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Many European lakes have suffered oxygen declines from recent eutrophication raising the question
as to which conditions are representative of their pre-impact state. Here we present a palaeoecological
record revealing that deepwater oxygen in small lakes can be variable overlong timescales and subject
to human influence for millennia. Remains of chironomids and other invertebrates indicate that
Bichelsee (Switzerland) shifted from a stable, oxygen-rich to a dynamic, oxygen-poor state before
major human activity. Initially, increased human activity and clearcutting coincided with improved
oxygen conditions for deepwater midge larvae. However, from the Roman Age onwards, similar
disturbances were associated with low oxygen and reduced deepwater invertebrate populations.
These results demonstrate that small European lakes can have multiple, contrasting pre-impact
reference states, and that ecological effects of human activity, even their directionality, may shift over
time. Furthermore, repeated cycles of impact and recovery can occur over millennia, complicating

assumptions about their baseline conditions.

Lake ecosystems are important biodiversity hotspots, freshwater reservoirs
and provide a wide range of ecosystem services such as habitats for
endangered species, recreational areas and access to fisheries'. However,
many lakes have been heavily impacted and modified in past decades and
centuries by human activities leading to eutrophication and associated
anoxia with detrimental effects on their flora and fauna*’. To counter this,
major efforts have been made to slow down or reverse eutrophication and
restore European lakes*’. When assessing the extent that lake ecosystems
have been disturbed by human activities, theoretical or reconstructed
reference conditions play an important role to determine the deviation of
affected ecosystems from a state with minimal human impacts. For example,
the European Water Framework Directive (WFD), the primary environ-
mental legislature for European lakes, assesses ecological status of aquatic
ecosystems relative to a hypothetical reference state defining their condi-
tions under minimal human impact®. The concept of natural state also plays
an important role in more general ecological discussions on the extent that

modern ecosystems deviate from their undisturbed, pristine state and have
been modified by human impact’.

Palaeoenvironmental reconstructions based on sediment analyses
provide information on past conditions in aquatic ecosystems and can
therefore play a key role in discussions of pre-impact and reference states of
impacted lakes® and marine ecosystems”"’. Lake sediment studies focussing
on environmental change during the recent past, e.g., during 20" century
eutrophication or acidification, often assume that human impact was neg-
ligible or not relevant before the industrial period (i.e., 1850 CE)"". However,
in regions like Central Europe, agriculture and other human activities have
had distinct influences on the environment since the Neolithic period'.
Individual studies have shown that such early human activities may already
have had noticeable effects on lake ecosystems'’™"*. However, long-term and
particularly prehistoric human impacts are rarely considered in discussions
on natural background conditions and reference states of lakes. Remains of
chironomid larvae and other aquatic invertebrates are sensitive indicators
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for reconstructing lake ecosystem dynamics and particularly changes in
deepwater oxygen concentrations. The presence of benthic invertebrates
such as chironomids in deepwater environments of lakes requires sufficient
oxygen concentrations for their survival and therefore represents an
important indicator of lake ecological status. For example, in Switzerland,
the Water Protection Ordinance (WPO) prescribes that oxygen con-
centrations at any given water depth throughout the year should be at
minimum 4 mg/L, a threshold considered necessary to allow benthic
invertebrates to exist, unless unusual natural conditions favour anoxic
waters'®.

With this study we present a well-dated and exceptionally highly
resolved aquatic invertebrate record from a small Swiss lowland lake
(Bichelsee). Remains of chironomid larvae and other invertebrates in this
record allow us to reconstruct major variations in invertebrate assemblages
and deepwater oxygen availability, determine when deepwater hypoxia first
developed, describe the dynamics of changes in deepwater environments
and assess how early phases of hypoxia compare with the most recent
change in oxygen due to 20" century eutrophication. Our results indicate a
stable oxygen-rich phase in the early and mid-Holocene and a more
dynamic, hypoxic phase after the expansion of beech (Fagus sylvatica) and
closing of forests ca. 7100 years ago. Phases of human activities initially led to
improved conditions for deepwater invertebrates, presumably caused by the
opening of local forests, but from the Roman Age onwards were associated
with more extreme phases of hypoxia. Our results challenge the concept of
stable, oxygen-rich pre-impact and reference states for small Central Eur-
opean lowland lakes. They indicate that for such lakes, multiple pre-impact
states may be possible, that hypoxia can develop well before noticeable local
human impact and that phases of increased human activity can have both
positive and negative effects on the deepwater fauna, prevailing oxygen
conditions and ecological status.

Results

Chronology and sediment core lithology

The Bichelsee sediment record covers the last 13,500 years. With 72
radiocarbon dates and 22 samples analysed for *'°Pb and 'Cs (Fig. 1;
Supplementary Fig. 1; Supplementary Data), it is one of the best dated lake

sediment records in southwestern Central Europe allowing a detailed
comparison of our results with archaeological and historical evidence. The
precise dating also enables us to calculate influx values (remains deposited
per year and cm®) of chironomid and other aquatic invertebrate remains. In
contrast to percentages, which reflect changes in the relative abundances of
different taxonomic groups, influx can track changes in absolute abun-
dances of sensitive indicator groups, such as deepwater taxa, and therefore
provides additional information on past changes in the Bichelsee fauna.

