All these changes are
discussed against global palaeoclimatic fluctuations, as well as regional
characteristics.

2. Study area

Rozprza is a rural municipality in central Poland, located ca. 60 km
SSE from £.6dz, on the Piotrkowska Plain. The study site (51°18'07” N;
19°40'04"” E; 182-183 m a.s.l.) is situated in the middle reach of the
Luciaza River, which is a tributary of the Pilica River in the Vistula River
basin (Fig. 1). Along its full course, the Luciaza and its tributaries cut
through three morphogenetic units (Fig. 2), as reflected in the valley’s
features (Fig. 3). The Luciaza catchment is distinctly asymmetrical (from
the river sources to the mouth to the Pilica River near Sulejéw), the left-
bank tributaries predominate. Generally, this region is characterised by
a higher number of mires than other parts of central Poland (Zurek and
Okupny, 2015).

The Luciaza River catchment is on the border area of rivers with high
(e.g. Prosna, Grabia) and low runoff seasonality (e.g. Pilica). According
to Jokiel and Stanistawczyk (2016), the first group includes rivers with a
strongly developed nival system, while extensive, rich, and not very
dynamic aquifers play an important role in supplying the second group
of rivers (Fig. 2). In addition, the Luciaza River is characterised by the
highest values of the highest maximum flow (WWQ = 86.8 m3/s) and
unit runoff (WWq = 173.7 dm?3/s/km?) among other lowland rivers in
Poland (Jokiel, 2015).

The region is part of the Odranian (Saalian) formerly glaciated area,
and the last ice sheet was present there during the Wartanian Cold Stage
of the Odranian Glaciation (Marks, 2011). The area is a part of the
“European sand belt” (Zeeberg, 1998) characterised by wide-spread
fluvial terraces and aeolian landforms. Intense transformation of river
valleys took place there under periglacial conditions during the Vistu-
lian (Weichselian) glacial period (Turkowska, 1988, 2006).

Quaternary International xxx (xxxx) Xxx

palaeomeanders of different sizes have been discovered in the Luciaza
valley floor in Rozprza (Kittel et al., 2015, 2018a) (Fig. 3). They reflect
well the intense changes in the valley morphology throughout the last
ca. 15,000 years. Whereas in the Late Vistulian there were large palae-
omeanders, in the Holocene river channels were much smaller. Starting
from the Middle Ages, several artificial channels and ditches were
created in the Luciaza river valley (Kittel et al., 2018a). Nowadays, the
channels of the Luciaza, Bogdanéwka, and Rajska rivers are regulated.

The studied subfossil oxbow lake was a part of the large palae-
omeander of the Lucigza River (or Bogdanéwka River) (Kittel et al.,
2018a). It was recorded as a strong curvilinear magnetic anomaly with a
width of ca. 10 m, and a of radius ca. 15 m, visible in the field as a small
depression periodically covered with water, as recorded in aerial pho-
tographs (Kittel et al., 2018a, 2018b).

Climatic conditions in the studied area are highly variable because of
the influence of both oceanic and continental air masses. The average
annual temperature from the last 30 years for the neighbouring station
in Sulejow (ca. 20 km from Rozprza) is 8.6 °C, ranging from 6.7 °C
(1996) to 10.3 °C (2019). The mean temperature of the warmest month
(July) is 18.9 °C, while for the coldest month (January), it is —1.7 °C.
The average annual precipitation reaches 570.7 mm, varying from
413.6 mm in 1991 to 830 mm in 2014 (Meteomodel.pl, 2019). Summer
precipitation dominates in this region (35% of the yearly total), while
the winter precipitation constitutes only 15%. Moreover, the relief of the
Luciaza catchment causes variability in precipitation. The southern and
western parts of the region, higher than 200 m a.s.l., receive an annual
average of approx. 15% more than lower-lying areas, particularly in the
north-eastern portion (Fig. 2).

3. Materials and methods
3.1. Fieldwork

In recent years, a detailed geological survey was carried out in the
surroundings of the stronghold’s remnants in Rozprza as an integral part
of archaeological investigations (Kittel et al., 2015, 2018a, 2018b;
Sikora et al., 2015a, 2015b, 2019). In order to document the surficial

During detailed geological mapping, numerous subfossil geology, approx. 340 cores were taken, using an Eijkelkamp hand auger
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Fig. 3. The geomorphological map of the site vicinity (after Kittel et al., 2015, 2018a, modified).

at depths of 1.0-3.5 m.

For the study of the palaeochannel fill in detail, trench No. 4 was
excavated with diameters of 2 x 10 m. Successive 10-cm layers of de-
posits were removed from the trench exposure, and excavated deposits
were sifted and floated stratum by stratum with the use of a 4 x 4 mm
sieve. Waterlogged layers were accessed by pumping water from the
excavation.

The paleochannel fill consists of organic mud in the lower part and is
overlain in the upper part by coarse detritus gyttja and peat with well-
preserved fragments of wood and other plant macrofossils. The thick-
ness of the paleochannel fill reached 130 cm, from ca. 90 to 210 cm
below ground level (b.g.1.) (Fig. 4). It is underlain by channel alluvium
of sands and gravels with organic mud laminations and plant detritus
admixtures and overlain by the cover of overbank deposits of organic
mud with sandy admixtures.

After a full excavation of trench No. 4, a core of organic deposits (RP
W4) was collected in the deepest part of the palaeochannel cross-section.
The core was collected as monoliths into five metal boxes with

S
Depth Qe&

[cm] & Organic matter [%]
e el

40

020 40 60 80 100
sand with organic admixtures

[ sand with organic mud laminae

[ peaty organic mud with sandy admixtures

[ coarse detritus gyttja with sandy admixtures BB peat with wood fragments.

[ coarse detritus gyttja with small wood fragm.

dimensions of 50 x 10 x 10 cm and covers deposits between 20 and 214
cm b.g.l. This method preserves the undisturbed structure of the sedi-
ments. Our study has been focused on the lowest part of the core be-
tween 172 and 214 cm b.g.l. correlated with the Late Vistulian.

3.2. Geochemical and sedimentological analysis

Chemical composition was determined in 22 samples taken every 2
cm after drying at 105 °C and homogenisation in an agate mortar. The
basic lithogeochemical data for these samples were defined by identi-
fication of organic matter (loss on ignition method (LOI) in a muffle
furnace for 6 h at a temperature of 550 °C), calcium carbonate — CaCO3
(volumetric method using Scheibler’s apparatus), reaction - pH
(potentiometric method - in distilled water), biogenic and terrigenous
silica — SiOabiog and SiOaee, following the protocols described by
Woszezyk et al. (2009) and Okupny et al. (2020). Ash samples were
dissolved (with HCl, HNO3 and H,05) in Teflon bombs using a micro-
wave mineraliser for 22 samples. The solution obtained was analysed for

RP W4

AN R
cal. yr BP (prob. 95.4%)
1,393-1,297 -

2,345-2,120
3,571-3,396

8,164-7,740,
8,720-8,425
5

,583-12,101

.
.
1

2

[ peat penetrated by roots
B peaty organic mud with wood fragm. and vivianite

[ overbank organic mud with plant detritus.

large wood fragments

B overbank organic mud with charcoal

Fig. 4. The lithology and organic matter content (presented as LOI — loss on ignition) of the RP W4 core, and a cross-section of the paleochannel fill — the southern

wall of trench No. 4.
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concentrations of Na, K, Ca, Mg, Fe, Mn, Cu, Zn, and Pb, using atomic
absorption spectrometry, as defined by Boréwka (1992). The results
were expressed in g or pg of an element per 1g of dry mass. The pro-
portions of these compounds can be used to classify deposits and to
reconstruct environmental change in the sedimentologic basin and the
catchment (Pawtowski et al., 2016; Gatka et al., 2020; Okupny et al.,
2020). The grain size composition of the inorganic matter deposits and
ash samples remaining after Loss-on-Ignition analysis was determined
using the laser particle size analyser Mastersizer 3000 with a Hydro MU
dispersion unit (Malvern). The textural features, using Folk and Ward
(1957) coefficients and grain-size indicators (GSI1 as the ratio of coarse
silt/fine silt content and GSI2 as the ratio of coarse silt to clay content)
were calculated.

3.3. Palaeoecological analyses

3.3.1. Pollen analysis

Samples for palynological studies contained 1 cm® of sediment each.
The analysis was performed at intervals of 4 cm. Chemical preparation
of sediments for microscopic analysis, enabling the taxonomic deter-
mination of preserved fossil pollen and spores, followed the modified
Erdtman’s acetolysis method (Berglund and Ralska-Jasiewiczowa,
1986), including pre-treatment with 40% HF and HCI for the removal
of inorganic components, silica and carbonates and KOH for removal of
organic matter. For each of the 11 samples, at least two slides were
examined under 400x and 1000x magnification. In order to estimate
pollen concentrations Lycopodium tablets with a specified number of
spores were added (Stockmarr, 1971). A minimum of 500 arboreal
pollen grains (AP) and all accompanying pollen of terrestrial herbaceous
plants (NAP), reed swamp, and aquatic plants, as well as spores of
cryptogams, were counted per sample. Taxonomic identifications were
carried out using keys, atlases (e.g. Beug, 2004; Reille, 1998), as well as
the reference collection of the W. Szafer Institute of Botany, Polish
Academy of Sciences in Krakow. The percentage values of taxa were
calculated from the total sum which includes the sum of terrestrial
plants pollen grains (AP + NAP = 100%). The pollen values of aquatic
and wetland plants, as well as spores of cryptogams were determined on
the basis of the total sum plus the number of the respective spor-
omorphs. The results are presented in a pollen diagram drawn on a
metric scale with POLPAL for Windows software (Nalepka and Walanus,
2003). The estimation of changes in palynological richness was based on
rarefaction analysis E (T minimal pollen sum) calculated using the
application RAREF included in POLPAL (Nalepka and Walanus, 2003).

3.3.2. Plant macrofossil analysis

Plant macrofossils were analysed in 11 samples (80-100 cm? each)
from the RP W4 profile. The samples were boiled with KOH in order to
reduce the sediment content and remove the humic matter, and wet-
sieved on a ¢ 0.2 mm sieve. The material remaining on the sieve was
sorted under a stereoscopic microscope and marked under magnification
ranging from 10x to 50 x. Conservation of plant remains was done with
a standard mixture of alcohol, water, and glycerine in a 1:1:1 propor-
tion, with the addition of thymol. Fragments of plants were dried with
50% ethyl alcohol. Macrofossils were identified with the use of plant
keys, atlases (Berggren, 1981; Cappers et al., 2006; Kats et al., 1965;
Velichkevich and Zastawniak, 2006, 2008), a reference collection of
modern seeds and fruits, and a collection of plant macrofossils housed in
the Palaeobotanical Museum of the W. Szafer Institute of Botany, Polish
Academy of Sciences, in Krakéw. Individual taxa were assigned to
habitat groups in the order of their appearance. The qualitative and
quantitative results were presented in a diagram constructed with the
use of POLPAL software (Nalepka and Walanus, 2003). The presence of
the most numerous or characteristic taxa for a given level was consid-
ered when separating the levels.
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3.3.3. Chironomidae analysis

The samples for chironomid analysis were taken as contiguous 2-cm
slices of the sediment. The sample volume ranged between 1 cm? and 27
cm®. Chironomidae preparation methods followed Brooks et al. (2007).
The sediments were passed through a 56 pm mesh sieve. If head capsule
concentration in the sediments was low, kerosene flotation was used
following the methods of Rolland and Larocque (2007). Processed
sediment was scanned under a stereo-binocular microscope. Where
applicable, a minimum of 50 (preferably 100) chironomid head capsules
from each sample were picked and mounted in Euparal®. Identification
of chironomid head capsules follows keys by Schmid (1993), Brooks
et al. (2007), and Andersen et al. (2013). Ecological preferences of
identified taxa are based mainly on Brooks et al. (2007), Vallenduuk and
Moller Pillot (2007), Moller Pillot (2009, 2013), and Luoto (2009). The
midge sequence is presented in a stratigraphic diagram created with C2
software (Juggins, 2007). Chironomidae zonation was obtained using
the “chclust” function from the Rioja package (Juggins, 2017) in R
software (R Core Team, 2020). The zones were tested for statistical
significance with the broken-stick model using the “bstick™ function
from the Vegan package (Oksanen et al., 2019).

3.3.4. Cladocera analysis

For Cladocera analysis, 1 cm® of fresh sediment samples taken at 4-
cm resolution from RP W4 core were processed according to standard
procedures (Frey, 1986). Initially, samples were treated with hot 10%
KOH. The material was then deflocculated using a magnetic stirrer and
sieved through a 50 mm mesh. The slides were prepared from 0.1 ml of
each sample and examined with a microscope (100x magnification).
The taxonomy of cladoceran remains in this paper follows that presented
by Szeroczynska and Sarmaja-Korjonen (2007). The ecological prefer-
ences of cladoceran taxa were determined on the basis of the published
key after Bjerring et al. (2009).

3.4. Climatic reconstruction methods

The Chironomidae-inferred mean July air temperature was recon-
structed using East-European (EE TS) (Luoto et al., 2019) and
Swiss-Norwegian-Polish (SNP TS) (Kotrys et al., 2020) training sets.
Only data from 214 to 180 cm b.g.1. was used, as the number of recorded
chironomid head capsules in the remaining samples was too low (<50
individuals). The East-European training set (EE TS) is a combined
calibration model based on the data from 212 sites located in Poland and
Finland. It includes 142 Chironomidae morphotypes, and a temperature
range of 11.3-20.1 °C. The 2-component WA-PLS model for the EE TS
has a cross-validated correlation coefficient (szack) of 0.88 and a root
mean squared prediction error (RMSEP) of 0.88 °C (Luoto et al., 2019).
The SNP TS is based on 357 sites from Norway (including Svalbard),
Swiss Alps, and Poland. It includes 134 Chironomidae taxa and has a
3.5-20.0 °C mean July air temperature range. The SNP TS uses not only
WA-PLS, but also artificial neural network (ANN) transfer function. The
RMSEP for the 3-component WA-PLS is 1.39 °C, while for the ANN it is
1.34 °C. szack is 0.91 and 0.95 respectively (Kotrys et al., 2020). The
chironomid samples used in each reconstruction were classified ac-
cording to the quality of the modern analogues. The samples remaining
below the 2-percentile threshold of the training set dissimilarities were
represented by very good modern analogues. For EE TS, this threshold
was 7.24578 minDC, while for SNP TS WA-PLS — 6.98983 minDC. The
samples below 5 percentile (EE TS: minDC <8.50537, SNP TS: minDC
<8.57757) represented good modern analogues, and below the
10-percentile threshold (EE TS: minDC <9,75318, SNP TS: minDC
<10.1025) — moderate modern analogues. All samples over this
threshold were regarded as representing poor and very poor modern
analogues.

Estimates of climatic parameters were calculated from pollen data
using the Modern Analogues Technique (MAT) (e.g. Guiot, 1990). The
MAT reconstructions are based on a database with over 3500 modern
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pollen spectra from Europe (Bordon et al., 2009) and the Mediterranean
region (Dormoy et al., 2009), using the 4 modern assemblages with the
smallest Chord distances. The pollen-inferred climate reconstructions
were carried out with the biome constraint using the Rioja package
(Juggins, 2017) in the R software (R Core Team, 2020).

3.5. Numerical analysis

Detrended Correspondence Analysis (DCA) was calculated for Chi-
ronomidae, Cladocera, and macrofossil assemblages in order to define
the direction of assemblage variations in time. DCA was performed with
R software (R Core Team, 2020), using the “decorana” function from the
Vegan package (Oksanen et al., 2019) on the percentage data with
down-weighting of rare species.

Principal Component Analysis (PCA) was used to reveal the rela-
tionship between lithology and variable geochemical proxies over time.
Standardised values of the contents of LOI, SiOxay, eight macro- and
microelements, and grain-size results for an inorganic admixture of
sediments (M, - median diameter, o7 - sorting, Sk - skewness, K¢ - kur-
tosis, P1¢ diameter, and Pgy diameter) were used as input variables. A
scree plot of eigenvalues was used to determine the number of signifi-
cant principal components (Dempster et al., 2012). In this study, the first
three PCs are the most significant for the geochemical data set (eigen-
values >1), other PCs with eigenvalues <1 account for an increasingly
small and insignificant amount of variance in the data, and thus are not
used.

3.6. Radiocarbon dating and age-depth model

Seven samples of selected terrestrial plant macrofossils from the
lower part of RP W4 core were dated with the radiocarbon (*C) method
using accelerator mass spectrometry technique (AMS) (Table 1). Sam-
ples were chemically pre-treated using the AAA (acid-alkali-acid)
method. The organic samples were combusted, purified, and trans-
formed into graphite (Nadeau et al., 1998) in the Laboratory of Absolute
Dating in Cracow, Poland (Krapiec et al., 2018a). The mixture of
graphite and Fe powder was pressed into a target holder and measured
with the AMS system at the Center for Applied Isotope Studies at the
University of Georgia, USA (Cherkinsky et al., 2010).

Calibrated radiocarbon ages (cal yr BP) were made using the
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IntCal20 radiocarbon calibration dataset (Reimer et al., 2020) and the
OxCal 4.4.2 calibration software (Bronk Ramsey, 2009).

The chronology (age-depth curve) of the RP W4 core is based on the
OxCal P_Sequence model (Bronk Ramsey, 2008). In total five radio-
carbon dates were used for the construction of the age-depth model
between 173 and 210 cm of the core. Therefore, in our model,
single-boundary constraints were introduced (Fig. 5). On the basis of the
age-depth model, we calculated the probability distributions of the
modelled calendar ages for 1-cm intervals of deposits.

4. Results and interpretation
4.1. Stratigraphy and chronology of palaeomeander fill

Organic mud lamination within channel alluvium was dated to
12,720 + 80 BP, i.e. 15,281-15,051 cal. BP (Kittel et al., 2018a). This
demonstrates that studied meandering river channel was active in the
Oldest Dryas and Bglling, according to chronostratigraphic units pro-
posed for the £.6dz region by Dzieduszynska (2019). Thus, it is one of the
few earliest large-size meanders documented in the £.6dZ region during
the Late Vistulian (cf. Pawlowski et al., 2016; Dzieduszynska et al.,
2020). Our study shows that Luciaza River close to Rozprza has shifted
into meandering pattern earlier than Ner River (Turkowska, 1990;
Turkowska and Dzieduszynska, 2011) and in the similar period as
Grabia River (Pawlowski et al., 2015a, 2016). The other sites in the
transitional zone between uplands and lowlands in central Poland with
Late Vistulian deposits have been dated accordingly to: 10,940 + 100 BP
at Przerab and 10,920 + 100 BP at Wiodzimierzéw (Wacheck-
a-Kotkowska, 2004), 12,450 + 150 BP at Beczkowice (Forysiak, 2012),
11,970 + 110 BP and 10,400 + 100 BP in the Widawka River valley
(Stepien and Forysiak, 2017), and range between 13,070 + 70 and 10,
160 + 70 BP for Grabia River valley (Pawlowski et al., 2015b; Okupny
and Pawtowski, 2021).

Simultaneously, the radiocarbon dating from the very bottom of the
studied paleochannel (11,126 + 82 BP, i.e. 13,112-12,926 cal. BP —
Table 1 and 13,174-13,069 modelled cal. BP — Fig. 5) indicates that the
cutting-off of the oxbow could have occurred during the Older Dryas or
in the Early Allergd (acc. to Dzieduszynska, 2019). The oxbow lake was
then filled at a high rate until 12,397-12,097 cal. BP, as demonstrated
by the modelled age (Fig. 5), i.e. until the early Younger Dryas. The '4C

Table 1
The results of radiocarbon dating of the material from the studied part of the RP W4 core.
Dated deposits Depth b.g.l.  Dated macrofossils 4G age Laboratory Calibrated age BP Calibrated age BP
[em] yr BP code (68.2%) (95.4%)
coarse detritus gyttja 176-178 Pinus sylvestris — fragments of needle 10,877 + MKL-A3566 12,823-12,754 12,839-12,743
31°
coarse detritus gyttja 184-186 Pinus sylvestris - 8 shoots and 5 bud scales; shrub buds undif. - 10,415 + MKL-A3933 12,479-12,109 12,583-12,101
with sandy 5; Betula sect. albae - 4 fruit scales 26
admixtures
peaty organic mud 188-190 Pinus sylvestris - 20 shoots; Betula sect. albae - 2 fruit scales and 10,889 + MKL-A4681 12,823-12,760 12,885-12,745
3 fruits; Betula nana - 4 fruit scales and 2 fruits; Filipendula 35
ulmaria - 1 seed; Urtica dioica - 1 seed
peaty organic mud 194-196 Pinus sylvestris - 2 seeds and 20 shoots; Betula sect. albae - 2 11,029 + MKL-A3934 13,055-12,901 13,075-12,843
fruit scales; Carex sp. trigonous - 1 fruit 26
organic mud 200-202 Pinus sylvestris - 22 shoots and 2 needles; Betula sect. albae - 1 10,069 + MKL-A4682 11,743-11,407 11,807-11,401
fruit scale and 1 fruit; Betula nana - 3 fruits 27¢
organic mud 204-206 Pinus sylvestris - 4 fragments of cone and 3 bud scales; Betula 11,404 + MKL-A3935 13,312-13,241 13,331-13,180
sect. albae - 2 fruit scales 27
organic mud 208-210 Pinus sylvestris - 1 fragment of cone, 5 shoots and 2 fragments 11,126 + MKL-3503A 13,112-12,926 13,170-12,839
of needle; Betula sect. albae - 2 fruit scales and 5 fruits; Betula 82
nana - 7 fruit scales and 6 fruits
Larch wood, sample D3 (Dendro lab. code 2ROZP6, 10 last 11,200 + MKL-3392 13,233-13,000 13,299-12,906
tree-rings) 90
Larch wood, sample D4 (Dendro lab. code 2ROZP8, 10 last 11,130 + MKL-3393 13,155-12,920 13,236-12,785
tree-rings) 100

OxCal v4.4.2 Bronk Ramsey (2020): r.5 Atmospheric curve (Reimer et al., 2020).

 Dates not included into depth/age model, recognised as outliers (redeposited material).

36



O. Antczak-Orlewska et al.

Depth - Unmodelled age Modelled age
(cmb.g.l) ' CageyrBP (cal. BP) (cal. BP)

173 12,421-12,159 (68.2 %)

12,475-11,925 (95.4 %)

12,479-12,109 (68.2 %)  12,592-12,550 (68.2 %)

185 10415226 15'58312.101 (954 %)  12,612-12,430 (95.4 %)

189 10,889+35  12,823-12,760 (68.2%)  12,790-12,750 (68.2 %)
12,885-12,745 (95.4 %) 12,823-12,7442 (95.4 %)

13,055-12,901 (68.2 %)  12,938-12,844 (68.2 %)

= 1029426 13'075.12.843 (95.4 %)  12,978-12,837 (95.4 %)

209 11126182  13112-12,926 (682%)  13,174-13,069 (68.2 %)

13,170-12,839 (95.4 %)

13,300-13,020 (95.4 %)

210 13,208-13,079 (68.2 %)
13,327-13,032 (95.4 %)
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Fig. 5. The P_Sequence depth/age model for the studied part of the RP W4 core.

data from a depth of 160-165 cm of the core (7800 + 50 BP, 8638-8520
cal. BP) shows depositional hiatus from late Younger Dryas to Early
Holocene. The basin was then filled with coarse-detritus gyttja and peat
and existed at least up to 3270 + 40 BP, i.e. 3559-3449 cal. BP, as shown
by the 14C date from the depth 90-95 cm b.g.1. Later, since 2230 + 50 BP
(2324-2155 cal. BP), overbank accumulation took place within peri-
odically existing backswamps in the Subatlantic period (Kittel et al.,
2018a).

The main period of the oxbow lake development studied in the paper
covers Allergd and early Younger Dryas from ca. 13,200 to ca. 12,200
cal. BP (Fig. 5). Two more subfossil palaeochannels dated to the Bglling-
Allerpd chronozone were documented eastward from the stronghold
(Kittel et al., 2018a). Thus, it is not certain whether the studied palae-
ochannel was of the Luciaza River branch or its tributary Bogdandwka
River.

4.2. Biostratigraphy

The pollen sequence within the studied part of the RP W4 core is
consistent, creating one zone (Fig. 7). In the plant macrofossil sequence,
three L MAZ levels are distinguished: RP-1 from 214 to 200 cm b.g.1., RP-
2 from 200 to 176 cm b.g.l., and one outlier sample from the depth
172-174 cm, creating a separate zone RP-3 (Fig. 8). Chironomidae RP
W4 sequence is divided into three significant zones (Fig. 9). The first
part of the oxbow evolution coincides with zone Ch1 (214-192 cm b.g.
1.). Ch2 (192-178 cm b.g.1.) covers late Allergd and early Younger Dryas,
up to the period of oxbow paludification. Ch3 zone (178-173 cm b.g.1.)
includes three samples with very low head capsule concentrations. The
studied Cladocera sequence is split into two zones: LCAZ R-1 (214-177
cm b.g.l.) and LCAZ R-2 (Fig. 10). The latter is created by one sample
from the limno-telmatic period of the oxbow evolution (172-174 cm b.g.
1.), coinciding with the Ch3 Chironomidae zone.

4.3. Phases of oxbow evolution

The phases presented below were distinguished on the basis of the
depth/age model and correlated with the chronostratigraphy for the
L6dz region proposed by Dzieduszynska (2019).

4.3.1. Phase I (Early Allerpd; 13,200-13,050 cal. BP; depth 214-204 cm)
At the onset of Allergd, the sand with organic admixture (LOI

between 5.7 and 22.5%) was accumulated in the studied oxbow lake.
The very low contents of lithophilic elements (Na - average 0.01 mg/g, K
- average 0.03 mg/g, Mg - average 0.07 mg/g, and Fe - average 2.63 mg/
g), documented at the depths of 214-210 cm and 206-204 cm, were
interrupted with a sharp peak of almost all geochemical components
between 210 and 208 cm, (13,100-13,000 cal. BP). The proportion of
sand increased to 80-94%, and medium-grained sand dominates
(average 46%). The dominance of coarse silt (two to three times) over
fine silt indicates sediment transport under conditions of short-term
suspension. The decrease of the PC1 axis was caused by the lowest
content of organic matter and poor bioaccumulation of metals (Fig. 6).

Palynological data shows a very high frequency of arboreal taxa (AP;
mean value 84%), with a predominance of Pinus sylvestris-type pollen up
to 71% (mean value ca. 65%) and Betula pollen up to 21% (mean value
ca. 15%). Other arboreal taxa such as Salix (up to 0.6%), Larix, Populus,
Juniperus, Betula nana-type, and Ephedra fragilis-type are recorded as
sporadic finds. Pollen grains of mesophilous trees and shrubs (Corylus,
Ulmus, Quercus) occur but with total values below 2%. Representation of
herbaceous taxa (NAP) is stable ca. 16% and its value is composed
mainly by Cyperaceae (up to 11%), Poaceae (up to 4%), Artemisia (up to
1.8%), Filipendula (up to 1.7%), and Apiaceae pollen (up to 1.1%).
Chenopodiaceae, Rubiaceae, Rumex acetosella-type are regularly noted
while Bupleurum, Gypsophila, as well as spores of cryptogams such Fili-
cales monolete, Equisetum, and Sphagnum, occur in single spectra
(Fig. 7).

The results of the plant macrofossils analysis also showed the pres-
ence of trees and shrubs remains, including fruits, fruit scale of Betula
nana and B. sect. albae, fragments of cones, needles, shoots, and bud
scales of Pinus sylvestris. The last ones were the most numerous. Only one
fruit of Hippophaé rhamnoides was found at this phase. Among terrestrial
vegetation, the fruit of Urtica dioica was present. The marshy plant re-
mains not only included species of the Carex genus such as Carex elata, C.
rostrata, C. vesicaria, C. sp. biconvex, but also Eleocharis palustris fruits,
Comarum palustre, and Menyanthes trifoliata seeds. Aquatic and swamp
plants were represented by the infrequent fruits of Oenanthe aquatica,
Hippuris vulgaris, and seeds of Phragmites australis. Sclerotia of Cen-
ococcum geophilum, buds, scars, and fragments of wood were found in
high numbers as well (Fig. 8).

Four fragments of fallen tree trunks were found in the bottom part of
the palaeomeander fill (Fig. 4). Three of them represented larch (Larix
decidua Mill.), and the fourth fragment — Scots pine (Pinus sylvestris L.).
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Two larch stems marked D3 and D4 contained more than thirty tree This part of the profile is characterised by the highest chironomid
rings which allowed dendrochronological analysis. The dendrochrono- and cladoceran abundance and diversity within the whole section.
logical sequences of these trees indicate that they most likely fell two Within Chironomidae, the high prevalence of mineral bottom-dwellers
years apart. Radiocarbon dating of the outer tree-rings (Table 1) in- (mainly Micropsectra spp.) was recorded. Such taxa found favourable
dicates that the larches were felled in the time interval 13,170-12,900 conditions in the recently cut oxbow lake and constituted the crucial
cal. BP. This result is consistent with the dating of the sediments in element of the first macrobenthos assemblages. Among them, some
which they lie, based on other organic samples (cf. Table 1). chironomids associated with lotic habitats were also recorded, such as
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Paracricotopus, Thienemannimyia group, and Larsia. Their presence might
have been caused by the presence of seepages or episodic connection of
the oxbow lake to the main Luciaza (or Bogdanéwka) channels (Howard
et al., 2010) in the early stage of its functioning. Many taxa represented
in this phase are cold-stenotherms (e.g. Derotanypus sibricus, Cor-
ynoneura arctica-type, Sergentia coracina-type, Orthocladius trig-
onolabis-type), indicating cool conditions in the early Allergd in the
Luciaza river valley (Fig. 9).

This phase is composed mainly of macrophyte/sediment-associated
cladocerans such as Chydorus sphaericus, Alona affinis, and Alona rec-
tangula. Remains of pelagic forms such as Bosmina (Eubosmina) coregoni,
Bosmina longirostris, and Simocephalus sp. and macrophyte-associated
taxa: Acroperus harpae, Eurycercus lamellatus, Alona guttata, as well as
sediment-associated taxa such as Pleuroxus uncinatus are recorded for the
first time (Fig. 10).

4.3.2. Phase II (inter-Allergd oscillation; 13,050-12,850 cal. BP; depth
204-192 cm)

This period is associated with a change in lithology from sand with
organic mud to peaty organic mud. It coincides with a very high organic
matter content (LOI up to 83.4%), SiOapiog (from 0.1 to 1.5%), and
lithophilic elements (Na up to 0.31 mg/g, K up to 1.36 mg/g, Mg up to
0.87 mg/g and Fe up to 58.4 mg/g) concentration increase. The gradual
change in the type of denudation processes corresponds to the grain-size
composition of the inorganic admixture (an increase in the proportion of
coarse silt from 5 to 30%). A twofold increase in values of the PC2 axis,
which is correlated with Fe and Cu, suggests a periodic decrease of redox
conditions (Fig. 6).

At the same time, single microremains of rush and water taxa, as
Potamogeton (pollen), Nymphaeaceae (idioblasts), as well as Filicales
monolete, Equisetum, and Sphagnum spores are found. This period is
recorded by three pollen spectra in which most numerous was Pinus
sylvestris increasing up to 71% in the upper spectra. Values of Betula
strongly decrease from 22% to 12%. The reduction of the taxonomic
diversity to only 10 pollen taxa was recorded at the depth of 197 cm (ca.
12,950 cal. BP). Pollen grains of Cyperaceae (up to 11%), Poaceae (up to
2.5%), and Filipendula (up to 2%) are numerous (Fig. 7).

As in the previous level, the remains of trees and shrubs were
particularly numerous. Betula sect. albae and Pinus sylvestris dominated,
but fruits and fruits scale of B. nana also were present. One Alnus gluti-
nosa fruit was found only at this phase. Terrestrial vegetation was rep-
resented by infrequent fruit of Urtica dioica, Potentilla sp. and Filipendula
ulmaria. The species such as Carex elata, C. riparia, C. rostrata, C. ves-
icaria, C. sp. biconvex, Eleocharis palustris, and Menyanthes trifoliata
represented marshy plants communities. Among aquatic and swamp
plants were the Phragmites australis, Typha sp. seeds and infrequent
Hippuris vulgaris fruits (Fig. 8).

Chironomidae assemblages, particularly Orthocladius trigonolabis-
type, Heterotrissocladius marcidus-type, Thienemmannimyia group, and
Micropsectra spp., indicate a cooling episode in the second part of the
phase, visible in each reconstruction (Fig. 10). Swampy conditions were
preferable for some semiterrestrial taxa (e.g. Limnophyes, Smittia folia-
cea-type, Natarsia, Parametricnemus-Paraphaenocladius, Dasyhelea-type),
that presumably inhabited Sphagnum mats in the shore zone of the
oxbow lake (Fig. 9).

This time is also characterised by a systematic decrease of cladoceran
frequency. While the pelagic forms of Cladocera disappear, the macro-
phyte- and macrophyte/sediment-associated taxa slightly increase,
especially Ch. sphaericus, A. affinis, and Ac. harpae (Fig. 10). Most of
them are cold-adapted taxa, tolerant to shallow river habitats (Rob-
ertson, 1990; Nevalainen, 2011; Pawlowski et al., 2015a, 2016). A
similar situation is recorded in the chironomid assemblages.

4.3.3. Phase III (Late Allerpd; 12,850-12,600 cal. BP; depth 192-186 cm)
This period is lithologically consistent with the previous one, organic
matter content is relatively stable and high (LOI range 17-42%). A rapid
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change of grain-size composition in the sediment was documented from
silty sand (Mz is 3.37 phi) to sandy silt (Mz is 5.86 phi), despite this value
of the coarse/fine silt ratio is stable and does not exceed 1. The third PCA
has positive loadings with lithophilic elements (Na, K, and Mg), and thus
represents relative abundance delivery of detrital material to the basin
(Fig. 6). Sediment composed from the peaty mud coincides with the
presence of rush and marshy plants (Sphagnum, Thelypteris palustris,
Filicales monolete, Equisetum, and Typha latifolia), as well as semi-
terrestrial midges.

Phase III is represented by only a single pollen spectrum (from the
depth of 189 cm) in the diagram, dominated by arboreal pollen (90%),
mainly Pinus sylvestris (with value reaching 68%) and Betula (21%).
Larix, Salix, and Juniperus are sporadic (values below 1% in total). The
frequency of NAP is rather low with a predominance of Cyperaceae
(4.6%), Poaceae (1.4%), Thalictrum (1.2%), Artemisia, and Apiaceae
(both below 1%) (Fig. 7).

The results of plant macrofossil analysis also show that the tree stand
surrounding the basin was still dominated by the Betula sect. albae,
B. nana, and Pinus sylvestris. Single fruits of Arctostaphylos uva-ursi were
also identified. Within terrestrial vegetation, Urtica dioica, and Fili-
pendula ulmaria were observed. The frequency of peat plants increased
strongly in comparison with the previous zones. Peat taxa included
mainly Carex vesicaria, C. rostrata, C. sp. biconvex, and Cicuta virosa.
Aquatic and swamp plants were represented by Typha sp. and Hippuris
vulgaris. Fragments of wood and buds were recorded (Fig. 8).

Among Chironomidae, most of the cold-adapted taxa disappear,
replaced by those typical to temperate conditions, such as Polypedilum
spp., Chironomus plumosus-type, Tanytarsus pallidicornis-type, and Cri-
cotopus intersectus-type. The share of the semiterrestrial taxa is still sig-
nificant. An increased share of phytophilous taxa, mainly Acricotopus, is
observed. Other representatives of the macrophyte-associated assem-
blage include species from Ablabesmyia, Paratanytarsus, Corynoneura,
Phaenopsectra, and Cricotopus genera. (Fig. 9).

The zone is also characterised by an increase in cladocerans, espe-
cially pelagic taxa (mostly Bosminidae) and macrophyte-associated
taxa. Most of the littoral species, especially chydorids (e.g. Pleuroxus
spp., Eurycercus lamellatus, and Camptocercus rectirostris), live in warm
water, but they are also primarily associated with vegetation (Fig. 10).

