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Summary

Summary

The consequences of climate change are increasingly impacting the European Alps. The rising air
temperatures lead to a rapidly thawing of glaciers, snowfields and permafrost resulting in rock-
slope instabilities and downstream impacts on quality, quantity and seasonality of water resources.
The upward shift of the treeline, increased vegetation cover and soil development significantly alter
nutrient fluxes into streams and lakes. Furthermore, the rising frequency and intensity of extreme
precipitation events result in enhanced erosion rates and debris flow activity strongly impacting the
light and nutrient regime of aquatic systems. Climate warming also directly affect mountain lakes
by changing lake levels, water chemistry, length of the growing seasons and the mixing regimes.
Besides, the lakes are impacted by atmospheric deposition-fertilization and local disturbances, such
as forestry, alpine pasture, and tourism.

The response of the algal communities to these multiple, concurrently occurring stresses is
highly complex. As they form the base of the aquatic food web, the reorganisation within both,
littoral and pelagic primary producers has cascading effects on the mountain lake ecosystem.
Therefore, it is a great urgency to understand how far the changing environments impact the
structure, the seasonal dynamics and the taxonomic composition of the phytoplankton and
periphyton communities.

Morphological and biochemical remains of primary producers preserved in the lake sediments
can be used to reconstruct past environmental conditions. Diatoms are among the most frequently
used paleoindicators as they response sensitively and rapidly to changes of water temperature, lake
alkalinity, salinity, nutrient regime, water transparency, lake mixing regime, habitat stability, and
substrate availability. Sedimentary pigments are widely used to track past changes in lake
production and shifts within the composition of primary producer communities. Additionally,
records of carbon and nitrogen stable isotopes in bulk sediments provide information about
sources of sedimentary organic matter, shifts within the lacustrine nutrient cycling and changes in

lake trophic states.

The main goal of this thesis was to research the response and the resilience of mountain lakes
located in the Bavarian and North-Tyrolean Alps to climate change. Three studies were carried out
to (1) gather detailed knowledge about selected mountain lake ecosystems, (2) understand how
local- and regional-scale processes interact with global climate change and (3) identify the factors
that mainly control the lake responses to climate change. Therefore, contemporary investigations
of the physical and chemical conditions and detailed analyses of the primary producers (diatoms,
macrophytes, phytoplankton) were combined with paleolimnological analyses of subfossil diatoms,

paleopigments and stable isotopes.
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The findings of the first study indicate that depth significantly controls the composition of diatom
assemblages and highlight the importance of considering lake depth and water transparency when
developing diatom-based transfer-functions. The depth-distribution of the current diatom flora in
two adjacent, but hydrologically distinct subalpine lakes was investigated by sampling stones and
surficial sediments in one-meter depth increments along N-S transects. The results show that most
periphytic diatoms preferred distinct depth areas within the littoral zone, mainly influenced by the
type of substrate. Light availability controls the ratio between periphytic and planktic diatoms in
the surficial sediments. Therefore, frustules of planktic diatoms dominated the assemblages of the
aphotic profundal. The diatom—inferred depth models, developed by using weighted-averaging
approaches were found to be highly appropriate to reconstruct past fluctuations of lake depth or
water transparency. The significant influence of light availability suggests the creation of two
different training-sets when developing diatom-based transfer-functions. One set, that includes
both periphytic and planktonic diatoms, fits deep or low-transparency shallow lakes with an aphotic

zone. Another training-set fits shallow, clear water lakes and uses periphytic diatoms exclusively.

The second study highlights the benefit of a multi-proxy approach to unravel climate change
impacts from other anthropogenic disturbances via down-core analyses. Biological (subfossil
diatoms), biochemical (paleopigments) and geochemical (nitrogen and carbon stable isotopes)
paleoindicators were used to reconstruct the history of a small subalpine lake since the outgoing
Little Ice Age (AD 1840—AD 2017). Shifts within the diatom assemblages were related to variations
of light and nutrient availability, water temperature and thermal stratification. The organic carbon
isotope (8"°Coy) records, the diatom valve density and the pigment concentrations documented the
development of primary production. Total nitrogen isotope values (8"°N) are more likely to reflect
the history of atmospheric nitrogen pollution than lake internal processes, also mirrored by the
decoupling of 8”N and 8"C., trends. The composition of sedimentary pigments allowed a
differentiation between planktonic and benthic primary production. Concordant trends of all
indicators suggested that the lake ecosystem passed a climatic threshold promoted by local and

long-distance atmospheric nutrient loadings.

For the third study, the dataset was extended by inclusion of lakes located in the Berchtesgaden
and Allgdu Alps to test the general validity of the findings presented in studies 1 and 2. Therefore,
diatom assemblages of dated sediment records from 23 lakes, situated between 955 and 2060 m
a.s.l. were analysed. The lakes differ widely in origin, hydrological features (depth, trophic state,
habitat stability) and catchment characteristics (geology, morphology, soils, vegetation). The

findings of this study show that especially altitude and lake depth control the response of lake
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diatom communities to climate change. Correspondence and regression analyses revealed five
different developments of the diatom assemblages. Species reorganisation was highest in shallow
montane and subalpine lakes, were the establishment of macrophytes offered new habitat for
epiphytic species. In deeper lakes, the abrupt appearance of planktic diatoms (Cycotella spp.,
Fragilaria spp.) defined tipping points of lake ecosystems, when the thermal stratification stabilized.
Shallow alpine lakes, however, hardly showed any shift. Small, benthic pioneer species (Staurosira
spp., Staurosirella spp., Pseudostanrosira spp.) dominated the diatom assemblages throughout the

sedimentary records.