Chironomids and aquatic invertebrates

Subfossil remains of a large range of aquatic invertebrates preserve well in
lake sediments and can be analysed to reconstruct past invertebrate
assemblage composition through time”. Our study focuses on chitinous
remains larger than 100 um, which include head capsules and mouthparts of
aquatic insect larvae, statoblasts of bryozoans, exoskeletons of oribatid mites
and ephippia of water fleas (see Online Methods). At Bichelsee, 257 samples
were analysed for aquatic invertebrate remains of which chironomids were
the most abundant with 9266 remains compared to 7720 other aquatic
invertebrate remains. Chironomid larvae are typically the most abundant
macroinvertebrate group in lakes' with many indicator taxa sensitive to
changes in trophic state and oxygen availability'*”. Deepwater chir-
onomids, mainly Tanytarsus lugens-type and Chironomus anthracinus-
type, dominated most of the record with exception of the youngest section
(340 calibrated "“C years BP (cal. BP) to present) where a more diverse
chironomid fauna was present (Supplementary Fig. 2). Chironomid and
overall aquatic invertebrate records clearly show two distinct phases in the
development of Bichelsee. The first stable phase (13,500-7100 cal. BP),
dominated by deepwater chironomids (average: 95 %; Supplementary
Fig. 2) with some occurrences of Chaoborus flavicans-type, Daphnia and
Plumatella (Supplementary Fig. 3), is typical for lakes with high deepwater
oxygen availability’'. The second much more dynamic phase (7100 cal. BP
to present) is characterised by variable but overall lower chironomid per-
centages (Fig. 2A), a situation usually encountered in lakes with hypoxic
deepwater environments’'. During the first stable phase, Tanytarsus lugens-
type, typical of oxygen-rich deepwater environments of oligo- to meso-
trophic lakes™, dominated the chironomid assemblages (average: 66 %). In

Fig. 1 | Location of Bichelsee and age-depth rela-
tionship of the Bichelsee sediment. A Elevation
map of Switzerland showing the location of Bichel-
see (red dot) and close-up map showing the vege-
tation height around Bichelsee and the streams
(drawn from data of the Federal Office of Topo-
graphy swisstopo). B Aerial photo of Bichelsee
(Photo credit: René Thoma, r). C Age-depth model
calculated for the Bichelsee sediment core analysed
in the present study. Black dots indicate the cali-
brated radiocarbon ages, the red line shows the most
likely age-depth relationship and the grey area the
95 % age confidence interval. A detailed version of
the age-depth relationship with calibrated age
probability curves of individual “C dates is available B
in the online supporting material (Supplementary
Table 1 and Supplementary Fig. 1).
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the second, dynamic phase, the abundance of Tanytarsus lugens-type was
very variable but generally lower (average: 24 %). Chironomus anthracinus-
type joined and sometimes replaced Tanytarsus lugens-type as dominant
taxon (average: 31 %). This latter taxon, starting to increase from ca.
6500 cal. BP, is typically found in lakes with seasonal oxygen depletion™.
The co-occurrence of Tanytarsus lugens-type and Chironomus anthracinus-
type indicates the coexistence of deepwater environments with both rela-
tively high (e.g., in the upper profundal) and low oxygen concentration (e.g.,
in the deepest parts) during summer stratification. The dynamic phase of the
record was also characterised by high rates of change between adjacent
chironomid samples. This suggests that chironomid assemblages in
Bichelsee were extremely variable during this time interval (Supplementary
Fig. 2), although changes in sedimentation rates, bioturbation and asso-
ciated changes in temporal resolution may have also contributed to the high
between-sample variability (Fig. 2B). Although oxygen concentrations were
overall low in this phase, there were nevertheless major decadal- to
centennial-scale changes in oxygen availability for benthic invertebrates.
Percentages of non-chironomid remains increased from relatively low
values before ca. 7100 cal. BP (average: 5 %) to relatively high values
after ca. 7100 cal. BP (average: 56 %) suggesting lower deepwater oxygen
availability”. Particularly, remains of planktonic chaoborids, a group of
invertebrates able to profit from deepwater hypoxia and often dominating
invertebrate assemblages under low deepwater oxygen concentrations™,
increased ca. 7100-5000 cal. BP (average: 13 %; Supplementary Fig. 3). At
the same time, chironomid percentages remained consistently low (average:

30 %; Supplementary Fig. 2) suggesting a long phase with oxygen depleted
deepwater at Bichelsee. From ca. 5000 cal. BP, percentages of chironomids
became highly variable (11-84 %) implying decadal- to centennial-scale
variability of deepwater oxygen in the lake. This is also supported by pas-
sively plotting downcore samples from the Bichelsee record in a Canonical
Correspondence Analysis (CCA) of modern aquatic invertebrate assem-
blages of small Swiss lakes covering a wide range of elevation, nutrient and
deepwater oxygen concentrations”’. In this analysis, CCA axis 1 closely
correlates with summer deepwater oxygen concentration” and the axis
1 scores of the Bichelsee invertebrate samples confirm the high variability of
oxygen availability in this part of the record (Fig. 2C).