4.3.4. Phase IV (Early Younger Dryas; 12,600-12,200 cal. BP; depth 186-
173 cm)

The Early Younger Dryas is represented by the coarse detritus gyttja
with increased content of organic matter (LOI from 16.4 up to 72.2%)
and lithophilic elements, especially K (up to 3.1 mg/g) and Mg (up to
4.56 mg/g). The content of Ca and Mn were low and relatively invariant
between 12,600 and 12,400 cal. BP. The inorganic admixture is char-
acterised by relatively low content of fine and very fine sand (even
below 6%), however, this section shows inverse grading sequence of Mz
values (from 1.86 to 5.9 phi). This part of the core is characterised by
gradually increasing values of the PCl axis (interpreted as bio-
accumulation processes), while at the same time stable but low values of
the PC3 axis (interpreted as denudation processes) (Fig. 6). This
geochemical stratification is consistent with well-documented records at
other river valley mires from Central Europe (Niska et al., 2017; Okupny
et al., 2019; Gatka et al., 2020; Okupny and Pawtowski, 2021).

The characteristic feature of Phase IV is a decreasing tendency of
Betula pollen values (from 20% to 10%). After the initial strong increase
of Pinus sylvestris pollen (up to 78% at a depth of 177 c¢m), its frequency
decreased to 55%. Larix pollen reappears. Salix reaches up to 2.4%.
Pollen grains of more thermophilous taxa such as Corylus (up to 2.4% in
a single sample), Fraxinus, and Quercus are present (up to 2.6% in total).
NAP pollen, especially Cyperaceae (up to 23%), Artemisia (up to 2.5%),
Poaceae (up to 2.3%), Filipendula (up to 2%) are numerous. Other taxa
such as Rubiaceae, Apiaceae, Ranunculus, Chenopodiaceae, and Poten-
tilla-type pollen are regularly noted but do not exceed 1%. The presence
of rush communities is marked by sporadic pollen of Potamogeton,
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Sparganium-type, and Typha latifolia as well as spores of Equisetum and
Filicales monolete (Fig. 7).

The zone comprised numerous tree macrofossils, still dominated by
the fruits and fruit scale of Betula sect. albae, as well as Pinus sylvestris
fragments of cone, needles, shoots, and bud scales. Betula nana remains
were recorded again. Terrestrial communities were still composed by
Urtica dioica, Filipendula ulmaria, and Stellaria palustris. Proportions of
peat plants were still high. This group was dominated by Carex vesicaria,
C. riparia, C. rostrata, C. sp. biconvex, Eleocharis palustris, Comarum
palustre, Menyanthes trifoliata, and Viola palustris. Aquatic and swamp
plants were represented by the relatively frequent Oenanthe aquatica,
Typha sp., and Hippuris vulgaris. Ephipia of Daphnia, buds, scars, wood
fragments, and, at the bottom part of the phase, numerous sclerotia of
Cenococcum geophilum were recorded (Fig. 8).

Mild temperatures are reflected not only in the vegetation record but
also in the chironomid composition. Besides taxa typical to warm con-
ditions (such as Polypedilum spp., Chironomus plumosus-type, Cladopema
lateralis-type, Tanytarsus pallidicornis-type, and Cricotopus intersectus-
type), in the first part of the phase (186-180 cm b.g.l.) several
macrophyte-associated taxa were recorded (e.g. Acricotopus and Endo-
chironomus impar-type). The end of the sequence was characterised by a
significant drop of recorded head capsules, not exceeding 15, as well as
the high share of semiterrestrial taxa (Limnophyes, Parametricnemus-
Paraphaenocladius, and Metriocnemus eurynotus-type) (Fig. 9). This shift
from aquatic to limno-telmatic conditions is reflected in the DCA Axis 1
(Fig. 11).

In the early Younger Dryas cladocerans systematically decreased as
well. Although Ch. sphaericus, A. affinis, and Ac. harpae dominate, the
presence of Alona guttata and A. guttata var. tuberculata at the end is also
significant (Fig. 10).

4.4. Palaeoclimatic reconstructions

4.4.1. The Chironomidae-inferred mean summer air temperature
reconstructions

The values of the Chironomidae-inferred mean July air temperature
derived from Swiss-Norwegian-Polish TS using the Artificial Neural
Network (Chiro SNP TS_ANN_T Jul) vary from 11.6 °C (211 cm) to
16.1 °C (201 cm) (Fig. 11). The modelling using the same training set,
but with WA-PLS method gives similar values, but a slightly narrower
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range: from 11.9 °C (207 c¢m) to 16.0 °C (181 cm). The EE TS recon-
struction values vary from 12.6 °C (195 c¢m) to 14.7 °C (205 and 181
cm), presenting higher temperature amplitude and variability. Never-
theless, all three reconstructions reveal similar trends with the periods of
cooling.

The SNP TS reconstructions indicate four phases (Fig. 11) of general
summer mean temperature fluctuations. During the early Allergd (Phase
I), summer mean air temperature oscillated near 13 °C with the cooling
episodes at 211 cm (ANN) and 207 cm (ANN, WA-PLS) when it dropped
below 12 °C. In the first part of Phase II (201 cm) mean temperature
raised to 16.1 °C (according to ANN) or 14.8 °C (WA-PLS), and then
gradually decreased, reaching 12.2 °C (ANN)/12.6 °C (WA-PLS) at 197
cm (12,983-12,892 cal. BP). The whole inter-Allergd cooling covers
recorded at depths 200-194 cm (ca. 12,880-13,000 cal. BP) is charac-
terised with the average SNP TS_T Jul of 12.9 °C (both methods). A short
warming of 15.4 °C (ANN)/15.7 °C (WA-PLS) came in the late Allergd
(189 cm), and in the early Younger Dryas, the SNP TS reconstructions
indicate average CH-I Jul T of 15.4-15.5 °C. The EE TS reconstruction
reveals in the late Allergd (Phase III) a similar trend to the one based on
SNP TS (ANN). However, the temperature range calculated using EE TS
for this period is generally higher (mean 13.9 °C). The inter-Allerpd
cooling overlaps with the one derived from SNP TS (200-194 cm; ca.
12,880-13,000 cal. BP) with the average T Jul of 13 °C. Phases III and IV
are characterised by the gradual decrease of the summer mean air
temperatures from 14.0 °C in late Allergd (192-188 cm) to 13.1 °Cin the
early Younger Dryas (179 cm), except for one sample at 181 cm
(12,549-12,404 cal. BP), when the temperature value rose to 14.7 °C
(Fig. 11).

Despite most of the samples having poor modern analogues, the
cooling periods in WA-PLS reconstructions are supported with the
moderate, good, or very good modern analogues (Fig. 11).

4.4.2. The pollen-inferred temperature of the coldest month and annual
precipitation reconstructions

The pollen-inferred mean air temperature of the coldest month
values ranges from —18.7 °C (201 cm) to —4.7 °C (191 c¢m) (Fig. 11). The
annual precipitation reconstruction values range from 451 mm (193 cm)
to 965 mm (185 cm). Both reconstructions indicate phases of higher
continentalism (with cold winter and more dry conditions) during the
transition to inter-Allergd oscillation (206-200 cm), as well as at the end

Pollen
Temp_Cold_Month

22 48 14 10 6 2

Macrofossils_DCA
Ax 1_40.0%
4P 99,19 29 30 40

Pollen_Distmin1
75 125 175 225 275 25
i i

% 4_3

172
Limno- 1 Chlronom\dae SNPTS
o telmatic 3 LS_T Jul
3 phase 176 100 120 140 160 180
=) 178
g v T water 180
g shallowing 192 \ f
S
12,583-12,101—|
1 ‘ ’ 12,885-12,745 —|
@
wE 13,075-12,843 —|
X2
B 1l < ‘é”
5 = £
K 038
@2
,,,,, >o< i=
=
13,170-12,839
oxbow 214~ [T
P __origination 10 130 15u 17.0 11.0 120 13.0 14.0 150 16.0
S Chironomidae_SNP TS Chironomidae_EE TS
o ANN_T Jul WA-PLS_T Jul
: !
b=}
9 Modern analogs: ® verygood © good © moderate
g
]
o
»
g change from braided
o to meandering
3 pattern
3
-
o

'

|

URPURBURIURS T T URBURSURSURE T T

0804 00 04 08 10 300 500 700 900 1100 04 02 00 02 04 08 40 05 00 05 10

Chironomidae_DCA Pollen Cladocera_DCA Macrofossils_DCA
Ax2_12.1% Annual_Precip Ax1_37.2% Ax2_19.9%

® poor Water level increase I Potential floods

Fig. 11. The diagram presenting the river valley evolution in Rozprza, as well as the results of chironomid- and pollen-inferred quantitative climatic reconstructions,
with the shaded area reflecting the error range. The DCA and Distminl graphs are presented as well.

11

41



O. Antczak-Orlewska et al.

of Phase Il and in Phase III (late Allergd, 194-188 cm). The two phases of
mild winters and high humidity indicate the high impact of oceanic
climate. They are presented as peaks on the graphs at 213 cm, 197 cm,
and 185-181 cm (Fig. 11). Samples 209 cm and 177 cm reveal mild
winters and low annual precipitation.

5. Discussion

The oxbow lakes deposits are important archives of past environ-
mental and climatic changes in Europe (Kofaczek et al., 2017; Gatka
et al., 2020; Toonen et al., 2020). Although these lakes contain highly
diverse and temporally variable biotic communities and geochemical
items, oxbows are regularly flooded. Therefore, if we use oxbow sedi-
ments for fine stratigraphic resolution for the study, the hydroclimatic
factors must be taken into consideration.

5.1. Environmental evolution of the catchment area

5.1.1. Allergd interstadial (phases I-III)

High arboreal pollen [AP] values above 80% are interpreted as an
indicator of generally closed forests (e.g. Makohonienko et al., 1998;
Swicta-Musznicka, 2007). According to the obtained palynological data,
the beginning of pollen accumulation in the sediments occurred when
the area was covered with Pinus sylvestris forest with an admixture of
woody birches. However, these communities typical of the Allergd were
not very shaded as suggested by high light requirements of the
mentioned taxa (Zarzycki et al., 2002). The Scots pine dominance was
expressed by the average pollen values of approx. 65% (Fig. 7). It is
assumed that values > 50% indicate the dominance of pine in the
composition of local forests (Huntley and Birks, 1983). The growth of
both pine and birch in the immediate vicinity of a coring place was
confirmed not only by significant pollen values but also by numerous
finds of its macrofossils, starting from the Early Allergd (Fig. 8). Damp
habitats favoured the development of communities with different spe-
cies of Salix, Populus (probably P. tremula), Betula sect. albae and Betula
nana. Some Poaceae, Cyperaceae, Filipendula, and Thalictrum would be
associated with such habitats. Particularly interesting is the presence of
the single Alnus glutinosa fruit in a sample from a depth of 196-198 cm in
Rozprza. Few Alnus pollen grains are recorded in Late Glacial sediments
of Poland, central and northern Europe (Latalowa and Borowka, 2006;
Szczepanek et al., 2004; De Klerk, 2002). However, such findings are
often interpreted either as contamination or as a result of long-distance
transport. Nevertheless, Alnus glutinosa macrofossils indicate its local
presence in this place. Meanwhile alder wood from Late Glacial peat
layers in northwestern, southern and central Poland was reported (e.g.
Wasylikowa, 1964; Szczepanek, 1971; Latatlowa and Boréwka, 2006).
Therefore, it cannot be ruled out that A. glutinosa began to spread in
Poland during Allergd. At that time Larix seemed to be a sparse
component in forests. However, the large fragments of its trunks (ca. 13,
200-12,900 cal. BP) have been found in the palaeochannel fill. The
presence of Juniperus and Ephedra fragilis confirms that these
light-demanding shrubs grew locally in dry, sandy openings. Patches of
open habitats (e.g. mid-forest gaps) were confined to small areas that
were the source of pollen of different herbaceous taxa, such as repre-
sentatives of Poaceae, Chenopodiaceae, Cichorioideae, Artemisia, Gyp-
sophila, Bupleurum, and Rumex acetosella. The fact that only slight traces
of corrosion of the pollen grain walls were found indicates favourable
conditions for fossilisation, i.e. constant high level of substrate moisture.
Remains of plants of floating leaves such as Potamogeton and Nym-
phaeaceae prove the functioning of the water reservoir at least partly
overgrown with rush plants Typha latifolia, Thelypteris palustris, Equise-
tum, and Sphagnum.

The palaeobotanical and palaeopedological studies in Central Europe
(Manikowska, 1997; Kaiser et al., 2006) show that during the periods of
gradual improvement of climatic conditions in Late Vistulian, including
the Allergd interstadial, the development of vegetation cover was
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accompanied by soil-forming processes. However, their intensity and
degree of preservation depended on many factors that favoured or
limited the accumulation of organic matter (Manikowska, 1982; Tol-
ksdorf et al., 2014). The palaeobotanical results obtained for the studied
profile confirm that relatively open landscape favoured intense physical
weathering. This is also proven by the results of the concentration of
lithophilic elements (Na, K, and Mg), which are an indicator of the
relative changes in the weathering of aluminosilicates forming the
substrate of the Luciagza basin, and the fluctuations in the share of
SiO2piog- As in the studied section of sediment was not found any evi-
dence of diatoms nor sponges, the biogenic silica is conditioned here
mainly by the concentration of orthosilicic acid H4SiO4 delivered to the
reservoirs by surface water (slope wash processes). Probably an
increased amount of these components was supplied mainly by the
watercourses draining the western part of the catchment (Bogdanéwka
River and its tributaries), as according to Wetzel (1983), the lowest
concentrations of silica are typical for surface waters in catchments built
of carbonate rocks (in this case the southern part of the Luciaza catch-
ment). On the other hand, a relatively high concentration of Ca (often
between 20 and 30 mg/g), compared to other mineral-organic sediments
filling river valleys in central Poland, may be related to the groundwater
supply, and leaching of dissolved components from Quaternary bedrock
in the highest parts of the catchment area with an average CaCOs3 con-
tent of 10-15% (Barczuk and Wachecka-Kotkowska, 2015). Moreover,
the thickness of the drained profile of Quaternary sediments in the
middle section of the Luciaza River valley is almost 50% greater than in
the upper section (Fig. 3). Assuming a similar share of CaCOg in glacial
and fluvioglacial sediments, more intensive leaching may apply to the
Luciaza basin in the section from the northern part of Dobryszyce Hills to
the studied site at Rozprza. A similar geochemical stratification was
documented at the Beczkowice site by Borowka et al. (2015), where
relatively stable groundwater supply was interrupted during the periods
of permafrost development in the substrate. All the above-mentioned
factors also determined the distribution and migration of iron com-
pounds, which is a very important element of the geochemical cycle,
especially in the hypergenic zone (Wu et al., 2019). According to Wicik
(2001), the waters of glial environments with the dominance of bicar-
bonate and calcium ions contain significant amounts of iron, mainly as
Fe(HCO3),. The concentration of Fe in the studied profile shows values
typical for many sites of the Allergd fossil soil from central Poland
(Manikowska, 1999), showing the strongest correlation with the share of
organic matter between 13,075 and 12,843 cal BP. Moreover, during
this period there is a clear decrease in Fe/Mn ratio, which proves
changes in the intensity of weathering or reduction-oxidation processes.

5.1.2. Younger Dryas stadial (phase IV)

The deposition of the younger part of sediments took place during
the last stadial of the Late Vistulian as confirmed by the radiocarbon
date set. Pollen record revealed no significant change in the character of
local vegetation. The area was still forested, and pine was the dominant
component of the local forest communities initially, with a significant
but decreasing share of birch. Only a few Larix and Sorbus cf. aucuparia
grew in the surrounding forests. A similar phenomenon of the declining
role of birches in the local vegetation accompanied by a growing share of
Cyperaceae and Poaceae, which was interpreted as the result of an
enlargement of open habitats was observed in the KoZzmin-Las site at the
beginning of Younger Dryas (Stachowicz-Rybka and Korzen, 2014). In
the studied profile from Rozprza (RP W4), a concentration of pollen
reached the highest value at the beginning of the Younger Dryas and
then was reduced. It was probable that pollen production was affected
by plants’ response to climate deterioration. However, pollen taxonomic
richness remained at a similar level as in the early Allergd. The highest
concentration of herbaceous plants in the upper sample reflected the
expansion of sedges in the area. A similar character of vegetation as in
the Rozprza region was described in several palynologically studied sites
in central Poland, such as Zabieniec (Balwierz, 2010), Rabieri (Balwierz,
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2011), Swierczyna (Pawlowski et al., 2015a), Pawlowa (Pawlowski
et al., 2016), and Kozmin-Las (Stachowicz-Rybka and Korzen, 2014). It
is also consistent with the picture obtained from the isopollen maps
drawn for this area (Ralska-Jasiewiczowa, 2004). In the case of the
last-mentioned site, the dominance of pine pollen (average 50% share in
the total), a presence of birch (average 8%), and significant shares of
herbaceous plants, mainly Cyperaceae (average 20%) were recorded.
The analysis of plant macrofossils showed a comparable number of pine
and birch remains, confirming the loose nature of the stand at that time
(Stachowicz-Rybka and Korzen, 2014). In Witéw site, the analysis of
plant macrofossils also confirmed the local presence of pine and birch,
although the palynological data indicated a higher opening of the
communities (Wasylikowa, 1964). A regular occurrence of pollen grains
of mesophilous trees such as Corylus, Ulmus, Quercus, and Alnus differs
from the history of post-glacial migration of these taxa in the region (e.g.
Ralska-Jasiewiczowa, 2004). It is probably due to the longer distance of
pollen transport or contamination with younger material (cf. Stacho-
wicz-Rybka and Korzen, 2014).

At the end of the Younger Dryas, the oxbow started to paludify, the
abundance of aquatic invertebrates dropped and among chironomids,
the semi-terrestrial taxa started to dominate. The habitat change is re-
flected in the first DCA axes based on chironomid and plant macrofossil
data (Fig. 11).

Among the many aspects discussed in the literature on environ-
mental changes in Younger Dryas (Kaiser et al., 2012), attention should
be paid not only to the intensity of the processes but also to their
duration. The effects of the vegetation changes at the beginning of
Younger Dryas are preserved in the form of dunes, denudation slopes,
textural features of sediments, and the number of distinguished lith-
ogeochemical facies (Turkowska, 1988; Forysiak, 2012; Okupny and
Pawtowski, 2021).

5.2. Flooding phases in the Luciqza River valley

The flooding phases at the Lucigza River were recognised using
geochemical and biotic records, especially aquatic invertebrates. The
short-term increases in the frequency of Cladocera planktonic species
may have resulted from periodic increases in the water level of the
oxbow lakes (cf. Pawtowski et al., 2015a; Kittel et al., 2016; Ptociennik
et al., 2016). We noted that these changes were correlated with the
increased frequency of littoral sediment-associated Cladocera taxa. Be-
sides, some benthic species of the Chydoridae family, such as Acroperus
harpae, Chydorus sphaericus (sensu lato), occur in lakes and ponds can
also occur periodically in flowing waters (cf. Robertson, 1990; Neva-
lainen, 2011). Similarly, head capsules of Chironomidae associated with
lotic habitats in the sediment may be the record of the flooding events
(Howard et al., 2010; Ptociennik et al., 2020).

The water level changes were noted in the early Allergd/inter-
Allerpd oscillation (after Dzieduszynska, 2019), at ca. 13,100-13,000
cal. BP and in the late Allergd/early Younger Dryas, at ca. 12,800-12,
500 cal. BP. Thus, the transition period, resulting from distinct global
climatic changes, seems to reveal hydrological fluctuations, in particular
an increase of flooding episodes in river systems (Starkel et al., 2013;
Dzieduszynska et al., 2014). They overlap with the occurrence of such
chironomids, associated with fluvial habitats, as Potthastia gaedii group,
Corynoneura coronata-type, and Thienemannimyia group (Fig. 9). Larvae
of Potthastia gaedii group are truly rheophilic, most common in
fast-flowing streams with a mineral bottom. Corynoneura coronata larvae
prefer small watercourses (as brooks and ditches), but are
macrophyte-associated, like most Corynoneura species (Andersen et al.,
2013; Moller Pillot, 2013). Thienemannimyia group includes several
taxa, many of them associated with running water, such as Con-
chapelopia, Rheopelopia, and Thienemannimyia (Vallenduuk and Moller
Pillot, 2007; Bitusik and Hamerlik, 2014). Therefore, they can be used as
the palaeoindicators of the water flow. Their presence could be the result
of the inwashment from the main channel of the Luciaza and/or
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Bogdandéwka rivers during floods. Similarly, the chironomid record also
indicated flood activity in the Allergd/Younger Dryas transition in the
Warta River valley (Petera-Zganiacz et al., 2015). Additionally, the
aforementioned reorganisation in the composition and abundance of
Cladocera is consistent with an increase in the content of mineral matter
in the studied section (Fig. 10), which suggests that they might have
resulted from floods. On the other hand, relative peaks of lithophilic
elements (Na, K) suggest significant flood phases in the Lucigza River
valley in the period between ca. 12,900 and 12,600 cal. BP. However,
we have not noted cladoceran planktonic taxa at that time. Therefore,
we have also assumed that high current velocities in the Luciaza River
during flood phases were also likely to be the limiting factor for the high
concentration of lithophilic items, as well as the reproduction of
zooplankton such as Cladocera (cf. Pawtowski et al., 2016). Moreover,
we suppose that fluctuations of the contents of soluble metals as Na and
K reflected the input of these elements from the catchment area as the
result of intense slope wash processes and flooding which could be a
result of a combined flood wave increase from the Bogdanéwka River
valley into the Luciaza River valley.

The size and course of floods were determined by the physico-
geographical parameters of the catchment (Figs. 2 and 3). The upper
section of the Luciaza River is elongated (from its sources to the mouth of
the Prudka River), and in the middle and lower section (from the mouth
of the Prudka River to the Pilica River), the catchment area is compact.
As a result, low and longer-lasting flood waves were overlapped with a
supply of high flood waves of shorter duration. Among the determinants
of the outflow and the course of morphodynamic processes, the regional
differentiation of the surface structure of the declines and the exposure
of the area played an important role. The most favourable conditions for
rapid surface runoff of rainwater and meltwater, as well as limiting
infiltration and evaporation, were probably in the upper part of the
Luciaza River valley (within the Radomsko Hills) and its left-bank trib-
utaries, mainly Bogdanéwka, draining the highest parts of the Lodzkie
Hills (often above 210 m a.s.l.). Similar observations were recognised in
the region, from the Slina (O$wit et al., 1980), Kraséwka (Gozdzik and
Konecka-Betley, 1992) and Grabia river valleys (Okupny and Pawtow-
ski, 2021).

Floods from this period were also recognised in other river valleys
from the region (Pawtowski et al., 2016) and Europe (Turner et al.,
2013). Although in the late Allergd (ca. 13,500-12,600 cal. BP), fluvial
activity decreases were recorded for the Jeetzel River valley (Turner
et al., 2013). Also, the period of riparian forest development in the Koto
Basin was indicated based on dendrochronological data to 13,110/13,
070-12,910/12,860 cal. BP and the trees were overturned successively,
over more than 100 years (Krapiec et al., 2020). Wood remains were
then covered with overbank alluvia after ca. 12,600 cal. BP (Kittel,
2015). The period of the riparian forest development can be correlated
with the GI-1a phase after Rasmussen et al. (2014) or inter-Allergd
oscillation after Dzieduszynska (2019), and the period of flooding with
GS-1 after Rasmussen et al. (2014) and the late Allergd/Younger Dryas
transition after Dzieduszynska (2019).

Similarly, in the early Younger Dryas, an increase in flooding was
documented. A common increase in the water level at the study sites is
comparable with those from the region (Wasylikowa, 2001; Pawtowski,
2012; Dzieduszynska et al., 2014; Petera-Zganiacz et al., 2015; Kittel,
2015), southern Poland (Starkel et al., 2013), as well as from Central and
Western Europe (Bohncke et al., 1993; Andres et al., 2001; Gao et al.,
2007; Hoffmann et al., 2008), and Eastern Europe (Borisova et al.,
2006). They all indicate flooding phases at ca. 13,500-11,500 cal. BP
and resulted from a rapid cooling synchronous with GI-1 — GS-1 tran-
sition after Rasmussen et al. (2014).

The flooding phases derived from the Cladocera and geochemical
record are to some extent consistent with the peaks in the pollen-
inferred mean annual precipitation reconstruction (Figs. 10 and 11).
Even though some delay within the pollen signal is observed compared
to the Cladocera, it probably results from the well-known faster reaction
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of aquatic invertebrates to the environmental changes (Ammann et al.,
2000; Birks and Ammann, 2000).

5.3. Climatic conditions in central Poland during AL/YD transition

The general trend of climate change after the Last Glacial Maximum
was characterised by several cooling and warming events during the
Late Vistulian (Stowinski et al., 2017; Miiller et al., 2021). Changes in
landscapes and hydrological systems caused then the development of
mires in many river valleys (Zurek, 1990; Wojcicki, 2012; Forysiak,
2015; Wierzbicki et al., 2020). These aquatic ecosystems existed under
an impact of active fluvial processes in floodplain basins or oxbow lakes
and occupied mostly distal parts of valley floors or terrace depressions.
The (geo)chemical composition of biogenic and mineral deposits from
Late Vistulian palaeochannels is a useful indicator of climate changes
(Kaiser et al., 2012; Pawlowski, 2017; Galka et al., 2020).

Another indicator proxy are Chironomidae, sensitive to the summer
temperature fluctuations (Birks et al., 2000; Brooks and Birks, 2001;
Walker, 2001). Although both chironomid-based reconstructions
derived for the £.6dZ region show similar trends in the mean temperature
changes, the reconstructions based on SNP TS fit better to the reversed
DCA axis 2 (Fig. 11). We can thus conclude, that mean summer air
temperature was an important driver for Chironomidae assemblages. As
the SNP TS combines chironomid data from the three different climatic
regions, the reconstructions based on it reveal higher temperature
variability. Mostly poor modern analogues in both reconstructions are
the consequence of the studied ecosystem. Oxbow lakes within a river
valley are rarely chosen as the source of samples included in training
sets. Nevertheless, oxbows are shallow lakes, and temperature, mostly in
summer, is a dominating driver of their communities in cold current
climates (Nazarova et al., 2017), and during Late Vistulian in central
Poland (Plociennik et al., 2020). In Younger Dryas, regional oxbow’
chironomid communities were sometimes dominated by Corynocera
ambigua which obscure the chironomid inferred temperature recon-
struction (i.e. Swierczyna - Pawtowski et al., 2015b). However, this is
not the case of the midge communities of RP W4 core. Therefore, the
Chironomidae-inferred mean summer air temperature reconstructions
from Rozprza remain more reliable than from Swierczyna. The modern
analogues are variable both for SNP TS and EE TS but reversed DCA Ax 2
coincides well with the reconstructed temperature trends.

The increasing temperature trend from Allergd to Younger Dryas
seems to be surprising, as it is a well-documented cold event, especially
in Europe (Carlson, 2010). Nevertheless, its impact was lower in the
eastern part of the continent than in western Europe (Brooks and
Langdon, 2014). The recent reconstructions from Gosciaz lake indicate a
cooling episode in the onset of Younger Dryas in Polish territories
(Miiller et al., 2021), but with relatively high summer temperature
values for most of the period above 14 °C (SNP TS) or even 16 °C (EE TS).
The records from Zabieniec are at a similar or even somewhat higher
level (Kotrys et al., 2020). The values from Rozprza are not far from that,
especially considering the reconstruction is based on EE TS. The
chironomid-inferred July temperatures of ca. 15 °C reconstructed for the
Younger Dryas are consistent with some recent studies (Birks and Birks,
2014; Schenk et al., 2018, 2020; Kubovcik et al., 2021). Although the
increasing trend from Allergd may be puzzling, it is clear only from SNP
TS reconstruction. The EE TS reconstruction from Rozprza gives rather
cool inter-Allergd oscillation than the colder period from the Younger
Dryas phase. It corresponds with the pollen record, where the taxonomic
composition was significantly reduced in sample 197 cm, dated to the
inter-Allergd oscillation. It cannot be ruled out that this was a reaction to
a less favourable climate, as the chironomid record indicates in that time
a distinct cooling (T July of 12-13 °C). This cool inter-Allergd oscillation
might refer to the Gerzensee Oscillation, which has so far been recorded
mainly in western Europe (e.g. Schwander et al., 2000; Ammann et al.,
2013). This is also the first quantitative record of this event from
East-Central Europe with the resolution that gives no doubts of the
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randomness of the results (Feurdean et al., 2014).

However, the chronostratigraphic phases of the Late Vistulian in
central Poland according to Dzieduszynska (2019) show distinct dis-
crepancies in comparison with those derived from the Greenland
ice-core isotopic analyses (Rasmussen et al., 2014). It is consistent with
the well-recognised 100-200-year delay of the Younger Dryas onset in
the western Europe record relative to Greenland Stadial 1 (GS-1) (Lohne
et al., 2013; Obreht et al., 2020; Mangerud, 2021). The chronology of
the laminated sediments from Gosciaz and Perespilno lakes (Goslar
et al., 1999; Miiller et al., 2021) suggest that in Poland Younger Dryas
started even later (i.e. 12,620-12,630 cal. BP). The cold inter-Allergd
oscillation in central Poland (13,050-12,850 cal. BP) according to
Dzieduszynska (2019) overlaps with the warm GI-la phase in the
Greenland record (Rasmussen et al., 2014). Such differences may result
not only from the regional specifics but also possible inaccuracies
(Dzieduszynska and Forysiak, 2019). It is worth notice that Dzie-
duszynska (2019) used the former version of the calibration curve
IntCall3 (Reimer et al., 2013), while the radiocarbon dates from this
study were calibrated with the application of the most recent calibration
curve IntCal20 (Reimer et al., 2020).

On the other hand, SNP TS reconstruction for the RP W4 profile gives
warm oscillation on early GI-1a and generally cold Allergd compared to
Younger Dryas, which is more consistent with DCA Ax 2. Such an un-
usual pattern may only be explained by the very local climatic condi-
tions. Similar signals were recorded elsewhere in the region — from the
mires in Zabieniec (67 km north from Rozprza — Plociennik et al., 2011)
and Beczkowice (also located in Luciaza valley — Jakiel, 2013). This may
suggest that local or regional climatic conditions in small depressions
and river valleys could be specific to the Allergd due to unknown reasons
like hydrology, permafrost phenomenon, or local geomorphology. Such
a statement can be backed up by the record of subfossil riparian forests
remains from the Allergd and Allergd/Younger Dryas transition known
from Koto Basin in Warta River valley (Dzieduszynska et al., 2014;
Krapiec et al., 2018b, 2020).

The chironomid-inferred July temperature reconstructions corre-
spond well with the results of winter temperatures and precipitation
derived from the pollen record using the Modern Analogue Technique
(MAT). In the Allergd, the climate generally fluctuated between the
phases of higher and lower continentality. The early Allergd in the
Luciaza River valley is characterised by relatively cool summers and
mild winters, with the trend of decreasing temperatures. Phase II started
with high continentality reflected in the severe winters and relatively
warm summers, as well as low precipitation sum. During the inter-
Allergd oscillation, the temperatures of the coldest month and total
annual precipitation reveal a distinct increase ca. 13,000 cal. BP
(Fig. 11). This may suggest that the ‘Gerzensee Oscillation’ in central
Poland was reflected not only in the lower summer temperatures but
also in the drop of the climate continentality. Schenk et al. (2018, 2020)
indicate that the high continentality index is the crucial aspect of the
Younger Dryas climate. However, the warm summers in Rozprza during
the stadial were not accompanied by cold and dry winters, but quite
opposite — pollen-inferred temperatures of the coldest month are mild
and stable (ca. —6 °C), while humidity was initially high, and only later
decreased (Fig. 11). The temperature change between the Allergd and
Younger Dryas was lower in the central-eastern part of Europe (Birks
and Birks, 2014; Brooks and Langdon, 2014; Kubov¢ik et al., 2021). Mild
climate records in the Rozprza site are generally consistent with the
chironomid-inferred temperature trends for GI-1a/GS-1 transition in
northwest Europe, showing a decreasing gradient of temperatures to the
south (Brooks and Langdon, 2014). Consequently, the cold event of
Younger Dryas was less distinct in the Rozprza site, localised nearly 100
km south of GoSciaz lake.

6. Conclusion

Our results prove that the meandering system developed in Luciaza
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valley close to Rozprza as early as in the Oldest Dryas or not later than in
Bglling, earlier than proposed by Wachecka-Kotkowska (2004) for
Luciaza River. It is also one of the earliest meandering river patterns
documented in central Poland. At the same time, there is no record of
braided river patterns in Younger Dryas in the studied valley (see also
Kittel et al., 2018a).

This research presents the first climatic reconstructions from the
Allergd for central Poland performed with such high resolution. The
results verify and complement the trend visible in other studies from the
region and give one of the first well-documented records of the Ger-
zensee Oscillation from East-Central Europe supported by the chiron-
omid analysis. The relatively warm Younger Dryas is to some extent
consistent with the previous studies based on chironomid-inferred re-
constructions. However, the pollen record also indicates mild winters,
contradictory to Schenk et al. (2018, 2020). The local microclimatic
conditions in small river valleys do not have to be in line with the
general, global trends.

A comprehensive analysis of hydrogeological and morphological
conditions determining the water cycle within the catchment area is a
necessary but still often overlooked research stage in the reconstruction
of morphodynamic processes and their impact on the climate change
record. The composition of the applied methods, biotic record,
geochemical and grain-size parameters against the background of the
diversity of physico-geographical conditions and surface geology of the
Luciaza river catchment turned out to be useful for the assessment of
genesis and environment conditions of the Late Vistulian. The wide
range of used proxies provided a possibly reliable picture of the past
environment and its processes from a specific point in time and space.
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Chapter lll. Chironomidae assemblage sequence in the Holocene deposits of the Luciaza

River palaeomeander

In the previous chapter, the palaeo-oxbow (RP W4 core) development during the Late Vistulian is
described. The Holocene section of the RP W4 profile did not contain enough chironomid subfossil
remains for palaesotemperature modelling but gives insight into the local habitat conditions and,

indirectly, Lucigza fluvial activity from Atlantic up to Middle Ages.

The Holocene stratigraphy of RP W4 profile is based on four radiocarbon dates of bulk organic
deposits (LSC technique) and two **C dates of selected terrestrial macrofossils (AMS technique).
Both dating techniques are described in detail in Chapter V (‘Methods’ section). The coring site
and methods are described in the ‘Introduction’ chapter. The lithology, organic matter content,
and a cross-section of the studied palaeochannel fill (the southern wall of trench 4) are presented

in Figure 4, Chapter Il (Antczak-Orlewska et al., 2021).

The studied Holocene sequence covers the period of the past ~9000 years. In Preboreal and
Boreal, a hiatus in sedimentation took place between ca. 12,000 and 8700 cal. y BP, and later
depositional gaps were registered between 3500 and 2000 cal. y BP based on a radiocarbon data

set.

In the recorded Chironomidae sequence, four main phases can be distinguished. In the first stage,
covering the Atlantic period (as indicated by **C dates) up to ca. 7.4 ky cal. BP (i.e. ~5400 BC), the
midge larvae subfossils are recorded. The oxbow was then probably transforming into a shallow
marsh or (back)swamp, which fed mostly with groundwater, as suggested by the subfossil
dipteran record. The overall midge abundance was relatively low but still reaching in its peak 45
individuals per sample (2.37 head capsules per 1 cm?® of sediment). Phytophilous chironomids,
such as Phaenopsectra type A, Ablabesmyia, Acricotopus and Corynoneura arctica-type, indicate
the presence of aquatic plants, probably not only rushes. C. arctica-type is often linked to cooler
conditions, but it occurs in warmer lakes as well (Brooks et al., 2007), so it cannot be treated here
as a climatic indicator. The terrestrialisation process began at the end of Late Glacial (Chapter 1)
and continued during the Holocene, as suggested by a high share of hygropetric larvae (Fig. 3.1).
These taxa live mostly in a range of telmatic habitats, such as a moist soil, splash zone, marshy
water edges, moorland pools and bogs (Brooks et al., 2007; Moller Pillot, 2013). Some of them
(e.g. Parametriocnemus-Paraphaenocladius and Krenopelopia) are spring-dwellers (Cranston,
1982), indicating the presence of seepages within the studied backswamp. The hygropetric taxa
often associated with oligotrophic conditions are accompanied in the bottom part of the

sequence (early Atlantic) by Polypedilum nubeculosum-type and Chironomus plumosus-type,
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usually indicative to higher trophic state and muddy bottom, here inhabiting probably shallow

puddles with poorly oxygenated water.