Together these results provide novel insights about global change impacts on mountain lakes
located in the Northern Calcareous Alps. Down core studies revealed that eutrophication processes
by local disturbances and atmospheric fertilization were amplified by climate warming particularly
since ~ AD 1980. Several lakes already reached tipping points of lake ecosystem primarily
determined by the establishment of stable stratification resulting in rising abundances of small
centric diatoms and by the availability of macrophytes as habitat for epiphytic diatoms. Climate
change was found to clearly modify the biomass and the structure of lake primary producers,
whereby altitude and lake depth/transparency are the main drivers controlling their responses to
global warming. As environmental change may impact different trophic levels in various ways,
multi-trophic studies should be carried out to better understand the consequences of the rapidly

changing climate on the whole aquatic system.
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Zusammenfassung

Zusammenfassung

Die Folgen des Klimawandels wirken sich in zunehmendem Maf3e auf die Europiischen Alpen
aus. Die steigenden Lufttemperaturen fihren zu einem raschen Abschmelzen von Gletschern,
Schneefeldern und Permafrost. Die Folgen sind zum einen instabile Felshinge, zum anderen eine
verinderte Qualitit, Quantitit und Saisonalitat der alpinen Wasserreserven. Die Verschiebung der
Baumgrenze in hohere Lagen und die zunehmende Vegetationsbedeckung und Bodenbildung
verindert deutlich den Nihrstoffeintrag in Flisse und Seen. Die zunehmende Haufigkeit und
Intensitit von extremen Niederschlagsereignissen erhchen die Erosionsraten und die Gefahr von
Murenabgingen, was die Nahrstoff- und Lichtverhiltnisse der aquatischen Systeme stark
beeinflussen kann. Der Klimawandel beeintrichtigt die Bergseen auch direkt indem er den
Wasserstand der Seen, deren Wasserchemie, Vegetationsperiode und Schichtungsverhalten
verindert. Zudem werden die Seen durch atmosphirische Deposition und lokale Stérungen wie
Forstwirtschaft, Weidewirtschaft und Tourismus beeinflusst.

Die Reaktion der Algengemeinschaften auf diese multiplen Belastungen ist sehr komplex. Da
sie die Basis des aquatischen Nahrungsnetzes bilden, haben Verinderungen in der
Zusammensetzung der litoralen und pelagischen Primirproduzenten kaskadenartige
Auswirkungen auf das gesamte Okosystem Bergsee. Daher ist es duBSerst wichtig zu verstehen,
inwieweit die verindernden Umweltbedingungen die Struktur, die saisonale Dynamik und die
taxonomische Zusammensetzung der lakustrinen Algengesellschaften beeinflussen.

Mithilfe in Seesedimenten enthaltener fossiler Reste von Primidrproduzenten ist es moglich
vergangene Umweltbedingungen zu rekonstruieren. Kieselalgen gehoéren zu den am haufigsten
verwendeten Paldoindikatoren, da sie empfindlich und schnell auf Verdnderungen verschiedener
Umweltbedingungen reagieren, wie zum Beispiel Verinderungen der Temperatur, der Alkalinitit,
des Salzgehalts, des Nahrstoffregimes, der Wassertransparenz, des Durchmischungsregimes, der
Stabilitit des Lebensraums und der Substratverfiigbarkeit. Subfossile Pigmente ermdglichen es,
Verinderungen der Produktivitit eines Sees und Verschiebungen in der Zusammensetzung der
Primirproduzenten zu rekonstruieren. Zudem geben die Isotopenverhiltnisse von Kohlenstoff-
und Stickstoff-Isotope Auskunft tiber die Herkunft der sedimentiren organischen Substanz und

tber Verinderungen des lakustrinen Nihrstoffkreislauf und des trophischen Zustands eines Sees.

Das Hauptziel dieser Arbeit war die Erforschung der Reaktion und der Widerstandsfahigkeit von
Bergseen der bayerischen und nordtiroler Alpen auf den Klimawandel. Drei Studien wurden
durchgefiihrt, um (1) detailliertes Wissen iiber ausgewihlte Bergsee-Okosysteme zu sammeln, (2)

zu verstehen, wie lokale und regionale Prozesse mit dem globalen Klimawandel interagieren und
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(3) die Faktoren zu identifizieren, die hauptsichlich die Reaktionen der Seen auf den Klimawandel
steuern. Dazu wurden physikalische, chemischen Untersuchungen der Seen und detaillierte
Analysen der Primirproduzenten (Kieselalgen, Makrophyten, Phytoplankton) durchgefithrt und
die gewonnen Erkenntnisse mit paldolimnologischen Analysen subfossiler Kieselalgen,

Palidopigmente und stabiler Isotope kombiniert.