Chironomid influx values, available at higher temporal resolution than
percentage data, reveal high abundances of chironomid larvae at the coring
location in the early Holocene (8400-7600 cal. BP; average: 4.7 remains
cm ™ yr') followed by a dramatic decrease ca. 7100 cal. BP (0.3 remains
cm 2 yr ), also apparent in the percentage data (Fig. 2A, B). During the
following dynamic phase, aquatic invertebrate assemblage percentages
changed regularly but the chironomid influx stayed relatively low (average:
0.5 remains cm 2 yr~") with some few exceptions with higher values at ca.
3300 cal. BP (ca. 1.4 remains cm ™ yr™), 500 cal. BP (ca. 8.0 remains cm ™
yr ') and 90-50 years ago (ca. 1.3 remains cm > yr ). When influx values of
deepwater and littoral chironomid taxa are examined separately during this
dynamic phase, it becomes apparent that the influx of the deepwater chir-
onomids is consistently higher (Supplementary Fig. 4). This is expected as
remains of littoral taxa have to be transported over longer distances to reach
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Fig. 3 | Development of chironomid influx in
relation to vegetation, sedimentation processes
and human activities near Bichelsee over the past
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the coring site whereas deepwater taxa can colonise the surroundings of the
coring location if sufficient oxygen is available. Overall, variations in influx
of deepwater taxa are much more pronounced than of littoral taxa con-
firming that the variability in the chironomid assemblages in Bichelsee is
mainly driven by variations in population size of oxygen-sensitive deep-
water chironomid groups. Local minima in total and deepwater chironomid
influx are visible at ca. 6000-5600, 4400-4200, 3000-2600, 900-700,
400-100 cal. BP and during the last 50 years, whereas local maxima are
apparent at ca. 5100-4500, 3800-3100, 1800-1000 and 600-400 cal. BP
(Fig. 3A, B). The most recent decrease in chironomid influx and shift of
invertebrate indicators to values typical for oxygen-poor systems coincides
with the 20™ century eutrophication of the lake, which at Bichelsee is

recorded by an increase of the nutrient-indicating diatom taxon Stepha-
nodiscus binatus & S. rugosus (Fig. 4C)™.

Discussion

The Bichelsee chironomid and aquatic invertebrate records indicate that the
lake was characterised over thousands of years by stable profundal envir-
onments with a well-established benthic fauna and large populations of
deepwater chironomid larvae (Fig. 2). These conditions prevailed even
under the relatively warm summers of the early and mid-Holocene™, which
contributed to stable summer stratification of the lake and favoured late
summer anoxia compared to the cooler summers characterising the region
during the late Holocene, after ca. 5000-4000 cal. BP. A major decrease in
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Fig. 4 | Development of aquatic invertebrate assemblages, selected diatom groups
and invertebrate-based indicators of deepwater oxygen availability in Bichelsee
during the past 370 years. A Percentages of chironomids (black), Chaoborus fla-
vicans-type (blue) and Plumatella (red). B Scores of the first axis of a CCA calculated
asinref. 21 in orange and log-transformed Chaoborus-to-chironomid ratio in blue*.
C Percentages of Pantocsekiella ocellata (blue) and Stephanodiscus binatus &

S. rugosus (brown) in the uppermost sections of the record™.

deepwater chironomid populations is registered ca. 7500-7100 cal. BP,
suggesting a massive depletion of oxygen at least in the deepwater envir-
onments (Fig. 2). This interpretation is consistently supported by the
observed decrease in chironomid influx, strongly reduced chironomid
percentages in the overall invertebrate assemblages, increase in Chaoborus
flavicans-type remains, the ratio of chaoborids relative to chironomids, as
well as the strong decrease in CCA axis 1, which all shift towards values
typically found in small lakes with anoxic bottom waters****. The shift in
invertebrate assemblages coincided with a major change in vegetation on the
Swiss Plateau. Around 8000 cal. BP, the shade tolerant tree Fagus sylvatica
(European beech) started to expand in the region to reach 50 % in the
Bichelsee pollen assemblages by ca. 7100 cal. BP (Fig. 2E), replacing mixed
oak forests dominated by Corylus avellana, Ulmus, Quercus robur-type,
Fraxinus excelsior and Tilia”’. This rapid expansion of Fagus sylvatica,
together with the expansion of other shade-tolerant trees such as Taxus
baccata (yew), and in other parts of the Swiss Plateau, Abies alba (silver fir),
suggests denser, dark and mesophyllous forests in the region from ca.
7600 cal. BP onwards” . The expansion of Fagus sylvatica and Abies alba
has generally been considered to be related to a shift in moisture availability
in southwestern Central Europe that enabled these trees to expand at the
expense of previously dominating tree species”, although at later stages
Fagus sylvatica may also have been favoured by human activity during the
Neolithic period**”’. However, at Bichelsee no clear indications of major
human activities or agriculture around the lake are apparent before ca.
6000 cal. BP”. In addition, increasing abundances of Alnus glutinosa-type
pollen and macrofossils in the record suggest that the vegetation belt around
the lake may also have become denser during the transition to Fagus-
dominated forests with maximum values reached ca. 7100 cal. BP (Fig. 2E).
Alnus glutinosa is favoured by wet habitats and near Bichelsee will pre-
dominantly have grown along the shores”. Changes in the density of the
forest vegetation around small lakes in Central Europe have previously been
suggested to have a strong impact on deepwater oxygen conditions in these
ecosystems”'. The density of vegetation around small lakes may contribute
to sheltering them from wind* and therefore reduce mixing during the main

circulation periods in spring and autumn®*. In addition, the deciduous
forests around Bichelsee during this period, and especially the more
abundant Alnus glutinosa trees along the shoreline, will have provided
important contributions of terrestrial organic matter, in form of coarse
organic debris, to the lake®**, enhancing the oxygen demand of both littoral
and deepwater sediments. Variations in the organic carbon accumulation
rate indicate a moderate increase in organic carbon availability during this
phase of the lake’s history compared with the period before the expansion of
mixed Fagus sylvatica forests (Fig. 3E). Our evidence, therefore, strongly
suggests that the shift from oxygen-rich to hypoxic deepwater conditions for
Bichelsee in the mid-Holocene was related to the closing of the forests, the
expansion of Fagus sylvatica and, along the shorelines, of Alnus glutinosa.