During most of the middle and late Holocene (from ca. 7.4 to ca. 2.0 ky cal. BP; 147-83 cm b.g.l.)
no chironomid remains were recorded in the RP W4 core (Fig. 3.1). The interpretation of this
fragment of sequence is difficult because of possible organic matter redeposition and, in
consequence, inadequate dates. Nevertheless, a distinct decrease in the subfossil remains record
is reported from the other proxies (Cladocera, diatoms, plant macrofossils) as well. Such a
situation might be caused by unfavourable conditions for their preservation, such as drying and
rotting of organic deposits. The sedentation of peat (Fig. 3.1) indicates the paludification of the

studied oxbow.

The chironomid assemblages reappeared in the Early Medieval Period (from ca. 600 AD), besides
one C. plumosus-type head capsule recorded in the sample estimated at the Roman period (Fig.
3.1). The reappearance of midge larvae might be associated with the possible increase of flooding
activity in the Lucigza River valley, as indicated by the presence of rheophilic Rheocricotopus
effusus-type. It was accompanied by Micropsectra insignilobus-type, a morphotype including
several rheophilic and cold-adapted species, which coincides with the climate cooling in Europe
(Bintgen et al., 2011). Chironomus plumosus-type, Microtendipes pedellus-type and
Psectrocladius limbatellus-type are common taxa, often occurring in moorland pools and
temporary water bodies, as backswamps. Here they were developing most probably in the
shallow periodic puddles of water. The second episode of the increased flood activity took place
later in the Middle Ages (from ca. 9™ up to 11" century AD; 60-55 cm b.g.l.). Similar events were
also noted elsewhere in East-Central Europe (e.g. Schneeweiss & Schatz, 2014). The backswamp
could have then suitable habitats for development of typically rheophilic taxa (e.g. Diamesa,
Simuliidae, Polypedilum convictum-type) or they might be washed from the swollen river together
with overbank sediments. Besides rheophiles, also some eurytopic chironomids often inhabiting
fluvial habitats (e.g. Paratendipes albimanus-type, Micropsectra contracta-type) were recorded.
They co-occurred with hygropetric midges, such as Krenopelopia and Natarsia, which indicate the
possible presence of seepages (Fig. 3.1). In this case, the main driver in shaping midge
communities was not climate, but rather the hydrological conditions. Increased chironomid
abundance (though still low, <1.5 head capsule/1 cm?®) and higher richness of phytophilous taxa
(some of them associated with rather high water trophic state, like Cricotopus intersectus-type
and Polypedilum nubifer-type) indicate more stable water conditions, and not only short-lasting
episodes of inundation. This phase ended ca. 1314 century AD with the deposition of the

upper unit of overbank deposits. In the studied sequence, no Chironomidae are recorded during
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the Late Medieval and Early Modern periods (up to ca. 1600 AD), described in Chapters IV (Kittel
et al., 2018) and V (Antczak-Orlewska et al., 2021).
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ARTICLE INFO ABSTRACT

The Rozprza stronghold functioned as a seat of a noble family since at least the early14™ century AD in the form
of the motte-and-bailey residence. The remains of the residence are situated in the central part of mid-Luciaza
River valley, on the river terrace remnant adjoining a strongly expanding floodplain. The situation and state of
preservation give a unique opportunity to conduct research that explain the construction process, detailed

Keywords:

Vegetation history
Anthropogenic aquatic ecosystem
Moat rinsing

ﬁ?g{i‘;i o history of the medieval moat and palaeoenvironmental reconstruction of the valley floor. Radiocarbon and
Motte 8 dendrochronological dating and analysis of artefacts confirmed 14th century age of the moat. Organic deposits

(gyttja, peat and organic mud) of moat fill allowed for a set of multiproxy analyses based on sediment cores. The
research results indicate shallow water with brief episodes of in-wash in the first stage (13"-14th c. AD), fol-
lowed by a transformation into telmatic habitat in the second phase of the moat development from 16®-17th c.
AD. The deposition of overbank alluvium took place within the moat ditch system as late as the 18th and/or 19th
c. AD. We studied the development of this moat environment in the context of valley floor changes.

a wet moat environment in the context of natural changes and human
impacts in the Late Middle Ages and Modern Times.

1. Introduction

Palaeoenvironmental studies of moats are not often undertaken as
part of archaeological research of military defensive structures in
Central European countries (eg. Benes et al., 2002; Brown and
Pluskowski, 2011; Koszatka, 2014). However, the depositional en-
vironment of water-filled moats is very similar to that of small lake
basins such as ox-bows, and can be examined with the use of multi-
proxy palaeoecological methods. Our research at the Rozprza strong-
hold remnants is one of the first detailed studies on the development of

* Corresponding author.

Investigations of plant macrofossils were focused on determining
the character of local vegetation and its changes during the accumu-
lation of sediments infilling the moat. This small reservoir provides a
record of local vegetation changes, which reflects moat functioning
from construction to complete infilling by sediment. Pollen analysis,
conducted on deposits filling up the moat, allows for the reconstruction
of local vegetation evolution and changes in human activity. Cladocera,
beetles, Chironomidae and other insects are good palaeoindicators of
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past anthropogenic habitats (Ruiz et al., 2006; Elias, 2015; et al.),
shedding a somewhat different light on paleoenvironments. In the case
of a moat habitat reconstruction, flooding phases and human influence
on aquatic ecosystems, Chironomidae and Cladocera are a key in-
dicators of water level changes (Nevalainen et al., 2011), water inflow
(eg. Kittel et al., 2016), water trophic status (eg. Brooks et al., 2001;
Luoto, 2011; Kittel et al., 2014) and microhabitat diversity (Armitage
et al., 1995). Other aquatic stenotopic insects like beetles and caddis-
flies, which are less frequently represented in the sediment, give more
precise information about presence of certain habitats and adjacent
terrestrial environments.

The palaeoenvironmental record of moat fill is very important from
the point of view of function and natural evolution of the studied ditch
basin, the evolution of the surrounding environment, as well as changes
in the Luciaza River valley. This palaeoecological research aimed to
support the larger archaeological project investigating the Rozprza
stronghold. Our multi-proxy studies were proposed to analyse ecolo-
gical functioning of the immediate vicinity of the motte, specifically the
Luciaza river valley, and the anthropogenic aspects of the landscape
evolution. We were particularly interested in the interaction of the
economic activity of the Late Medieval communities with the natural
environment. We tested whether local river activity (floods, hyporheic
flow) was the main factor influencing the moat ecosystem, or whether
some human intervention kept the moat in stable condition. We hy-
pothesised that ecological conditions in the moat were poor, driven by
strong human impacts. This is why its ecosystem possibly needed to be
refreshed by local floods, the inflow of hyporheic waters, or by human
activity. We used the moat sediment as an archive of settlers' activity,
local agriculture, livestock pasturage, and textile production. All of
these activities left evidence in the moat sediment archive.

2. Study area and the study site

The study site (51°18’07” N; 19°40’04” E; 182-183 m a.s.l.) is si-
tuated in Central Poland, about 60 km south of £.6dZ. The remnants of a
stronghold in Rozprza are located in the middle reach of the Luciaza
River (a 3rd-order river in the Vistula River basin) valley floor. The
morphology of the valley, and especially of the valley floor, is crucial
for the environmental setting of the settlement's location and moat
functioning. The region is part of the Odranian (Saalian) formerly
glaciated area and the last ice sheet was present there during the
Wartanian Cold Stage of the Odranian Glaciation (Marks, 2011). The
area is a part of the “European sand belt” (Zeeberg, 1998) characterized
by wide-spread fluvial terraces and also aeolian landforms. Intense
transformation of river valleys took place under periglacial conditions
during the Weichselian glacial period. Two or three terraces existed in
most river valleys of the L6dz region (Turkowska, 1988). Three river
terraces were recognised by Wachecka-Kotkowska (2004) in the Lu-
cigza River valley in the Rozprza surroundings: the highest is associated
with the Wartanian glacifluvial, followed by the higher and lower
Weichselian fluvial terraces. The western morainic upland is formed by
tills, while the eastern one by glacifluvial sands and gravels (Wachecka-
Kotkowska, 2004).

The stronghold's remnants are situated in the central part of the
Luciaza River valley (Fig. 1), on the Plenivistulian residual terrace
which adjoins a floodplain that likely formed in the Late Vistulian and
the Holocene. The valley floor is strongly expanded in the stronghold
area (Kittel et al., 2015). According to Wachecka-Kotkowska (2004),
the morphology of the valley floor was obliterated by the deposition of
modern overbank alluvium. However, this landscape reconstruction has
not been confirmed by detailed examination of the surficial geology
(Kittel et al., 2015, 2018).

Contemporary climatic conditions in the area are highly variable
because of the influence of oceanic and continental air masses. The
average annual temperature ranges from 8.6 to 8.9 °C for the neigh-
bouring areas and average annual precipitation varies from 537 to
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626 mm per year (http://www.tutiempo.net; date of last access: 11th
Dec. 2017). The mean temperature of the warmest month (July) is 18 °C
and mean temperature of the coldest month (January) is —3.3°C for
the Lodz region (Klysik, 2001). Average annual precipitation from 1951
to 1989 was 601 mm for the surroundings of Rozprza (Klysik, 1993).

The potential natural vegetation of the Lucigza River valley within
5 km of the studied site at Rozprza would be mostly lime-oak-hornbeam
forests representing the Tilio-Carpinetum association and to lesser ex-
tent the Potentillo albae-Quercetum typicum. In smaller areas, located
east and south of Rozprza, Vaccinio uliginosi-Pinetum, Leucobryo-
Pinetum and Querco-Pinetum would occur. Terraines near the water
courses would be overgrown by lowland ash-alder forests and alder of
Fraxino-Alnetum and Carici elongatae-Alnetum associations
(Matuszkiewicz, 2008).

According to written sources from the 11th to the 13th c. AD,
Rozprza was one of the most important medieval strongholds in Central
Poland, next to Leczyca, Sieradz and Spycimierz (Kamiriska, 1953;
Kajzer, 2007; Sikora, 2007). It is mentioned for the first time in the
“Mogilno Falsification” (1065 AD), then in the “Gniezno Bull” (1136
AD), as a one of the most important princely castles paying tribute to
the Mogilno Monastery and the Archbishopric of Gniezno. In the 13th c.
it was a seat of castellanus a ducal official, but in the next century it is
mentioned as private property of the Nagodzice-Jelitczycy noble family
(Zajaczkowski, 1961).

The stronghold was first described by Kaminska (1953) as a motte
type of earth-work. After the first archaeological excavation undertaken
by Chmielowska (1982), this motte phase was dated to the 13th - 14th
c. AD. A noble family private residence was built on the site of an older
early medieval ring-fort. New research proved that the stronghold
functioned as a seat of a noble family in the 14th and 15th c. in the form
of motte-and-bailey timber castle (Kittel et al., 2018).

The motte was a pan-European type of fortified residence with ar-
tificial mound, in either conical, circular, oval or rectangular shape,
usually surrounded by an outer moat and protected by more-or-less
complicated systems of additional fortifications, and sometimes with
one or more baileys the fortified courtyards. A timber or in later period
masonry tower was situated on the mound top, and either formed part
of the residential manor building or just a part of a defensive system.
Motte features appeared at the turn of 10th and 11th centuries in
Northern France and western Germany, in the 11th c. in Flanders and
the Netherlands as well as in England (eg. Miiller-Wille, 1966; Kenyon,
1990; Higham and Barker, 2004; Aarts, 2007). In Western Europe,
motte castles were gradually turned into masonry features or aban-
doned in 13th —14th c. In the same period they become a popular type
of defensive residence in Southern Scandinavia, eastern German coun-
tries, the Czech lands (Durdik, 1996), Hungary (Dénes, 2004) and in
Poland (Kaminska, 1968; Kajzer, 1993; et al.). Structures analogous to
motte type castles even occurred in Western Ukraine (Volyn)
(Panyshko, 2014). In 13th c. mottes replaced older timber-earth ring-
work castles as ducal residences of minor importance (Kajzer, 1993).
Between the 13th and 15th c., timber castles of motte type became the
dominant model of knightly residence, especially in the Polish Low-
lands.

3. Materials and methods
3.1. Field work and sampling strategy

In recent years, non-destructive research on the stronghold's rem-
nants in Rozprza included detailed geological mapping, large scale
aerial photography, and geochemical and geophysical testing. These
studies, combined with detailed topographical mapping, uncovered
traces of the moat system (Kittel et al., 2015; Sikora et al., 2015). Re-
licts of the moat system are still clearly visible in the terrain relief,
which is currently covered by meadows and fallow fields. A geological
survey was carried out in the stronghold's surroundings, in order to
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Fig. 1. The characteristic of the site.

A. The geomorphological map of the site vicinity.

B. Digital Elevation Model from Airborne Laser Scanning in the framework of the ISOK program with trenches highlighted with trenches highlighted.
C. An aerial photo taken during excavations in 2015. The Trench 3/2015 with the cross-section of the moat visible (Photo by Wroniecki, 2015).
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1 — humic silty sands of plough horizon; 2 — humic sands of earthwork; 3 — silty sands and silts of earthwork from 1944 AD; 4 — overbank sandy organic mud; 5 — overbank

sand with organic mud; 6 — humic sands of earthwork; 7 — overbank organic mud with sandy admixtures; 8 — peat; 9 — humic sands with clay admixtures from destruction of

the motte rampart; 10 — humic sands of earthwork; 11 — sands laminated with organic mud, with plant detritus; 12 — clayey coarse detritus gyttja with sandy admixtures; 13 —

organic mud laminated with sand, with plant detritus; 14 — sand with plant detritus; 15 — humic sands with clay admixtures of the motte rampart; 16 — sand laminated with

humic sand; 17 — weakly humic sands with iron precipitation of pit fill

Fig. 2. The cross-section of the main moat of the motte in the Trench 3/2015 (Photo and editing by Sikora 2015).

document the surficial geology in the close proximity to the stronghold
(Kittel et al., 2015, 2018). The geological survey with hand augering
confirmed the existence of moats filled with organic (gyttja and peat)
and partially inorganic deposits rich in remains of woods.

The field work on the moat relict was undertaken in 2015 as an
integral part of archaeological investigations of the Rozprza site with
the use of trenching (Kittel et al., 2018). Successive 10-cm layers of
deposits were removed from the archaeological trench exposure si-
tuated across the main motte's moat. Within each 10-cm “mechanical
layer”, stratigraphic units were distinguished. All excavated deposits
were sifted and floated stratum by stratum with the use of a 4 X 4 mm
sieve. Waterlogged layers were accessed by pumping water from the
excavation. The trenching allowed the recognition of archaeological
structures and cultural layers of moat fills in detail. Three excavated
archaeological trenches uncovered full cross-sections of the main moat
(Fig. 1). The full cross-section through the very well preserved moat at
its widest area was reached in trench no. 3/2015 (1.5 x 25 m) situated
SW of the stronghold (Fig. 2, Photo 1). Trench 3/2015 allowed detailed
examination of the moat-fill. The main moat had a width of almost 21 m

and a trapezoidal cross-section with the depth of 0.5m (the greatest
thickness of organic mud, peat and gyttja), up to more than 1.3 m in the
centre.

The upper silty-sandy layers mainly contained early medieval pot-
sherds from 11™-13th c., as well as late medieval (14™-15th ¢.) and
modern artefacts. This unit covers a moat fill of organic deposits: peat,
gyttja and organic mud with 14th c. artefacts. The modern artefacts
provide evidence of the destruction of the western part of the strong-
hold mound in 1944 AD, so the silty-sandy layers with early medieval
materials should be interpreted as redeposited. On the inner moat's
slope there was a wooden construction dated to 14th c., which was
partly covered with thick layers of slope deposits (various-grained
sands laminated with organic mud) from the stronghold earthwork. In
the close vicinity of this construction, a large number of pieces of
branches and even large fragments of trees were excavated from the
layers of organic mud and gyttja. Numerous secondarily discarded
pieces of wood and other organic materials were recorded from the
moat bottom. They were covered with organic mud and gyttja with a
small number of artefacts.

g g*gﬂw
(o) (- S

 RPW302

Photo 1. View of the main moat cross-section of the motte in Rozprza (Photo by Kittel 2015).
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1 —silty sands and silts of earthwork from 1944 AD

2 — overbank sandy organic mud

3 — overbank organic mud with sandy admixtures

4 — peat with fragments of wood

5 — coarse detritus gyttja

6 — clayey coarse detritus gyttja with sandy admixtures
7 — sand with plant detritus

Photo 2. The metal boxes with the core RP W3 O2 of organic deposits collected from the NW wall of the Trench 3/2015 in the deepest part of the main moat fill

(Photo by Kittel 2015 ).

After a full excavation of the moat fills, a core (RP W3 02) of or-
ganic deposits was collected for detailed multiproxy palaeoecological
analyses from the deepest part of the moat in trench 3/2015 (Fig. 2,
Photo 2). The core was collected as monoliths into three metal boxes
with dimensions of 50 X 10 x 10 cm. This method preserves the un-
disturbed structure of the sediments. The cores cover deposits of the
moat fill between 32 and 136 cm below ground level (b.g.l.). A wide
range of multiproxy analyses were used to develop a detailed under-
standing of the history of the moat, based on the core of organic de-
posits. Successive samples of deposits were taken in 1 cm slices at 2 cm
intervals for pollen, diatom, Cladocera analyses and as contiguous 2 cm
slice for plant macrofossils, fossil wood and charcoal, subfossil Chir-
onomidae and geochemical analyses. According to the stratigraphic
depths associated with the sediments in the core, samples were col-
lected for radiocarbon and dendrochronological datings.

3.2. Palaeoecological analyses

Samples for palynological studies from the RP W3 O2 core con-
tained 1 cm® of sediment each and were taken at intervals of 4 cm.
Chemical preparation of samples followed the modified Erdtman's
acetolysis method (Berglund and Ralska-Jasiewiczowa, 1986), in-
cluding pretreatment with 40% HF. In order to estimate pollen and non-
pollen palynomorph (NPPs) concentrations Lycopodium tablets with a
specified number of spores were added (Stockmarr, 1971). A minimum
of 500 arboreal pollen grains (AP) and all accompanying pollen of
terrestrial herbaceous plants (NAP), reedswamp and aquatic plants, as
well as spores of cryptogams were counted per sample. Taxonomic
identifications were carried out using keys, atlases (eg. Beug, 2004;
Reille, 1998), as well as the reference collection of pollen slides.

The basic sum used for percentage calculation consists of pollen
grains of terrestrial plants (AP + NAP = 100%). The pollen values of
aquatic and wetland plants and spores of cryptogams were determined
on the basis of the total sum plus the number of the respective spor-
omorphs. Local Pollen Assemblages Zones (L PAZ) were distinguished
based on both the traditional method of spectra comparison and the

ConSLink numerical method.

Samples for plant macrofossil analysis were boiled with KOH to
reduce the amount of sediment and remove humic matter, and the
material was examined with a microscope. The samples were subject to
wet sieve analysis at mesh size of ¢ = 0.2mm. Macrofossils were
identified using plant keys, atlases (eg. Cappers et al., 2006;
Velichkevich and Zastawniak, 2006; Schweingruber et al., 2011), sci-
entific descriptions and publications, as well as a reference collections.

Diatom analysis was conducted according to the method of
Battarbee (1986). Samples of 1 cm?® each from the core were processed.
Sediments were treated in 10% HCI to remove calcium carbonate and
washed several times in distilled water. Afterwards, the samples were
boiled in 30% H,0- in order to digest the organic matter. Finally, the
samples were washed several times in distilled water. Permanent mi-
croscope slides were mounted in Naphrax. In each sample, approxi-
mately 400 diatom frustules were counted in order to estimate the re-
lative abundance of individual taxa. Diatom diversity was measured
using the Shannon-Weaver index (H’), which was calculated from re-
lative abundance and species richness values using PAST software
(Hammer et al., 2001). Ecological groups of diatoms were determined
using OMNIDIA software (Version 4.2) (Lecointe et al., 1993), and then
the resulting groups were distinguished according to Denys (1991/2),
Dam van et al. (1994), Lange-Bertalot and Metzeltin (1996), Krammer
and Lange-Bertalot (2008a, 2008b, 2010, 2011), and Hofmann et al.
(2011). Reconstruction of pH was performed using Ernie software
(version 1.0) and a combined pH dataset from different regions of
Europe (Juggins, 2001). A total of samples made up the combined pH
data set. Reconstruction of pH was performed using weighted averaging
(WA) regression and correlation. The pH calibration model had a root
mean square error of prediction (RMSEP) of 0.5 pH units and a coef-
ficient of determination (r2) of 0.76.

For Cladocera analysis, 1 cm?® of fresh sediment samples was pro-
cessed according to standard procedures (Frey, 1986). Initially, samples
were treated with hot 10% KOH. The material was then deflocculated
using a magnetic stirrer and sieved through a 50 mm mesh. The slides
were prepared from 0.1 ml of each sample and examined with a
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analyzer Mastersizer 3000 with a Hydro MU dispersion unit (Malvern).
The textural features, using Folk and Ward (1957) coefficients, were
evaluated for 12 samples, for which organic matter content was less
than 30%. The relationship between the mean grain size and the sorting
index (the so called the co-ordinate system) follows Mycielska-
Dowgialto and Ludwikowska-Kedzia (2011).

3.5. Geochronology

3.5.1. Radiocarbon dating and age-depth model

Nine selected samples of bulk of organic deposits collected from two
profiles in the wall of trench 3/2015 were dated with the radiocarbon
(**C) method, using the liquid scintillation technique (LST) and two
samples of selected terrestrial plant macrofossils from the RP W3 02
core using accelerator mass spectrometry technique (AMS) (Table 1).

Conventional radiocarbon dating of organic material using the li-
quid scintillation counting method (LSC) was performed in the
Laboratory of Absolute Dating, in Krakow (Poland). Samples were
chemically pre-treated with the AAA (acid-alkali-acid) method. The
procedure included the standard synthesis of benzene from organic
samples (Skripkin and Kovalyukh, 1998). *C measurements were car-
ried out with a 3-photomultiplier spectrometer, the HIDEX 300SL
(Krapiec and Walanus, 2011) and Quantulus 1220. Dating using the
AMS technique was made in the Accelerator Mass Spectrometry La-
boratory in Seattle (D-AMS signature) (see Zoppi et al., 2007 for de-
tails).

Calibrated radiocarbon ages (cal yr BP) were made using the
IntCall3 radiocarbon calibration dataset (Reimer et al., 2013) and the
OxCal 4.2 calibration software (Bronk Ramsey, 2009). All presented
margins of error are the uncertainties at a 68.2% probability.

The chronology (age-depth curve) of the RP W3 O2 core is based on
the OxCal P_Sequence model (Bronk Ramsey, 2008). In total six
radiocarbon dates were used for the construction of the age-depth
model (Table 1). The changes in the pattern of accumulation (eg. from
peat to gyttja) were taken into account during the age-depth model
construction. Therefore, in our model, single-boundary constraints were
introduced, assigned to the depths of 55 cm (Fig. 3). On the basis of the
age-depth model, we calculated the probability distributions of the
modelled calendar ages for selected events related to the local pa-
laeoenvironmental changes.

3.5.2. Dendrochronological methods

Dendrochronological analyses of 20 wood samples from trenches 1/
2015 and 3/2015 (Table 2) were performed using standard research
procedures (Schweingruber, 1988). Two to four measurement trials
were made on each of the samples, along the radii. Then, each of the
samples was subjected to a measurement of the annual growth rings to
an accuracy of 0.01 mm using the Dendrolab 1.0 apparatus (Zielski and
Krapiec, 2004). For the dendrochronological measurements, and for the
processing of the measured tree-ring sequences, the TREE-RINGS
computer software suite was used (Krawczyk and Krapiec, 1995), as
well as the TSAP software (Rinn, 2005). Absolute dating of oak samples
was made against the Wielkopolska standard (Krapiec, 1998).

4. Results
4.1. The age of the moat fill

The medieval age of the feature (i.e. studied moat) was previously
established by radiocarbon dating of samples collected from the bottom
of the main moat's fill with the use of hand auger: 1080 = 60 BP, i.e.
895-1017 AD (prob. 68.2%) and 1040 = 60 BP; i.e. 897-1038 AD
(Kittel et al., 2015, 2018). The *C dates from the wall of the trench 3/
2015 are presented in Table 1. The results of datings from the moat's
bottom are 1190 = 60 BP, ie. 726-941 AD (prob. 68.2%) and
1715 = 43 BP, i.e. 671-770 AD (prob. 68.2%). However, most results
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Fig. 3. The depth/age model for the deposits of the main moat fill in core RP
W3 02 (prepared by M. Krapiec).

Lithology: 1 - silty sands and silts of earthwork from 1944 AD (strata 1 and 3 on
Fig. 2); 2 — overbank sandy organic mud (strata 4-5); 3 — overbank organic mud
with sandy admixtures, with numerous fragments of wood and roots (strata 7);
4 — peat with fragments of wood (strata 8); 5 — coarse detritus gyttja (strata 11);
6 — clayey coarse detritus gyttja with sandy admixtures (strata 12); 7 — sand
with plant detritus (strata 14).

are from 460 *= 40 BP to 100 + 40 BP. The '*C data obtained from the
selected terrestrial plant macrofossils from the bottom of the RP W4 02
core is 1280 * 51 BP, i.e. 1259-1380 AD (prob. 68.2%). Those results
document the existence of the moat almost since the 14th c. AD (Fig. 3,
Table 1).

The artefacts discovered within the moat's fill are not older than the
14th c. Therefore, 1*C dates obtained from the very bottom of the moat
fill are too old, as a result of the re-deposition of organic matter from
older humic horizons and a cultural layer in the beginning of the moat's
existence. This also explains the spuriously old dates that were obtained
previously from organic deposits from the hand-auger cores.

Six oak poles of the construction on the moat slope in the trench 3/
2015 were dendrochronologically dated to: 1296, 1274 (—6/+8),
1307 (—4/+8), 1311 (—4/+8), after 1332 and 1333 (—5/+8) AD
(Fig. 4, Table 2). In the very bottom of the moat in trench 3/2015,
fragments of oak wood dated to 1329 AD has been found. Wooden
construction elements in the trench 1/2015 were dated to: 1245, 1309,
1310, 1307 (—4/+8), 1325 (=5/+8), 1322 (—-5/+8), 1333 (—=5/
+8), after 1304, after 1322, after 1336 and also 1581 (—5/+8) AD
(Fig. 5, Table 2). The fragments of wooden elements discovered in the
very bottom of the moat in trench 1/2015 were dendrochronologically
dated to “after 1298 AD”. Within organic deposits of the moat fill,
numerous wood fragments were dated to the 14th c.

The dendrochronological datings results show that the studied moat
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Table 2
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The results of dendrochronological dating of wood elements from the main moat of the Rozprza motte in the Trench 3/2015 and the Trench 1/2015 (analysis by M.
Krapiec & E. Szychowska-Krapiec).

Location of the Wood fragment no. or location in the trench Laboratory code Type of Number of tree- Sapwood Dating of the tree-rings Dating of felling
sample wood rings sequences [AD] tree [AD]
trench 3 228 ROZP86 Quercus sp. 79 - 1171-1249 after 1256
trench 1 298 ROZP52 Quercus sp. 133p 126-133 1177-1309 1309
trench 3 318 ROZP53 Quercus sp. 119 111-119 1185-1303 1307 (—4/+8)
trench 1 297 ROZP56 Quercus sp. 59 52-59 1187-1245 1245
trench 3 coarse detritus gyttja (80-90 cmbg.l.) ROZP79 Quercus sp. 109 - 1191-1299 after 1309
trench 1 291 ROZP48 Quercus sp. 128 121-128 1192-1317 1322 (=5/+8)
trench 3 238 ROZP39 Quercus sp. 74 68-74 1195-1268 1274 (—-6/+8)
trench 3 ROZP72 Quercus sp. 93 - 1200-1300 after 1307
trench 1 289 ROZP50 Quercus sp. 128 121-128 1201-1328 1333 (—=5/+8)
trench 3 328 ROZP47 Quercus sp. 99 91-99 1209-1307 1311 (—-4/+8)
trench 3 236 ROZP46 Quercus sp. 116 109-116 1213-1328 1333 (—5/+8)
trench 1 250 ROZP60 Quercus sp. 84 - 1214-1297 after 1304
trench 3 244 ROZP87 Quercus sp. 79 62-79p 1218-1296 1296
trench 1 281 ROZP42 Quercus sp. 90 79-90p 1221-1310 1310
trench 1 293 ROZP76 Quercus sp. 76 - 1246-1329 after 1336
trench 3 319 ROZP88 Quercus sp. 64 - 1252-1315 after 1322
trench 1 287 ROZP51 Quercus sp. 68 61-68 1253-1320 1325 (—=5/+8)
trench 3 overbank deposits ROZP82 Quercus sp. 74 - 1254-1327 after 1335
trench 3 sand with plant detritus in the bottom of the ROZP62 Quercus sp. 72 63-72p 1258-1329 1329

moat (120-130cm b g.1.)
trench 1 283 ROZP40 Quercus sp. 108 101-108 1469-1576 1581 (—5/+8)

p - the youngest underbark tree-ring.

in Rozprza was established most probably ca. 1330 AD and older
wooden elements from the 2nd half of 13th and the beginning of 14th c.
were used for constructions too.

The fill of the main moat in the RP W3 O2 core consists of (Fig. 3,

Photo 2):

1 - silty sands and silts of earthwork from 1944 AD (at a depth

0-32cmbg.l) - strata 1 and 3 on Fig. 2;
2 - overbank sandy organic mud (32-42/44 cm b g.1.) — strata 4 and 5;
3 - overbank organic mud with sandy admixtures, with numerous

7407066.0

7407067.0

fragments of wood and roots (42/44-55cmb g.1.) — strata 7;

4 — peat with fragments of wood (55-85/90 cm b g.1.) — strata 8;

5 — coarse detritus gyttja (85/90-120/127 cm b g.1.) — strata 11;

6 — clayey coarse detritus gyttja with sandy admixtures (120/
127-134cmb g.l.) — strata 12;

7 — sand with plant detritus (134-136 cm b g.1.) — strata 14.

All of these deposits were accumulated in the last ca. 700 years, as

documented by radiocarbon (**C) and dendrochronological data
(Tables 1 and 2), as well as artefacts. The beginning of moat exiting is
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Fig. 4. The NE sector of Trench 3/2015 with timber construction and dendrochronological and radiocarbon data (Photo and editing by Sikora 2015).
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Fig. 5. The W sector of Trench 1/2015 with timber construction and dendrochronological data (Photo and editing by Sikora 2015).

defined to ca. 1330 AD. The age-depth curve demonstrates that the
change of deposition from the coarse-detritus gyttja to the peat (ca. 85/
90 cm b g.1.) took place ca. 1500 AD and the accumulation of overbank
deposits started after ca. 1700 AD.

4.2. Geochemistry of the moat fill and palaeoecological results

Based on variations in the chemical composition of deposits and the
macro- and microelements contents in the RP W3 O2 core, four main

Depth

geochemical zones are distinguished (Table 3, Fig. 6).

The pollen analysis showed the presence of 124 vascular plants taxa,
cryptogams and fungi in the sediments filling up the moat. The pollen
sequence represents five distinct periods of vegetation changes in the
direct vicinity of the Rozprza stronghold (Table 3, Fig. 7).

Analysis of plant macrofossils in the sediments infilling the moat
revealed a succession of local vegetation, recorded in seven vegetation
zones marked as L MAZ R 1-7 (Table 3, Fig. 8) The division was based
on the occurrence of the one or more of the most abundant,

g
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Fig. 6. Results of geochemical analysis of deposits from the RP W3 O2 core (analysis by D. Okupny).
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characteristic or diagnostic taxa in the zone. Zone boundaries were
determined on the basis of the appearance, disappearance, strong in-
crease, or strong decrease in the number of taxa having a significant
quantitative or indicative value.

Diatoms were present only between 135 and 93 cm of the core. A
total of 149 diatom taxa were identified in the analysed samples. The
detailed analysis of samples shows that the contribution of taxa in
particular samples is not uniform, and varied from 32 to 53. There were
samples with the highest diversity index, which varied between 2.74
and 3.45. Diatoms analysis of deposits indicates two main stages of
environmental development: D1 and D2 (Fig. 9) with no diatoms in the
D2 stage and three subzones in the D1 stage — D1a, D1b, D1c (Table 3).
The lowest diatom diversity among all of the samples (Shannon-Weaver
index = 2.74) was observed at the top of D1 phase. Tychoplanktonic
(random planktonic) forms dominated. The contributions of tycho-
planktonic species (e. g. Cocconeis placentula var. lineata, Staurosira
construens, Pseudostaurosira brevistriata, Epithemia turgida) were rela-
tively high (from 65.2 until 92.2% relative abundance). The abundance
of planktonic species was rather low, from 1.6 until 34.8%. Planktonic
species included Ellerbeckia arenaria and Aulacoseira granulata (Fig. 9).
The reconstruction of pH (7.3-8.3) showed that environment was
slightly alkaline.

The sediments contain 20 Cladocera species, belonging to 3 fa-
milies: Bosminidae, Daphniidae, and Chydoridae (Fig. 10). Four local
cladoceran assemblage zones (LCAZ) were distinguished (Table 3).

From the sequence, 2488 head capsules of Chironomidae were
recovered and identified to 83 morphospecies. Ceratopogonidae speci-
mens were identified to the family level (Fig. 11). Three significant
phases of moat community development were distinguished (Table 3).
Trophic status reconstruction based on the British training set indicates
a state of almost permanent hypertrophy (Fig. 12). The concentration of
total phosphorous only a few times dropped below 100 pugTP/1 (at
115-119, 107, 99, 67 and 59 cm). Because at 79 cm (ca. 1550 AD) the
reconstructed trophic condition even exceeds 200 ug TP/], the ampli-
tude is large (128.25 ug TP/1). However, a few species recorded from
the samples are not included in the modern British training set, which
may limit the reliability of that reconstruction. Lower, although still
relatively high trophic conditions are inferred from the reconstruction
based on the Finnish model. This model indicates more stable eutrophic
conditions (37.8-68.9 ug TP/1) with an increasing trend. This trend is
the most visible from 103 to 75 cm (2nd half of 15th — 16th c. AD),
which is the section of high eutrophication, with the peak at 79 cm
(68.94 ug TP/1). The second peak is recorded at 63 cm (1st half of 17th
c. AD) (68.94 ug TP/1), but also deeper (115-119 cm and 127 cm) the
trophic condition exceeds 50 ug TP/l. The lowest trophic condition
(37.84-41.17 ug TP/1) is recorded at the beginning of Ch1 phase and in
the end of Ch2 phase (135 and 59-55 cm).

Only four fossil assemblages contained sufficient identified taxa of
beetles to allow even a cursory palaeoenvironmental reconstruction, as
follows (Tables 3 and 4). The sample from 78 to 76 cm showed clear
indications of standing, well-vegetated water with possibly mosses,
sedges and accumulations of plant detritus along the margins, based on
the presence of the predaceous diving beetle Graphoderus, the water
scavenger beetle, Coelostoma orbiculare, and the marsh beetle genus
Cyphon. There is also clear evidence of herbivore dung on the nearby
landscape. The dung beetle genus Aphodius contains many species that
feed on cow, horse, and sheep dung.