Die Ergebnisse der ersten Studie zeigen, dass die Zusammensetzung der Diatomeen-
Gesellschaften deutlich von der Wassertiefe beeinflusst witd und weisen darauf hin, dass bei der
Entwicklung von auf Diatomeen basierten Transfer-Funktionen die Wassertiefe und die
Wassertransparenz unbedingt berticksichtigt werden missen. Die Tiefenverteilung der rezenten
Kieselalgen-Flora in zwei benachbarten, aber hydrologisch unterschiedlichen subalpinen Seen
wurde untersucht, indem Steine und Oberflichensedimente in 1-Meter-Tiefenschritten entlang
zweier N-S-Transekte beprobt wurden. Die Ergebnisse zeigen, dass die meisten periphytischen
Diatomeen bestimmte Tiefenbereiche innerhalb des Litorals bevorzugen, hauptsichlich beeinflusst
von der Art des Substrats. Die Lichtverfiigbarkeit hingegen steuert das Verhiltnis von
periphytischen zu planktischen Diatomeen in den Sedimenten. Daher dominieren die Schalen
planktischer Arten die Diatomeen-Gesellschaften des aphotischen Profundals. Die mithilfe der
DiatomeenVerteilung entwickelten Tiefenmodelle erwiesen sich als sehr geeignet, um vergangene
Verinderungen der Wassertiefe oder -transparenz zu rekonstruieren. Der signifikante Einfluss der
Lichtverhiltnisse legt die Erstellung von zwei verschiedenen Trainings-Sets bei der Entwicklung
von Diatomeen-basierten Transfer-Funktionen nahe. Ein Set, das sowohl periphytische als auch
planktische Diatomeen enthalt, eignet sich fiir tiefe oder wenig transparente, flachen Seen mit einer
aphotischen Zone. Ein anderes Trainingsset passt zu flachen, klaren Seen und verwendet

ausschlieBlich periphytische Diatomeen.

Die zweite Studie unterstreicht den Nutzen eines Multi-Proxy-Ansatzes, um die Auswirkungen des
Klimawandels von anderen anthropogenen Stérungen zu unterscheiden. Mithilfe biologischer
(subfossile Kieselalgen), biochemischer (Paliopigmente) und geochemischer (stabile Stickstoff-
und Kohlenstoffisotope) Palioindikatoren wurde die Geschichte eines kleinen subalpinen Sees seit
der ausgehenden Kleinen Eiszeit (AD 1840 bis AD 2017) rekonstruiert. Verdnderungen in der
Zusammensetzung der Diatomeengesellschaften konnten Verdnderungen der Licht- und
Nihrstoffverfigbarkeit, der Wassertemperatur und der thermischen Schichtung in Verbindung
aufzeigen. Der Verlauf des organischen Kohlenstoffs (8"°C,), der Diatomeendichte und der
Pigmentkonzentrationen dokumentierten die Entwicklung der Primirproduktion im See. Die

Gesamt-Stickstoff-Isotopenwerte (8"°N) zeigen eher die Geschichte der atmosphirischen
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Stickstoffverschmutzung als seeninterne Prozesse auf, was sich auch in der Entkopplung der 8"’ N-
und 8"C.-Trends widerspiegelt. Die Zusammensetzung der Paliopigmente etlaubte eine
Differenzierung  zwischen planktonischer und benthischer  Primirproduktion.  Die
tibereinstimmenden Trends aller Indikatoren deuten darauf hin, dass das Okosystem des Sees eine
klimatische Schwelle tberschritten hat, die durch langjihrige lokale und atmosphirische

Nihrstoffeintrage verstarkt wurde.

Fir die dritte Studie wurde der Datensatz um Seen in den Berchtesgadener und Allgiauer Alpen
erweitert, um die Allgemeingtltigkeit der in den Studien 1 und 2 prisentierten Ergebnisse zu testen.
Dazu wurden Diatomeen-Gesellschaften datierter Sedimentkerne aus 23 Seen analysiert. Die Seen
liegen zwischen 955 und 2060 m @. NN und unterscheiden sich hinsichtlich ihrer Entstehung, ihrer
hydrologischen Eigenschaften (Tiefe, trophischer Zustand, Habitatstabilitit) und ihres
Einzugsgebietes (Geologie, Morphologie, Boden, Vegetation). Die Ergebnisse dieser Studie zeigen,
dass insbesondere die Hohenlage der Seen und die Wassertiefe die Reaktion der
Diatomeengesellschaften auf den Klimawandel steuern. Korrespondenz- und Regressionsanalysen
ergaben finf verschiedene Entwicklungen der Diatomeengesellschaften. Die Verdnderung der
Artenzusammensetzung war am hochsten in flachen montanen und subalpinen Seen. Hier stellt
die Etablierung von Makrophyten neuen Lebensraum fur epiphytische Arten zur Verfiigung. In
tieferen Seen definierte das abrupte Auftreten von planktischen Kieselalgen (Cyelotella spp.,
Fragilaria spp.) tipping points der Seeckosysteme, als sich die thermische Schichtung stabilisierte.
Flache alpine Seen zeigten dagegen kaum eine Verinderung der Artenzusammensetzung. Kleine,
benthische Pionierarten (Staurosira spp., Staurosirella spp., Psendostanrosira spp.) dominierten die

Kieselalgen-Gesellschaften wihrend der gesamten Sedimentaufzeichnungen.