For several thousand years after the expansion of mixed Fagus sylvatica
forests, our invertebrate assemblages consistently indicate low deepwater
oxygen availability in Bichelsee. However, minor variations in the influx of
deepwater chironomids, percentages of chironomid remains and CCA axis
1 scores indicate decadal- to centennial-scale phases of increased popula-
tions of deepwater chironomids from ca. 5000 cal. BP onwards. The first
such phase is centred on ca. 4800 cal. BP, during the Neolithic, with only a
relatively minor increase in deepwater chironomid influx. This coincides
with a minor but distinct increase in pollen of herbs (a in Fig. 3B) and
cultural indicators such as Cerealia-type and Plantago lanceolata as well as a
distinct rise in the influx of charcoal and spores of dung-loving fungi in the
sediment of Bichelsee, indicating increasing human activity, agriculture and
forest opening around the lake”. The second phase with increased chir-
onomid influx values takes place in the Bronze Age ca. 3400 cal. BP (b in
Fig. 3B), when clear signs of more intense human activities are seen in the
pollen data, with again a decadal-scale increase in indicators such as herbs,
Cerealia-type and Plantago lanceolata pollen”. It therefore seems that
Neolithic and Bronze Age agriculture activities led to an opening of the
forests around Bichelsee and clearly detectable increases in deepwater
oxygen availability for invertebrates in the lake. Similar increases in inferred
oxygen concentrations associated with mid- to late-Holocene deforestation
of catchments have been reported from several other small lakes on the
Swiss Plateau™.

From the early Iron Age and Roman Age onwards, the reaction of the
deepwater chironomid fauna to phases with more intense land use changed
dramatically. Phases of more open vegetation now coincide with reduced
abundances of deepwater chironomid remains, as indicated by local minima
in deepwater chironomids during episodes of high abundances of herb
pollen and cultural plants during the Roman Age (ca. 1900 cal. BP; ¢ in
Fig. 3B), the High Medieval Period (ca. 1000-800 cal. BP; d in Fig. 3B) and
the Modern Era (ca. 400-100 cal. BP; e in Fig. 3B), whereas chironomid
influx indicates that deepwater oxygen became more available when local
agriculture was reduced between the maxima of cultural plant pollen,
especially if these phases coincided with periods of forest recovery (Fig. 3B).
These recovery phases coincided with the crisis of the Roman Empire from
the third century CE onwards (ca. 1700 cal. BP; Fig. 3B), the Migration
Period (ca. 1600-1300 cal. BP; Fig. 3B), and the Medieval Economic Crisis
centred on ca. 1350 CE (ca. 600 cal. BP; Fig. 3B), which in the region also
coincided with major plague epidemics and local wars. Cultural indicators,
Alnus glutinosa-type, Cannabis sativa and aquatic plants show that human
activity, and its impact on Bichelsee, changed considerably from the late Iron
Age and Roman Age onwards, with more open vegetation, intensified
cultivation of the landscape, and deforestation of the Alnus vegetation belt
along the shore. This shift was associated with an important increase in
pollen of aquatic plants (particularly Nymphaea and Myriophyllum spica-
tum), possibly a combined effect of higher nutrient availability due to more
intense agriculture and higher light availability in shallow sections of the lake
due to the cutting of the riparian tree and shrub belt. Organic matter
accumulation rate in the sediments of Bichelsee also began to increase from
this period onwards (Fig. 3B), indicating that agriculture, land use and other
human activities started to have a distinct effect on the lake’s carbon cycle,
either by increasing lake productivity and/or increasing organic matter
input from the catchment. The presence of the profundal chironomid
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Chironomus plumosus-type (Supplementary Fig. S3), indicative of eutro-
phied lakes”, supports our interpretation that increasing human impact
altered organic carbon availability and habitats for chironomid larvae. In the
Medieval Period abundant Cannabis sativa pollen suggests that cultivation
and retting of hemp became an important agricultural activity around
Bichelsee. The increase in Cannabis sativa correlates well with the decrease
of Alnus glutinosa-type pollen in this period, suggesting that the shoreline
vegetation of Bichelsee was cleared to obtain better access to the lake shore
for this activity. At the same time, sedimentation rates start to increase
indicating that the Medieval rise in agricultural activities, clearcutting of the
catchment vegetation and hemp retting favoured erosion. After the short-
term recovery of the deepwater chironomid fauna during the Medieval
Economic Crisis ca. 600 cal. BP, cultural indicators again start to increase in
the pollen record and influx of deepwater chironomid remains decreases
again. Our evidence therefore indicates that the effect and directionality of
human impact on the lake changed in the course of the Holocene. After
hypoxic conditions were established around 7100 cal. BP, first phases of
increased clearcutting and agriculture around the lake were associated with
decadal- to centennial-scale phases of increased oxygen availability. With
the progressive clearing and more intense agriculture from the Roman Age
onwards, phases of enhanced human activity were instead corresponding to
periods with reduced oxygen availability, presumably associated with higher
nutrient or organic matter influx into the lake due to higher population
levels and intensive colonisation, agriculture and animal husbandry in the
vicinity of Bichelsee. In contrast, major economic disturbances and societal
crises such as the fall of the Western Roman Empire and the following
Migration Period, as well as the Medieval Economic Crisis and plague
epidemics in the 14" century CE corresponded with a distinct recovery of
oxygen conditions and deepwater invertebrate populations. The 20® cen-
tury eutrophication of the lake was again associated with major changes in
the abundances of invertebrate indicators of deepwater oxygen availability
(Fig. 4) suggesting a renewed decrease in oxygen availability during the past
ca. 50 years.