Sample Level 56-50 cm from contained fossils of the minute moss
beetle family. Hydraena riparialives in overgrown, stream-fed, whereas
Helophorus lives mainly in small ponds with muddy bottoms.

The results of the beetle and caddisfly fossil study of samples from
78 to 46 cm, from the second half of the 16th century to the 19th
century, are reported in Table 3.

Ordination analysis. Generally DCA axis 1 of pollen, plant mac-
rofossils and chironomids reveal similar trends: high SD values in the

(Secale cereal, Triticum type) and
reduction of ruderals and weeds

pollen.
reedswamp taxa are noted.

- Slight increase of cultivated plants
- Only single pollen of aquatic and
- Spores of Glomus are present.

Pollen

Taxa associated with organic bottom and
tolerant for the high trophy appear

through the whole core depth.

Chironomidae

decreased; the content of Carex elata
increased, and fruitlets of Oenanthe

aquatica and Mentha aquatica

appeared.
- Aqueous plants: only A. plantago-

maculatum, Solanum dulcamara,
Rananculus flammula and Sium
rostrata and M. trifiliata distinctly

latifolium.
- Peatland plants: the contribution of C.

of Lapsana communis, Lamium

- Herbaceous plants: single occurrences
aquatica.occurred

Plant macroremains

- The content of Cu reaches high values

(to 76.6 pg/g), while the
- The sediments represent very weakly

sorted sandy silt (Mz: 4.18-9.00 phi;

concentrations other trace elements
SD 2.04-3.03 phi).

are very low (Zn) or completely

lacking (Pb).

Geochemistry

Depth/Age

Table 3 (continued)
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Fig. 7. Percentage pollen diagram with selected taxa of trees and herbs from core RP W3 O2 (analysis by A. Wacnik).

limnetic phase, a decreasing trend in the telmatic phase, and a sharp
decline during the terrestrial phase. Diatoms decline continuously from
high values in lithological unit 6 to the disappearance in the end of
limnetic phase. Cladocera variation is high in lithological units 6 and 4
followed by a decline in scores in lithological units 5 and 3. The first
PCA axis of geochemical variables reveals two peaks at the lithological
unit 6/5 transition and in lithological unit 3 (Fig. 13).

146

5. Discussion

5.1. Transformations of local vegetation reflected in the sediments of the
moat fill

The moat habitat underwent a series of transformations since its
formation in the Late Middle Ages (ca. 1330 AD), as reflected in the
palaeoecological analyses results (Fig. 14). Palaeobotanical results re-
corded the several stages in development of both terrestrial and
swamp/water vegetation on-site and in the immediate vicinity of the
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Fig. 8. Diagram of selected plant macrofossils for the main moat fill from core RP W3 0O2; full data available in Suplementary Data Table 1. (analysis by R.

Stachowicz-Rybka).

stronghold at Rozprza during ca. four centuries, from the digging of the
moat in the Late Medieval period until its complete overgrowth by
plants and in-filling with sediments in Modern times. Due to the very
small size of the water reservoir (up to 20 m wide and ca. 1.0-1.5m
deep) not only the carpological but also the palynological sequence
demonstrates the highly local aspect of vegetation changes (eg.
Prentice, 1985).

5.1.1. Stage 1 (L PAZR 1-2; L MAZ R 1-4; ca. 1330-15th c. AD)

From the very beginning of the moat's existence, the surroundings
were partly open, perhaps with more substantial areas of woodland at
some distance from the site (Fig. 7). Pine woods and/or mixed pine-oak
woods, with admixture of birch and spruce, similar to the present
Querco-Pinetum and Leucobryo-Pinetum associations, may have grown
on drier upland habitats. Patches of deciduous woodlands with horn-
beam, oak, single stands of lime, maple, hazel and elm in the type of
Tilio-Carpinetum, occurred at a distance. The wetter surfaces were
overgrown by alder woods in the type of Carici elongatae - Alnetum
with domination of Alnus glutinosa and admixture of birch, alder

pH trophic state

buckthorn and single ash as well as patches of willow carr.
Palynological observations showed that values greater than 10%
confirm the local presence of Alnus at the site (Lisitsyna et al., 2011;
Douda et al., 2014). Alder is a high pollen producer in the early spring.
As pollen grains can be spread by wind far from the flowering trees,
quite numerous findings of fruits, charcoal and wood particles in the
moat sediments were important indicators confirming its local pre-
sence. According to Szymczyk (2015) alder seeds are dispersed effec-
tively by water, while wind dispersal is commonly limited to the vici-
nity of the tree. Both the values of alder pollen (10-28%; L PAZ R 1-2,
Fig. 7) as well as macrofossils (L MAZ 1-4; Fig. 8) deposited in a very
small water basin (i.e., the moat), suggests that stands of alder trees
were probably growing within several dozen to several hundred meters
from the studied moat (see sampling point marked on Fig. 14.1). The
role of alder diminished in the 2nd half of the 15th c. AD while the local
representation of Salix increased. Willows grew a small distance from
the moat, as confirmed by macrofossils noted from the beginning of the
moat existence, as well as pollen. However, the highest pollen values of
Salix at the end of the 15th c. AD suggest that willow trees or shrubs

species

lifeform
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Fig. 9. Percentage Diatom diagram for the main moat fill from core RP W3 O2 (analysis by M. Rzodkiewicz).
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Fig. 10. Percentage Cladocera diagram for the main moat fill from core RP W3 O2 (analysis by D. Pawlowski).

grew closer to the sampling site or the surface occupied by carrs in-
creased during that time (this short-lasting phenomenon was not

marked on Fig. 14.1).
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Agricultural activities conducted in the immediate vicinity of the
site are confirmed by the remains of cereals, hemp and/or hop, flax, as

well as weeds of arable fields (eg. Centaurea cyanus, Viola arvensis).
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Fig. 12. Palaeoecology and macrohabitat reconstruction for the main moat of
the Rozprza motte based on Chironomidae analysis diagram from core RP W3
02 (analysis by O. Antczak, S. Brooks, T. Luoto, M. Pléciennik).

Although the presence of over a dozen fruits of hemp (Cannabis sativa)
and seeds of flax (Linum usitatissimum) (Fig. 8) suggests that the moat
could have been occasionally used as a rettery. However, low values of
Cannabis/Humulus type pollen (below 5%) do not support this re-
construction (Kittel et al., 2014). Nevertheless, the macrofossil evidence
provides good confirmation of local cultivation of these two taxa. Si-
milar observations were made by the results of excavations conducted
in nearby palaeochannels, where relicts of retteries were found (Kittel
et al., 2018). Remains of hemp and flax were accompanied at Rozprza
by seeds of alder buckthorn (Frangula alnus). Its local growth was re-
gistered also in the pollen record. Seeds and bark of this shrub were
commonly used for dyeing textiles. At this time, numerous plant taxa
related to human activity grew close to the moat. Remains of weeds
accompanying the cultivation of grains, and bulb and root plants, have
also been identified, such as Capsella bursa-pastoris, described from a
bundle of flax (Latatowa, 1998). Local economic activity is also shown
by relatively numerous anthropogenic indicators such as the weed
species: Setaria pumila, Rumex acetosella, Stelaria graminea, S. media,
Chenopodium t. album, Ch. hybridum, Setaria pumila, Polygonum avicu-
lare, P. lapathifolium and Urtica urens (Lityniska-Zajac, 2005). The sur-
rounding meadows were pastures for farm animals. More elevated,
drier habitats were covered by eg. Plantago lanceolata, Verbascum den-
siflorum, V. nigrum and Hypericum perforatum, known from many med-
ieval sites.

Disturbed ruderal habitats and fallow lands near the motte were
suitable for Artemisia, Urtica dioica, Chenopodiaceae, Rumex acetosella
and Malva growth as well as for the hornworts Anthoceros punctatus and
Phaeoceros laevis. The shores of the moat were evidently overgrown by
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alder but grasslands occurred nearby. The characteristic vegetation for
this stage was quite high taxonomic diversity of the grassland taxa. The
extent of open communities in the pollen record was partly masked by
the high proportion of pollen of wind-pollinating trees, such as Pinus,
Quercus, Alnus, Betula, which are high pollen producers (Brostrom et al.,
2008; Baker et al., 2016). The results obtained by different authors from
the reconstruction of past landscape openness based on different re-
construction models (LRA and LOVE, REVEALS, eg. Sugita, 2007) re-
vealed, that the relationship between plant percentage-cover and the
pollen percentages is different for different taxa. The plant percentage-
cover is usually higher than the pollen percentages, for example in the
case of Picea, Tilia, Fagus, Poaceae, Cerealia, Cyperaceae, Rumex in
contrast to Pinus, Quercus, Alnus and Betula when this relationship is
lower (eg. Gaillard et al., 2010).

The moat margins were overgrown by numerous herbaceous plants
representing rush communities such as Cyperaceae, Typha sp.,
Phragmites australis, Rumex aquaticus, Sphagnum, and Juncus sp. Both
Alisma plantago-aquatica and Typha sp. are typical components of the
bulrush community. When the moat was functioning as a water basin
(mainly in the 14th c.), the water infilling the moat was clear and rich
in calcium carbonate, as shown by the presence of numerous Characeae
oospores. Simultaneously, eutrophication and nitrogen content rose on
the moat margins. In the 14th and 15th c. AD; (L. MAZ R 3-4), numerous
taxa of aquatic plants grew in the area, such as Potamogeton friesii, P.
pusillus, P. natans, Nuphar lutea, Sparganium microcarpum, Alisma plan-
tago-aquatica, Lemna trisulca, L. minor and Batrachium sp. The reservoir's
water surface was probably covered by a Lemnatea type pleustone
community with Lemna trisulca and L. minor as its main components
(Matuszkiewicz, 2001). Various species of Potamogeton sp. occurred in
the water column. In shallower places, Hydrocharis morsus-ranae and
Stratiotes aloides grew on a muddy bottom. The water body contained
green and blue algae, eg. Pediastrum, Characeae (oospores), and
Gloeotrichia and was contaminated with whipworm parasites (Tri-
chiuris).

The regular presence of Glomeromycota spores in the bottom part of
the deposits can be related to the erosion and the supply of allochtho-
nous matter to the basin. Due to the small size of the moat, it cannot be
excluded that these spores originated from fungi that colonized the
roots of the plants overgrowing the shores. According to Kotaczek et al.
(2013) spores of arbuscular mycorrhizal fungi are considered to be a
reliable indicator of erosion, but only in lacustrine deposits without
peat interbedding.

5.1.2. Stage 2 (L PAZR 3, L MAZ R 5; 16th - 1st half of 17th c. AD)

A strong reduction of Salix from the beginning of the 16th c. AD
(87 cm) and subsequent expansion of Corylus avellana can be ascribed to
drying habitat conditions. The higher frequency of Corylus (L PAZ R 3)
and the regular presence of Cornus sanguinea, Frangula alnus, Viburnum
opulus, Euonymus and Sorbus illustrate a local development of thickets.
Patches of pine woodland with admixture of oak and single birch per-
sisted at some distance from the moat, and possibly gained slightly in
importance in the late 16th c.

Representation of cereals, Cannabis/Humulus and Fagopyrum, as well
as the weeds Artemisia, Rumex acetosella, Centaurea cyanus,
Chenopodiaceae, Polygonum aviculare, P. persicaria, Viola arvensis, and
Spergula, confirm the continuation of local cultivation in 16th — 1st half
of 17th c. AD. In the same period, meadows and pastures could also
have been a more important component of the local environment. This
is marked in the pollen record eg. by higher frequencies of Poaceae,
Plantago lanceolata, Filipendula, and Rumex acetosa.

From ca. 1500 AD, a decline in water levels resulted in the retreat of
aquatic plant communities, which were responsible for the formation of
coarse detritus gyttja. With time, the moat was gradually infilled with
organic sediments and became shallower, and transformed into swamp
with peat accumulation. With the decrease of water level, diatoms
disappeared from the sediments. The diatom analysis indicates two
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Table 4
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Stratigraphy of Coleoptera and other insect subfossils of deposits from the RP W3 O2 core at Rozprza site (analysis by S. Elias).

Taxon Depth (cm)

46-48 50-52 54-56 62-64  70-72

76-78

78-80

82-86 90-92 98-100 102-106  114-116  118-120 122-124

COLEOPTERA

Dytiscidae

Graphoderus sp. 1
Carabidae

Trechus rubens (Fab.) 1 1
Helophoridae

Helophorus sp. 1

Hydraenidae

Hydraena riparia Kugl. 1 1

Hydrophilidae

Coelostoma orbiculare (Fab.) 1
Staphlinidae

Arpedium quadrum (Grav.) 1

Lathrobium sp. 1

Stenus spp. 1 1

Heterothops dissimilis (Grav.)

Atheta sp. 1
Scirtidae

Cyphon sp. 1
Elateridae

Lacon sp. 1

Scarabaeidae

Aphodius sp. 1
TRICHOPTERA

Limnephilidae

Genus & species indet. 1 1
Molannidae

Molanna sp.

stages of environmental development. The first phase, in 14th and 15th
c. AD, includes a large amount of mostly eutrophic and benthic dia-
toms. The second phase, from the peat layer (after ca. 1500 AD), is
characterized by the disappearance of diatoms (Fig. 9).

Gradually (in the 15th/16th c. transition L MAZ R 4/5) the reservoir
surface became overgrown, mainly by Carex rostrata. The communities
included also Carex praecox, C. pseudocyperus, C. paniculata and
Menyanthes trifiliata. Accumulation of sedge peat began, with Carex
rostrata as the dominating component of the peat land forming bulrush.

PCA

Development of these communities often causes a drying of standing
waters. The abundance of Carex rostrata fragments distinctly decreased
at 84-82 cm (ca. 1530 AD) and 78-72 cm (ca. 1580 AD), and at the same
time the remains of aquatic plants such as Sparganium erectum, S.
minimum and Lemna trisulca occured. This may indicate a periodic in-
crease in water level, causing temporary infilling of the remaining moat
by standing water.

This phenomenon is clearly marked, not only in the carpological but
also in palynological record. In the mid-16th c. (from 83 cm) high

DCA
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Fig. 13. PCA and DCA diagram for the main moat fill from core RP W3 O2 (prepared and editing by M. Ptéciennik).
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Fig. 14. Phases of the evolution of the main moat of the Rozprza motte-and-
bailey (editing by J. Sikora & A. Wacnik).
1 -ca. 1330 AD - ca. 1400 AD; 2 — ca. 1400 AD - ca. 1500 AD; 3 — ca. 1500 AD -
ca. 1700 AD; 4 - ca. 1700 AD - 1944 AD.

values of Equisetum spores suggest that probably E. fluviatile (char-
acteristic of current Equisetetum fluviatilis association) was the most
important component of shallow water/swamp communities. In such a
community Potamogeton, Stratiotes aloides, Lemna, Nuphar,
Nymphaeaceae, Sparganium, Typha, Rumex aquaticus, Phragmites,
Menyanthes and Cyperaceae, represented by pollen and other
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microremains, could have grown.

5.1.3. Stage 3 (L PAZR 4, L MAZ R 6; 2nd half of 17th — 1st half of 18th c.
AD)

Subsequently the palynological record indicates a short-lived spread
of hazel thickets, with willows and alder in wetter habitats (L. PAZ R 4,
2nd half of 17th c. — 1st half of 18th c. AD) synchronous with the re-
duction of human indicators. Cultivated fields were still present in the
area, although with a lower frequency of Secale cereale, Triticum type,
Cannabis/Humulus pollen as well as weeds, suggesting a temporary
decline of agriculture. Some surfaces were constantly used as meadows
and pastures.

The margins of the moat in the succeeding L MAZ R 6 (17th c. AD),
became overgrown by various tree species, such as Prunus padus,
Frangula alnus, Cornus sanguinea, Sorbus acuparia and Rubus idaeus,
which can be used for consumption or as medication. Ranunclus acris, R.
flammula, R. lingua and Sium latifolium grew on waterlogged meadows,
together with Poaceae, Filipendula, and Lychnis.

Magnocaricion communities could have been common in the area.
The moat surface was dominated by Carex panicea, C. pseudocyperus and
Menyanthes trifiliata, Phragmites, Sparganium and/or Typha angustifolia.

5.1.4. Stage 4 (L PAZR 5, L MAZ R 7; 2nd half of 18th — 1st half of 20th c.
AD)

At least the upper part of the profile, within overbank alluvia,
contains hiatuses and the biological record is therefore fragmentary.
The low abundance of plant macrofossils in the last phase of moat's
existence, from the 18th to 1st half of 20th c. AD, may on the one hand
have been the result of seasonal water level oscillations (floods), and on
the other hand, to a gradual infilling of the depression by overbank
deposits. In this period, Cenococcum geophilum, a ubiquitous ectomy-
corrhizal fungus living on, in, or just below the litter horizon (eg.
Thormann et al., 1999), was detected in high abundance. The record of
its sclerotia could indicate that organic matter in surface soil was
eroded and deposited in the moat (Wick et al., 2003).

The palynological record showed a predominance of pine pollen and
a strong reduction in all remaining arboreal taxa, which can be inter-
preted as a sign of a more open environment. In the Rozprza area,
scattered pine woods with oak and birch may have existed. Agricultural
activity slightly increased in the area and Triticum, Secale cereale and
Fagopyrum were among cultivated taxa. Extensive areas were covered
by meadows, mostly overgrown by Cyperaceae, Poaceae,
Cichorioideae, Rubiaceae and Filipendula.

The character of the depression suggests that the moat surface was
gradually transformed in a waterlogged meadow, overgrown with
Lapsana communis, Lamium maculatum, Solanum dulcamara, Rananculus
flammula and Sium latifolium.

5.2. Ecological-faunistic characteristic of the moat basin

The DCA axis 1 scores of cladocerans assemblages suggest that they
responded to local habitat change such as decreasing water level and
material/nutrient input in the moat. The decrease in DCA Axis 1 scores
of cladocerans and diatoms until ca. 107 cm coincides with the highest
values of the PC Axis 1 scores of the geochemical composition (Fig. 13).
The increasing trend in PC Axis 1 indicates the enhanced accumulation
of fine-grained inorganic material. Cladocera and diatoms responded
faster to water level changes, material and nutrient input than chir-
onomids. Planktonic organisms are sensitive to changes in water
transparency (as a result of pollution and eutrophication), while local
plants (macrofossils) and benthic chironomid assemblages responded
weakly to this factor. This was connected to repeated water level
changes, which were most likely associated with an increase in the
activity of the Luciaza River. A similar trend has been widely observed
in other oxbow lakes and mires throughout Central Poland (Pawtowski

et al., 2016).
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Plant communities (pollen, macrofossils) and chironomids show
different pattern in terms of DCA axis 1 scores, from high to low Axis 1
[SD values]. They may reflect mainly changes in moat and motte
macrohabitat. The settled phase of the motte is reflected in high Axis 1
[SD units] scores during R1, R2 (pollen assemblages). At the same time
(L MAZ R1-4, Ch 1) the moat was maintained by settlers in a limnetic
state. Decrease of Axis 1 scores at ca. 16™-18th c. (R3, R4; L MAZ R 5-6,
Ch 2) possibly reflects the abandoned stage of the motte and the tel-
matic phase of the moat. This was associated with an expansion of non-
cultivated and forest taxa (pollen), a decrease of domestic and ruderal
plants, replacement of aquatic taxa by telmatic taxa (macrofossils) and
a decline in chironomid diversity. Finally, the terrestrial phase of the
moat in the 19'M-20th c. revealed poor preservation or near absence of
midge and plant macrofossils and changes in pollen communities due to
landscape transformation associated with economic changes in the re-
gion.

Both the composition of the plant macrofossils and the sediment
type — gyttja with sand admixture, suggest a highly dynamic environ-
ment and indicate that during the initial phase of moat functioning, the
sediments in the very bottom of the moat may have been reworked.
However, water infilling the moat was clear and rich in calcium car-
bonate, probably from the older cultural layers cut to form the moat's
ditch. The rapid increase in CaCO3 content (up to nearly 30% at the
depth between 128 and 122 cm) resulted not only from the presence of
calcium bicarbonate in waters but also from biogenic decalcification of
the lake waters caused by a large biomass of aquatic macrophytic
nature. The occurrence remains of Characaceae, and of Chara seems in
particular, to the 2m depth interval, indicate conditions that were
optimal for the production of biomass and the precipitation of CaCO3
(Petechaty et al., 2013). Good oxygenation of waters during sedi-
mentation of coarse detritus gyttja is indicated by a low value of Fe/Mn
(mean values not exceeding 33) and a low organic matter content
(mean value of LOI not greater than 24%), which is caused by rapid
decomposition of organic remains. The changes observed between 118
and 99 cm (2nd half of 14th c. — 1st half of 15th c. AD) with macro-
fossils of hemp and flax may indicate that the moat was used as a ret-
tery, although this interpretation is not supported by the pollen evi-
dence. This partly explains the presence of littoral cladocerans, such as
A. rectangula, D. rostrata, L. acantocercoides, and Ch. sphaericus, which
prefer more eutrophic, turbid water, and reflects a response to the in-
flux of nutrients to the moat as a result of the inundations of flood
waters or pollution and eutrophication caused by the primitive tech-
nology of hemp fibre production. Such conditions might have led to the
disappearance of zooplankton and diatoms through decreased access to
the light (Damme van et al., 2009). In turn, the periodic appearance of
planktonic cladocerans may indicate periods of increased water trans-
parency due to periodic flooding or flowing/rinsing and consequent
changes in the nutrient load. Low values of Cannabis/Humulus type
pollen within the moat fill deposits appears to exclude the use of the
moat as a rettery, however water from surrounding retteries could enter
the feature during rinsing (flushing) of the ditch.

The frequency and diversity of Cladocera (Fig. 10) includes a large
number of benthic taxa, of which some are important indicators of
eutrophic water (A. rectangula, Ch. sphaericus L. acanthorecoides, and B.
longirostris) and rich vegetation in the shallow moat (A. affinis, A. gut-
tata, Ac. harpae, G. testudinaria, E. lamellatus, genus Pleuroxus). Ad-
ditionally, a relative increase in frequency of sediment-associated cla-
docerans and those taxa (eg. Ch. sphaericus, A. affinis, A. harpae and D.
rostrata) that can tolerate changes in hydrological conditions may in-
dicate turbid water conditions (Pawtowski et al., 2015a, 2015b). These
observations are also confirmed by decreasing values of LOI in the
deposits. Stratigraphic changes in LOI, inorganic and calcium carbonate
content are very closely connected with the lithology of the deposits.
Based on lithostratigraphy, three organic-rich zones and three mineral-
rich zones were distinguished in the profile. This supports the hy-
pothesis of episodic in-wash of sediments from the moat banks. A
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decrease of frequency of Cladocera also indicates deteriorating condi-
tions at the end of this phase (59 cm). The moat was probably over-
grown by macrophytes, as reflected in the composition of Cladocera
species that live amongst plants in swamps and mires (Pawtowski et al.,
2015a). High chironomid abundance and diversity in the first stage of
moat development indicates favourable conditions for Chironomidae,
as well as respectively high water level and trophic status (Fig. 12).
During almost the whole of the Ch1 stage (136-85 cm core depth; 1330 -
ca. 1500 AD) the dominant species are associated with permanent
stagnant water partly overgrown by macrophytes, accompanied by the
deposition of coarse detritus gyttja. Phytophilous chironomid taxa were
not only abundant, but also diverse. The occurrence of mining chir-
onomids corresponds with the presence of certain macrophyte taxa, eg.
Nuphar lutea co-occurs with Glyptotendipes pallens-type and G. severini-
type. However, Endochironomus tendens-type was recorded deeper than
Alisma plantago-aquatica, which is its host plant (Figs. 8 and 11) (Moller
Pillot, 2009, 2013). Another group — bottom dwellers, eg. Psectrocladius
sordidellus-type 1 and type 2, Cryptochironomus, Glyptotendipes and
Cricotopus (Moller Pillot, 2013), inhabited the clayey coarse-detritus
gyttja (132-125cm) and the coarse-detritus gyttja (125-90 cm). The
high abundance of predatory Tanypodinae implies the presence of a
more complex ecosystem with several trophic levels.

In the Ch2 zone (depth 85-53 cm; ca. 1500 - ca. 1700 AD) taxa
richness decreased, but there was still high abundance of
Chironomidae. A few semiterrestrial taxa appeared, mostly
Parametriocmenus-Paraphaenocladius and Limnophyes-Paralimnophyes.
There are several possible reasons for this: 1) those chironomids in-
habited only the telmatic banks of the moat, 2) the moat seasonally
desiccated, eg. during summer, or 3) the moat slowly started to paludify
and telmatic conditions developed, as confirmed by peat accumulation.
In the Ch3 phase (53-32 cm; ca. 1700-1944 AD) a sudden decrease of
Chironomidae abundance is observed. Singule head capsules of semi-
terrestrial taxa (Limnophyes-Paralimnophyes, Pseudosmittia and
Pseudorthocladius) indicate that the moat environment was transformed
into limnotelmatic habitat. Nevertheless, some subfossils from
Chironomini tribe were also present: Chironomus anthracinus-type, C.
plumosus-type, Dicrotendipes notatus-type, Glyptotendipes pallens-type,
Microtendipes pedellus-type and Polypedilum nubifer-type (Fig. 8). Mi-
crotendipes pedellus often occurs in groundwater seepages. All other
species occur in the muddy bottoms of backswamp basin, such as de-
veloped within the retain ditch of the moat. The chironomid assem-
blages indicate the existence of seasonal surface water, such as small
puddles. The larvae of Glyptotendipes pallens are known as leaf miners,
but they also can be found on wood and coarse organic matter, abun-
dant in the moat in that time, as confirmed during excavation works.

5.3. Flooding phases in the Luciqza River valley or rinsing of the moat
basin?

Previous studies in the Polish Lowalands often document the ne-
cessity of removal of early medieval settlements (often ring-forts) from
valley floors to the upper parts of valleys and uplands, as a result of
palaeohydrological changes mostly in 13%-14th c. AD (eg. Kurnatowski,
1963; Dunin-Wasowicz, 1974; Gozdzik, 1982). Our results show the
different palaeoenvironmental conditions in the Early and Late Middle
Ages transition in Rozprza. The motte occupied a very low hillock of the
terrace remnant in the central part of the extensive valley floor of the
Luciaza River as late as in the 14th - 15th c. AD. As confirmed by the
latest dendrochronological data, in the 16th c., the site was re-devel-
oped after a period of withdrawal, probably temporarily, in connection
with a military necessity.

The changes in deposition basin ecology — from partly open water
with coarse-detritus gyttja to a swamp with peat accumulation — took
place most probably ca. 1500 AD. During the limnetic and telmatic
stages of moat development, evidence of slope wash of moat sides and
rinsing of the ditch by river water has been recorded. The presence of
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slope wash deposits (coarse-grained sands with organic mud lamina-
tions — see Fig. 2) is apparent between and below beams of the wooden
construction. The pollen evidence suggests moat desiccation began
early in the beginning of 16th c. AD. However, more important changes
in the depositional environment happened in the third terrestrial stage,
as late as in the 18th and/or 19th c., when the accumulation of over-
bank silty and sandy organic mud was initiated within the moat ditch
(Figs. 12-14). This shows that the Lucigza River valley floor was not as
intensely flooded from the 14th to the 17th c. However, small flooding
or flushing of the moat basin may have occurred.

The palaeoecological analysis of moat fill indicates shallow stagnant
water in the first period of ditch's existence, but there is also scant
evidence of water level changes. Seasonal water level oscillations in the
shallow water basin are indicated by pollen grain corrosion. Changes in
the aquatic community during the Rozprza moat development were
associated with high water levels, particularly ca. 123-119 cm (mid-
14th c. AD), but also ca.119-99 cm (1st half of 15th c. AD), 91-87 cm
(beginning of 16th c. AD), (83?), 79-75 cm (2nd half of 16" ¢. AD), and
63 (?)/59-53 cm (18th c. AD). Generally, in oxbow lakes or fens, the
high sensitivity of the aquatic invertebrates (Cladocera and
Chironomidae) to changes in water level permitted the reconstruction
of potential flood episodes that occurred in the Luciaza River valley. In
particular, the presence of rheophilic chironomid species and also the
increase in the proportion of sediment-associated Cladocera, (eg.
Pleuroxus uncinatus, Disparalona rostrata), as well as peaks of pelagic
taxa (eg.: Bosmina longirostris, Daphnia pulex-group), could be closely
correlated with floods in the valley (Pawlowski et al., 2012, 2016).
Although the subfossils were not numerous, their presence is an un-
equivocal indicator of running water movement. Head capsules of
Rheotanytarsus, a typical rheobiontic genus, were found in the Chl
phase (119-99 cm core depth) and once in the Ch2 phase (59 cm).
Single head capsules of Rheocricotopus fuscipes-type (79 cm) and Cor-
ynoneura lobata-type (123 and 55 cm) were also recorded. These chir-
onomids are the most numerous in fast-flowing cool brooks and
streams, but also in springs and the upper courses of rivers. Moreover,
there were also some rheophilic species in the sediments, such as Na-
nocladius rectinervis-type, Diplocladius, Micropsectra and Eukiefferiella,
but also Corynoneura coronata-type and Thienemannimyia group
(Fig. 11), which only occasionally occur in lakes or pools in temperate
European lowlands (Moller Pillot, 2013; Vallenduuk and Moller Pillot,
2007). Additionally, in both the limnetic and telmatic stages of the
moat's development, there appeared Chironomidae typical of mineral
sediments, eg.: Paratendipes albimanus-type, Psectrocladius sordidellus-
type, Tanytarsus chinyensis-type (Andersen et al., 2013; Moller Pillot,
2009, 2013). Their presence partially overlaps with the increased
concentration of SiOs in the sediment, which may indicate irregular in-
wash of sand and gravel from the moat banks.

Similarly, inferred increases in the water level (or flooding events)
are also based on peaks of planktonic diatoms ca. 115 cm (2nd half of
14th c. AD), 111-109 (ca. 1400 AD) cm and above all ca. 93 cm (the
end of 15th c. AD). As reported by Wiklund et al. (2010), the high
availability of dissolved silica during floods promotes the appearance of
greater biomasses of diatoms in flooded basins. This is partly supported
by an increase of SiOapiog (Fig. 6), particularly on ca 130-100 cm (14th -
1st half of 15th c. AD). Note the enrichments in SiOap;04 correspond also
to the peak of diatom valve concentration, SiOy, and K. Such situa-
tions in natural water bodies attest to higher diatom productivity in the
period of enhanced denudation in the catchment (Robinson, 1994).

Significantly increased content of inorganic material, especially
SiO,r and the increase in aluminosilicate-bound elements, such as Na,
K, Mg and Fe ca. 130-99 cm (14th - 1st half of 15th c. AD) and 82-70 cm
(2nd half of 16th c. AD), could indicate a high intensity of floods, but
also runoff and deluvial processes in the catchment area of the moat
and the slopes of the feature. These inorganic elements are amongst the
most important constituents in biogenic deposits and their increased
content may be the result of delivery of allochthonous mineral matter,
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independent of the natural development of the biogenic accumulation
in the moat (Rydelek, 2013). Deforestation causes increased runoff
from the catchment and results in higher mobility of clastic particles
(Ward et al., 2008). Persistent deforestation is inferred from pollen
analysis and by the enhanced amounts of SiO, in the moat sediments.
As indicated by the high values of Mn concentration, the clastic com-
ponents mainly came in colloidal suspension (Kabata-Pendias, 2010).
Extensive farming, confirmed by pollen data, resulted in the erosion of
the morainic plateau around the valley, and much fine sediment was
supplied to the valley floor, and then to the moat fill.

Additionally, the hydrological changes described above could also
be associated with an increase in precipitation. The increase in CaCOs,
Na, Mg and Ca (Fig. 6), ca. 126-99 cm (2nd half of 14th and 1st half of
15th c. AD); 76-72 cm (2nd half of 16th c¢. AD) and 54-52 cm (1st half of
18th c. AD) may have resulted from chemical weathering, which in turn
was the result of an increase in precipitation (Ralska-Jasiewiczowa
et al., 2003). The transformation from a limnetic environment to a
telmatic habitat took place in the moat abruptly ca. 1500 AD. However,
the changes observed from 59 to 53 cm (2nd half of 17th - 1st half of
18th c. AD) could be closely associated with river activity and increase
of flowing water, resulted in deposition of overbank alluvia in the
topmost part of the profile. Geological evidence of overbank deposition
in the moats began as late as the 18th or even in the 19th c. and is
supported by lithological changes and the geochemical composition of
deposits, expressed as increased content of inorganic components,
especially SiOa, and lithophilic elements such as Na, K and Mg from
52cm (Fig. 6). The PCA axis 2 scores for geochemical composition
shows a positive trend between 52 and 32 cm, i.e. ca. 1700-1944 AD
onwards (Fig. 13). Positive values of the second eigenvector reflect the
occurrence of products of weathering in the catchment (Na, K, Mg,
SiOter) Which might document the enhanced accumulation of fine-
grained clastic material and floods. In turn, the high values of Fe/Mn
(above 100 cm) seem to indicate low redox conditions at this site, which
might be associated with high groundwater levels from 64 to 52 cm
(2nd half 17th - 1st half of 18th c. AD).

There is no geological record of great alluviation in the Luciaza
River floodplain in Rozprza from the beginning of the Little Ice Age
between the 14th and the 17th c.AD, or the earlier floods were not large
enough to pass the outer rampart of the motte. Therefore, another
possibility is that the Rozprza moat was periodically connected to
Luciaza River channel (eg. by artificial canal) (see Fig. 1B and C). A
shallow and eutrophic stagnant moat would be a perfect habitat for
mosquito larval development. The recurring flushing of the moat could
limit populations of these annoying insects. Our quantitative re-
constructions of the trophic status of the water indicate permanent
eutrophic (or even hypertrophic) conditions throughout the whole core
length. The common practice in the Middle Ages was disposal of was-
tewater from human settlements directly into the moat (Shin et al.,
2009; Antoniou et al., 2016), what was the likely scenario here. The use
of the moat as a sewage receiver brought several disadvantages, such as
algal blooms and obnoxious smells. If the water in the moat was stag-
nant, it would have been a perfect habitat for the development of pa-
thogenic microorganisms (Shin et al., 2009) and a breeding zone for
mosquitoes (Dahl, 1997). Our trophic reconstruction derived from the
British inference model suggests that in the initial stage the moat was
characterized by high hypertrophy, which decreased between 119 and
85 cm of core depth (the 2nd half of the 14th — beginning of the 16th c.
AD), which may provide evidence of regular cleaning of the moat.
Moats were widely used in the defensive system of motte residences
(Miiller-Wille, 1966; Kenyon, 1990; Durdik, 1996; Higham and Barker,
2004; Aarts, 2007; et al.) and the ditch would have to have been kept in
proper condition, in order to be effective for defense. Because of the
location of the Rozprza fort on the Luciaza River valley floor, it could
have been easily reached through connecting the moat with the river by
the canal during times of high water levels. The trophic condition of the
waters during the Ch1 stage (120-90 cm, 2nd half of 14th — begigl;ing of
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16th c. AD), besides the lowest part of core, was respectively lower, but
with an increasing trend. The total phosphorus reached the highest
values in Ch2 stage (especially from 83 to 63 cm of core depth, 2nd half
of 16th — 1st half of 17th c. AD) when the motte was abandoned and the
moat started to paludify. It was during this swampy phase of moat
development, with the domination of Carex sp. (Fig. 8), when organic
matter was decomposed on a larger scale. These trends are visible in the
reconstructions derived both in the Finnish and British TP inference
models (Fig. 12).