Zusammen liefern diese Ergebnisse neue Erkenntnisse Gber die Auswirkungen des globalen
Wandels auf Bergseen in den Noérdlichen Kalkalpen. In beinahe allen untersuchten Seen konnten
Folgen des Klimawandels nachgewiesen werden. Eutrophierungsprozesse, ausgelost durch lokalen
und atmosphirischen Nihrstoffeintrag werden durch die Klimaerwirmung verstirkt, besonders
seit ~ AD 1980. Mehrere Seen erreichten bereits tipping points, definiert durch (1) die
Stabilisierung der thermischen Schichtung, die zu steigenden Abundanzen von kleinen zentrischen
Kieselalgen fithrte, und (2) die Etablierung von Makrophyten als Lebensraum fur epiphytische
Kieselalgen. Es wurde festgestellt, dass der Klimawandel sowohl die Biomasse als auch die Struktur
der Primirproduzenten deutlich verindert, wobei die Hohenlage und die Wassertiefe /Transparenz
der Seen die Hauptfaktoren sind, die ihre Reaktionen auf die globale Erwirmung steuern. Da

Umweltverinderungen verschiedene trophische Ebenen auf unterschiedliche Weise beeinflussen
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konnen, sollten in zukiinftigen Studien multitrophische Analysen durchgefiihrt werden, um die

Folgen des sich schnell indernden Klimas auf das gesamte Okosystem Bergsee besser zu verstehen.
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1. Introduction

1.1 Climate warming in the European Alps

Mountain ecosystems are particularly sensitive to the impacts of a rapidly changing climate (IPPC
2014). Ohmura (2012) found that temperatur changes are more pronounced and occur distinctly
faster at higher altitudes. In the European Alps, the recent warming has not been linear since the
end of the Little Ice Age around AD 1850 (Ilyashuk et al. 2018). After the early 1980s, annual
temperatures increased three-fold compared to global climate signal (Beniston 2005), primarily in
response to water vapour-enhanced greenhouse warming caused by anthropogenic emissions
(Philipona 2013). The increase of atmospheric humidity highly modifies the dry and cold
atmosphere of higher altitudes resulting in a disproportionately high warming rate (Ruckstuhl et al.
2007). Both, regional atmospheric circulation dynamics and more local effects influence mountain
surface temperature (Ceppi et al. 2012). Daytime cloud cover has a warming effect in the Alps,
especially above 1500 m a.s.l. (Marty et al. 2002). Reduced snow cover alters the snow-albedo
feedback mechanism resulting in distinctly increasing surface absorption of solar radiation (Winter
et al. 2017).

Glaciers and mountain permafrost are highly affected by the global warming trend. About 45 %
of the glaciers in the European Alps have been lost since AD 1900. The remaining glaciers have
had increasingly negative mass balances since the mid-1980s (Huss 2012). Permafrost-ice and rock
glaciers thawed especially since AD 2009 and accentuated since AD 2015 (Noetzli et al. 2016). The
sharp decline of the snow cover since the late 1980s is unprecedented over the last ~ 150 years
(Scherrer et al. 2013). Especially since the 1990s the dramatically fast glacier retreat and permafrost
thawing resulted in enhanced slope instabilities and rising rates of rock falls and landslides in high-
mountain areas (Stoffel and Huggel 2012; Fischer et al. 2012).

Additionally, an increased frequency and intensity of extreme precipitation events has been
observed in the European Alps since the 1980s (Beniston et al. 1997; IPCC 2014). Mountain
regions with steep, bare slopes are particularly sensitive to erosion and surface runoff during intense
rainfall (Giguet-Covex et al. 2011) triggering debris flows and torrential floods.

The extraordinary rapid warming gradually transforms the plant communities of the European
Alps resulting in losses of biodiversity (Schwager and Berg 2019), biotic homogenisation (Porro et
al. 2019) and a distinct upward migration of plant species along elevational gradients (Frei et al.
2010). The mean vegetation cover has increased over the last 50 years, especially in subalpine and
low alpine grassland (Rosback et al. 2014). Slow growing, cold adapted alpine plant species declined
and even disappeared locally, especially high-altitude species (Pauli et al. 2012; Rumpf 2018), while
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thermophilic species significantly increased in their abundances (Gottfried et al. 2012).

Climate change endangers a series of essential ecosystem services provided by the mountainous
areas of the European Alps and affect human livelihood, safeness and recreation. Weather extremes
such as droughts and storms highly reduce mountain forest functioning as provider for timber and
fuel wood and as regulator of natural hazards such as erosion, rock fall and avalanches (Theurillat
and Guisan 2001; Timofeeva et al. 2012; Dupire et al. 2017). Furthermore, mountains play a key
role in the water cycle by modulating the water run-off regime and mitigating the risks of extreme
floods (Crouzat et al. 2015). In mountain regions freshwater is captured and stored in lakes, glaciers,
permafrost and snowpack. These mountain water resources are highly relevant for freshwater
supply, irrigation and hydroelectricity production (Viviroli et al. 2011). Heat waves, droughts and
runoff extremes result in a reduced headwater discharge and an increased frequency and intensity
of floods and debris flows (Zappa and Kan 2007) affecting water quality, aquatic life, hydropower
supply, upland farming and mountain infrastructure (Huggel at al. 2012; Batzing 2015; Schaefli et
al. 2019).