Climatic changes can have considerable impacts on lake ecosystems™.
In hydrologically closed basins, variations in hydroclimate can lead to
changes in lake levels, which in turn can influence lake size and depth, shift
the ratio between littoral and deepwater habitats and modify the proportion
of the lake basin affected by deepwater anoxia in stratified lakes. Tem-
perature changes can also influence many catchment processes as well as
conditions within lakes, such as plant productivity in both littoral and
pelagic habitats, the stability of summer stratification and consequently the
availability of oxygen in deepwater environments™”. In our study region,
decadal- to centennial-scale Holocene cold events” and phases of changing
lake levels' have been described, which have a similar pacing as variations in
deepwater oxygen availability in Bichelsee as reconstructed by aquatic
invertebrate remains. However, several arguments lead us to conclude that
climatic changes only had minor impacts on aquatic invertebrate assem-
blages in Bichelsee compared with the major changes in vegetation, land use
and human impact in the lake catchment. First, water level changes in other
studied lakes in southwestern Central Europe and adjacent regions only
show relatively minor Holocene variations, typically in the order of + 1 m
(Supplementary Fig. S6). Water level changes of this amplitude would have
only been associated with relatively minor changes in deepwater environ-
ments of Bichelsee. Assuming a water table close to the present conditions
(with a water depth of 7 m) and the infilling of the lake basin during the past
millennia, Bichelsee would have been ca. 11-14 m deep during the middle
and early late Holocene (Fig. 1). In such small, deep and stratified lakes, it is
unlikely that minor changes in lake level will have led to major shifts in
summer stratification patterns or deepwater oxygen availability. Second, if
climatic variations would have caused major water table changes in
Bichelsee, several aquatic indicators, such as influx of littoral chironomid
remains (Supplementary Fig. S5) or percentages of aquatic macrophytes
(Fig. 3C), would be expected to show major and consistent variations with
reconstructed phases of lake level changes in the region. However, before the
distinct increase of human impacts during the Roman Age, these indicators

do not show variations that would agree with changing water table and
associated shifts in habitat availability or summer stratification. Third, and
most importantly, a detailed comparison of our record with reconstructed
phases of elevated lake levels in other lakes", climatic variations for the
Alpine area® (Supplementary Fig. S6) and climate events during the last
2000 years"” (Supplementary Fig. S7) only shows a poor agreement in the
pacing and timing of climate events and our reconstructed variations in
deepwater oxygen availability in Bichelsee. For example, a few increases in
lake levels on the Swiss Plateau® (ca. 1700 and 1300-100 cal. BP) seem to
coincide with phases of increased deepwater oxygen availability in Bichelsee.
However, the majority of lake level increases do not agree with reconstructed
phases of minimum or maximum deepwater oxygen availability and instead
occur during periods of relatively stable deepwater oxygen conditions (ca.
6300-5900, 5600-5200, 2800-2400 cal. BP). A similar pattern emerges
when we compare our record with cold events in the Swiss Alps (Supple-
mentary Fig. S6) or climatic events during the last 2000 years (Supple-
mentary Fig. §7). This mismatch between the Bichelsee invertebrate record
and climate reconstructions contrasts strongly with the close temporal
agreement between variations in deepwater oxygen availability and changes
in forest cover, agriculture and land use in the catchment (Figs. 2, 3).