Cerba et al. (2010) stated that Orthocladiinae (especially Cricotopus
sylvestris gr.) typically dominate in highly eutrophic conditions (exceeding
100 ug TP/1), whereas in Rozprza the chironomid fauna is dominated by
Chironomini, with Cricotopus reaching maximum abundance of 21.5% at
119 cm. According to Brodersen et al. (2001), Cricotopus and Glyptotendipes
are characteristic of eutrophic and hypertrophic lakes with characeans.
These algae were also abundant in Rozprza, particularly in the first phase
of moat development (Fig. 12). On the other hand, Saether (1979) listed
many chironomids, which are abundant in Rozprza, as species occurring in
highly eutrophic habitats (hypertrophy was not considered). The differ-
ence between the model reconstructions may result from the TP ranges in
the lakes of the training sets. Total Phosphorous in the 44 British lakes
used in the training set ranged from 68 to 1162 ug TP/l (mean 282 ug TP/
1) in England and from 5 to 1085 ug TP/l (mean 144 ug TP/1) in Wales
(Brooks et al., 2001), whereas the maximum TP in the Finnish lakes
reached 105pg/1 (mean 20.7 ug TP/1) (Luoto, 2011). The high trophic
level in Rozprza moat was undoubtedly associated with human impact.

The co-occurrence of taxa, which in lowland areas are associated with
clean flowing waters, such as Chaeotocladius, Eukiefferiella, Micropsectra,
Thienemannimyia agg., or rheobionts (Rheotanytarsus) with species living in
heavily polluted stagnant waters may also be evidence of a Lucigza River
flooding the Rozprza moat or a permanent connection to the river by an
artificial canal. Mixed insect assemblages containing opposing ecological
groups have been earlier previously as a signal of high energy hydrological
conditions (Smith and Howard, 2004).

Water bodies surrounding crannogs were similar in function (but
not in origin) to moats (Shelley, 2013). The subfossil chironomid as-
semblage from the immediate vicinity of the Ballywillin Crannog in
Ireland (Ruiz et al., 2006) includes many of the same species found in
Rozprza moat. The total phosphorus reconstruction, based on model of
Brooks et al. (2001), indicated eutrophy, reaching hypertrophy (up to
230 pg TP/1) in the two last stages. These stages were characterized by a
decrease in the number and a shift in the composition of Chironomidae.
When Cricotopus sylvestris-type, Microtendipes pedellus-type and Glypto-
tendipes started to dominate, a large proportion of Polypedilum nubecu-
losum-type persisted. All these species, except C. sylvestris-type, were
recorded in Rozprza moat, but in the Ch3 phase of moat development
there was a clear domination of semiterrestrial species, not seen in the
crannog sediments. In Ballywillin, local shallowing was caused by or-
ganic deposits from the crannog (Ruiz et al., 2006), whereas we infer
that Rozprza was subject to systematic desiccation. However, the cause
of local pollution was probably similar in both locations: an in-
tensification of human activity resulting in nutrient enrichment of the
water (Ruiz et al., 2006).

It seems that Rozprza moat may have been more influenced by
human activities than by natural (flooding) events. For this reason we
do not have sufficient data to allow us to plausibly discuss the climatic
context of the activity of the Lucigza River - human impacts may ob-
scure climate reconstructions.

6. Conclusion

The Rozprza motte-and-bailey residence was situated in a defensive
location on a low sandy terrace remnant in the central part of a partly
swampy valley floor of the small Luciaza River. The fortress was in-
habited from the 20s-30s of 14th to the 15th c. AD. Based mostly on the
dendrochronological data and a series of radiocarbon dates, the depth/
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age model and also on archaeological artefacts, we estimate the moat
was established by 1330 AD.

The palaeoecological analyses indicate the three main stages of moat
habitat development. The first stage overlaps with the period of human
occupation of the residence (ca. 1330 AD - ca. 1500 AD). The moat was
permanently filled with shallow, eutrophic water and over time became
partly overgrown with macrophytes. The deposition of coarse detritus
gyttja took place in this stage. In a later period of the limnetic stage, pre-
sence of hemp fruits and flax seeds indicates that the moat could be also
have been used as a rettery, however this is not confirmed by pollen
analysis. Evidence of small floods or rather regular rinsing (flushing) of the
moat has been recognised. However the moat was only ca. 1.0-1.5 deep
and, together with all the fortification, it did not play an important strategic
role in the 14M-15th c. AD as a defensive feature for the province or
country, but was more than enough to handle local conflicts. We should
also remember the importance of the symbolic meaning of towered and
moated fortifications as of knightly seats of power in Middle Ages.
Searching other purposes for this feature, we should include two more: it
could be used for some branches of local production and it played crucial
role in the amelioration of the area of residence, situated in wet conditions
of the valley floor.

The trophic condition of the moat basin increased rapidly in the
second stage 16™-17th c. AD), when the motte was abandoned and it
was transformed into swampy habitat with hypertrophic conditions
caused by condensed organic matter decomposition on a larger scale.
The swampy phase ended abruptly and in the third phase (from ca.
1700 AD) when the moat environment was transformed into terrestrial
habitat affected by floods.

The changes of types of deposition basin, from partly open water with
gyttja to swamp with peat, took place ca. 1500 AD. The greatest changes
of the depositional environment happened in the 18™-19th c. when the
accumulation of overbank organic mud and later silty sandy deposits was
initiated within the moat ditches. This shows that the Lucigza River valley
floor in Rozprza was not flooded from the 14th to the 17th c. AD. An
increase of overbank deposition is recorded from the 18th c. AD.

The results of the multi-proxy palaeoecological analyses of the
motte moat fill at Rozprza are essential environmental background for
the historical events, but can also be used to complement knowledge
about human impact on ecosystems and functioning of artificial aquatic
habitats. This multi-disciplinary study also permits reconstruction of
the palaeoenvironmental development of the Luciaza River valley floor.
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Abstract

Moats and other historical water features had great importance for past societies. The functioning
of these ecosystems can now only be retrieved through palaeoecological studies, which often
focus on a single sampling sediment core location. While a variety of human-environment
interactions have already been examined, the spatio-temporal habitat changes within a medieval
moat are presented here for the first time. Using data from four cores of organic deposits taken
from different areas within the moat system, we describe ecological states of the moat based on
subfossil Chironomidae assemblages and accompanying sedimentological and geochemical data,
using Kohonen'’s artificial neural network, the canonical correspondence analysis, and generalised
linear modelling. We found that chironomid assemblages differed in the spatio-temporal
distribution of their habitats, depending mostly on depth differences and fresh water supply from
an artificial channel. Paludification and terrestrialisation also did not happen simultaneously

across the moat system, being greatly influenced by human activity. The results presented here
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demonstrate the importance of a multi-aspect approach in environmental archaeology, focusing

not only the human environment, but also on the complex ecology of the past ecosystems.
Keywords: palaeoecology, Chironomidae, self-organising map (SOM), Middle Ages, central Poland

Introduction

The diversity of habitats and of the mutual connections between organisms and their
environment can now be studied in even the most extreme ecosystems, including historical
ecosystems no longer present. Moats were artificial bodies of water providing defence for
inhabited strongholds in medieval times. Ecological studies of moats can therefore provide a
window into historical influences of human activity on natural ecosystems. Ecological studies can
be carried out on moats that have either been preserved from historical times (e.g. [1,2]) or have
been recently reconstructed. However, these modern moats do not perform the same function
today as in the Middle Ages or Early Modern Period [3], and their aquatic ecosystems may
therefore differ. The medieval stronghold’s inhabitants influenced water conditions by changing
its trophic state, creating new habitats by placing construction elements, modifying its
hydromorphology and sedimentation of defined types of water deposits, and their enrichment
with selected metals (see [4,5]). Therefore, the only way to get a clear window into those past

ecosystems is through palaeoecological studies.

Geochemical studies of historical layers (such as core samples) conducted so far have in many
cases confirmed their indicator role in environmental archaeology [6]. The clearly higher Pb and
Cu concentrations in the sediments of medieval moats have been used to determine the course of
historical watercourses. However, the grain and mineral composition of sediments influences
their susceptibility to metal sorption [7]. Therefore, geochemical mapping of archaeological sites,
aiming to assess the distribution and characteristics of metallic pollutants in the environment,

should take into account the location of the studied cores.

The chosen location of cores also influences paleoecological studies. Typically, paleoecological
studies are based on one core of sediment, taken from the deepest (mostly central) part of the
(palaeo)lake, on the assumption that the subfossil remains of the organisms once living in
different parts of the water body are passively transported over time and deposited into the
deepest area of the lake bottom [8]. This way, representative biotic records can be obtained with
only one drilling, reducing cost and time of analyses. However, in the case of macrofossils,
diatoms, or cladocerans, littoral taxa can be underrepresented in sequences derived from one
core [9-11]. Analogously, chironomid head capsules accumulate mostly near the habitat of the

larvae, and offshore transport is primarily observed in the less well preserved early instars [12],
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which may produce some biases. Generally, if the subfossil record is expected to adequately
represent the environment of sedimentation and track particular events, multiple coring within

the (palaeo)lake or mire is needed [8,13].

In environmental archaeology, it is recommended to take at least two cores for palaeoecological
analyses — one from the studied site (on-site profile) and one from an area separated from direct
human activity (off-site) (e.g. [14,15]). This allows examination of both local and regional
vegetation history, and also of environmental information, such as past water level or
temperature changes. Due to differences in deposition between aquatic and terrestrial systems,
“wet sites” or “wet features” (such as a moat) allow examination with use of a wider range of
ecological proxy analyses, based on organic deposits within cores sampled directly from

archaeological trenches.

Our on-site palaeoecological investigations were an integral part of archaeological study of a
stronghold’s moat system in Rozprza (central Poland; see ‘Study system’ section, below) [5,16].
The main sediment core from the studied moat has already been investigated in detail (see [5]).
The results indicated that when the stronghold was inhabited (14”‘—15th century AD), the moat
was infilled with shallow water with possible episodes of rinsing through an artificial channel from
the nearby river. Changes in water trophic state were tracked using chironomid-based models,
and the Chironomidae-inferred summer temperatures of the Late Vistulian came from the nearby
palaeomeander [17]. The Holocene chironomid sequence in the palaeomeander core was too low
in abundance for quantitative reconstructions. However, even profiles with a depauperate biotic
record can be used to obtain some ecological information, especially if treated simultaneously
with other analyses. Therefore, we took additional cores from potentially different habitats (cf.
[18]) within the moat, in order to obtain a more complete picture of environmental changes and

human impact on the ecosystem in both time and space.

Though chironomids have proven to be useful in environmental archaeology (e.g. [19-23]), they
have not previously been used for spatial reconstructions of artificial features. Moats, barays and
other anthropogenic ponds have more limited potential to accumulate most of the subfossil
remains in one point than lakes, mostly because of the specific basin morphology. Therefore, a
carefully constructed spatial approach is required, taking into consideration habitat mosaics
within the moat ecosystem. Chironomidae larvae represent an ideal proxy for spatial
reconstruction of artificial features. They are ecologically diverse, sensitive to environmental
changes, and indicative of particular ecosystem conditions and processes [24,25]. Therefore, their

distribution in shallow reservoirs with complex morphometry may be diversified and earlier
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studies based on one sediment profile [5] need to be complemented in order to cover the spatial

aspect.

Considering these issues, our main goal was to reconstruct changes in habitat distribution across
the stronghold’s moat system over time. We aimed to examine: 1) whether the Chironomidae
communities were consistent in different parts of the moat, and 2) if they changed simultaneously
and/or evenly throughout the moat basin. We hypothesised that even in such a small and shallow
water body as a moat, the differences between cores would be significant and, thus, the habitat

mosaic and more aspects of stronghold functioning could be reconstructed.

Study site
Rozprza is located in central Poland, about 60 km south of £ddzZ in the Piotrkéow Plain [26]. The
study site is situated in the middle reach of the Lucigza River valley, a tributary of the Pilica River

in the Vistula River basin (Fig. 1).

Nowadays, the late medieval stronghold remnants with their moat system are situated in an area
covered by fields and meadows between the Rozprza and tochynsko villages (51°18°07” N;
19°40'04"” E). The poorly preserved traces of moats, ramparts and baileys are however still visible
in the field (Fig. 1C) and on DEMs (Digital Elevation Models). The study site is located on the valley
floor with regulated channels of the Lucigza, Rajska and Bogdandwka rivers, as well as a dense

network of drainage canals (Fig. 1B).

The studied fortress was established on the Plenivistulian fluvial terrace remnant, in the area of
the widely spread valley floor. Such a location of the motte-and-bailey was reasonable for
defensive reasons, as the sandy terrace remnant was protected by the surrounding swampy areas
within the valley floor [16,27]. However, the hillock of the terrace remnant occupied by the motte

in the late Middle Ages was very low (up to 1 m).

Late medieval motte-and-bailey timber castle at Rozprza was built about 1330 AD and replaced an
earlier timber and earth ringfort of unclear chronology (between 11" and 13" century AD).
Motte-and-bailey castles were common in western Europe already in the 11" century [28] but
introduced to Poland much later, in the 13" century [29]. In the 14" and 15™ centuries AD it was

one of the most popular types of rural noble residences.

The main moat of the Rozprza motte-and-bailey was established ca. 1330 AD and was later filled
with organic (gyttja and peat) and partially inorganic deposits containing rich remains of wood
(Fig. 2). The fill of the main moat was the subject of a detailed palaeoenvironmental study by

Kittel et al. [5]. The accumulation of overbank silty sandy organic mud took place within the moat
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ditch system as late as in the 18" or 19" c. AD [5,16]. The main moat had a width of 17-21 metres
and a trapezoidal cross-section with a depth of 0.5 m, up to ca. 1.3 m. Wooden constructions
were recorded near the inner slope of the moat ditch — in the form of a palisade created by two
rows of vertical, sharpened wooden poles, and horizontal beams lying behind them. Those
constructions were covered with thick layers of slope deposits (sand with organic mud). Many
large chunks of wood (branches and boughs) were recorded in peat and organic mud of the upper

unit of the moat fill close to the inner slope of the main moat [16].

The second moat had a width of about 11 m and a depth of ca. 0.5 m. In the trapezoid cross-
section it has a flat bottom. The fill of the moat consisted of sand with organic admixtures at the
very bottom, peat with silts, sands and organic mud, and also slope wash deposits on the moat
slopes. The chronology of the feature formation has been estimated to 1485-1634 AD based on
4C data (Table 1). It demonstrates that the secondary moat was built probably in the early 16"
century AD. However, the analysis of most archaeological small finds obtained during field works,
mostly pottery fragments, estimated their age to the period between 14" and a mid-15" century
AD. Evidence of human activity on the stronghold in the 16" century AD is also very limited.
Therefore, an establishment of the second moat in the 15™ century AD cannot be excluded (see

[16]).
Results and interpretation

Chronology of moat deposit accumulation

In total six radiocarbon dates were used for the construction of the age-depth model for the RP
W3(2) core from the deepest studied part of the main moat (Table 1, Supplementary Table S1)
[5,16]. Based on dendrochronological data from a wooden fragment from the moat’s bottom,
establishment of the main moat was defined to ca. 1330 AD. In the early phase, the moat was
filled with gyttja. In the 1*" half of 16™ century AD, a sedentation of peat began. In the early 18" c.

AD the peat was covered with overbank alluvia (Fig. 2).

A comparable pattern of evolution of the main moat was reconstructed based on the age-depth
model for the RP W3(4) core (Table 1, Supplementary Table S2). The lacustrine deposition was
replaced by peat sedentation in the mid-15" ¢. AD. The accumulation of overbank alluvia may
have been initiated in the first decades of the 18" c. AD. The fill of the western part of the moat

was covered in 1944 AD by an embankment from the destroyed stronghold mound [5].

The chronology of the main moat fills in the RP W1 core confirms an establishment of this moat in

the 1°" half of the 14™ c. AD. Moreover, the eastern part of the wet defensive system was filled
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with peat from its beginning up to 16" c. AD (Table 1, Supplementary Table S3). The upper part of

the moat fill in the RP W1 area was probably removed during melioration works in 20" c. AD.

The absolute chronology of the fill of the secondary moat, studied in the RP F2 core,
demonstrates that this additional defensive ditch has been established most probably in the 1*
half of 16™ c. or possibly in the late 15" c. AD (Table 1, Supplementary Table S4). From 18" c. AD,
an effect of flooding is visible recorded by sandy admixtures in organic deposits of the moat fill

(cf. [16]).

Self-organising map and Chironomidae Indicator Species Analysis

The self-organising map (SOM) allowed clusters of core samples with similar community
composition to be produced. The taxa significantly associated with them were then identified

with the Indicator Species Analysis.

Two main clusters were distinguished in the output layer of the SOM: X and Y, comprising the
respective pairs of subclusters: X1 and X2, and Y1 and Y2 (Fig. 3). The subclusters were ordered
according to the gradient observed in the number of indicator species (Fig. 4). Subcluster X1
represents unfavourable conditions for Chironomidae development, mostly overbank deposits
(see Fig. 2). It contains surface samples from RP W3 cores (from 51 cm depth in W3(2) and from
55 cm in the W3(4) profile), samples from 91 to 87 cm of W3(2) core depth, 85-83 cm and 73 cm
of W3(4) core depth, most samples from RP W1 core, and the whole sequence of the second
moat (RP F2 core). The samples from 83 to 55 cm of RP W3(2) core, 75 cm and 63-57 cm of RP
W3(4) core, as well as one sample (29 cm depth) from RP W1 core were assigned to subcluster X2.
They were associated with high organic matter (OM) content (mean 59.9%) and slightly acidic
(mean pH = 6.6), probably telmatic (marshy) conditions (Fig. 2). Cluster Y represents limnetic
conditions. Subcluster Y2 reflects habitat with higher detrital (K, Mg, Ca) and sulphide (Cu, Fe)
element concentrations, grouping bottom samples from the RP W3(2) core up to 95 c¢cm and
samples of 39-37 cm depth from the RP W1 core (Fig. 3). Samples grouped in the subcluster Y1
(81-77 cm and 71-65 cm core RP W3(4) depth, sample from 21 cm core RP W1 depth) are

associated with lower sulphide element content (Fig. 3).

A total of 55 (57%) dipteran taxa were significantly associated with a certain subcluster, i.e. they
were indicators of its respective environmental conditions (Fig. 4). Among these, 24 exhibited
IndVals significant at p<0.001, 20 at p<0.01, and 11 at p<0.05. An upward trend was observed in
the number of such taxa for subclusters in the order X1, X2, Y1, Y2. No palaeoindicator was

significantly associated with subcluster X1, eight taxa were significantly associated with X2, 19
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with Y1 and 28 with Y2. Therefore, this order of subclusters corresponds to increasingly

favourable conditions for development of a rich biota.

The most indicative (at p<0.001) morphotypes for subcluster X2 were Limnophyes-
Paralimnophyes and Parametriocnemus-Paraphaenocladius, which are associated with the semi
terrestrial habitats with slightly acidic water [30]. Ceratopogonid species grouped as Dasyhelea-
type seem to have similar preferences [31], while Chironomini taxa linked to X2 prefer shallow,
muddy water bodies and can occur in seasonal surface water. Chironomids associated with Y1
were mostly typical of warm, productive, littoral habitats, and many of them are phytophilous
(e.g. Glyptotendipes pallens-type, Lauterborniella). However, also associated with this subcluster
were Tanytarsus lugens-type and Paratanytarsus austriacus-type, often recorded in cold,
oligotrophic conditions. Morphotypes significant to subcluster Y2 included both taxa associated
with warm, eutrophic stagnant water (e.g. Micropsectra pallidula-type, Cladotanytarsus mancus-
type, Cryptochironomus) and those preferring meso- and oligotrophic conditions (e.g.
Psectrocladius barbatipes-type and Bezzia-type). Many of them, such as Zavreliella and
Polypedilum sordens-type are associated with macrophytes. Moreover, several chironomids
associated with running water (such as Nanocladius rectinervis-type, Corynoneura coronata-type
and Parachironomus varus-type) were recorded with a significant IndVal in this subcluster. This
differentiation is confirmed by the results of the chemical composition filling from the upper part
of the RP W3(2) core (Fig. 2), because the rich organic sediments (OM even above 90%) are
covered by acidic deposits with organic matter content below 7% and very variable concentration
of lithophilic elements (for example K range 0.17-2 mg/g). The changes in time of sorption
capacity were probably caused by changes in the porosity of the sediments that accumulated in
the moat. This feature is the result of the difference between natural and dry bulk density and it is
particularly modified by the content of very fine fraction in the sediments [32]. In turn, the
increased abundance in nutrients results from a high proportion of the clay fraction, which in the
sediments from RP W3(2) often exceeds 3%, with the maximum of 6.45% (Fig. 2). These features
of the biogenic accumulation environment influenced conditions for the development of

vegetation and chironomids.

Canonical Correspondence Analysis (CCA)

The CCA was done to detect Chironomidae-geochemical signal correlations. Axis 1 explained
11.3% and Axis 2 explained 4.2% of species data variance among individual core samples. For the
species-environment relationship variance, 42.1% was explained by Ax1 and 16.0% by Ax2. The

analysis (Fig. 5) demonstrated that pH, Ca, Pb, Fe and organic matter (p<0.01), as well as Cu and K
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(p<0.05) were significant in shaping Chironomidae assemblages in the moat, with 6.4% of the
variance explained by pH, 4.6% by Ca, 4.2% by Pb, and 3.0% by Fe. Organic matter (OM) and Cu
both explained 2.3%, while K explained 1.5% of the total variance. Pb was positively correlated
and pH negatively correlated with Ax1. The rest of the variables were positively correlated with

Ax2.

The samples grouped in the X1 subcluster generally represented conditions unfavourable for
aquatic biota. Many of them were characterised by relatively high Pb, probably reflecting
increased denudation processes after stronghold abandonment and increased flooding activity in
the 18"-19"™ centuries AD (cf. [5]). This series describes monofraction of the mineral admixture
(share of the sand mainly ranges between 70-90% and M, for 70% number of samples is 1.6-2.2
phi; Fig. 2). According to Kittel et al. [21], in the absence of a clear boundary between individual
layers, identification of flood activity should include changes of colour sediments, caused by
admixture of decomposed and diffused organic matter. In our case, organic matter values varied
little among X1 subcluster samples (mean for this section 29.3%) and corresponded with light-
grey horizon (overbank organic mud and overbank sandy organic mud vide: [5]; Fig. 2) a dozen cm
thick. The taxa typical of the telmatic phase of the moat (X2) were associated with low pH.
Moreover, Limnophyes-Paralimnophyes, Parametriocnemus-Paraphaenocladius and Polypedilum
sordens-type prefer habitats with high organic matter and iron compounds content. However,
among samples classified to the X2 cluster, those from RP W3(2) core were more related to acidic
conditions than those from RP W3(4). Generally more alkaline conditions are preferred by the
chironomids indicative of the limnetic stage of the moat, in particular to subcluster Y2 (Fig. 5).
This is confirmed by the high concentrations of Ca (often above 60 mg/g) (Fig. 2), which is rarely
documented in the deposition environment of the hypergenic zone in Central Europe (cf. [33]).
Thus, intensive chemical denudation and leaching of mineral substrate of variable origins were
confirmed in the catchment of Lucigza River valley, the surface geology and mineralogy of which
was documented in detail by Wachecka-Kotkowska [34]. Those taxa (e.g. Zavreliella and
Cricotopus bicinctus-type) prefer habitats with high Ca and K values. Several phytophilous taxa
(such as Paratanytarsus penicillatus-type, Corynoneura coronata-type and C. arctica-type) seemed
to be more associated with sulphide elements (Cu, Zn), than with pH level. Alkaline conditions are
also important to several taxa indicative of the Y1 subcluster (like Tanytarsus pallidicornis-type 2),

but unlike Y2, these taxa are associated with low element levels (Fig. 5).

In most studied profiles the concentration of sulphide elements was low (Cu: 3.49-57.2 ug/g; Zn:
3.12-210 pg/g; Fe: 1.2-99.3 mg/g) (Fig. 2), but irrespective of lithology, these results are typical

for a river valley environment in Central Europe [35]. The stratigraphy differentiation in deposit
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chemistry indicated that enrichment of Cu and Fe took place during the changes of sedimentation
type from organic rich to mineral input or increased humification. Precipitation of colloidal forms
of these elements was dependent on changes in the local groundwater level [36]. In the Lucigza
River valley the water budget was represented by water flowing underground into the alluvia
coming from the post-glacial areas surrounding the Rozprza stronghold (e.g. Radomsko and
Dobryszyce Hills), the water of the Lucigza river system, and precipitation water that did not

participate in the evapotranspiration processes.

Generalised linear mixed model (GLMM)

To examine whether an individual core can be considered representative of the whole site, we
tested for differences in relative chironomid taxon abundances among cores, controlling for
sample volume and sample age effects. Diagnostics revealed no significant deviations from model
assumptions for the fitted poisson family GLMM. Fixed effect model selection based on AlCc
revealed the full model to be the best-fitting model, including an interaction between core and
species (LL=-3727.7, d.f.=294, AICc=8079.1, weight=1). This indicated a significant difference
among cores RP W1, RP W3(2) and RP W3(4) in chironomid relative species abundance
distributions. Therefore, there may be some error associated with extrapolating results from a
single core across a whole site. The species with the biggest differences among cores in relative
abundance were Chironomus plumosus-type and Dicrotendipes notatus-type, which both are
common, often with high share in the samples. However, they had much higher relative

abundance in core RP W3(2) than RP W1 (Supplementary Table S5).

Discussion and conclusions
The results based on chironomid assemblages generally confirm three main stages of the moat
history: limnetic, telmatic and terrestrial. In addition to the previous study [5], however, we reveal

variation in moat habitat overall and in temporal habitat changes across the moat system.

The afore-mentioned three stages of the moat are visible only in its deepest, south-western part
(both RP W3 cores) (Fig. 2). Here the ecological processes, such as paludification, lasted longer
and the habitat changes were less dynamic, resulting in more stable conditions for biota.
However, the limnetic phase was of a different nature in the RP W3(2) and RP W3(4) cores, which
were located close (12.5 m) to each other. While fresh water from the artificial canal (see Fig. 1C,
6, [5]) firstly supplied the southern part of the moat, the inflow may have been higher in RP W3(2)
than in RP W3(4), probably because of its greater depth (Fig. 6). The significant presence of
rheophilic taxa in the former core (indicative for cluster Y2) supports this. Moreover, the sediment

chemistry record (Fig. 2), in particular values of Fe/Mn ratio (mostly below 50, average 34.1 for Y2
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in RP W3(2) core), suggest higher oxygenation in this part of the moat, which may indicate the
course of the water current. A crucial factor in this case could also be the structure of the moat
bottom closely related to the groundwater level, which determines the habitat diversification of
the plant cover. These processes could lead to the aggregation of soils grains/sediment into
concretions and lumps, which when combined with Fe and decomposed organic matter, can lead
to development of dense hardly permeable zones [37,38]. Such a situation in the studied area
would have a direct impact on the disturbance of vertical water movement and the possibility of
plant rooting, determining the specific geochemical cycle between moats-plants-sediments. While
habitats in both RP W3 cores during the limnetic phase, with high pH and dense vegetation, could
support well-functioning biotic communities, conditions in the shallower part of RP W3(4) were
slightly less favourable for chironomids. There, the limnetic stage is reflected mainly in the Y1
subcluster, interrupted by single samples indicating lower diversity of chironomid assemblages.
The telmatic phase in this core could have started earlier than in RP W3(2), as indicated by peat
deposits and the X2 cluster. This effect may be caused by the location of RP W3(4) close to the

moat edge, resulting in faster sedentation and shallowing of the moat bottom.

The north-eastern part of the main moat had worse conditions for chironomid development, as is
shown by cluster X1 containing most samples from the RP W1 core (Fig. 2). Generally, the RP W1
core is characterised by relatively uniform lithology, consisting mostly of peat (with periodical
supply of the mineral fraction, including sands). It is the result of much shallower conditions of
this part of the main moat resulting in dominating sedentation of peat. During the first phase of
the moat history (up to ca. 1440 AD), episodes of more complex chironomid assemblages were
recorded, as reflected by clusters Y2, X2 and Y1 (Fig. 2), and higher chironomid richness and
abundance (Supplementary Fig. S3). They may indicate some limnetic episodes also in the NE part
of the moat (Fig. 6), though not as clear and stable as in its deeper southern part. Despite slight
differences in the concentration of most elements, they are confirmed by selected geochemical
indicators (e.g. increase of Fe/Mn ratio to 82). These episodes are also accompanied by a clear
decrease in the values of denudation indicators (i.e. Na/K from 0.12 to 0.04 and Ca/Mg from 0.03
to 0.01) (Fig. 2). The record of the RP W1 core ends approx. 1560 AD, probably because of the

anthropogenic removal of the top parts of the moat filling during drainage works in the 20" c. AD.

The second moat (RP F2 core) was created not earlier than in the 2" half of 15™ century, and
most probably ca. 1500 AD (see Fig. 2, Supplementary Table S4). In fact, it is not certain whether it
was built as a functional moat, or possibly as a dry ditch (e.g. for melioration or defensive
purposes). The chironomid scarcity and high admixture of sands (Fig. 2, 5) rather support the later

possibility. Moreover, the secondary moat was much narrower (ca. 11 m) than the main one, so
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active slope processes provided a constant supply of mineral matter (mostly sands). This moat
was functioning briefly, as the motte could be redeveloped, probably temporarily in the 16"

century AD [5].

The results of habitat reconstruction confirm the modelling (GLMM) outcome that one core does
not show the entire history of the moat. This is because a moat is not a typical water body — not
only very small and shallow, but also with a specific shape. The steep, almost vertical banks,
artificial channels, depth differences and many other features had a crucial impact on the
sediment spatial composition and, hence, also on moat functioning. Anthropogenic wood and
other artefacts and ecofacts in the bottom can serve as an additional habitat, e.g. for periphyton

development.

Besides Rozprza, only a few moats in Europe had hitherto been studied using palaeoecological
analyses (e.g. [39-41]), and they mostly focused on human economy and functioning, rarely
touching the issue of the moat ecology itself. Moreover, some of these studied defensive objects
were dry (e.g. in Prague [42] and Gdansk [43]). The external moat of the Czermno stronghold [44]
seems to be comparable with the Rozprza site, though they cover different time spans. Both
features evidenced relatively fast peat sedentation and paludification in comparison with natural
water bodies (cf. [17]). Well studied was the moat system in the Tum (teczyca) stronghold,
including palynological and plant macrofossil analyses from its different parts [45,46]. However,

any further spatial reconstruction of the environmental conditions within the feature is provided.

Moats and similar human-made features are hardly comparable with natural ecosystems. While
the multiple coring approach is sometimes undertaken i.e. to track past water-level changes
[47,48], in such archaeological sites as Rozprza motte, various factors need to be considered, in
particular human impact. In waterlogged sites, such as the Serteya Neolithic pile-dwelling, the
human-environment relation can be tracked alongside the quantitatively reconstructed climatic
background [22,49]. Palaeoecological methods are of great importance while tracking the history

of the cities, like Gdansk [50] and London [51] with the use of profiles of wet sediments.

In the majority of archaeological sites, if palaeoecological studies are undertaken, they focus on
the surroundings of the excavations, mainly because of the lack of wet organic sediments to take
core from (e.g. [52,53]). Another issue is the cost and time, which need to be taken into
consideration with any additional core. In our case, the cores of sediments were taken as
monoliths directly from the walls of archaeological trenches, and the profiles were relatively
short, which was a great convenience. The additional cores, however, were examined only with

respect to lithological and geochemical composition, accompanied by chironomid analysis. With
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the use of macrofossil analysis, habitat diversity could be even more accurately mapped, which is

worth considering in future research.

To sum up, multiple cores are required to get a complete picture of the spatio-temporal changes
within the ecosystem. The environmental reconstructions from the deepest part of the moat (RP
W3(2)) presented in Kittel et al. [5] are substantiated here, and the results are largely consistent
with the core taken from the same trench (RP W3(4)). However, the sequences from the second
moat (RP F2) and the NE part of the main moat (RP W1) significantly complement the
reconstruction and help give a better understanding of the functioning of moat ecosystems and

motte-and-bailey strongholds.

This study represents the first reconstruction of moat habitats during its functioning that consider
spatial variation. It is likely that many similar water bodies could be investigated this way,

broadening our knowledge about past societies and ecology of such human-made ecosystems.

Material and methods

Fieldwork

The research in Rozprza began with a non-destructive survey carried out in 2013-2015. Methods
included analytical field walking, aerial photography, geophysical and geochemical prospecting, as
well as thorough geological mapping. A dense network of cores taken with a hand auger resulted
in elaboration of detailed cross-sections of the ringfort vicinity. Thanks to this investigation it was
possible to localise some archaeological and palaeogeographical features [27,54]. This led to the
next extensive, interdisciplinary investigation. This fieldwork was conducted in 2015-2016, with
the use of archaeological trenches, geological outcrops and a wide range of palaeoecological
studies. They aimed to reconstruct the environmental conditions and settlement history of the

mediaeval stronghold at Rozprza [5,16,55].

The procedure of exposing trenches included removing successive 10-cm layers of sediments,
distinguishing stratigraphic units within them, and wet-sifting with a 4x4 mm sieve in order to
collect archaeological artefacts and ecofacts. All trench walls and collected features were
thoroughly documented as orthophotos. The sediments for palaeoecological analyses were
collected from the trench walls as monoliths using metal boxes with dimensions of 50x10x10 cm.

Thanks to this method, the undisturbed structure of the sediments was preserved.

The RP W1 profile was collected from the deepest section of the trench 1/2015. This trench, with
dimensions 2.5x12 m, was exposed in the eastern part of the main moat (Fig. 1C). Wooden

vertical posts, associated with numerous fragments of wood, were revealed in the bottom of the
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moat. The moat was shallow here, reaching up to 50 cm depth. Two cores of sediments were
collected from the trench 3/2015 (1.5%x25 m), situated in the south-western part of the main
moat. The RP W3(2) profile was taken from the deepest part of the main moat and RP W3(4) from
its shallower part. Trench 3/2015 exposed the very well preserved moat fill, adjoining the outer
rampart and the motte mound, allowing for their full cross-section. The RP F2 profile was taken
from the thoroughly deepened and purified wall of the drainage ditch, which currently crosses the
secondary moat. The deposits were collected from the deepest part of the smaller southern moat

(Fig. 1C).

Digital reconstruction of the main moat relief

The 3D reconstruction model of the bottom of the main moat was prepared within the GIS
environment (Qgis, SAGA GIS and PlanlaufTerrain softwares) using point cloud of Airborne Laser
Scanning (ALS) already accessible via the Geoportal.gov.pl web service. This was supplemented
with results of detailed coring (80 drillings in the distance 1 or 2 m) of the moat as well as results
of excavation of archaeological trenches 1/2015 and 3/2015. Contemporary bare earth points
covering the moat in the ALS derived point cloud were replaced by points with the height values
of the surface of mineral bedrock indicating the original bottom of the moat. Subsequently, all the
points were interpolated to obtain a Digital Elevation Model of the stronghold area with the main
moat virtually reconstructed and emptied. This allowed for modelling water circulation and

subsequent changes of moat states.

Geochemical and sedimentological analysis

Detailed geochemical tests covered material from the four cores presented here (133 samples
from 4 cores) (Fig. 2). The basic physical and chemical parameters were the following: organic
matter content (LOl — loss on ignition), calcium carbonate (CaCOs;) content (volumetric
measurement of CO, from conversion of CaCOs; by 10% HCIl) and reaction (pH in distilled water).
All parameters were measured in 2-cm resolution according to the procedure by Tolksdorf et al.
[56]. Ash material without organic matter (remaining after LOI) was dissolved with concentrated
65% HNO3, 10% HCl and H,0, in a Berghof Speedwave microwave mineralizer. Elements with
palaeoenvironmental significance (Na, K, Ca, Mg, Fe, Mn, Cu, Zn and Pb) identified in the resulting
solution were marked by the atomic absorption spectroscopy (AAS) method with used of Solar

Unicam and following procedure after Boréwka [36].

Paleoenvironmental conditions responsible for the sedimentation of the studied deposits were

interpreted by determining the quantitative ratios of the elements (such as: Na/K, Fe/Mn and
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Cu/Zn) with the assumption that the individual lithogeochemical components came from different

sources (cf. [49]).