1.2 Mountain lakes as sentinels for global change

Mountain lakes are particularly sensitive to global environmental change (Moser et al. 2019). Lakes
of higher altitudes are characterised by long ice cover, short vegetation periods, low water
temperatures, nutrient-poor conditions, rapid changes in chemical and physical conditions during
snow melt, extreme changes in water transparency, and intensive ultraviolet radiation (Sommaruga
2001; Schmidt et al. 2004). They host organism that are well adapted to these harsh conditions.
Even small climate variability represents serious impacts on biodiversity, food web dynamics and
ecosystem function (Parker et al. 2008; Miller and McKnight 2012; Preston et al. 2016) resulting in
significant shifts within species composition (Smol et al. 2005; Fjellheim et al. 2009; Williamson et
al. 2010).

The influence of climate change on aquatic systems is highly complex. Climate affects
fundamental aspects of lake ecosystem function and structure through both direct and indirect
pathways (Fig. 1.1). Climate regulates the ice cover phenology (Preston et al. 2016), the mixing
regimes (Butcher et al. 2015), the length of the growing season (Verdonschot et al. 2010) and the
water chemistry (Adrian et al. 2009).

Water temperature controls metabolic rates, life cycle, growth, consumption, and enzyme
activity of the individual organism and affect food web dynamics by regulating biomass,
composition, diversity and phenology of aquatic communities (Yvon-Durocher et al. 2010; 2011).

Warming of surface waters increases duration and intensity of thermal stratification resulting in
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reduced nutrient exchange and decreased hypolimnetic oxygen concentrations (Wilhelm and
Adrian 2008). Beside the rising temperatures, the greater thermal variability (e.g., heat waves, cold
waves), and the increased frequencies of extreme climatic events (e.g., droughts, torrential flood
events) strongly impact lake ecosystems (Wilhelm 2012; Diffenbaugh et al. 2017).

The characteristically small surface of mountain lakes leads to a very close catchment-lake
linkage. Changes in the catchment area, regarding run-offs and greening, but also land use and
tourism activities significantly influence the mountain lakes, especially habitat stability, water
transparency, nutrient concentrations, and finally substrate availability and heterogeneity. Climate-
related upward shifts of the tree- and forest line, increasing vegetation cover and soil microbial
biomass in alpine and subalpine altitudes significantly alter nutrient release into the lakes (Rogora
et al. 2020) and result in enhanced DOC concentrations (Adrian et al. 2009). Frequency and
intensity of heavy rainfall events, landslides and debris flows has increased significantly in the Alps
over the last 30 years (Bogataj 2007; Wilhelm et al. 2012; Bitzing 2015). Runoff extremes such as
high-intensity precipitation or rain-on-snow events play an important role in sediment mobilization
and transport (Knapp et al. 2018) influencing nutrient availability and underwater light climate
(Perga et al. 2018).

Dynamics within the cryosphere of mountain regions influence downstream aquatic ecosystems
by regulating water runoff, erosion rates, sediment and nutrient transport (Huss et al. 2017).
Changes in winter snowpack volume and timing and rate of spring snowmelt exercise bottom-up
control of phytoplankton biomass and phenology by influencing nutrient loading rates (Sandro et
al. 2018) and water temperatures (Roberts et al. 2017). Glacier-fed lakes lose their connection to
the retreating glaciers (Tiberti et al. 2019) and a highly specific, cold and turbid habitat, which is
hosting highly specialized communities disappears (Peter and Sommaruga 2016). Thawing of
permafrost and rock glaciers not only lead to slope destabilization, flooding, and debris flows, but
also influence the water chemistry (higher electrical conductivity, ion concentrations and heavy
metal contents) and diatom composition and diversity of adjacent surface waters (Thies et al. 2013;
Mair et al. 2015; Rotta et al. 2018).

The rising air temperatures and increased moisture trigger enhanced weathering rates in
carbonate catchments and result in increasing pH-levels, ion concentrations (bicarbonate, calcium

and magnesium) and conductivities of well buffered-lakes (Rogora et al. 2020; Adrian et al. 2009).

Warming-induced changes of lake properties and nutrient availability impact both littoral and
pelagial habitats and shape the structure of macrophyte, periphyton and phytoplankton
communities (McMaster and Schindler 2005). Figure 1.1 shows schematically the pathways of

direct and indirect impacts of climate change on mountain lake primary producers. Changes in
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physical characteristics of the lakes, including surface temperature, ice cover phenology,
stratification and mixing regime of the water column and the resulting alteration of oxygen
concentration and nutrient cycling directly effect their phenology, species composition and
biomass. The rising air temperatures indirectly impact the primary producers via alteration of the
catchment area. Losses of glaciers, permafrost and snow pack, soil development and shifts in
vegetation type and cover change water chemistry and DOC concentrations. Extreme precipitation
events result in enhanced turbidity reducing light availability for algae and macrophytes. Prolonged
droughts, on the other side result in falling lake levels and the alteration of the lake’s
biogeochemistry. Besides climate change, local disturbances and long-distance atmospheric

fertilization seriously affect lake algae and macrophytes via altering the nutrient situation of the

lakes.
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Figure 1.1 Schematic diagram showing the main stressors on mountain lake primary producers (PP): climate change, local
disturbances and fertilization by long-distance atmospheric deposition (orange). The main impacts of climate change result
from changes of air temperatures and alterd precipitation patterns including prolonged droughts and rising frequency of
extreme events (dark green) and affect the PP directly via alteration of hydrological features (light blue) or indirectly via
catchment modlifications (light green). The resulting changes of water chemistry, DOC concentration and water turbidity
influence PP directly or by alteration of the light climate (turquoise).