Our results challenge the concept of a clearly definable, natural pre-
impact state for small Central European lakes such as Bichelsee. First, our
record shows that Bichelsee experienced two very different Holocene eco-
system states in regard to oxygen well before any detectable phases of early
human impact around the lake. The first phase, lasting until ca. 7400 cal. BP,
was characterised by stable oxygen-rich deepwater conditions, as demon-
strated by high abundances of deepwater chironomid larvae and stable fossil
chironomid assemblage composition. The second phase was associated with
a major transition of forest composition in the lake catchment and devel-
opment of denser vegetation along the lakeshore coinciding with oxygen-
poor and, on multidecadal to centennial timescales, very variable and
unstable conditions for invertebrates and other organisms living in the
deepwater environments. Some earlier studies have also shown that hypoxic
conditions can develop in small Central European lakes under densely
forested conditions, in some cases with hypoxia reported for most of the
early and mid-Holocene™, in other cases with distinct increases in pro-
ductivity and decreases in mixing and oxygenation reported during the mid-
Holocene, as we find in our study’. However, these studies were not able to
provide information on the presence and abundance of deepwater inver-
tebrate populations at the surveyed lakes. At Bichelsee, hypoxic conditions
only established with the expansion of Fagus sylvatica forests in the catch-
ment, indicating that both oxygen-rich and oxygen-poor states are possible
in such lakes under relatively stable Holocene conditions and in absence of
important human activities. Second, our results show that, depending on the
overall climatic and environmental background, small Central European
lakes can be characterised by very stable, but also very variable deepwater
environments on decadal time scales. At Bichelsee, the abundances of dif-
ferent invertebrate groups, and the chironomid assemblage composition
were more variable from ca. 7100 cal. BP onwards than before the transition
to hypoxic conditions. Third, our results strongly suggest that from ca.
4800 cal. BP onwards, oxygen availability and deepwater invertebrate
assemblages were regularly affected by decadal- to centennial-scale phases of
human activities in the lake catchment, related to phases of increased
clearcutting, agricultural activity and overall human presence. However,
unexpectedly our results indicate that the directionality of the effects of these
human activities on Bichelsee changed in the course of the late Holocene,
first promoting benthic invertebrate assemblages and increased deepwater
oxygen availability in the lake, later coinciding with decreased deepwater
invertebrate populations and oxygen availability. Finally, our results show
that in regions where landscapes and vegetation have a long history of
human impacts, sensitive aquatic ecosystems, such as Bichelsee, may have
experienced a series of complex responses and recoveries related to
increasing and decreasing human pressures. The transition to more oxygen-
poor conditions due to the mid-20" century eutrophication (Fig. 4) only
represents the most recent of a series of shifts that started 4800 years ago.
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Defining any particular time interval within the past millennia as repre-
senting the natural, undisturbed reference conditions, such as the period
immediately preceding the Industrial Era eutrophication (e.g., the interval
around 1850 CE as used in some other palaeolimnological studies) can only
be considered as arbitrary for such lakes.

Palaeolimnological reconstructions covering environmental changes
over millennia have to take into account the slowly decreasing depth of lake
basins due to sediment infilling, a process that may change the bathymetry
and overall depth of small lakes considerably. In the case of Bichelsee, the
current lake is shallower (7 m) than the expected depth during the mid- and
early late-Holocene (11-14 m; assuming no sediment compaction and
similar water table as present). Water depth is one criterion regularly used to
assign possible reference conditions for impacted lake ecosystems, and, as a
consequence, the deeper mid-Holocene conditions may not necessarily
reflect a realistic restoration aim for Bichelsee. However, this does not
influence the conclusions listed above as they are not constrained to lakes
with similar depths as Bichelsee is characterised by at present but based on
the reconstructed ecosystem dynamics of the deeper lake during the mid-
and late-Holocene. For example, our conclusions that Bichelsee was char-
acterised by two different natural pre-impact states prior to any major
human impacts or that lakes such as Bichelsee during the mid- to
late Holocene may experience rapid transitions between hypoxic and
oxygen-rich ecosystem states as a consequence of changing human activities
can be taken independently of the long-term infilling of the lake. Similarly,
the finding that the directionality of these shifts can change in the course of a
lake’s history, depending on the exact nature of human activities, is inde-
pendent of the reduced depth of the lake in the recent past.

The possibility of multiple, distinct pre-impact ecosystem states,
changes in the stability of deepwater environments and a potentially long
history of human impacts on lake ecosystems, as well as a changing direc-
tionality of their effects on deepwater oxygen conditions, should be con-
sidered when defining natural and undisturbed reference conditions for
small Central European lakes such as Bichelsee. These considerations are
relevant when defining reference states that should represent the expected
status of evaluated, modern lake ecosystems under minimal human activity,
as required by water protection legislation such as the European Water
Framework Directive. However, they should also be considered in more
general scientific discussions on the expected conditions in European
freshwater ecosystems under minimal human impact, on how strongly
these ecosystems presently deviate from these conditions, and since when, to
what extent and with which dynamics human activities affected freshwater
environments and led to their presently observed state in the modern
environment.

Methods

Study site

Bichelsee is a small lake (9.7 ha) located on the north-eastern Swiss Plateau
(47°27.466° N, 8°54.027° E, 591 m a.sl.) in a meltwater channel formed
during the last glaciation (ca. 20,000 years ago). At present, the maximum
water depth is 7m and the lake has a simple, oval shape with the deepest
section in its centre®. Limnological measurements are limited but indicate
that under modern conditions the water column is thermally stratified and
bottom water is hypoxic during summer (<0.2 mg/L O, below 4 m water
depth in August 2025; Data from the Amt fiir Umwelt Kanton Thurgau;
Supplementary Fig. 7). The lake is surrounded by steep hills presently
covered by mixed beech forests and agricultural lands (Fig. 1)*.

Core sampling and chronology

Parallel sediment cores were retrieved in November 2019 and 2021 with a
UWITEC piston corer whereas the uppermost sediments were sampled
with a UWITEC gravity corer and hammer action*. During the first
campaign only 6.25 m of sediment were retrieved, and therefore a second
campaign was necessary. The different core segments were correlated in the
laboratory based on conspicuous layers and colour changes resulting in a
continuous sediment section of 10.85 m*. The sediment core is composed

of calcareous gyttja and silt from 10.85-9.18 m, darkbrown gyttja from
9.18-9.09 m and brown gyttja between 9.09-0 m (Supplementary Fig. S2).
Detailed descriptions of the coring, sediment composition and geochemical
analyses (XRF, organic matter and carbonate content) are available
in ref. 44.