The grain size composition of mineral ash (treated as terrigenous silica) remaining after solution
was prepared as in Clift et al. [57] as determined using a Mastersizer 3000 laser particle-size
analyser (Malvern). The grain-size data were stored and processed using GRADISTAT software v.

8.0 [58].

Chironomidae analysis

The samples for Chironomidae analysis were taken as contiguous 2-cm slices of the sediment
from each profile, besides RP W3(2) core, from which they were collected with 4 cm resolution.
The number of samples analysed in each profile was similar (ranging between 23 in RP W1 and 27

in RP W3(2)), while sample volume varied between 5 cm® and 70 cm®.

Chironomidae preparation methods followed Brooks et al. [25]. The sediments were passed
through a 63 um mesh sieve. If head capsule (hc) concentration in the sediments was low,
kerosene flotation was used following the procedure of Rolland and Larocque [59]. Processed
sediment was scanned under a stereo-binocular microscope. Where applicable, a minimum of 50
(preferably 100) chironomid head capsules from each sample were picked and mounted in
Euparal®. Identification of taxa followed Schmid [60], Brooks et al. [25], and Andersen et al. [61].
Ecological preferences of identified taxa are based mainly on Brooks et al. [25], Vallenduuk and
Moller Pillot [62], Moller Pillot [30,63], and Luoto [31]. The chironomid sequences are presented

on stratigraphic diagrams (Supplementary Figures S1-S4) created with C2 software [64].

Radiocarbon and dendrochronological dating

The chronology of the Rozprza moat system was estimated using radiocarbon (**C) and
dendrochronological methods. Both dendrochronological and conventional radiocarbon dating of
organic material using the LSC technique were performed in the Laboratory of Absolute Dating in
Krakéw (Poland). A few wood fragments sampled during moat system exploration [16] were

dendrochronologically dated using standard procedures [65].

A total of 15 samples from moats of the Rozprza motte-and-bailey were collected for radiocarbon
(**C) dating (Table 1). Thirteen of these were sampled from three cores of the main moat and two
were from the southern secondary moat (cf. [16]). For the full cross-section of the deepest part of
the main moat, seven dates were obtained for the RP W3(2) core and four for RP W3(4) [5]. Two
more datings were made for the RP W1 core from the eastern shallow part of the main moat, and

a further two **C dates for the RP F2 core in the southern additional moat.
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Twelve samples of bulk organic deposits (organic mud, peat or gyttja) were dated using the liquid
scintillation technique (LST) and three samples of selected terrestrial plant macrofossils dated
using the accelerator mass spectrometry technique (AMS). All samples were chemically pre-
treated using the AAA (acid-alkali-acid) method. The procedure for conventional radiocarbon
dating of organic material using the liquid scintillation counting method (LSC) included the
standard synthesis of benzene from organic samples [66]. **C measurements were carried out
with a 3-photomultiplier spectrometer, the HIDEX 300SL [67] and Quantulus 1220. Organic
samples dated using the AMS technique were combusted, purified, and graphitised with Fe
catalyst [68,69]. The mixture of graphite and Fe powder was pressed into a target holder and
measured with the AMS system at the Centre for Applied Isotope Studies at the University of
Georgia, USA [70] or in the Accelerator Mass Spectrometry Laboratory (D-AMS laboratory code) in

Seattle (see [71] for details).

Calibrated radiocarbon ages (BC/AD) were made using the IntCal20 radiocarbon calibration
dataset [72] and the OxCal 4.4.2 calibration software [73,74]. The age-depth curves for studied
cores were elaborated based on the OxCal P_Sequence model [75]. The age-depth models were
obtained separately for four studied cores. More detailed chronology was obtained for the
longest RP W3(2) core and the new model slightly differs from that published by Kittel et al. [5].
For the RP W3(2) core and the RP W3(4) core, dendrochronological dates for a fragment of
wooden ecofact found in the very bottom of the main moat was included into both age-depth
models (cf. [5]). More detailed chronology has been obtained for the longest RP W3(2) profile and
the new model slightly differs from that published by Kittel et al. [5]. A dendrochronological date
from a fragment of wooden ecofact found in the very bottom of the main moat was included into
RP W3(2) and RP W3(4) age-depth models (cf. [5]). For an estimation of absolute chronology of
selected palaeoenvironmental events, the probability distributions of the modelled calendar ages
for 1-cm intervals of deposits were calculated (Supplementary Tables S1-54). It was used for

estimation of absolute chronology of selected palaeoenvironmental events.

Statistical data analyses

Self-organising map and Indicator Species Analysis

Patterns in the dipteran assemblages were recognized with Kohonen’s (unsupervised) artificial
neural network (ANN), also referred to as a self-organising map (SOM) [76,77]. Artificial neural
networks (ANNs) are simple structural and functional models of the brain. ANNs have many

advantages, which allow a researcher to apply them to “difficult” data. They do not require any a
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priori specification of the model underlying a studied phenomenon because they learn it based on
the processed data. They are also robust to noise in data [78,79]. This is important for the
purposes of the present study, because taxa abundances in field samples do not reflect exactly
the original abundances of populations [80]. Additionally, in palaeoecological research the long
time separating the living populations and their sampling, and resulting decomposition and
fragmentation additionally enhance the problem [81]. ANNs are also robust to non-linear
relationships between variables and to non-normal distributions in data [82,83]. This is also
crucial in this study because the counts of rare species cannot be effectively normalised by any
transformation due to their absence in most samples and therefore strongly skewed variable
distributions [82,84]. Furthermore, dipteran assemblages are shaped by many abiotic and biotic

factors that are related in complex ways.

Kohonen’s ANNs are constructed from data processing units (neurons) arranged in two layers: an
input layer used for data input, and an output layer responsible for data structuring and output.
The data used for the SOM analysis comprised log-transformed abundances of 97 taxa recorded in

79 non-empty core samples.

They were displayed on the input layer comprising 97 neurons (one input neuron per taxon). The
output neurons were arranged as a two-dimensional rectangular lattice. The number of output
neurons should be close to 5Vn, where n is the number of samples; in this case the result was 44

(see [85]). Therefore, the final size of the lattice was 7 x 6 (= 42) neurons.

Each input neuron repeatedly transmitted signals to each output neuron. These signals were
strengthened or weakened by modifying the weight of the connections between neurons. On this

basis, a virtual dipteran core sample (DCS) was created in each output neuron.

The distance between virtual DCSs on the two-dimensional lattice exhibited their mutual
dissimilarity, i.e. virtual DCSs in distant output neurons differed considerably while those in
neighbouring output neurons were similar. The latter might not be true when the neighbouring
output neurons were in different (sub)clusters as the virtual DCSs, and respective output neurons,
were additionally clustered with hierarchical cluster analysis (with Ward algorithm and Euclidean

distance) [78,85,86].

Finally, each real DCS was assigned to the best matching virtual DCS and the respective output
neuron. Therefore, the mutual distance of the real DCSs on the two-dimensional lattice was a
derivative of the mutual dissimilarity and position of virtual DCSs: significantly dissimilar real DCSs
were located in distant neurons, while similar real DCSs were located in the same neuron or in

adjoining neurons [83].
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The batch training algorithm was chosen for the purpose of network training, because it does not
require any training rate factor to be specified [78]. The network training and the clustering of
virtual DCSs were performed with the use of the SOM Toolbox [87] developed by the Laboratory
of Information and Computer Science at the Helsinki University of Technology

(http://www.cis.hut.fi/projects/somtoolbox/).

The SOM Toolbox allows the associations between dipteran taxa and SOM regions to be visualised
in the form of greyness gradients over the two-dimensional lattice [83]. This visualisation may
facilitate the formulation of ecological conclusions as taxa with the same patterns of greyness

usually co-occurred and exhibited similar habitat preferences.

However, the SOM Toolbox does not provide a statistical verification of those associations. For
this reason, the untransformed dipteran abundance data were subjected to Indicator Species
Analysis (ISA): the associations between each dipteran taxon and each subcluster of output
neurons, and its respective environmental conditions, were expressed in a numeric form with the
indicator values (IndVals) [88]. IndVals complement the visualisation in the form of greyness
gradients. An IndVal (range 0-100%) of taxon i in all real DCSs of subcluster j is a product of three
variables: (1) A; — a measure of specificity, i.e. the mean abundance of taxon i in real DCSs
assigned to subcluster j divided by the sum of its average abundances in all subclusters (%), (2) F;
— a measure of fidelity, i.e. the frequency of occurrence of taxon i (%) in real DCSs assigned to

subcluster j, and (3) the constant 100 in order to produce the percentages:
IndVal; = A; x F;; x 100
A;; = taxon abundance;; / taxon abundance;
F;j= N real core samples; / N real core samples;

The maximum IndVal (100%) was observed when all real DCSs with taxon i were assigned to
subcluster j and when taxon i was present in all real DCSs assigned to subcluster j [88]. Significant
maximum IndVals, and therefore significant associations of individual taxa with a given SOM
subcluster (and its respective environmental conditions), were identified with Monte Carlo
randomisation statistics. The significance level was calculated as the proportion of randomised
trials with IndVal exceeding or equal to the observed IndVal. The above calculations were

performed in PC-ORD [89].

Generalised linear mixed model

We asked whether chironomid taxon composition was consistent across sediment cores, so that

results from a single core could be extrapolated across the whole site. Following Hadfield et al.
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[90], we used a poisson family generalised linear mixed model (GLMM) with log link to test
whether relative species abundances differed between cores RP W1, RP W3(2) and RP W3(4).
Core RP F2 was excluded due to low temporal overlap of RP F2 sample ages with other cores,
particularly core RP W1 (Fig. 2). Three samples with no age estimate from radiocarbon dating
were excluded. Chironomid morphotypes that were absent from a core, age category, or sample
were included as zero counts. After reducing samples to only those with strongly overlapping ages
among the three cores, sample age was converted to a factor with 6 levels, to allow for
nonlinearities in changes in species abundance over time. All resulting age categories were

represented by all studied cores. This resulted in a dataset with 5141 individual species counts.

The response variable in the generalised linear mixed model (GLMM) was the untransformed
count of individuals of each chironomid morphotype in each sample. To control for variation in
sediment volume among samples, we included In(sample volume cm?®) as an offset (logged
because we fit a poisson model with log link), so that the fixed effect parameter estimates
represented the effects of predictors on chironomid counts per unit sediment volume. Fixed
effect predictors included core, chironomid taxon, and their interaction. Sample age category and
its pairwise interactions with core and morphotype were included as random effects to control for
temporal variation in abundances. The core:(morpho)species interaction fixed effect therefore
tested for differences among cores in relative species abundance, controlling for differences in
overall abundance among cores and morphospecies (fixed main effects), sample volume (offset),
and any influence of sample age (random effects). All analyses were run in R version 4.1.2 [91].
GLMM was performed using the R package glmmTMB [92]. Model diagnostics were performed in
DHARMa [93], and fixed effect model selection based on AICc carried out in MuMIn [94]. All

random effects were included in every model.

Post-hoc comparison of relative species abundance differences among cores for individual
chironomid morphotypes, based on the estimated core:morphospecies interaction, were carried
out in the R package phia [95]. This package is not compatible with mixed effects models and so
these analyses are based on a GLM model including fixed effects only, run using base R’s glm

function.

Canonical Correspondence Analysis

Because the performed DCA for all four combined cores dataset revealed long biological data
gradients (4.499 on Ax 1 and 4.787 on Ax 2 [SD units]), Canonical Correspondence Analysis (CCA)
was selected to compare geochemical and biotic variable patterns. Due to autocorrelation, Na

and Mg content were excluded from the further analysis. The CCA was performed on square-root
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transformed data with downweighting rare taxa, biplot scaling and inter-sample distance. The
significance of environmental variables relating to the biota was tested with the Monte Carlo

permutation with automatic selection and permutation under full model.
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Table 1. The results of radiocarbon dating of the organic deposits of Rozprza moats.

Core Lithology Depth Laboratory code Dated material 14C age Calibrated age (cal AD)
(cmb.g.l.)  /dating method (yr BP) 68.2% 95.4%
RP top of overbank organic mud 42-47 MKL-2839/LST overbank deposits bulk 120440 1690-1922 1647-1943
W3(2
) top of peat 55-60 MKL-2840/LST peat bulk 230435 1641-1800 1525-...
peat 75-80 MKL-2841/LST peat bulk 320+40 1506-1639 1472-1650
peat/coarse detritus gyttja 85-90 MKL-2842/LST gyttja bulk 370435 1458-1622 1449-1635
upper part of coarse detritus gyttja 92-94 MKL- Rubus idaeus — 2 seeds 409436 1440-1615 1428-1629
3504A/AMS Solanum nigrum — 1 seed
bottom of clayey coarse detritus gyttja 130-135 MKL-2843/LST gyttja bulk 1280450  667-773*  656-877*
sand with plant detritus 134-136 D-AMS 016324 Rumex sp. — 2 inflorescences 715+43 1265-1380 1225-1390
JAMS Chenopodium rubrum — 1 leaf
Urtica dioica — 2 leaves
RP top of overbank organic mud 38-43 MKL-2958/LST overbank deposits bulk 10040 1694-1918 1680-1939
W3(4
@ peat 50-55 MKL-2957/LST peat bulk 200+40 1655-1950 1642-1950
peat/coarse detritus gyttja 60-65 MKL-2956/LST gyttja bulk 460+40 1417-1455 1401-1616
bottom of clayey coarse detritus gyttja 75-80 MKL-2955/LST gyttja bulk 1190+60° 710-950*  681-990*
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Table 1. Continued.

Core Lithology Depth Laboratory code Dated material 14C age Calibrated age (cal AD)
(cmb.g.l.)  /dating method (yr BP) 68.2% 95.4%
RP W1 bottom of muddy peat 20-22 MKL- Urtica dioica — 5 fruits 479422 1425-1442 1414-1450
A5577/AMS Mentha arvensis — 1 fruit
Thalictrum flavum — 1 fruit
Carex flava — 15 fruits
Sambucus sp. — 1 seed
bottom of peat 40-45 MKL-2609/LST peat bulk 610450 1305-1397 1289-1415
RP F2 bottom of sandy organic mud 38-43 MKL-2966/LST organic deposits bulk 8040 1695-1916 1683-1936
bottom of peat 60-65 MKL-2967/LST peat bulk 340450 1484-1634 1455-1646

" date recognised as outlier (redeposited material), not included in age-depth model
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Photo P. Wroniecki

Figure 1. A — Study site location in the territory of Poland. B — The satellite picture of the
contemporary surroundings of the study area. The red arrow indicates the stronghold’s remnants
(source: Google Earth, modified). C — Aerial photo of the study area. The locations of the studied
profiles (cores) are marked by yellow dots. Arrows indicate the traces of artificial elements visible

in the terrain relief (photo: P. Wroniecki, 2015).
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Figure 2. Core correlation with reference to: modelled chronology, Chironomidae-inferred SOM subcluster zones (symbols are used as in the Fig. 3), lithology, grain-size composition, lithogeochemical results and statistical relations of

selected elements. Question mark means uncertain date of the secondary moat establishment. Geochemical periods were designated on the variable results with respect to average values Na/K (mean=0.12), Fe/Mn (mean=60) and

Cu/Zn (mean=0.27) ratios.
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Figure 3. Seventy nine non-empty core samples assigned to 42 self-organising map (SOM) output
neurons (A1—G7). The neurons are arranged into a two-dimensional lattice (7x6). Clusters (X and
Y) and subclusters (X1, X2, Y1 and Y2; shown in different degrees of greyness) of neurons have
been identified with the use of hierarchical cluster analysis. Sample codes are arranged as follows:
first two signs stand for core symbol (W1 — RP W1, W2 — RP W3(2), W4 — RP W3(4), F2 — RP F2),

followed by numbers referring to depth (in cm b.g.l.).
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< 0.05) associated with SOM subclusters X2, Y1

Figure 4. Fifty five dipteran taxa significantly (p

8, 19 and 28 taxa). No palaeoindicator was significantly associated with

and Y2 (respectively,

it is darker for a stronger

’

subcluster X1. The shading is scaled independently for each taxon;

IndVal) is shown above

(

each taxon plane; IndVals and their significance levels were calculated on the basis of real core

association in virtual core samples. Maximum observed indicator value

is not presented

), which is indicative of subcluster Y1,

samples. The plane for Procladius (56***

it resembles the plane for Ablabesmyia.

’

for graphical reasons;
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&Figure 5. CCA biplot showing changes in the moat states expressed by SOM subclusters
represented by indicative Chironomidae taxa (triangles) and sediment samples (circles), under a
gradient of environmental variables (A). Variables correlated with Ax1 are shown as red arrows,
while those correlated with Ax2 are shown as blue arrows. Mn and Zn were not significant for the
analysis. Taxa and samples associated with each subcluster are coloured differently. Sample codes
given on zoom (B) are arranged as follows: first two signs stand for core symbol (W1 — RP W1, W2
—RP W3(2), W4 — RP W3(4), F2 — RP F2), followed by numbers referring to depth (in cm b.g.l.). For

full names of taxa see Supplementary Table S5.

A. 1329 - ca. 1450/1500 AD

B. ca. 1370-1380 AD, ca. 1400-1410 AD, ca. 1430-1440 AD
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Figure 6. Phases and episodes of different moat states over time: A — limnetic stage only in the
southern (deeper) part of the main moat (1329 - ca. 1450/1500 AD); B — limnetic stage in the
whole main moat, episodes of higher water level in the NE part of the moat, indicated by Y2, X2
and Y1 subclusters in the core RP W1 (ca. 1370-1380 AD, ca. 1400-1410 AD, ca. 1430-1440 AD); C
— construction of the southern secondary moat, telmatic stage (ca. 1500 - ca. 1710/1750 AD); D —
terrestrial stage in the both moats up to their covering with the material from the stronghold’s

mound in 20" century AD (ca. 1750 - 1944 AD).
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Supplementary information

Supplementary Table S1. The P_Sequence depth/age model for the RP W3(2) core. Indices: A odel = 63.1, Agveran = 63.7.

Name Depth ¢ age Calibrated age (cal AD) Modelled age (AD) Mean age Indices
(emb.gl)  OrBP) g o0 95.4% 68.2% 95.4% +10/(AD) A C

Boundary Top 0.0 1701-1914 1677-2088 1851+ 119 95.0
R_Date 42-47 44.5 120+40 1690-1922  1647-1943 1673-1856 1667-1919 177176 97.1 98.0
R_Date 55-60 57.5 230435 1641-1800 1525-... 1641-1796 1635-1802 1695 + 57 114.4 99.1
R_Date 75-80 77.5 320+40 1506-1639 1472-1650 1513-1637 1490-1645 1568 + 45 105.0 97.6
R_Date 85-90 87.5 370435 1458-1622  1449-1635 1460-1523 1452-1625 1517 + 48 108.7 98.1
R_Date 92-94 93.0 409136 1440-1615  1428-1629 1448-1502 1436-1618 1494 + 47 104.7 99.2
R_Date 134-136 135.0 715+43 1265-1380 1225-1390 1325-1378 1325-1387 1345+ 21 22.8 98.0
C_Date 136* 136.0 1328-1329 1328-1329 1329 100.0 100.0
Boundary Bottom 136.0 1328-1329 1328-1329 1329 100.0

OxCal v4.4.2 [73]: r.5 Atmospheric curve [72]
* dendrochronological data of wood fragment 1329 AD
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Supplementary Table S2. The P_Sequence depth/age model for the RP W3(4) core. Indices: Anodel = 98.8, Aoveran = 98.7.

Name Depth 1C age Calibrated age (cal AD) Modelled age (AD) Mean age Indices
(emb.gl)  OrBP) g o0 95.4% 68.2% 95.4% +10/(AD) A C

Boundary Top 0.0 1717-2051 1689-2348 1969 + 174 97.6
R_Date 38-43 40.5 100+40 1695-1916  1679-1941 1703-1912 1681-1940 1823 +74 100.6 99.3
R_Date 50-55 52.5 20040 1656-... 1640-... 1647-1796 1529-1846 1713 £ 62 104.3 99.7
R_Date 60-65 62.5 460440 1420-1459 1401-1615 1420-1465 1404-1620 1460 + 48 92.8 99.8
C_Date 83* 83.0 1328-1329 1328-1329 1329 100.0 100.0
Boundary Bottom 83.0 1328-1329 1328-1329 1329 100.0

OxCal v4.4.2 [73]: r.5 Atmospheric curve [72]
* dendrochronological data of wood fragment 1329 AD
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Supplementary Table S3. The P_Sequence depth/age model for the RP W1 core. Indices: Amogel = 96.8, Agveranl = 97.

Name Depth 1C age Calibrated age (cal AD) Modelled age (AD) Mean age Indices
(emb.gl)  OrBP) g o0 95.4% 68.2% 95.4% +10/(AD) A C
Boundary Top 0.0 1427-1570 1413-1878 1554 + 133 96.8
R_Date 20-22 21.0 479+22 1425-1442  1414-1450 1424-1442 1413-1450 1432 +9 98.0 99.9
R_Date 40-45 42.5 610+50 1305-1397  1289-1415 1313-1407 1295-1421 1360 £ 36 97.8 97.7
Boundary Bottom 45.0 1309-1405 1229-1430 134072 97.2
OxCal v4.4.2 [73]: r.5 Atmospheric curve [72]
Supplementary Table S4. The P_Sequence depth/age model for the RP F2 core. Indices: Anodel = 98.5, Agverall = 98.5.
Name Depth € age Calibrated age (cal AD) Modelled age (AD) Mean age Indices
(embegl)  OrBP) oo o0 95.4% 68.2% 95.4% +10(AD) A C
Boundary Top 0.0 1749-2269 1741-2606 2121 +239 96.4
R_Date 38-43 40.5 80140 1695-1916  1683-1936 1688-1909 1674-1927 1792 £ 81 98.1 99.7
R_Date 60-65 62.5 340450 1484-1634 1455-1646 1501-1641 1459-1650 1567 + 58 99.8 99.1
Boundary Bottom 65.0 1491-1636 1261-1794 1522 + 127 98.4

OxCal v4.4.2 [73]: r.5 Atmospheric curve [72]
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Supplementary Table S5. List of all recorded Chironomidae and Ceratopogonidae morphotypes

with their codes used in CCA analysis. Relative abundance of each taxon in each of the three

cores, as estimated by the core:species interaction in a generalised linear mixed model, and

controlling for absolute abundance per core and taxon (fixed effects).

Full morphotype name Morphotype Core

code RPW1 RPW3(2) RPW3(4)
Chironomus plumosus-type Chplu -10.18747 11.15291  -0.96544
Dicrotendipes notatus-type Dnot -7.17553 8.50099  -1.32546
Ablabesmyia Ablab -4.95403 6.34782  -1.39379
Microtendipes pedellus-type Miped -4.42917 2.44485 1.98432
Cricotopus intersectus-type Crint -4.01220 7.91084  -3.89864
Procladius Procl -3.99015 5.28209  -1.29193
Polypedilum nubeculosum-type Pnube -3.49460 1.92962 1.56498
Paratanytarsus penicillatus-type Parpe -2.84300 5.49873  -2.65573
Tanytarsus nemorosus-type Themo -2.58333 5.75840  -3.17508
Endochironomus impar-type Endim -2.39718 2.56546  -0.16828
Corynoneura arctica-type Corar -2.34443 5.36854  -3.02411
Limnophyes Limnop -1.77060 4.02722  -2.25662
Guttipelopia Guttip -1.13742 2.63458 -1.49716
Chironomus anthracinus-type Chant -0.91131 0.32552 0.58579
Tanytarsus pallidicornis-type 2 Tpal2 -0.86363 0.96176  -0.09813
Phaenopsectra flavipes-type Phfla -0.58267  -0.03869 0.62135
Cricotopus bicinctus-type Crbic -0.57186 1.60563  -1.03377
Cricotopus laricomalis-type Crlar -0.33296 1.21577  -0.88281
Psectrocladius sordidellus-type Pssor -0.30111 0.87541  -0.57430
Tanypus Tanypu -0.26548 0.77649  -0.51100
Bezzia-type CBezz -0.19722 0.94785  -0.75063
Parametriocenmus-Paraphaenocladius Paraph -0.16687 0.79210 -0.62523
Cricotopus cylindraceus-type Creyl -0.14776  -0.24509 0.39285
Endochironomus tendens-type Endte -0.12772 0.21006  -0.08234
Cladopelma goetghebueri-type Clgoe -0.12254  -0.38209 0.50463
Monopelopia tenuicalcar Monot -0.00378 0.73764  -0.73386
Polypedilum sordens-type Psord 0.02056 0.33067 -0.35123
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Glyptotendipes pallens-type
Tanytarsus pallidicornis-type 1
Paramerina-Zavrelimyia
Dicrotendipes nervosus-type
Tanytarsus mendax-type
Corynoneura edwardsi-type
Zavreliella

Psectrocladius limbatellus-type
Einfeldia pagana-type
Corynoneura coronata-type
Parachironomus varus-type
Cladotanytarsus mancus-type
Psectrocladius barbatipes-type
Psectrotanypus varius
Chaetocladius piger-type
Acricotopus

Tanytarsus lactescens-type
Glyptotendipes caulicola-type
Glyptotendipes barbipes-type
Cricotopus tremulus-type
Cricotopus obnixus-type
Phaenopsectra type A
Paratanytarsus type A
Psectrocladius flavus-type
Paratendipes albimanus-type
Lauterborniella
Pseudosmittia
Cryptochironomus
Micropsectra pallidula-type
Nanocladius rectinervis-type
Paracricotopus
Rheotanytarsus

Diplocladius

Glpal
Tpall
Parzv
Dnerv
Tmend
Cored
Zavrla
Pslim
Epag
Corco
Parva
Cladm
Psbar
Psvar
Chpig
Acric
Tlact
Glcau
Glbar
Crtre
Crobn
PhA
ParA
Psfla
Paral
Lauter
Psmitt
Crypch
Mpall
Nanre
Paracr
Rheota

Diploc

0.04143
0.05388
0.14617
0.14643
0.26586
0.27611
0.30095
0.31852
0.39034
0.39065
0.43068
0.49879
0.55727
0.57131
0.59377
0.60384
0.60694
0.66294
0.68749
0.71508
0.73605
0.74107
0.75473
0.75913
0.76403
0.80870
0.82449
0.86413
0.87730
0.87730
0.87730
0.87730
0.88132

-0.16657

0.56263
-0.81379
-0.08923

0.00253
-0.03498

0.01752
-0.26168
-2.13646
-0.18955
-0.50162
-0.40584
-0.72713
-0.52320
-0.55607
-0.90189
-0.62213
-1.67776
-0.78679
-0.83842
-0.68668
-1.35441
-0.96099
-1.17413
-0.92781
-1.71810
-0.97423
-1.09680
-1.16285
-1.16285
-1.16285
-1.16285
-1.18650

0.12514
-0.61651
0.66761
-0.05719
-0.26838
-0.24113
-0.31847
-0.05684
1.74612
-0.20110
0.07094
-0.09296
0.16986
-0.04811
-0.03770
0.29805
0.01519
1.01482
0.09930
0.12333
-0.04937
0.61333
0.20626
0.41500
0.16378
0.90941
0.14974
0.23266
0.28555
0.28555
0.28555
0.28555
0.30518
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Kiefferulus tendipediformis
Thienemannimyia group
Paratanytarsus austriacus-type
Glyptotendipes severini-type
Tanytarsus chinyensis-type
Dasyhelea-type

Natarsia

Pseudorthocladius
Endochironomus albipennis-type
Smittia foliacea-type

Einfeldia natchitocheae-type
Cladopelma viridulum-type
Hydrobaenus conformis-type
Micropsectra contracta-type
Rheocricotopus fuscipes-type
Stictochironomus rosenshoeldi-type
Tanytarsus glabrescens-type
Tanytarsus lugens-type
Corynoneura antennalis-type
Micropsectra insignilobus-type
Paracladopelma

Polypedilum convictum-type
Eukieferiella devonica-type
Stenochironomus
Eukiefferiella

Metriocnemus eurynotus-type
Micropsectra junci-type
Stempellinella-Zavrelia
Einfeldia dissidens-type
Anatopynia

Cryptotendipes

Metriocnemus terrester-type

Stempellina

Ktend
Thiene
Parau
Glsev
Tchin
CDasy
Natars
Psorth
Endal
Smitf
Enat
Clvir
Hydco
Mcont
Rheof
Stros
Tglab
Tluge
Coran
Mins
Paracl
Pconv
Eudev
Stenoc
Eukief
Meteu
Mjunc
StZav
Ediss
Anatop
Crypte
Mette

Stempe

0.88446
0.89574
0.89889
0.91695
0.91695
0.92774
0.93137
0.93137
0.93665
0.97078
0.97102
0.98544
0.98544
0.98544
0.98544
0.98544
0.98544
0.99624
1.00389
1.01066
1.01066
1.01066
1.02509
1.02509
1.03952
1.03952
1.03952
1.04078
1.04353
1.05796
1.05796
1.05796
1.05796

-1.48012
-1.17207
-1.46570
-1.28542
-1.28542
-1.43684
-1.27099
-1.27099
-1.21416
-1.12848
-1.39357
-1.37914
-1.37914
-1.37914
-1.37914
-1.37914
-1.37914
-1.53056
-1.38836
-1.51614
-1.51614
-1.51614
-1.50171
-1.50171
-1.48728
-1.48728
-1.48728
-1.40681
-1.51093
-1.49651
-1.49651
-1.49651
-1.49651

0.59566
0.27633
0.56681
0.36847
0.36847
0.50910
0.33962
0.33962
0.27751
0.15770
0.42255
0.39369
0.39369
0.39369
0.39369
0.39369
0.39369
0.53432
0.38447
0.50547
0.50547
0.50547
0.47662
0.47662
0.44777
0.44777
0.44777
0.36603
0.46740
0.43854
0.43854
0.43854
0.43854
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Clinotanypus nervosus
Brillia flavifrons-type
Neozavrelia

Polypedilum nubifer-type

Clinn
Brilf
Neozav

Pnubi

1.06198
1.07640
1.07640
1.16578

-1.52015
-1.50573
-1.50573
-1.10704

0.45818
0.42932
0.42932
-0.05874
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Chapter VI. Chironomidae morphological types and functional feeding groups as
a habitat complexity vestige

Antczak-Orlewska O., Ptdciennik M., Sobczyk R., Okupny D., Stachowicz-Rybka R., Rzodkiewicz M.,
Sicinski J., Mroczkowska A., Krgpiec M., Stowinski M., Kittel P. 2021. Chironomidae morphological
types and functional feeding groups as a habitat complexity vestige. Frontiers in Ecology and

Evolution 8, 583831.
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Chironomidae Morphological Types
and Functional Feeding Groups as a
Habitat Complexity Vestige

Olga Antczak-Orlewska'’2*t, Mateusz Ptdciennik’t, Robert Sobczyk't, Daniel Okupny?t,
Renata Stachowicz-Rybka#*t, Monika Rzodkiewicz®t, Jacek Siciriski't,
Agnieszka Mroczkowska®’t, Marek Krapiec®', Michat Stowiriski¢t and Piotr Kittel”t

" Department of Invertebrate Zoology and Hydrobiology, University of Lodz, £6dZ, Poland, ? Laboratory of Paleoecology

and Archaeobotany, Department of Plant Ecology, Faculty of Biology, University of Gdarisk, Gdarisk, Poland, ° Institute

of Marine and Environmental Sciences, University of Szczecin, Szczecin, Poland, * W. Szafer Institute of Botany, Polish
Academy of Sciences, Krakéw, Poland, ® Laboratory of Biogeochemistry, Adam Mickiewicz University, Poznan, Poland, © Past
Landscape Dynamics Laboratory, Institute of Geography and Spatial Organization, Polish Academy of Sciences, Warsaw,
Poland, " Department of Geology and Geomorphology, Faculty of Geographical Sciences, University of Lodz, +6dz, Poland,
8 Faculty of Geology, Geophysics and Environmental Protection, AGH University of Science and Technology, Krakéw, Poland

Chironomid (Diptera: Chironomidae) larvae play an important role in a wide range
of aquatic ecosystems. The study focuses on Chironomidae trophic guilds and
morphological types as indicator traits in reconstructions of habitat changes in shallow
water bodies. Mentum and ventromental plates are important mouthparts whose shape
depends on food type and feeding behavior. Chironomidae larvae strongly vary in
the mode of life and feeding habits, representing almost every feeding group. Here
we classified the mentum types into 16 groups and tested if they indicated similar
past habitat changes as the Chironomidae functional feeding groups (FFGs), and
tribes/subfamilies. Paleoecological data of biotic and abiotic proxies were derived
from short sequences from a Late Glacial oxbow and a nearby medieval moat
located in Central Poland. The study revealed that the habitat substratum structure,
vegetation and physicochemical conditions are associated both with the feeding types
and morphological traits. This provides a valuable tool for future reconstructions of
habitat changes.

Keywords: Diptera, functional feeding groups, trophic guilds, paleoecology, paleolimnology, habitat
reconstruction, environmental changes, mouthpart morphology

INTRODUCTION

Chironomidae are one of the most abundant and ubiquitous groups of aquatic insects. Their
sensitivity to changing limnological conditions and species-specific environmental preferences
make them good ecological indicators (Armitage et al., 1995; Porinchu and MacDonald, 2003).
A variety of environmental variables affects Chironomidae larvae both in a direct and indirect
way. Among local-scale abiotic factors, some of the most important for chironomids are pH, lake
depth and water nutrient status (Walker, 2001; Brooks et al., 2007; Ptociennik et al., 2020). As
there are some truly rheophile taxa, chironomid subfossils can indicate a connection of peripheral
river valley water bodies to the main stream during overbank episodes (Gandouin et al., 2006;
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Chironomidae Morphological Types and FFGs

Howard et al,, 2010; Kittel et al., 2016). They also indicate a
stagnant water level in a quantitative way (Luoto, 2009a).
While a relation of littoral versus profundal taxa reflects
lake-level changes, semi-terrestrial taxa indicate paludification
and terrestrialisation processes (Frouz, 1999; Brooks et al,
2007; Lamentowicz et al., 2009). When pH drops below 6.0,
chironomid assemblages are mostly replaced by Chaoboridae
or Ceratopogonidae (Henrikson et al., 1982; Walker et al,
1985). Even though most chironomid larvae prefer circum-
neutral pH, certain taxa are characteristic to acidic or slightly
alkaline conditions (Walker, 2001; Brooks et al., 2007). Generally,
water pH exceeding 7.5 eliminates many taxa, reducing species
richness. It is associated with increased eutrophication and
oxygen deficiencies (Brooks et al., 2007). The extraordinarily wide
spectrum of preferred water trophic states makes chironomids
good indicators of lake nutrient status (Saether, 1979; Walker,
2001; Porinchu and MacDonald, 2003).

Chironomidae are applied in inference models developed
as a tool for many quantitative climatic and environmental
reconstructions (e.g., Brooks et al., 2001; Luoto, 2009b; Heiri
et al., 2011; Kotrys et al., 2020). However, the use of chironomid
autecology for reconstruction of aquatic habitats is a time-
consuming method and requires high competition in subfossil
identification. The acquisition of necessary experience for
chironomid identification takes years of work and there are still
too few specialists to meet the needs of European paleoecological
projects. But, while standard analysis is impossible, the functional
trait approach may be applied. This method allows for
tracking past shifts in the functional groups of organisms,
and thus studying the long-term ecosystem response to past
environmental changes (Gregory-Eaves and Beisner, 2011). So
far, functional traits of several groups of organisms have been
studied according to their application in paleoecology (e.g.,
Vogt et al., 2010; Fournier et al., 2015; Nevalainen and Luoto,
2017). The functional traits carried by chironomid larvae have
so far been studied mainly by Serra et al. (2016, 2017). Here we
want to verify the applicability of this method in Chironomidae
subfossil analysis.