Macrophytes, providing habitat and refuge for epiphytic species, are expected to increase
significantly in species richness in response to global warming, especially at high altitudes (Rosset
et al. 2010). Low temperatures, the lacking of fine-grained sediment, and low nutrient
concentrations or disturbances such as floods (resulting in turbidity) or marked water level
fluctuations (resulting in desiccation, sediment resuspension, and light limitation at high lake levels)
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generally limit macrophyte growth in subalpine and alpine lakes (Bornette and Puijalon 2011;
Fernandez-Aldez 2018). Although macrophytes may occur at low temperatures (Boylen and
Sheldon 1976; Olesen and Madsen 2000) and in lakes of higher altitudes (Overton 1899),
macrophytes’ temperature optima are usually > 20 °C (Bounette and Puijalon 2011). The rising
temperatures enable macrophytes growth at higher altitudes. Additionally, the rising nutrient input
triggered by the development of the vegetation cover in the catchment and the enhanced availability
of fine-grained substrate facilitate the establishment of macrophytes (Garcia et al. 1994). The
extended littoral heterogeneity and substrata availability culminate in more complex and diverse
periphytic communities (Vadeboncoeur et al. 2006; Poulickova et al. 2014; Cantonati and Lowe
2014).

The response of phytoplankton to climate change is complex owing to the interaction of
temperature, UV radiation, light conditions, nutrient availability, and grazing pressure (Doyle et al.
2005). Rising temperatures directly affect phytoplankton metabolic processes (photosynthesis,
growth, nutrient uptake) and impact phytoplankton sinking rates via altering water column viscosity
and density (Zohary et al. 2020). Warming-induced changes in lake thermal and mixing regimes
affect phytoplankton taxonomic composition and size structure and alter the competitive
interactions for limiting resources among phytoplankton (Winder and Sommer 2012). Prolonged
and intensified thermal stratification favours small-sized or motile (e.g. flagellate) organisms. Non-
motile, passively floating algae cells usually require turbulent mixing of the water column. However,
several phytoplankton species developed strategies to regulate their settling rate by forming
protuberances, colonies or chains and Cyanobacteria use gas vacuoles as buoyancy-regulating
mechanism (Diehl et al. 2002; Ptacnik et al. 2003; Reynolds 2000).

Milder winters lead to an earlier ice-off culminating in an earlier phytoplankton spring bloom
(Adrian et al. 2006). However, temperatures generally have a greater impact on higher trophic
levels, as the metabolic requirements of predators are more sensitive to warming environments
(Murphy et al. 2019). Therefore, elevated temperatures may result in an inverse effect on
phytoplankton biomass despite enhanced metabolism as a result of top-down control of enhanced
grazing activity of overwintering zooplankton (Sommer and Lewandowska 2011; Sommer et al.
2012).

Total phytoplankton biomass in remote lakes is mainly indirectly controlled via climate-
regulated nutrient release from the catchment (Jansson et al. 2010; Williamson et al. 2010) or via
atmospheric nitrogen deposition (Jacquemin et al 2018). Additionally, local impacts such as
tourism, alpine pasture, deforestation, mountain-hut-sewage, and fish-stocking modify nutrient
availability and regulate algae biomass (Giguet-Covex et al. 2011; Moser et al. 2019). Reduced light

availability triggered by climate-induced intensification of erosion processes and by shading due to
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the increase of phytoplankton biomass strongly impact both benthic and pelagic communities
(Reynolds 2000).

Primary producers play an important role in lake ecosystems as they regulate nutrient cycles (C-
fixation, N/P sequestration) and energy flow (Vadeboncoeur et al. 2014). The reorganisation within
both, littoral and pelagic primary producers has cascading effects on the mountain lake ecosystem,
as they form the base of the aquatic food web. Therefore, an improved understanding of the
mechanism how climate affects the structure and dynamics of phytoplankton and periphytic

communities is important for predicting climate change impacts on mountain lake ecosystems.

1.3 Paleolimnology

Paleolimnological records archived in lake sediments provide reliable insights into lake ecosystem
responses to global, regional and local environmental changes such as climate warming, long
distance atmospheric deposition, and lake eutrophication (Catalan et al. 2013). A series of
biological, biochemical and geochemical paleoindicators are available to reconstruct climate-
mediated changes in lake-properties, diffuse fertilizing processes and trophic state history. Analyses
of subfossil diatom assemblages and pigments in lake sedimentary records are highly valuable to
characterise community shifts in algal functional groups in relation to changing climate and
environmental regimes. Stable isotope analyses of carbon and nitrogen provide information about
origin of sedimentary organic matter and the trophic history of the lake.