Seventy-two plant macrofossil remains were selected for radiocarbon
dating using accelerator mass spectrometry (AMS) at the Laboratory for
the Analysis of Radiocarbon with AMS (LARA) of the University of Bern*".
In addition, 22 samples from the topmost 101 cm of sediment were analysed
for *°Pb and 'Cs activities with a Broad Energy Germanium detector
(Canberra GmbH, Riisselsheim, Germany)". Changes in 'Cs activity were
used to constrain the first increase in nuclear bomb tests in 1955 CE, the
maximum "“’Cs input in 1963 CE from nuclear bomb testing and the
Chernobyl reactor accident in 1986 CE. The modelling of the relationship
between sediment depth and age for the uppermost sediments followed the
Piecewise Constant Rate of Supply Model*. With this approach, ages were
estimated based on *'’Pb measurements assuming a constant rate of supply
but constrained to intercept with the horizons dated based on '*’Cs. The 72
"C ages and the ages based on *'’Pb and '’Cs were combined to calculate an
overall age-depth relationship for the sequence using the programme
Bacon™. For these final calculations two of the 72 "*C measurements were
excluded as outliers. The age model for the Bichelsee record is described in
more detail in ref. 44.

Aquatic invertebrate analysis

A total of 257 samples were selected for aquatic invertebrate analysis of the
Bichelsee sediment core. A first, coarse-resolution chironomid record for
the site was provided in ref. 47. For the present study the sampling resolution
was more than trebled to allow high resolution analyses of chironomid
influx variations throughout the Holocene, reveal decadal-scale variability
in the invertebrate populations, assess rates of change along the record and
enable comparisons with other high-resolution records from Bichelsee. A
continuous subsampling strategy was adopted for the topmost 500 cm (ca.
4000 cal. BP) with 3 cm thick subsamples of 6 cm’ (average temporal
resolution: 21.6 years). For the rest of the record, samples were selected at
lower temporal resolution (average temporal resolution: 121.6 years; 3 to
23 cm between adjacent samples), with a volume ranging from 1 to 4 cm’
and thickness between 1 to 3 cm depending on the concentration of aquatic
invertebrate remains. The samples were gently sieved under water through a
100 um mesh-size sieve following standard methods®. After that, chir-
onomids and other aquatic invertebrate remains were hand-picked from the
sieved residue using fine forceps and a Bogorov tray under a stereomicro-
scope (20-50x magnification) and permanently mounted on a microscope
slide using Euparal. Chironomids were identified under a compound
microscope (100-400x magnification) based on refs. 48-50. Head capsules
were enumerated as follows: as one when more than half of the mentum was
present, as half when half of the mentum was present and as zero when less
than half of the mentum was present. For graphical and statistical pre-
sentation, chironomid remains not identified to the highest taxonomic
resolution (e.g., due to missing mouthparts or antennal pedestal) were
assigned to the more detailed taxonomic categories based on the ratio of
identified specimens in the same sample’’. Cladoceran ephippia present in
the sieved residue prepared for chironomid analyses were identified fol-
lowing refs. 52,53, insect mandibles based on ref. 17, Chaoborus mandibles
using ref. 54, bryozoan statoblasts with ref. 55 and oribatid mites with
ref. 56. Due to the low concentration of remains in some parts of the record,
adjacent samples were grouped together to reach at least 20 identified
chironomids and 80 aquatic invertebrates (chironomids included) per
sample to perform numerical analyses (e.g., calculation of percentages,
CCA, Chaoborus-to-chironomid ratio). Influx values of chironomid and
invertebrate remains were calculated based on the concentration of each
taxon divided by the accumulation rate of sediment inferred from the age-
depth model. Influx values of total chironomid and deepwater chironomid
remains were calculated for all 257 samples without pooling adjacent
samples. As in most other Holocene sediment records from Swiss lowland
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lakes, preservation of chironomid and other aquatic invertebrate remains in
the sediment was excellent, with no evidence of degradation.