Functional traits are the features of organisms indicating
environmental changes (response traits) or driving such changes
in the ecosystems (effect traits) (Nock et al., 2016). They are
widely used in community ecology, studying the ecological niche
(Kearney et al., 2010), improving ecological process analyses and
quantifying the influence of assemblage shifts (Diaz and Cabido,
2001; Nock et al., 2016). Community-trait approach, which takes
into considering community weighted means of traits (CWMs),
is a noteworthy method (Garnier et al., 2007; Kleyer et al,
2012). Several indices were constructed for functional diversity
calculation (reviewed in Pla et al., 2012), providing a broader
view for ecosystem complexity than species richness (e.g., Stuart-
Smith et al., 2013). The Chironomidae taxonomic and functional
diversity across various environmental gradients have been
already studied in several regions of the world (e.g., Milogevi¢
et al,, 2018; Jiang et al., 2019; Motta and Massaferro, 2019; Ni
et al., 2020), while Nevalainen et al. (2015) focused on the results
provided by the subfossil chironomid assemblages. Kivild et al.
(2019, 2020) used chironomid functional feeding groups (FFGs)

to track not only recent habitat changes, but also climate warming
in northern Finland. However, food preferences of some taxa are
still not well-specified. To avoid loss of data, morphological traits
such as the mouthpart structure may serve as a good surrogate.
Several studies have proven that morphological features of some
organisms, such as testate amoebae (e.g., Fournier et al., 2015;
Lamentowicz et al., 2015), cladocerans (Nevalainen and Luoto,
2017) and plants (e.g., Woodward, 1987; Reitalu et al., 2015;
Carvalho et al., 2019) can be used to infer past environmental
changes, both on a micro- and macroscale. The study by Barboni
et al. (2004) indicates that plant response to climate changes
(reflected in pollen analysis) is more diagnostic in combinations
of traits rather than in individual traits. This assumption is likely
applicable to every biological proxy, including chironomids.
Consequently, future studies on shifts in habitat structure should
apply appropriate methods that take into consideration the
complexity of aquatic ecosystems.

Trait-based studies help researchers understand the
mechanisms of ecological processes and, therefore, their
potential in paleoenvironmental reconstructions cannot be
ignored (Marcisz et al., 2020). The studied organisms were
affected over time by a range of direct and indirect variables.
One of such indirect factors was human activity, which impacted
aquatic habitats in many ways. Therefore, the study includes
both truly natural and artificial water bodies. The results of the
previous study concerning the moat system of the motte-and-
bailey stronghold in Rozprza (Kittel et al., 2018a) were utilized. In
its case, human impact turned out to be one of the main factors.
The inhabitants caused the increase of water trophy, but also
changed water dynamics by creating artificial channels (Kittel
et al,, 2018a). In order to check the applicability of the proposed
method in a natural ecosystem, the results of paleoecological
studies of the nearby paleo-oxbow were also included.

Morphological characters and well-established ecological
preferences are key traits in paleolimnology (Gregory-Eaves and
Beisner, 2011). The study focuses on the morphological traits
(mouthparts type) which are thought to be (at least partially)
dependent on feeding preferences, and thus also associated with
the habitat character. The habitat structure is expressed not only
by physicochemical features but also by biological variables, such
as macrophytes and diatoms, included in our study. Langdon
et al. (2010) state that biotic variables are even more important
than the abiotic ones in determining zoobenthos communities
in temperate shallow lakes, and chironomids are very good
indicators of past changes in the primary production, as well as
macrophyte abundance and structure. Our primary goal is to
recognize if the traits carried by the Chironomidae at different
organization levels indicate similar habitat changes in the context
of paleoenvironmental reconstructions.

Chironomidae vary not only in their environmental
preferences but also in their diet type. Although the larval
feeding behavior depends on many factors, such as larval size,
food quality, and availability (Berg, 1995), each species seems
to have specific preferences, often associated with its habitat
type. Representatives of almost every feeding group can be
found among chironomids. There are sediment collectors
such as Chironomus plumosus-type, phytophagous shredders
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such as Glyptotendipes caulicola-type, and scrapers (many
Orthocladiinae). Such a great variety is associated with their
diverse modes of life - some of them live in tubes built out of
sediment (e.g., Chironomus and Tanytarsini), while others are
free-living and predatory, such as Tanypodinae. Chironomids
include detritus feeders, parasites, commensals, and plant miners
(Berg, 1995; Walker, 2001; Beiger, 2004; Vallenduuk and Moller
Pillot, 2007; Moller Pillot, 2009, 2013; Schiffels, 2014).

Larvae morphology, especially their mouthparts, had to be
adapted to their diet and feeding behavior. The relationship
between mandibles and chironomid autecology was studied
using the geometric morphometrics approach (Purdevic¢ et al,
2017). Mandibles and labrum are important features, useful
in diagnostics, but they are often missing from the subfossil
material. Other mouthparts, likely related to the diet, are
mentum and ventromental plates. This is the reason for choosing
them as the key characteristics for morphological types in our
study. The shape of the mentum may be similar even between
taxonomically distant taxa. For example, the concave mentum
of predatory Cryptochironomus resembles the dorsomentum of
many Tanypodinae (e.g., Procladius), while striated plates are
often characteristic of filtrating Chironominae (Olafsson, 1992;
Moller Pillot, 2009).

Considering this, we can assume that some generalization
in the morpho-functional traits of Chironomidae can be done.
However, we need to be careful with some morphologically
close species which vary in their feeding behavior (Monakov,
1972). In paleoecological studies, chironomids are mostly
identified to the morphotype level, which usually includes closely
related species with similar ecology. On the other hand, it is
sometimes impossible to distinguish subfossil head capsules of
ecologically different taxa, such as Micropsectra insignilobus and
M. atrofasciata, Chironomus tenuistylus and Ch. plumosus, or
Stempelinella and Zavrelia (Brooks et al., 2007). Nevertheless,
chironomid mouthparts are closely related to their feeding
type, which often reflects the habitat structure. It raises the
question if the knowledge of certain species’ autecology is
always required for reconstructions of environmental conditions?
Perhaps some general assessments can be done, even by non-
specialists, on the basis of mentum shape. In this case, such
preliminary chironomid analyses based on the proposed mentum
classification could bring valuable insight into past ecosystems,
even when undertaken during a macrofossil analysis.

Mentum and ventromental plates are also the main differing
features between subfamilies and tribes. Although there are
eleven Chironomidae subfamilies, three of them are the most
species-rich: Chironominae, Orthocladiinae, and Tanypodinae
(Brooks et al., 2007; Ferrington, 2008). In this study, we focus
on these subfamilies, as their representatives were found in
examined sediments. Chironominae are usually characterized
by distinctive, striated, large ventromental plates and a slightly
convex mentum. The mentum of Orthocladiinae is often
strongly convex, their head capsules are usually smaller, and
ventromental plates are mostly inconspicuous. Tanypodinae have
a toothed ligula, a less developed mentum, and no ventromental
plates. Some chironomid subfamilies are divided into tribes.
In the studied sequences, taxa belonging to Macropelopiini,

Natarsiini, Pentaneurini, Procladiini, Tanypodini (Tanypodinae),
as well as to Chironomini and Tanytarsini (Chironominae), and
to Orthocladiinae were recorded. Among Tanypodinae, only
Macropelopiini, Procladiini and Tanypodini have dorsomental
teeth. Natarsiini and Pentaneurini are characterized by a bright,
elongated head and a membranous toothless mentum that
is not well-preserved in subfossil material. Chironomini have
relatively large, fan-shaped ventromental plates, while the plates
of Tanytarsini are usually bar-shaped and straight (Brooks et al.,
2007; Andersen et al., 2013). The Orthocladiinae are rarely
divided into tribes (Spies, 2005), so we left this group undivided
at the subfamily level.

Finally, the goal of this study is to check whether (and
how) some chironomid groups (mentum types, trophic guilds,
or tribes/subfamilies) are correlated with other indicators
within studied proxies (macrophytes and other plants, diatoms,
sediment type or geochemical components). The applicability of
morphological functional traits in paleoecological research was
verified. Presumably, they could serve as surrogate indicators
where it could be applicable.

STUDY AREA

The study area (51°18'07” N; 19°40'04” E; 182-183 m a.s.l.) is
situated in Central Poland, approx. 60 km south of Lodz. It is
located in the valley floor of the Luciaza River, a 3rd-order river
in the Vistula River basin.

The region is a part of the Odranian (Saalian) formerly
glaciated area - the last ice sheet was present here in the
Wartanian Cold Stage of the Odranian Glaciation (Marks, 2011).
Intense transformation of river valleys took place during the
Weichselian glacial period under periglacial conditions. While
the valley floor is strongly expanding in the Rozprza area, residual
terraces occur within the Holocene floodplain (Gozdzik, 1982;
Kittel et al., 2018b).

In the opinion of Wachecka-Kotkowska (2004a,b), the
morphology of the Luciaza valley floor was obliterated by
the deposition of modern overbank alluvium. However, this
landscape reconstruction has not been confirmed by a detailed
examination of surficial geology in the Rozprza area (Kittel
et al., 2018a,b). In the recent research, numerous subfossil
paleomeanders of different sizes have been discovered in the
valley floor (Figure 1). A large paleochannel (W4) was recorded
as a strong curvilinear magnetic anomaly with a width of ca.
10 m, and a radius of ca. 15 m. It is filled with organic mud
and coarse-detritus gyttja reaching 1.3 m thickness and underlain
by channel alluvia of sands and gravels with organic admixtures
and laminations of organic mud. Radiocarbon data evidences
the channel’s cut-off in the Late Allerod. The paleochannel
fill is overlain by the overbank alluvia of sandy organic mud
(Kittel et al., 2018b).

The Rozprza motte-and-bailey moat system was established
in the 1330s AD and is now filled with organic (gyttja and
peat) and partially inorganic deposits containing rich remains of
wood. The medieval age of the features has been confirmed by
dendrochronological and radiocarbon AMS date sets. The fill of
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FIGURE 1 | The geomorphological map of the vicinity of Rozprza archaeological site with the location of W4 (paleo-oxbow) and W3(2) (moat) profiles (marked as
yellow dots) (after Kittel et al., 2015, 2018b, modified). In the map of Poland, Rozprza is marked with an asterisk.
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the main moat was a subject of a detailed paleoenvironmental
study (Kittel et al., 2018a). The accumulation of overbank silty
sandy organic mud took place within the moat ditch system as
late as in the 18th or 19th ¢. CE (Kittel et al., 2018a,b).

The potential natural vegetation of the Luciaza River valley
would have been mostly lime-oak-hornbeam forests representing
the Tilio-Carpinetum association and, to a lesser extent, the
Potentillo albae-Quercetum typicum. Immediate surroundings of
the water courses would have been overgrown by lowland ash-
alder and alder forests of Fraxino-Alnetum and Carici elongatae-
Alnetum associations (Matuszkiewicz, 2008).

The sediment cores were taken from the same area, but
they are dated to different time periods. The W3(2) sequence
originates from the Late Medieval moat, while the W4 core covers
the Late Weichselian paleochannel history (Figure 1).

MATERIALS AND METHODS

Fieldwork and Geochronology

The fieldwork in Rozprza was conducted in 2015-2016, as part of
a multidisciplinary archaeological investigation of the medieval
ringfort remnants. In order to choose proper sampling sites in

the field, not only was topography and geomorphology of studied
area thoroughly mapped but also the combination of other non-
destructive methods (including aerial photography, geophysical,
and geochemical survey) was used (Sikora et al., 2015, 2019;
Kittel et al., 2018b).

The sediments for paleoecological analyses were collected
from the trench walls as monoliths using metal boxes
(50 x 10 x 10 cm each). With this method, the undisturbed
structure of the sediments was preserved. Five selected samples
of bulk organic deposits collected from the W3(2) profile
and two bulk samples from the W4 profile were dated with
the radiocarbon (**C) method, using the liquid scintillation
technique (LST). Two samples of selected terrestrial plant
macrofossils from the W3(2) core and three samples from the W4
core were dated using accelerator mass spectrometry technique
(AMS). Moreover, a dendrochronological analysis was performed
to determine the age of the moat fill (Kittel et al., 2018a).

Geochemical and Sedimentological
Analyses

For geochemical analyses, samples from both cores were
dried at 105°C and homogenized. The organic matter content
was obtained using the loss on ignition (Heiri et al., 2001).
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Carbonate content was determined using the volumetric method
with Scheibler’s apparatus, and pH by a mean potentiometric
method in distilled water. The ash samples were dissolved (with
HCI, HNOs3, and H,0;) in Teflon bombs using a microwave
mineralizer. For the solution analyzed concentrations of such
elements as: Na, K, Mg, Ca, Fe, Mn, Cu, Zn, and Pb, the atomic
absorption spectrometry (AAS) was used. Grain size composition
of the ash samples, remaining after the solution was made
in accordance with Clift et al. (2019), was determined using
a Mastersizer 3000 laser particle-size analyzer (Malvern). The
relationship between the mean grain size and the sorting index
(the so-called coordinate system) follows Mycielska-Dowgiatto
and Ludwikowska-Kédzia (2011).

Biotic Proxies

Chironomidae sample processing followed the methods outlined
in Brooks et al. (2007). The sediment volume ranged between 1
and 10.5 cm?® per sample. The sediments were passed through
a 63 pm mesh sieve. If necessary, kerosene flotation was used
according to the method of Rolland and Larocque (2007).
Processed sediment was put into a Bogorov counting tray and
scanned under a stereo-binocular microscope. Where applicable,
at least 50 (preferably 100) chironomid head capsules from each
sample were picked and mounted in Euparal® on microscope
slides. Identification of chironomid head capsules followed
keys by Schmid (1993), Brooks et al. (2007), and Andersen
et al. (2013). Chironomidae taxa were classified in three ways:
taxonomically (subfamilies and tribes), morphologically and by
feeding group. Sixteen morphological types were distinguished
based on the larvae mouthpart structure, namely: the mentum
ratio (width/height), the median and lateral mentum teeth
structure, as well as the size and shape of ventromental
plates (Figure 2). Most types were distinguished within
Chironomini and Orthocladiinae. Tanypodinae with toothed
dorsomentum were grouped together with Cryptochironomus,
while for Pentaneurini and Natarsia (with toothless mentum)
a separate group was created. Tanytarsini were classified
into two types, depending on the shape and length of
ventromental plates (Table 1). The recorded taxa were also
divided into 12 functional feeding groups (FFGs): collector-
gatherers (C), collector-filterers (C/F), collectors/grazers
(C/G), shredders/filterers (S/F), shredders/collectors (S/C),
grazers/scrapers (G), grazers/collectors (G/C), filterers/collectors
(F/C), filterers/grazers (F/G), miners (M), predators (P), and
predators/collectors (P/C). The feeding preferences of identified
taxa are based mainly on Franquet (1999), Vallenduuk and
Moller Pillot (2007), Moller Pillot (2009, 2013), and Serra et al.
(2016). The stratigraphic diagrams were created with C2 software
(Juggins, 2007).

Samples for a plant macrofossil analysis were wet-sieved in a
200 pwm mesh, then boiled with KOH to reduce the amount of
sediment and remove humic matter. The material was examined
under a microscope. Conservation of plant remains was done
with a standard mixture of alcohol, water and glycerine, with
addition of thymol. Fragments of plants were then dehydrated
in 50% ethyl alcohol. Macrofossils were identified using plant
keys, atlases (e.g., Greguss, 1945; Kats et al., 1965; Grosser,

median lateral
teeth  teeth

mentum

ventromental
plates

FIGURE 2 | Chironomidae head capsule with mouthpart structure.

1977; Schweingruber, 1978; Berggren, 1981; Cappers et al,
2006; Velichkevich and Zastawniak, 2006, 2008; Schweingruber
et al., 2011), scientific descriptions and publications, a reference
collection of modern seeds, fruits, wood and charcoal, and a
collection of fossil floras of the W. Szafer Institute of Botany,
Polish Academy of Sciences, in Krakow.

A diatom analysis was conducted according to the method
by Battarbee (1986). Samples of 1 ¢cm?® each from the cores
were processed. Sediments were treated in 10% HCI to remove
calcium carbonate and washed several times in distilled water.
Afterward, the samples were boiled in 30% H,O; to digest the
organic matter. Finally, the samples were washed several times
in distilled water. Microspheres were added to each sample in
order to determine the frequency of the diatoms in each sample
(Battarbee and Kneen, 1982).

Statistical Analyses

All statistical analyses were made in R software (R Core Team,
2020). Firstly, environmental data were standardized using the
robustHD package (Alfons, 2019). The corrplot package (Wei
and Simko, 2017) was used to compute Pearson’s correlation
matrix in order to check which environmental variables were
correlated (correlation >0.70) with each other (Supplementary
Figures 1, 2). The most autocorrelated predictors were removed
from the analysis. Finally, eight variables: pH, CaCO3, organic
matter (OM), K, sand, wood, Carex sp., and U. dioica were
included in further analysis (Supplementary Table 1). Next,
a dataset for each group of Chironomidae was square-root
transformed, in order to reduce the influence of outliers.
The “decorana” function from the vegan package (Oksanen
et al, 2019) was used to fit the best ordination analysis
to the datasets of each group. A Redundancy Analysis
(RDA) was performed for each Chironomidae typology using
the vegan package (Oksanen et al, 2019). To determine
collinearity between environmental factors shaping chironomid
composition, variance inflation factors (VIF) analysis was used
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TABLE 1 | Chironomidae morphological types.

Morphological type  Description

Morphospecies from this study

Example

1 - One broad or several smaller median teeth
- Narrow plates with setae
- Mentum ratio > 3

Acricotopus, Diplocladius, Psectrocladius barbatipes-type,
P, flavus-type

2 - Two median teeth
- Broadening/narrow ventromental plates
- Mentum ratio 2.2-2.9

Chaetocladius piger-type, Metriocnemus fuscipes-type,
Heterotrissocladius marcidus-type, H. grimshawi-type,
Hydrobaenus conformis-type, Nanocladius rectinervis-type,
Psectrocladius sordidellus-type, P, limbatellus-type

type

3 - Large, fan-shaped plates
- One/trifid median tooth
- Mentum ratio 2.9-3.9

Glyptotendipes barbipes-type, G. pallens-type, Chironomus
plumosus-type, Ch. anthracinus-type

Chironomus
anthracinus-type

4 - Fan-shaped plates
- Cluster of outermost lateral teeth

Cladopelma viridulum-type, Cladopelma goetghebueri-type

Cladopelma viridulum-
type

5 - Tanytarsini
- Long ventromental plates, close together

Micropsectra contracta-type, M. insignilobus-type,

M. pallidula-type, Tanytarsus chinyensis-type,

T. lactescens-type, T. lugens-type, T. mendax-type,

T. nemorosus-type, T. pallidicornis-type, Paratanytarsus
austriacus-type, P penicillatus-type, P type A,
Rheotanytarsus

-2 . - 44}

SAST is®

Micropsectra contracta-
lype

6 - Broadening/narrow ventromental plates
- Mentum ratio < 2.2

Corynoneura arctica-type, C. coronata-type,
C. edwardsi-type, Rheocricotopus effusus-type,
Eukieferiella coerulescens-type

Corynoneura arctica-
type

7 - One broad median tooth
- Narrow ventromental plates
- Mentum ratio ca. 2

Cricotopus bicinctus-type, C. cylindraceus-type

Cricotopus
eylindraceus-type

8 - One median tooth
- narrow ventromental plates
- Mentum ratio 2-2.9

Cricotopus intersectus-type, C. laricomalis-type,
Orthocladius trigonolabis-type, O. type S, O. type |,
Metriocnemus terrester-type

Metriocnemus terrester-
type

9 - Concave mentum Cryptochironomus, Procladius, Tanypus, Psectrotanypus,
Derotanypus
Cryptochironomus
10 - Fan-shaped plates Dicrotendipes nervosus-type, D. notatus-type,

- Mentum ratio 2-2.5

Glyptotendipes caulicola-type, G. severini-type

1 - No teeth on mentum Natarsia, Ablabesmyia, Clinotanypus nervosus,
Guttipelopia, Larsia, Krenopelopia, Monopelopia,
Paramerina, Thienemannimyia group, Zavrelimyia

12 - Fan-shaped plates Endochironomus tendens-type, E. impar-type,

- 3-4 median teeth higher than lateral ones
- Mentum ratio 2.9-4.1

E. albipennis-type, Phaenopsectra type A, P, flavipes-type,
Stictochironomus roesenschoeldi-type, Sergentia
coracina-type, Polypedilum sordens-type

Endochironomus
tendens-type

(Continued)
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TABLE 1 | Continued

Morphological type  Description Morphospecies from this study Example
13 - Fan-shaped plates Microtendipes pedellus-type, Paratendipes albipennis-type,
- 3-4 median teeth brighter than lateral ones P nudisquama-type
- Mentum ratio 3.2-3.7
Microtendipes
pedellus-type

14 - Large fan-shaped plates
- 2 median teeth
- First lateral tooth lower

Polypedilum nubeculosum-type, P nubifer-type,
Lauterborniella, Zavreliella

"~ Polypedilum
nubeculosum-type

15 - Ventromental plates narrow or foot-shaped
- One broad median tooth or two median teeth
- 4-5 lateral teeth
- Mentum ratio ca. 3

Metriocnemus eurynotus-type, Parametriocnemus-
Paraphaenocladius, Smittia foliacea-type, Pseudosmittia,
Pseudorthocladius, Limnophyes, Paralimnophyes

Metriocnemus
eurynotus-type

16 - Tanytarsini
- Broad, well separated ventromental plates

Constempellina-Thienemanniola, Stempelinella-Zavrelia

Constempellina
~Thienemanniola

(Fox and Weisberg, 2011). In addition, ANOVA was conducted
to determine statistically significant variables (Oksanen et al.,
2019). These variables were used in subsequent RDA analysis.
Adjusted R? indicated how much variability was explained
by the RDA analysis. Eigenvalues of RDA axes (RDAI1 and
RDA?2) were computed to compare the proportions of variance
explained between each analyzed group of chironomids. Eight
environmental factors (pH, CaCOs3, organic matter, K, sand,
wood, Carex sp., and U. dioica) were used in generalized
linear models (GLMs) as fixed effects to assess their influence
on the richness of chironomid tribes/subfamilies, mentum
types and feeding types. Models were selected using the
“dredge” function from the MuMIn package (Barton, 2018).
Next, the most parsimonious models (with AAIC < 2) were
averaged into one model to determine statistically significant
environmental variables. In addition, the hier.part package
(Walsh and Mac Nally, 2013) was used to calculate the
independent effects of each variable on the richness as well as
its significance. Charts were created using the ggplot2 package
(Wickham, 2016).

RESULTS
Chironomidae Stratigraphy

From a short, Late Weichselian paleochannel sequence (W4),
1138 chironomid head capsules were collected and identified to
56 morphospecies. The chironomid fauna in the paleochannel
underwent significant fluctuations. After the favorable conditions
for chironomid assemblages in the Allerod and Younger Dryas,
their number suddenly dropped in the Holocene. Because of
a very low chironomid concentration in that period (<50
head capsules), further analyses were based only on the Late
Weichselian part of the sequence (ca. 13,000 — 12,200 cal. BP).
During this whole period, collectors, represented mainly by

Tanytarsini with mentum type 5, clearly dominated. Their relative
proportion ranged between 15 and 60%, with the peak in the Late
Allergd (194-198 cm b.gl.). This was the time when the share
of subdominant grazers (G, G/C) dropped. Interestingly, in the
Younger Dryas (180-190 cm b.g.L.), the share of collectors (here
mentum type 5, predominantly Micropsectra) slightly decreased,
which coincides with the increase in the proportion of larvae
with mentum type 1 (mainly Acricotopus). Besides that, the share
of semiterrestrial taxa (grazers/collectors, mostly Limnophyes-
Paralimnophyes and Parametriocmenus-Paraphaenocladius) was
significant (Figure 3).

In the Late Holocene moat sequence [W3(2)], as many as 2488
head capsules of 83 Chironomidae morphospecies were recorded.
The sequence reveals clear shifts in chironomid composition. The
first phase is characterized by high complexity of chironomid
assemblages. Worth noting is a particularly high share of
predatory taxa (mainly Tanypodinae), shredders/collectors
(mainly Psectrocladius) and grazers (mainly Corynoneura),
but also many other groups, including grazers/collectors
represented here by Cricotopus. When the abundance of
chironomid larvae decreased in the 2nd half of the 16th century
AD, semiterrestrial grazers/collectors started to dominate,
accompanied by shredders/filterers (Polypedilum nubifer-
type and P. nubeculosum-type). In the last phase, very few
Chironomidae were found: firstly grazers/collectors, later
mainly collectors (mentum type 10), collector/filterers and
filterer/grazers (both representing mentum type 3) (Figure 3).
For detailed reconstruction of the moat development, see
Kittel et al. (2018a).

Tribes/Subfamilies

The ANOVA analysis for tribes/subfamilies showed that pH,
K and organic matter played a significant role in shaping
Chironomidae assemblages within analyzed cores (Table 2). The
RDA plot (Figure 4A) revealed that W4 samples were associated
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FIGURE 3 | Chironomidae stratigraphic diagrams of the W3(2) (top) and W4 (bottom) cores, according to three typologies: subfamily/tribe, functional feeding groups
and mentum types. Similar trends in some groups are outlined by the same graph color. The bar alongside W3(2) diagram represents three phases of the moat
development based on Chironomidae assemblages (Kittel et al., 2018a). The abbreviations used for functional feeding groups were as follows: C, collector-gatherers;
C/F, collector-filterers; C/G, collectors/grazers; S/F, shredders/filterers; S/C, shredders/collectors; G, grazers/scrapers; G/C, grazers/collectors; F/C,
filterers/collectors; F/G, filterers/grazers; M, miners; P, predators; and P/C, predators/collectors. The symbols used for morphological types are explained in Table 1.
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TABLE 2 | Variance influence factors (VIFs) and significance of eight environmental
factors selected from correlation matrices.

Variable VIF Significance
Tribes/subfamilies pH 2.323 0.001
CaCOg 1.267 0.092
oM 4.247 0.043
K 2.925 0.002
Sand 2.635 0.418
U. dioica 2211 0.563
Carex sp. 1.969 0.579
Wood 2.098 0.064
Mentum type pH 2.324 0.001
CaCOg3 1.267 0.033
oM 4.247 0.003
K 2.925 0.001
Sand 2.635 0.277
U. dioica 2.211 0.662
Carex sp. 1.969 0.326
Wood 2.098 0.028
Feeding type pH 2.324 0.001
CaCOg 1.267 0.275
oM 4.247 0.001
K 2.925 0.001
Sand 2.635 0.864
U. dioica 2.211 0.120
Carex sp. 1.969 0.283
Wood 2.098 0.001

Bolded variables were used in redundancy analysis.

with relatively low content of organic matter and K. Those
two factors were correlated with the RDA2 axis. The samples
from W3(2) core representing phases of moat development were
clearly separated in the plot. The first phase was influenced by
high pH and K values, as well as by abundance of Procladiini and
Pentaneurini. Samples from the second phase were characterized
by a dominance of Chironomini and high content of organic
matter. The third phase, in turn, was characterized by low pH.
The RDA explained 38% of variance from the analysis. While the
RDA?2 axis explained 11% of variance, the RDA1 axis described
31% of total variance. GLMs for Chironomidae tribes/subfamilies
were initially calculated for eight predictors. Seven of them
(pH, OM, CaCOs, K, sand, wood, and Urtica dioica) were
included in the averaged model. Among them, only pH was
statistically significant and positively correlated with richness
(Figure 5A). On the other hand, hierarchical partitioning (HP)
revealed that both pH (independent effects: 70%) and Urtica
dioica (independent effects: 14%) were statistically significant and
had positive impact on tribes/subfamilies richness (Figure 6A).

Mentum Types

Five environmental factors: pH, organic matter, CaCO3, K, and
wood macrofossils were statistically significant in the ANOVA
analysis for mentum types (Table 2). The RDA analysis showed
that samples from different cores and phases were clearly
distinguished. Chironomids with mentum types 1 and 5 were

the most abundant in the W4 core, which may be associated
with low content of wood, organic matter and potassium (factors
correlated with the RDA2 axis). On the other hand, high pH
(correlated with the RDA1 axis) and K values impacted the
higher abundance of chironomids with 7, 8, 9, and 11 mentum
types in the first phase of W3(2) core. The second phase was
shaped by high content of wood, organic matter and low content
of CaCOs3. Low pH values characterized phase 3 of the W3(2)
core. The first two RDA axes explained 21% (RDA1) and 14%
(RDA2) of variance, but with Adjusted R?, the whole RDA
analysis described 34% of variance. Six out of eight predictors:
pH, CaCO3, organic matter, K, sand, and wood macrofossils were
included in the GLMs for richness of Chironomidae mentum
types. However, only pH, organic matter and potassium were
statistically significant and positively correlated with richness
(Figure 5B). Hierarchical partitioning results for mentum types
were similar to those for tribes/subfamilies. They revealed that
both pH and Urtica dioica were significant and had positive
correlation with independent effects reaching 64% and 16%,
respectively (Figure 6B).

Feeding Groups

The ANOVA analysis revealed that four factors: pH, OM, K,
and wood were significant for the composition of chironomid
feeding groups (Table 2). RDA analysis supported the results
for other chironomid typologies, where samples representing
each core and phase created clear aggregations (Figure 4C).
W4 samples were characterized by a low content of organic
matter, wood and K (factors correlated with the RDA2 axis),
as well as high abundance of collectors (C). Samples from
the W3(2) core were distributed along the RDA1 axis. The
first-phase samples were under the influence of pH (correlated
with the RDA1 axis), with high abundance of S/C, P, and
F/C feeding types. High content of organic matter and wood
affected the aquatic organisms in the second phase, which
might be reflected in the abundance of shredders/filterers
(S/F). Phase 3 assemblages were shaped by low pH. The
coefficient of determination (Adj R?) for this dataset is 0.36.
The RDA axis 1 described 26% of variance, while the second
axis explained only 8%. Generalized Linear Models for feeding
type richness included seven predictors: pH, organic matter,
K, sand, Urtica dioica, Carex sp., and wood. However, only
pH, organic matter and wood were statistically significant and
showed positive correlation with richness (Figure 5C). Moreover,
hierarchical partitioning indicated pH, OM, Urtica dioica, and
wood (independent effect: 59, 11, 18, and 12%, respectively)
as significant for shaping chironomid feeding types. All these
factors were positively correlated with richness of feeding

groups (Figure 6C).
The VIF values of all environmental variables in
each RDA analysis were <10.0 (Table 2). Generally,

pH seems to be the main factor shaping Chironomidae
composition in each typology. Besides that, redundancy
analyses revealed the importance of K and organic
matter (Figure 4). In W3(2) samples, pH is strongly
correlated (0.88) with diatom concentration (Supplementary
Figure 1), while they are absent from the W4 sequence.
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selected environmental factors (blue) in samples within two cores [W3(2) and W4]. The abbreviations used for functional feeding groups were as follows:

C - collector-gatherers; C/F — collector-filterers; C/G — collectors/grazers; S/F — shredders/filterers; S/C — shredders/collectors; G — grazers/scrapers; G/C —
grazers/collectors; F/C — filterers/collectors; F/G - filterers/grazers; M — miners; P — predators; and P/C — predators/collectors. The symbols used for morphological
types are explained in Table 1. For full names of variables, see Supplementary Table 1.

This is the reason why, although they are an important
food source for some chironomid larvae, they were not
included in the analysis.

Urtica dioica,

important factor is
which reveals higher significance treated

individually
the averaged GLMs.

All combinations of the most parsimonious models used
to compute average models for each analysis are listed in

in the hierarchical partitioning than in

12
1O

[0}

Frontiers in Ecology and Evolution | www.frontiersin.org

10

W

January 2021 | Volume 8 | Article 583831


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Antczak-Orlewska et al.

Chironomidae Morphological Types and FFGs

>

pH

Urtica dioica Carex sp. wood

p<0.001

tribes/subfamilies

ns. na. ns.

DR
L. =

mentum types

(9]

| p<0.001 6. na.l g p=0.d4~ n.s. 6: * ns n.s. 6] ns. p=0.02
- . i. 3 [ IR i
2 K. ” - e
= LA} - /
o 4.t i co e H S
% 41. : i |
@ 4 -
Q
o

types (B) and feeding type (C), where “n.a.” means that the factor was not included

FIGURE 5 | Visualization of generalized linear models testing for effects of selected environmental factors on richness of chironomid tribes/subfamilies (A), mentum

in the models, and “n.s.” that its explanatory power was not significant.

Predictors with statistical significance of response variables are given in white. For fu

A Tribes/subfamilies richness B Mentum types richness C Feeding groups richness
wood | 0
U. dioica
5 sana | | 0
1]
S pH{ | + | + | +
& om{ i ]
il [] =
Carex sp. . . .
caco,{ ll I |
0 20 40 60 0 20 40 60 0 10 20 30 40

Independent effects [%]

FIGURE 6 | Relative contribution of each predictor to shared variability of full models testing for effects of environmental factors and richness of tribes/subfamilies
(A), mentum types (B), and feeding types (C). A positive impact of environmental variables was marked with a plus (+) and negative impact with a minus ().

Il predictor names, see Supplementary Table 1.

Supplementary Table 2. For final values of each environmental
factor in averaged models, see Supplementary Table 3.

DISCUSSION

Chironomidae Habitat Preferences in the

Paleo-Oxbow and the Moat

Both generalized linear models (Figure 5) and hierarchical
partitioning (Figure 6) clearly show that the crucial factors
shaping Chironomidae functional composition are pH and
OM. However, each site is different, depending on the levels
of these factors. In the paleochannel (W4), pH was stable
and circum-neutral, as indicated by the geochemical analysis.

That provided favorable conditions for a complex, functionally
diverse ecosystem. In the moat system (W3), pH conditions
underwent significant change, from slightly alkaline in the first
phase of its development to slightly acidic in the following
phases. Those changes are associated with primary human-
induced eutrophication and water acidification after ringfort
abandonment (Kittel et al., 2018a; Figure 4). The K, OM, and
wood positively shaped Chironomidae assemblages in the first
phase of moat development, during human settlement in the
ringfort (Kittel et al., 2018a). Taxa typical of permanent stagnant,
partly overgrown water bodies (e.g., Paratanytarsus penicillatus-
type, Glyptotendipes pallens-type and Cricotupus intersectus-type)
were dominant. Mining chironomids were represented mainly by
Endochironomus tendens-type and Glyptotendipes pallens-type.
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In the group of eutrophic species that are mining several
macrophyte species (as Endochironomus impar-type in Berg,
1995; Beiger, 2004; Moller Pillot, 2009), many just live in coarse
organic detritus, without direct association with living plant
tissue (Bijlmakers, 1983). Toth et al. (2012) state that the above-
mentioned chironomids are in fact mostly opportunistic in
selecting macrophyte species, while the structure of vegetation
is more important. They could also settle on decaying wood
particles, bark and small branches. Among terrestrial plants,
Urtica dioica is strongly correlated with chironomid community
richness according to its independent effect (Figure 6). This
is an indicator of wet, nitrogen-rich soil (Hill et al, 1999).
Urtica is often found in swampy habitats, but also in great
abundance in habitats where high trophic state is the result
of human impact (Srutek and Teckelmann, 1998). Both Urtica
abundance and Chironomidae species richness result from high
trophic conditions in the moat (high OM and pH) (Figure 6).
Potassium (K) that shaped communities with high significance,
indirectly marks denudation processes associated with human
influence on the moat, in its first stage of development (W3).
The ringfort surroundings were strongly exposed to trampling,
lithogenic elements were also moved from local gardens and
fields (Kittel et al., 2018a). Denudation processes influenced
moat bank habitats affecting chironomid communities even on
a high taxonomic level. These processes are associated with
the inwash of organic and inorganic suspension, including fine
particulate organic matter. Thus, the filtrators and collector-
gatherers were abundant. The moat history ends with a sudden
decrease of Chironomidae abundance and its transformation
into the semiterrestrial peaty habitat (low pH but high OM,
K, and wood accumulation) (Figure 4). It is associated with
the complete change of the conditions in the moat, which
were no longer favorable for most chironomid taxa. The
scarcity of water, acidification, and macrophyte composition
transformation meant that only taxa adapted to such conditions
could survive. Within the chironomid fauna of that time,
there were single individuals of Limnophyes-Paralimnophyes,
Pseudosmittia, and Pseudorthocladius (mentum type 15), along
with some Chironominae (mostly collectors) typical of muddy
bottoms of the retain ditch of the moat (Kittel et al., 2018a).
Whereas the samples from W3(2) are more scattered and
arranged according to depth, the W4 samples are aggregated
closely together in the ordination analysis (Figure 4). This results
from the habitat conditions in the paleochannel (W4) during
Late Weichselian, which were more uniform and stable for a
long time than in the moat habitat. They reveal significantly
lower importance of lithogenic elements (like K) than in
W3(2), indicating that Medieval human settlement in the valley
caused higher denudation than during Allered-Younger Dryas
transition. Lower trophic state in this case does not follow
acidification like in W3(2) but comes from generally low OM
content in the Lateglacial landscape (Birks and Birks, 2004).
Initial plant communities (Feurdean et al., 2014) did not generate
much wood substrate for the mining chironomid communities.
The morphological traits varied across the CaCOj; gradient
from W3(2) to W4 mostly due to its high content in W4, as
opposed to low content in W3(2). The influence of this variable

on chironomids is associated with the periods of increased
leaching from the shallow groundwater. During the Late Glacial
oxbows in the regional river valleys were supplied by carbonate
groundwater (Plociennik et al., 2015; Pawlowski et al., 2016a).
The water supply (precipitation, floods, and groundwater) is
important for the biota composition in river valley wetlands.
When groundwater seeps to the oxbows there appear taxa typical
to cold, alkaline springs and brooks (Plociennik et al.,, 2015;
Pawlowski et al., 2016b).