Diatoms (Bacillariophyceae), unicellular, microscopic algae characterized by their aesthetic,
siliceous cell walls (Battarbee et al. 2001), are among the most frequently used bioindicators in
paleolimnological investigations revealing both direct and indirect consequences of global change
(Stoermer and Smol 2010). They are highly abundant and ecologically diverse and exhibit
planktonic, tychoplanktonic and periphytic life strategies colonizing a wide range of semiaquatic
and aquatic habitats worldwide (Rithland et al. 2008). Their resistant siliceous frustules are typically
well preserved in lake sediments (Smol 2008). Furthermore, specific ecological preferences and
short life cycles enables them to respond sensitively and rapidly to a wide range of environmental
changes including water temperature, lake alkalinity, salinity, nutrient regime, water transparency,
lake mixing regime, habitat stability, and substrate availability (Rithland et al. 2015). Many species
have well-defined optima and tolerances to a series of limnological variables (Douglas et al 2004).

Numerous paleolimnological studies observed unprecedented diatom assemblages shifts over
the last 150 years in response to global warming (e.g., Douglas et al. 1994; Weckstrom et al. 1997;
Michelutti et al. 2003; Smol et al. 2005; Karst-Riddoch et al. 2005; Rihland et al. 2002-2015).
Species-poor periphytic diatom assemblages dominated by small, benthic taxa especially of the

Stanosira- Stanrosirella- Psendostanrosira- complex shifted to more complex and diverse periphytic
24



Introduction

assemblages (Ruhland et al. 2015). Several studies highlighted the sensitivity of diatoms to
increasing water temperatures (Stoermer and Ladewski 1976; Kilham et al. 1996; Pienitz et al. 1995)
or described distinct temperature optima of a series of diatom taxa (Wunsam et al. 1995; Cremer
et al. 2001; Bouchard et al. 2004). Water temperature controls diatom growth, cell division and
succession (Lotter et al. 2010) and influences the viscosity of raphe cytoplasm and thus the velocity
of motile diatoms (Round et al. 1990). Already Hustedt’s (1930) classification of diatoms based on
their thermal requirements. Besides warming temperatures, primarily changes regarding habitat
stability and substrate variability control the dynamics of diatom communities. Planktonic and
tychoplanktonic diatoms require turbulent mixing of water column due to their immobility and
their high sinking rates owing to their heavy, siliceous valves (Reynolds 1984). Polymictic lakes,
however, were predicted to stratify more permanently (Gerten and Adrian 2002). Small-celled
cyclotelloid species, characterised by a high surface/volume ratio have significant competitive
advantages during more stable and intense thermal stratification due to their low sinking velocity,
high cell division rates and more effective nutrient uptake and light harvesting mechanism (Rithland
et al. 2003). Besides small-sized centric diatoms (e.g. Cyclotella spp.), elongate, colony-forming
pennate planktonic diatoms (e.g. Fragilaria spp.) increase significantly in their abundances, while
heavily silicified tychoplanktonic diatoms (eg Aulacoseira) concurrently decline (Rihland et al.
2015).

Sedimentary pigments provide valuable insights into the impact of climate change and local
anthropogenic activities on lake ecosystems (Zhang et al. 2019) by tracking historical changes in
lake productivity (Guilizzoni et al. 2011) and taxonomic composition of past phototrophic
communities (Leavitt and Hodgson 2001). Paleopigments are usually well archived in lake
sediments, often representing the sole remains of non-siliceous algae (Lami et al. 2000). The main
autochthonous sources of pigments are planktonic and periphytic algae, phototrophic bacteria and
macrophytes (Leavitt and Hodgson 2001). However, their unstable character is a major problem
when interpreting sedimentary pigment records (Leavitt 1993). After the death of an organism, its
decomposition begins immediately. Already in the water column during the sinking process, more
than 95% of the components are decomposed very intensively and rapidly by oxidation, cell lysis,
and grazing. After deposition at the lake’s bottom, temperature, oxygen and light availability as well
as the intensity of bioturbation determine the rate of pigment degradation in the surface sediment
(Sun et al. 1993).

Analyses of carbon (C) and nitrogen (N) stable isotopes deposited in lake sediments are
widespread used to get information about sources of sedimentary organic matter (OM) (Mayr et
al. 2009), shifts within lacustrine nutrient cycling (Lehmann et al 2004) and variations of lake

productivity (McKenzie 1985; Hollander and McKenzie 1991; Hollander and Smith 2001; Meyers
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and Teranes 2001). Climate change may alter lacustrine C and N dynamics mainly via catchment-
related processes (altered precipitation and erosion patterns, changes in vegetation and soils
development).