Invertebrate indicators of deepwater oxygen availability and
numerical analyses

For most numerical analyses, the pooled dataset of 123 samples was used,
whereas influx values of total and deepwater chironomid taxa are also
presented based on the full record of 257 samples. The dissimilarity between
samples, which can also be considered as the rate of change between adja-
cent samples, was calculated as percentage dissimilarity index following ref.
57 for the chironomid dataset. We used several approaches to assess whether
invertebrate assemblages in Bichelsee changed towards states typical for
higher or lower oxygen availability in small Swiss lakes. Higher abundances
of Chaoborus remains and a higher ratio of Chaoborus relative to chir-
onomid remains have been indicated to be more typical for lower deepwater
oxygen concentrations in small stratified lakes***. Higher percentages of
chironomids relative to other aquatic invertebrate remains can be indicative
for high bottom water oxygen availability in small Swiss lakes”". For a more
quantitative assessment as to the extent that fossil invertebrate assemblages
change from states representative for oxygen-rich conditions to states
typical for low oxygen availability, and vice versa, we plotted fossil inver-
tebrate samples passively in a CCA of invertebrate assemblages in lake
surface sediment of 36 small Swiss lakes covering a wide range of elevations
(403-2065 m a.sl.), water depths (<1-38 m) and deepwater oxygen con-
centrations (0-105.6 %)’'. Deepwater oxygen availability was a major
determinant of invertebrate assemblage composition in this dataset when all
the examined environmental variables were assessed together” (Supple-
mentary Fig. 8A). For the present study, we calculated a CCA with deep-
water oxygen concentration as the only constraining variable, and changes
along CCA axis 1 are therefore constrained to reflect changes in deepwater
oxygen availability (Supplementary Fig. 8B). Variations of CCA axis
1 scores of the passively added Bichelsee samples can therefore be inter-
preted as indicating shifts towards invertebrate assemblage states more
typical for high or low oxygen availability in small Swiss lakes. Analyses were
based on square-root transformed percentages of the overall aquatic
invertebrate dataset with chironomids grouped in one category
(123 samples)”’. The CCA was calculated with the function cca from the
vegan package version 2.6-4 in R Studio version 2024.12.1.563. Finally,
influx values of total chironomid and deepwater chironomid remains were
calculated as an indicator of the abundance of benthic invertebrates and
oxygen availability in the deepwater environments of Bichelsee. In sediment
cores taken from the deepest sections of lakes, both of these indicators are
expected to closely track the abundance of chironomid larvae living close to
the coring location, which will closely relate to the availability of oxygen in
water layers above the sediment. For these analyses, we considered chir-
onomids that can colonise the profundal of thermally stratified Central
European lakes as deepwater taxa”*, In the Bichelsee record, these included
Chironomus  anthracinus-type, Chironomus plumosus-type, Hetero-
trissocladius grimshawi-type, Heterotrissocladius marcidus-type, Macro-
pelopia, Micropsectra contracta-type, Micropsectra insignilobus-type,
Paracladius, Procladius, Sergentia coracina-type, Tanytarsus lugens-type
and Tanytarsus mendax-type. Chironomid influx values, Chaoborus-to-
chironomid ratios and, for comparison with the chironomid influx record,
also herb pollen percentages were plotted on a log — or if the records
contained zero values — a log(x 4 1)-scale to visualise both relatively subtle
changes at low values and major shifts at high values in these records.
Untransformed data for these variables are provided in the online
supporting data.

Pollen analysis

The pollen analysis of the Bichelsee record followed standard methods that
are described in detail in ref. 27. A total of 706 1 cm® sediment samples were
treated with HCI 10 %, KOH 10 %, HF 40 % and acetolysis following ref. 59.
Pollen slides were mounted in glycerine and then identified under a com-
pound microscope at 400x magnification. We compare the Bichelsee

chironomid and invertebrate records with variation in the percentages of
selected plant taxa and indicator groups including overall herbs, Fagus
sylvatica, Alnus glutinosa-type, Cannabis sativa pollen and aquatic plant
pollen and palynomorphs (Alisma, Cladium mariscus, Menyanthes trifo-
liata, Myriophyllum spicatum, Myriophyllum verticillatum, Oenanthe fis-
tulosa-type, Polygonum amphibium, Potamogeton, Ranunculus aquatilis-
type, Rumex aquaticus, Scheuchzeria palustris, Sparganium-type, Typha
latifolia-type, Utricularia pollen, Ceratophyllum spines, Nymphaeaceae
base cells and hairs). The aquatic plants are shown both including and
excluding Cyperaceae pollen, since Cyperaceae can be expected to also be a
common component of terrestrial ecosystems on the lake shores. In addi-
tion, we show the sum of cultural pollen types, which includes Anethum,
Cerealia-type, Fagopyrum esculentum, Linum usitatissimum, Pisum sati-
vum, Secale cereale, Vicia faba and Zea mays. Following other pollen records
on the Swiss Plateau, total aquatic plant and Cannabis sativa pollen were not
included in the pollen sum to calculate pollen percentages as they do not
represent the terrestrial vegetation around the lake®. Cannabis sativa pollen
deposited in sediments of small European lakes during the Roman Age,
Medieval Period and Modern Era may originate to considerable extents
from hemp retting in the water along the lake shores rather than the local
vegetation around the lake and are therefore regularly excluded from the
pollen sum®*®'.

Diatom analysis

Diatoms were poorly preserved along large sections of the Bichelsee sedi-
ment profile and it was therefore not possible to produce a continuous, high
resolution diatom record for this lake”. However, diatom preservation was
better and continuous in the uppermost sediment sections (from ca. 1940
CE) and variations in diatom assemblage composition track the peak
industrial-age eutrophication and recovery of the lake since the 1950s. Here
we only show variations in percentages of Pantocsekiella ocellata, a diatom
occurring in a large range of trophic conditions®, but more frequently found
in small and eutrophic lakes, and Stephanodiscus binatus & S. rugosus, a
diatom group that is favoured by high nutrient concentrations™**, in these
uppermost sediment layers. At Bichelsee, high percentage values of the latter
taxon represent the peak eutrophication phase of the lake between
1970-1990 CE. Full details on diatom analyses in the Bichelsee sediment
record can be found in ref. 25.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript (chironomid and aquatic
invertebrate counts, percentages, influxes, 29ph and ’Cs measurements,
radiocarbon dates) are available in the Supplementary Data associated with
this manuscript and on Dryad at https://doi.org/10.5061/dryad.gb5mkkx47.
Data published in previous studies used to draw the figures can be found in
the Supplementary Data and Dryad (https://doi.org/10.5061/dryad.
gb5mkkx47) or in the respective studies cited in the manuscript.

Code availability
The code used to calculate the CCAs is available in Dryad at https://doi.org/
10.5061/dryad.gb5mkkx47.
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