Despite covering a similar timespan (ca. 600 years), out of
both studied cores, the W3(2) sequence was far more ecologically
diverse. Without doubt, human impact was crucial here. It
changed both physical and chemical water composition, and thus
also flora and fauna within the moat system and in its immediate
vicinity (Kittel et al., 2018a). Ringfort inhabitants supplied the
moat system with a significant amount of wood (mostly Quercus
sp.), which served as a hard substrate for periphyton, including
diatoms. This way, even if it was not a direct food source for
the xylophiles, it created a suitable microhabitat for a range of
trophic guilds, mostly scrapers. Such coarse organic matter is
important not only for phytophilous grazers and filter feeders
(such as Glyptotendipes pallens-type and Dicrotendipes nervosus-
type) but also for collector-gatherers and shredders, represented
here by larvae with mentum types 12 and 14 (Polypedilum,
Phaenopsectra, and Endochironomus). Lower habitat variability
and higher environmental stability (manifested here, e.g., by the
narrow pH gradient) in the paleo-oxbow implied lower diversity
of chironomid groups. In the W4 sequence, only 15 (out of 16)
mentum types and 10 (out of 12) functional feeding groups were
recorded (Figure 3).

Comparison of Typologies

It is not surprising that the results of ordination analyses based
on three Chironomidae typologies are to some extent convergent.
They reveal similar trends as they are based on the same data,
though classified differently. However, mentum types and FFGs
allow for a more detailed ecological interpretation than tribe
classification. As feeding ecology strongly influenced mouthparts
evolution, FFGs may aggregate taxa phylogenetically distant
but having similar mouthparts (Armitage et al., 1995). Among
the examples are Procladiini and Cryptochironomus with a
similar, concave mentum, belonging to two different subfamilies,
semiterrestrial Orthocladiinae representing different genera, and
phytophile taxa from mentum types 10 and 12. The mentum
shape fits feeding ecology across the taxonomic classification, as
can be seen in the stratigraphic diagrams presented in Figure 3.
The FFGs and mentum type stratigraphy are consistent, because
habitat transformations cause changes in the available food -
from suitable for P and G throughout G/C, C/F, and M typical
of eutrophic, overgrown shallow water, to C and C/F living in
wet moss and soil, and thus having a different food base. In fact,
chironomid communities often consist of taxa with a similar type
of mentum according to habitat conditions (pers. obs.).

Functional Groups as Habitat Indicators
Chironomidae functional traits have so far been studied mainly
by Serra et al. (2016, 2017), who developed a trait database for
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European genera, analyzed it for subfamilies and compared it
with the North American database (USEPA, 2012). However,
such a taxonomic level seems to be too general for several traits.
Creating such a database for larvae morphotypes, commonly
used in paleolimnology, is worth considering.

Birks (2020) indicates that the functional trait approach
in plant paleoecology has several limitations. While pollen-
based ecological information is generalized, as it often can be
identified only to the family or genus level, plant macrofossil
analyses are problematic because of mixed data types and
the possibility of ‘false absences’ (Birks, 2014, 2020). Here,
chironomid subfossils could play a significant complementing
role. The functional groups approach seems to work well in
microhabitat reconstructions. Chironomidae FFGs and mentum
types correspond to several environmental factors, such as
the substrate and vegetation type, as well as physicochemical
conditions. Although dividing taxa into groups is itself a
generalization and may lead to loss of some data, it is also
an easier and more systematized method to obtain comparable
results. As functional guilds work well in climate reconstructions
(see Kivild et al., 2019), why not use them in tracking changes
in the habitat structure? The chironomids serve well at the
morphotype level as indicators of habitat complexity in terms of
plant richness and density (Langdon et al., 2010). In fact, their
association with vegetation is generally established within FFGs
and, most likely, also morphological groups.

In this study, we classified each recorded Chironomidae
morphospecies to a morphological group. The groups were
distinguished on the basis of mentum and ventromental plates,
as these elements are usually preserved well in the sediment.
Whereas this classification may be enhanced and complemented
in the future, it may serve as a good surrogate for functional
feeding groups in habitat reconstructions. However, we need to
be aware that, while the mouthpart type is strongly associated
with feeding behavior, it is not the only factor shaping it.
Mouthpart morphology is associated with many aspects of
species biology and ecology, so it is not as strong an indicator of
habitat changes as feeding groups. Moreover, as food preferences
may change throughout life of chironomid larvae, only the 3rd
and 4th instars should be included in such analyses. In fact, head
capsules of the 1st and 2nd instars of chironomid larvae hardly
ever preserve well in the sediment. In the future, the feeding
groups and morphological types should also be tested within the
contemporary assemblages ranging through measured ecological
gradients. It would give a picture of more direct linkages between
chironomid larvae and their habitat.

CONCLUSION

The results indicate that Chironomidae FFGs and morphological
types reveal similar reactions to the biotic and abiotic
environmental factors. Thus, they could serve as surrogate
indicators where applicable. A well-designed mouthpart typology
would be an easy and systematized method to obtain basic results
comparable with functional feeding groups. Chironomidae
morphological types can be easily recognized, e.g., during

plant or beetle macrofossil analysis, and pre-analyzed without
knowing the exact ecology of each taxon. If such preliminary
examination give promising results, further detailed analysis
should be undertaken by a specialist. Such an approach
would enable the implementation of Chironomidae analyses
in a wider range of paleolimnological and archeological
research. The trait-based approach in subfossil Chironomidae
studies is worth developing and can prove useful in the
future application in paleolimnology. The potential use of
morphological types should be checked during further studies
based on modern Chironomidae assemblages ranging through
known ecological gradients.

To conclude, such simplified para-taxonomic analyses based
on generalized morphological types never fully replace detailed
species-specific autecological approach. However, in cases
where a comprehensive chironomid study is not possible, the
proposed method can serve as a useful tool to obtain some
ecological information.
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Supplementary information

Supplementary Table 1. Variables for cores analyzed in the study. The data was standardized

during analyses. Bolded variables were included in further analysis.

Variable Code
Diatom concentration [ind./cm®] Diatoms
pH pH

CaCOs; [%] CaCO3
Organic matter [%] oM
Mineral matter [%] MM

K [mg/g] K

Ca [mg/g] Ca

Fe [mg/g] Fe

Pb [ng/g] Pb

Silt [%] silt

Sand [%] sand
Wood [%] wood
Urtica dioica [%] U. dioica
Rorippa palustris [%)] R. palustris
Cyperus fuscus [%] C. fuscus
Carex sp. [%] Carex sp.
Mentha aquatica [%] M. aquatica
Oenanthe aquatica [%] 0. aquatica

Lycopus europaeus [%)
Phragmites australis [%)
Hydrocaris morsus-ranae [%)]
Alisma plantago-aquatica [%]
Lemna sp.

Nuphar lutea [%)]

Batrachium sp. [%]
Sparganium erectum [%]
Potamogeton sp. [%]

Filipendula ulmaria [%)]

L. europaeus

P. australis

H. morsus-ranae
A.plantago-aquatica
Lemna sp.

N. lutea

Batrachium sp.
S. erectum
Potamogeton sp.

F. ulmaria
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Supplementary Table 2. Most supported (1AIC < 2) models testing for impact of environmental

factors on richness of chironomid groups in each typology.

Response variable Model df logLik AlCc AAICc  weight
Tribes/subfamilies  pH 3 -45.16 96.9 0.00 0.091
richness OM + pH 4 -44.37 97.8 0.86 0.059
K+ OM + pH 5 -43.39 98.4 1.46 0.044
Carex sp. + pH 4 -44.77 98.6 1.65 0.040
pH + wood 4 -44.82 98.7 1.75 0.038
CaCOs + pH 4 -44.88 98.8 1.88 0.035
OM + pH + sand 5 -43.65 98.9 1.99 0.034
Mentum types K+ OM + pH + wood 6 -58.59 131.5 0.00 0.117
richness K+ OM + pH 5 -59.96 131.5 0.03 0.116
K+ OM + pH + sand 6 -59.27 132.9 1.37 0.059
CaCO3 + K+ OM + pH + wood 7 -57.86 132.9 1.41 0.058
CaCO; + K+ OM + pH 6 -59.36 133.0 1.53 0.055
Feeding groups OM + pH + wood 5 -49.47 110.6 0.00 0.098
richness K+ OM + pH + wood 6 -48.19 110.7 0.16 0.090
Carex sp. + pH + wood 5 -49.99 111.6 1.06 0.058
Carex sp. + OM + pH + wood 6 -48.83 112.0 1.43 0.048
OM + pH + sand + wood 6 -48.99 112.3 1.77 0.040
OM + pH 4 -51.70 112.5 1.89 0.038
K+ OM + pH + U. dioica + wood 7 -47.66 112.5 1.97 0.037
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Supplementary Table 3. Impact of environmental factors used in averaged models on richness of

analyzed chironomid groups (generalized linear regression).

Response variable Predictor Estimate Adjusted SE Z P
Tribes/subfamilies richness Intercept 2.892 0.112 25.8 <0.001
pH 0.799 0.137 5.8 <0.001
oM 0.220 0.168 1.3 0.192
K -0.137 0.174 0.8 0.431
Carex sp. 0.077 0.145 0.5 0.594
wood 0.086 0.143 0.6 0.547
CaCoO; 0.096 0.118 0.8 0.416
sand 0.078 0.169 0.460  0.645
U. dioica -0.048 0.156 0.3 0.759
Mentum types richness Intercept 5.244 0.162 32.3 <0.001
pH 1.715 0.227 7.6 <0.001
oM 0.822 0.279 3.0 0.003
K -0.574 0.257 2.2 0.025
Carex sp. -0.030 0.234 0.1 0.899
wood 0.322 0.231 1.4 0.163
CaCoO; 0.180 0.175 1.0 0.303
sand 0.285 0.267 1.1 0.286
U. dioica 0.138 0.241 0.6 0.561
Feeding types richness Intercept 4.222 0.128 33.0 <0.001
pH 0.891 0.173 5.1 <0.001
oM 0.474 0.225 21 0.036
K -0.242 0.208 1.2 0.242
Carex sp. 0.223 0.184 1.2 0.225
wood 0.418 0.185 23 0.023
CaCo; 0.012 0.139 0.1 0.926
sand 0.097 0.208 0.5 0.641
U. dioica 0.143 0.180 0.8 0.426
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Supplementary Figure 1. Correlation matrices with Pearson’s r correlation coefficients calculated

for the W3(2) core: (A) all predictors and (B) predictors left for further analyses. For full predictor

names, see Supplementary Table 1.
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for the W4 core: (A) all predictors and (B) predictors left for further analyses. For full predictor

names, see Supplementary Table 1.
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Chapter VII. General discussion

Whereas palaeoecological studies have a long history, only a holistic approach with the use of
guantitative tools and multiple proxies gives reliable results (comparable between sites). The
findings presented in this thesis confirm the usefulness of subfossil Chironomidae in tracking past
local and regional environmental changes. The chironomids are proven to be a valuable proxy in
particular when used along other biotic and geochemical analyses, which significantly

complement the interpretation of obtained results.

The coring sites selected in the vicinity of the Rozprza stronghold represent both natural
(palaeomeander, later oxbow lake) and anthropogenic (moat) small lowland water bodies. Both
water bodies were complex ecosystems overgrown with diverse macrophytes and algae, and
inhabited by insect (dipteran larvae) and meiocrustacean (cladocerans) communities. However,

the investigated processes had a different character in the moat and in the palaeo-oxbow.

The evolution of the oxbow lake recorded in the RP W4 profile happened gradually over
thousands of years. After cutting off the river meander in the Early Allergd, the formed oxbow
lake existed for over a thousand years (Chapter Il). The main drivers of chironomid larvae
composition were then large-scale environmental changes, such as climate fluctuations. The only
sudden events affecting the lake were flooding episodes. They probably caused the refreshment
of the lake with fluvial water and partial destruction of the plant cover. It further inhibited the
naturally slow eutrophication process. The terrestrialisation did not happen until mid-Younger
Dryas, being a consequence of successive water shallowing (Fig. 11, Chapter Il). Similar pattern
and duration of natural succession from oxbow to mire was observed elsewhere in the region
(e.g. Pawtowski et al., 2015; Kittel et al., 2016; Ptéciennik et al., 2020). The studied oxbow in
Lucigza River valley fits into the general trend of intensified paludification processes during the
transition from Late Glacial to Holocene (Vandenberghe, 2003; Starkel et al., 2013). Nevertheless,
such shallow water bodies located in the river floodplains are particularly exposed to the river
activity. Unstable conditions could interfere with peat sedentation in the Holocene, leading to
periodic recurrence of limnetic conditions within the mire (Kittel et al., 2016; Chapter lll). The
oxbow studied with RP W4 profile in Rozprza during most of the Holocene had presumably the
character of a backswamp throughout most of the Holocene, as suggested by the domination of
hygropetric chironomid taxa. The history of studied paleomeander covers ca. 13,000 years since

the lake formation to the final (fully terrestrial) stage of its succession (Chapter lll).

A completely different succession pattern was represented by the moat surrounding the Rozprza

motte. The high water trophic state reaching even hypertrophy, according to total phosphorus
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chironomid-inferred reconstruction based on British calibration set was permanent, from
establishing of this feature ca. 1330 AD on (Fig. 12, Chapter 1V). On the one hand, its small size
and shallow, muddy bottom were conducive to water warming and increased productivity. On the
other hand, the main accelerator of eutrophication was undoubtedly human activity. The
inhabitants of the stronghold were most probably affecting moat water directly by supplying it
with organic waste. The cultural eutrophication was also enhanced by pastoral and arable farming
activities. The crucial nutrients coming from animal husbandry were phosphorus and nitrogen
(Carpenter et al., 1998; Taylor et al., 2017). They were accumulating in the catchment and running
off to the moat. Such a high enrichment in nutrients led to the fast overgrowing of moat with
macrophytes and phytoplankton. The algae likely caused seasonal blooms, which can be harmful
for many living organisms (Brodersen & Quinlan, 2006). The negative implications of the eutrophic
water conditions (such as pathogenic microorganisms and nuisant insects development) were
probably one of the reasons for digging the artificial channel linking the moat with the Lucigza
river (Chapter IV). This solution was effective to some extent — after initial decrease of total

phosphorus content, the water trophic state increased again (Fig. 12, Chapter 1V).

The moat paludification started with peat sedentation after the stronghold was abandoned in the
16" century AD, ca. 150 years since its establishment (Fig. 6, Chapter V). This process, however,
did not happen simultaneously in the whole water body. The aquatic ecosystem functioned
continuously only in its deepest southern/south-western part (RP W3 cores). The north-eastern
part of the moat (RP W1 core) was generally inhabited by less abundant aquatic communities.
Chironomidae taxa recorded there had mostly wide ecological preferences, although many of
them were associated with macrophytes (Chapter V). Considering the above with lithological and
geochemical results, we can conclude that the north-eastern part of the moat was supplied with
water mostly during the periodic inflow from the artificial channel. For most of the moat's
existence, it probably was a marshy, telmatic habitat with peat deposits and shallow puddles of
water (Chapter V). The environmental history of the moat finally ended in the 18" or 19" century

AD, with deposition of overbank alluvia (Chapter IV, V).

The activity of nearby river affected studied water bodies and their biotic components in various
ways. The natural processes, such as floods and surface runoff could have been accompanied by
human-induced rinsing of the moat directly and intentionally with riverine water. These fluvial
activities caused changes in the sediment composition by soil erosion, geochemical denudation,
inwash of overbank mineral matter and increase of inorganic components (such as SiOy., and
lithophile elements) content (Chapters IlI, IV, V). The irregular inwash of sand and gravels was

reflected in Chironomidae taxa associated with mineral bottom (mainly Tanytarsini). The
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significant presence of rheophilic midge larvae both in the oxbow (RP W4 core) and the moat
deposits were even more evident signals of the river’s activity. Besides indicative chironomids
(such as Rheocricotopus, Rheotanytarsus and Potthastia), the useful subfossils included Simuliidae
larvae head capsules. These truly rheophilic dipterans were recorded both in the Late Glacial and
Holocene part of the oxbow/backswamp (Chapters I, 1ll), as well as throughout the main moat
(cores RP W1, RP W3 (2) and RP W3(4)). No distinct geochemical evidence indicates large-scale
floods during the late medieval human settlement in the stronghold. Therefore, the biota
associated with lotic conditions were probably washed into the moat with Lucigza River water

through the artificial channel (Chapter IV).

The flooding episodes were in turn the main cause of periodic water level increase in the oxbow
lake (and later the backswamp) over its long history, as inferred from the RP W4 core. They were
recognised mainly using geochemical indicators, rheophilic midges and increased frequency of
planktonic Cladocera. The main floods in Lucigza River valley during Late Glacial happened
probably ca. 13,100-13,000 cal. BP and ca. 12,800-12,500 cal. BP (Chapter Il). They coincide with
global climatic changes, which were likely the main driver of hydrological fluctuations (Starkel et
al., 2013; Dzieduszynska et al., 2014). In the period of peat sedentation during the oxbow
terrestrialisation in the Holocene a few episodes of higher water level, when chironomid
assemblages could have developed, were recorded. The first Holocene (Atlantic) chironomid
assemblage can be linked to the existence of shallow water body because the terrestrialisation
process was already in progress, as suggested by the domination of hygropetric and eurytopic
taxa. Stempelinella-Zavrelia and Corynoneura arctica morphotypes classified here as rheophiles
are not exclusively associated with lotic habitats (Gitka, 2011; Moller Pillot, 2013) and cannot be
treated as the indicators of the water flow in this case. However, the second limnetic episode of
the backswamp in the Early Middle Ages was very likely the effect of hydrological fluctuations in
the Early Medieval Period (from 6" century AD). The continental climate with distinct cooling led
to frequent anomalies, such as droughts and floods (Blintgen et al., 2011). The trace of the latter
is recorded in head capsules of rheophilic chironomids, such as Rheocricotopus effusus-type (Fig.

3.1, Chapter Ill).

Chironomidae subfossils from the oxbow lake deposits (RP W4 core) were also used to track
palaeoclimatic fluctuations in central Poland (Chapter Il). The summer air temperature, however,
could only be estimated for the Late Glacial part of the sequence, as the Holocene backswamp
was inhabited by too scarce chironomid assemblages for quantitative reconstruction. All models
used show similar trends. The Allergd interstadial was relatively cool in comparison to warm

summers at the onset of Younger Dryas (up to 15-16 °C) (Fig. 11, Chapter Il). Such high
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temperatures in this well-documented ‘cold event’ seem to stand in contrast to the general
findings (Carlson, 2010). However, the Chironomidae assemblages are used to reconstruct the
mean air temperature of the warmest month (July). As the Younger Dryas is known for the
increase of continentality (Schenk et al., 2018), it cannot be ruled out, that the summers could
have been as warm as in modern Russia (The World Bank Group, 2021). Moreover, this event was
more distinct in the northern and western parts of Europe (Brooks & Langdon, 2014), and
reconstructions from central-eastern part of the continent often give similar results to those from

Rozprza (Kubovcik et al., 2021).

Another inference from chironomid-based paleotemperature reconstruction is the record of cool
inter-Allergd oscillation (corresponding to Gerzensee oscillation; Schwander et al.,, 2000).
Although some research from Poland suggested it earlier, this is the first quantitative record of

this event from East-Central Europe obtained by such high-resolution analysis.

The Chironomidae assemblages from lake sediments are very good palaeoindicators of the past
climate changes. Besides natural succession towards telmatic/semiterrestrial habitats, the shifts
in the taxonomic composition were mostly induced by summer air temperature fluctuations, and
during the fully limnetic phase (Late Glacial up to mid-Younger Dryas) it was the main factor
(Chapter Il). The midge subfossils from the moat system, though abundant, could not be used to
reconstruct climatic conditions in the Late Medieval and Early Modern periods, as they were

primarily driven by the human-induced trophic and habitat changes.

The chironomid larvae abundance and composition in the studied water bodies were shaped by
the above-described processes. The highest morphotype richness and abundance of midge
subfossils were recorded in the moat profiles RP W3 (Fig. 7.1, Table 1.1). However, most of this
richness was constituted by Chironomini tribe representatives. Chironomini larvae mostly live in
soft sediments, such as silt and mud. Many of them prefer eutrophic water and can survive
oxygen deficiencies (Moller Pillot, 2009). The fresh water supplies and diversity of habitats
available enable the occurrence of more demanding (e.g. rheophiles) and phytophilous taxa, such
as Corynoneura arctica-type. On the other hand, Diamesinae is the subfamily recorded only in the

oxbow sediments (Fig. 7.1.).
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Fig. 7.1. A morphotype richness comparison between studied profiles, regarding main taxonomic

divisions.

A relatively high (morpho-)taxonomic Chironomidae richness both in the oxbow and in the main
moat is also reflected among functional feeding groups (FFGs). Predators (mainly Tanypodinae)
co-occurred with filtrators, collectors, shredders, scrapers and plant-miners (Chapter VI). Such a
high diversity among trophic guilds may indicate a complex, well-functioning ecosystem. While
the larvae mouthpart shape is (at least partially) associated with feeding preferences (Olafsson,
1992), it was tested for indicative value in tracking habitat changes. Available food sources,
directly linked to the habitat substrate structure, vegetation and geochemical conditions, seem to
be one of the main drivers in shaping chironomid assemblages. The analyses of profiles derived
from both studied water bodies (RP W3(2) and RP W4) revealed that the chironomid composition
both on morphological, functional and higher taxonomic levels is shaped by similar (meso-)habitat
factors, mainly organic matter content and pH (Fig. 4, Chapter VI). Therefore, a general analysis of
Chironomidae larvae based on simplified mouthpart typology can be a tool to obtain some basic,

preliminary results on habitat changes.

A comparison of the studied palaeo-oxbow during the Late Vistulian (RP W4) and the deepest part
of the moat (RP W3(2)) shows that the habitat changes in the moat were relatively fast, being
induced by anthropogenic eutrophication and water acidification after the stronghold was

abandoned. The oxbow sequence, though covering a similar timespan, indicates stable conditions,
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favourable for a functionally diverse ecosystem (Chapter VI). More distinct habitat changes

started to happen no sooner than in the Holocene (Chapter Ill).

Conclusions

This research explored the applicability of subfossil chironomid assemblages in tracking past
natural and anthropogenic processes in small water bodies. The hypotheses were tested on the
basis of the sediment profiles from palaeo-oxbow and medieval stronghold’s moat in the tédz

region (central Poland).

The research revealed that artificial features, such as moats, were impacted by the same
environmental processes, as those in comparable natural water bodies. All aquatic ecosystems
underwent a similar succession pattern with increasing trophic state, through fen/mire towards
fully terrestrial environment. The paludification of the moat happened much faster in comparison
to the oxbow lake, being accelerated by the human-induced eutrophication (H1 confirmed). The
stronghold inhabitants had a great impact on the moat ecosystem. They not only supplied the
water with nutrients from household and farming activities, but also probably refreshed it using
the artificial channel from the Lucigza River (H2 confirmed). Moreover, the ecofacts (wood, stems
etc.) and artefacts (e.g. pottery) could serve as additional habitats for aquatic plants and animals,
including chironomid larvae. Such point features, but also depth differences and other
morphological parameters influenced the range and scale of processes shaping habitat
composition. The habitat-dependent Chironomidae assemblages differed throughout the moat,

which confirms the third hypothesis.

The results of the RP W4 core analysis indicate that Chironomidae assemblages in oxbow lakes are
shaped mainly by long-term climate changes. The global summer air temperature fluctuations
directly influence stenothermic chironomids. It also causes, however, changes in precipitation and
river activity, macrophyte cover, trophic state and paludification. Such changes affect other
ecologically sensitive groups of chironomids, being indirectly driven by global (rarely regional or
local) climatic changes. In contrast, the midge community composition in a moat was determined

mainly by local (even point) habitat-scale factors, which confirms the fourth hypothesis.

This PhD research presents the first application of subfossil Chironomidae analysis in the
palaeoecological study of historical moat deposits. The research contributes to expanding
knowledge about the ecology of such anthropogenic water bodies, commonly used in the Middle
Ages and the Early Modern Period. It examines past ecosystems as holistically as possible, using a

spatial approach and multiple proxies. Within the PhD project, a novel trait-based classification of
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Chironomidae was tested as a tool for interpretation of palaeoecological midge data, giving
promising results for future studies. Finally, it provides the high-resolution reconstruction of
palaeoclimate in the Lucigza River valley during the Late Glacial. Chironomid-inferred summer air
palaeotemperatures confirm the short, cool inter-Allergd oscillation in central Poland. The results
bring new information on the regional character of global climatic events, such as Younger Dryas,

and hydrological changes associated with them.

To sum up, the opportunity to track changes in the midge communities both in natural and
anthropogenic water bodies in the same area was used. It examined the relation between biotic
components and their abiotic environment, indicating the ecosystem response to the climate and
landscape changes, as well as disturbances caused by the local factors. The research proved the
high potential of subfossil Chironomidae remains in the reconstruction of eutrophication,
paludification, fluvial processes, habitat changes and climatic fluctuations. The ecological

diversity of these insects is of great value, and it provides many areas for further studies.
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morphological types and functional feeding groups as a habitat complexity vestige. Frontiers

in Ecology and Evolution 8, 583831

maj wktad polegat na wykonaniu analiz geochemicznych osaddéw z profili RP W4 i RP W3(2), udziale w
interpretacji uzyskanych wynikéw oraz w przygotowaniu manuskryptu.

Szacuje go na 5 %.
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prof. dr hab. Andrzej Kruk t6dz, 15 maja 2022 r.
Katedra Ekologii i Zoologii Kregowcéw
Wydziat Biologii i Ochrony Srodowiska

Uniwersytet £odzki
OSWIADCZENIE

Oswiadczam, ze w pracy:
Antczak-Orlewska O., Okupny D., Kruk A., Bailey R.1., Ptociennik M., Sikora J., Krapiec M., Kittel P.A.
closer look into a medieval moat — the temporal and spatial chironomid-based reconstruction

of habitat mosaic and ecosystem functioning. Scientific Reports (w recenzji)

moj wkiad polegat wykonaniu analiz statystycznych przy uzyciu metody samoorganizujgcych sig sieci
neuronowych (SOM) oraz analizy gatunkow wskaznikowych opartej na IndVal, opracowaniu czesci
rycin oraz udziale w przygotowaniu manuskryptu.

Szacujegona 5 %.
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mgr Robert Sobczyk toédz, 13.05.2022
Katedra Zoologii Bezkregowcow i Hydrobiologii
Wydzial Biologii i Ochrony Srodowiska

Uniwersytet todzki

OSWIADCZENIE

Oswiadczam, e w pracy:
Antczak-Orlewska O., Ptdciennik M., Sobczyk R., Okupny D., Stachowicz-Rybka R., Rzodkiewicz
M., Sicinski J., Mroczkowska A. Krapiec M., Stowiriski M., Kittel P. 2021. Chironomidae
morphological types and functional feeding groups as a habitat complexity vestige. Frontiers in

Ecology and Evolution 8, 583831

moj wkiad polegat wykonaniu analiz statystycznych, w tym analizy redundancji RDA, ogolnych modeli
liniowych (GLM) oraz hierarchicznego partycjonowania (hierarchical partitioning), opracowaniu czesci
rycin i tabel oraz udziale w przygotowaniu manuskryptu.

Szacuje go na 7 %.
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mgr Olga Antczak-Orlewska

tédz, 1.06.2022

Katedra Zoologii Bezkregowcow i Hydrobiologii

Wydziat Biologii i Ochrony Srodowiska

Uniwersytet £odzki

Oswiadczam, ze wktad wszystkich autoréw w publikacje wchodzgce w sktad rozprawy jest

nastepujacy:

OSWIADCZENIE

1. The environmental history of the oxbow in the Lucigza River valley — Study on the specific

microclimate during Allergd and Younger Dryas in central Poland. Quaternary International

(opublikowana on-line, w druku)

Autor Udziat (%) | Wktad

Antczak-Orlewska 45 opracowanie koncepcji i zatozen pracy, analiza

Olga Chironomidae, analiza DCA, przygotowanie rycin i tabel,
interpretacja wynikow, przygotowanie manuskryptu

Okupny Daniel 15 analiza geochemiczna, przygotowanie czesci rycin, udziat
w interpretacji wynikéw oraz przygotowaniu manuskryptu

Pawtowski Dominik 10 analiza Cladocera, przygotowanie czesci rycin, udziat
w interpretacji wynikéw oraz przygotowaniu manuskryptu

Kotrys Bartosz 1 rekonstrukcja paleotemperatur na podstawie dostarczonych
danych Chironomidae

Krapiec Marek 1 datowanie radioweglowe

Luoto Tomi P. 1 rekonstrukcja paleotemperatur na podstawie dostarczonych
danych Chironomidae

Peyron Odile 1 rekonstrukcja paleoklimatu na podstawie danych
palinologicznych

Ptéciennik Mateusz 7 udziat w opracowywaniu koncepcji pracy, interpretacji
wynikéw oraz w przygotowaniu manuskryptu

Stachowicz-Rybka 4 analiza makroszczatkdéw roslinnych, przygotowanie czesci

Renata rycin, udziat w interpretacji wynikéw oraz przygotowaniu
manuskryptu

Agnieszka Wacnik 4 analiza palinologiczna, przygotowanie czesci rycin, udziat
w interpretacji wynikdw oraz przygotowaniu manuskryptu

Szmanda Jacek B. 1 analiza sedymentologiczna

Szychowska-Krgpiec | 1 analiza dendrochronologiczna

Elzbieta

Kittel Piotr 9 prace terenowe, analiza paleogeograficzna, przygotowanie

czesci rycin, udziat w interpretacji wynikow oraz
przygotowaniu manuskryptu
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2. The palaeoecological development of the Late Medieval moat — Multiproxy research at

Rozprza, Central Poland. Quaternary International 482, 131-156

Autor Udziat (%) | Wkitad

Kittel Piotr 25 nadzér nad projektem, prace terenowe, analiza
paleogeograficzna, opracowanie koncepcji artykutu, czesci
rycin i tabel, udziat w interpretacji wynikow i przygotowaniu
manuskryptu

Sikora Jerzy 20 prace terenowe, analiza archeologiczna, opracowanie ryciny,
udziat w interpretacji wynikow i przygotowaniu manuskryptu

Antczak Olga 5 analiza Chironomidae, przygotowanie czesci rycin i tabel,
udziat w interpretacji wynikéw i przygotowaniu manuskryptu

Brooks Stephen J. 5 rekonstrukcja stanu troficznego wody na podstawie
dostarczonych danych Chironomidae

Elias Scott A. 5 analiza Coleoptera, udziat w przygotowaniu manuskryptu

Krgpiec Marek 5 datowanie radioweglowe

Luoto Tomi P. 5 rekonstrukcja stanu troficznego wody na podstawie
dostarczonych danych Chironomidae

Okupny Daniel 5 analiza geochemiczna, przygotowanie czesci rycin, udziat
w interpretacji wynikdw i przygotowaniu manuskryptu

Pawtowski Dominik | 5 analiza Cladocera, przygotowanie ryciny, udziat w interpretacji
wynikéw i przygotowaniu manuskryptu

Ptéciennik Mateusz | 5 analiza DCA, weryfikacja oznaczen Chrironomidae, udziat w
interpretacji wynikéw

Rzodkiewicz 5 analiza okrzemek, przygotowanie ryciny, udziat w interpretacji

Monika wynikéw i przygotowaniu manuskryptu

Stachowicz-Rybka 5 analiza makroszczatkdéw roslinnych, przygotowanie ryciny,

Renata udziat w interpretacji wynikdéw i przygotowaniu manuskryptu

Agnieszka Wacnik | 5 analiza palinologiczna, przygotowanie ryciny, udziat

w interpretacji wynikéw i przygotowaniu manuskryptu

3. A closer look into a medieval moat - the temporal and spatial chironomid-based

reconstruction of habitat mosaic and ecosystem functioning. Scientific Reports (w recenzji)

Autor Udziat (%) | Wktad
Antczak-Orlewska | 60 opracowanie koncepcji i zatozen pracy, analiza Chironomidae,
Olga przygotowanie rycin i tabel, interpretacja wynikéw,
przygotowanie manuskryptu
Okupny Daniel 5 analiza geochemiczna, przygotowanie czesci rycin, udziat
w interpretacji wynikdéw oraz w przygotowaniu manuskryptu
Ptéciennik Mateusz | 11 udziat w opracowaniu koncepcji pracy, interpretacji wynikow

i przygotowaniu manuskryptu, analiza CCA
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Kruk Andrzej 5 analizy SOM i IndVal, udziat w przygotowaniu manuskryptu
Bailey Richard I. 5 analiza GLM, udziat w przygotowaniu manuskryptu
Sikora Jerzy 4 prace terenowe, analiza archeologiczna, opracowanie modelu
DEM i ryciny, udziat w interpretacjiwynikéw
i w przygotowaniu manuskryptu
Krapiec Marek 1 datowanie radioweglowe
Kittel Piotr 9 prace terenowe, analiza paleogeograficzna, udziat

w interpretacjiwynikow oraz przygotowaniu manuskryptu

4. Chironomidae morphological types and functional feeding groups as a habitat complexity

vestige. Frontiers in Ecology and Evolution 8, 583831

Autor Udziat (%) | Wktad

Antczak-Orlewska | 50 opracowanie koncepcjii zatozen pracy, analiza Chironomidae,

Olga przygotowanie rycini tabel, interpretacja wynikéw,
przygotowanie manuskryptu

Ptéciennik Mateusz | 21 udziat w opracowaniu koncepcji pracy, interpretacji wynikow
oraz w przygotowaniu manuskryptu

Sobczyk Robert 7 analizy statystyczne, opracowanie czescirycin i tabel, udziat
W przygotowaniu manuskryptu

Okupny Daniel 5 analiza geochemiczna, udziat w interpretacji wynikow
oraz w przygotowaniu manuskryptu

Stachowicz-Rybka | 3 analiza makroszczatkéw roslinnych, udziat w przygotowaniu

Renata manuskryptu

Rzodkiewicz 1 analiza okrzemek

Monika

Sicinski Jacek 5 udziat w przygotowaniu manuskryptu

Mroczkowska 1 udziat w przygotowaniu manuskryptu

Agnieszka

Krapiec Marek 1 datowanie radioweglowe

Stowiriski Michat 1 udziat w przygotowaniu manuskryptu

Kittel Piotr 5 prace terenowe, analiza paleogeograficzna, udziat

w przygotowaniu manuskryptu
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