Especially the 8"C,, records reflect changes in lacustrine paleoproductivity. Aquatic ptimary
producers discriminate against °C during assimilation of aqueous CO,. Hence, ”C accumulates in
the pool of epilimnetic dissolved inorganic carbon (DIC). With increasing productivity,
phytoplankton and periphyton increasingly use ?CO; for biomass production (Farquar et al. 1989;
Teranes and Bernasconi 2005) resulting in an increasing accumulation of °C in the organic material.
Therefore, tising 6"°C.y, values of OM deposited in the lake sediments indicate lake eutrophication
(Teranes and Bernasconi 2005). However, the 8"Cy, record in the sediments is not exclusively
determined by photosynthesis. Other biochemical processes such as respiration and methane
oxidation also influence the isotope ratio (Finlay and Kendall 2007). For example, in nutrient-rich
lakes with anoxic conditions in deep water, methanotrophic bacteria produce C-rich DIC,
resulting in decreasing 8"°Coy, values despite increasing eutrophication (Hollander and Smith 2001).

The isotope fingerprints of nitrogen (8"°N) in the sediments also provide information about the
former trophic situation of a lake. However, the interpretation of the N-isotope signal is much
more difficult. The biochemical complexity of the nitrogen cycle and the multitude of fractionation
effects lead to a high variability of the 8"°N values (Teranes and Bernasconi 2000). Phototrophic
organisms discriminate against the heavier "N, therefore "N accumulates in the pool of dissolved
inorganic nitrogen (DIN) in surface water (Lehmann et al. 2004). However, in lacustrine
environments, where phosphorus rather than nitrogen is the limiting factor of primary productivity
(Wetzel 2001), only a minor portion of the available nitrogen is consumed. Hence, the nitrogen
isotopic composition of the DIN pool will remain largely unaltered. Rising primary production will
not be reflected by increasing 8N as other factors than primary productivity more strongly
influence the nitrogen isotopic composition of lacustrine OM (Teranes and Bernasconi 2000).
Denitrification in anoxic basins and external nitrogen inputs from agricultural land use or livestock
husbandry result in "N enrichment of the epilimnetic DIN pool (Kendall 1998; Gu 2009).
Atmospheric nitrogen deposition leads to the decrease of 8"°N concentrations in the sediments
(Hastings 2009). Shifts in phytoplankton species composition also may influence 8N signatures
of sedimentary OM. N-fixing cyanobactetia result in "N-depleted OM (Fogel and Cifuentes 1993),
while heterotrophic organisms elevate 8"°N as there is an increase of 3-4 %o for each trophic value
(DeNiro and Epstein 1981). Records of nitrogen isotopes in OM therefore may reflect variations
in epilimnetic nitrate utilization and enable the reconstruction of algal community structure and

nutrient supply (Teranes and Bernasconi 2000).
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Organic matter in lake sediments usually consists of a mixture of allochthonous and
autochthonous sources. The ratio of total organic carbon to total nitrogen (TOC/TN) provides
information about the origin of OM (Meyers and Teranes 2001). Values below 10 indicate
autochthonous production by phytoplankton (Meyers 1994), while values above 25 indicate
cellulose-tich vascular plants (Mayr et al. 2009). Sedimentary TOC/TN ratios above 10 therefore
indicate allochthonous inputs of terrestrial plant material (Meyers 1994).

In summary, lake sediments can provide highly valuable insights to our understanding of
environmental changes including global warming, long distance atmospheric deposition
(industrialization, traffic, synthetic fertilizer from intensified agriculture) and local impacts

(biological manipulation, deforestation, tourism, alpine pasture, agriculture).

1.4 Thesis objectives and outline

Climate change will be among the most serious stressors on freshwater ecosystems in the future.
In the Alps an average temperature increase of 2.5°C by AD 2100 is predicted compared to the
period from AD 1979 to AD 2000 (Kunstmann and Smiatek 2015). Chains of intertwined
processes triggered by the rapidly rising temperatures and the altered precipation patterns are
interacting in complex ways with other anthropogenic influences such as local disturbances and
atmospheric fertilitation. The resulting impacts on their ecosystem services highlight the
importance of better understanding the hydrological, chemical and floral structure and function of

mountain lake ecosystems.

The overall aim of this thesis was to understand response and resilience of mountain lakes located
in the Bavarian and North-Tyrolian Alps to global change. The studied lakes are situated along an
elevational gradient (1000-1900 m a.s.l), crossing the forest line and the tree line and differing in
terms of remoteness, lake origin, catchment geology, surface area, basin depth and morphology,

hydrological characteristics, and lake productivity.

I coupled contemporary and paleolimnological approaches by combining high-frequency
monitoring data of physical lake parameters (temperature, conductivity, pH, oxygen, Secchi depth,
and lake thermal structure), water chemistry (total phosphorus, silica, ammonia-nitrogen, and
nitrate-nitrogen), and lake primary producers (phytoplankton, diatoms, macrophytes) with long-
term paleolimnological data (subfossil diatoms, sedimentary pigments and stable isotopes)

preserved in lake sediments.
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In detail, the main objectives of this thesis were:

(1) a better understanding of the linkages between climate forcing, lake thermodynamics, and
diatom response by the detailed analyses of hydrochemical and hydrophysical paramenters,

modern diatiom assemblages, phytoplankton succession and submerged macrophytes.

(2) to disentangle the complex interactions between climate change and other human-induced
impacts by analysing subfossil diatom assemblages, sedimentary pigments and stable

isotope fingerprints in sedimentary records.

(3) to evaluate how altitude affects the response of diatom assemblages to global change
considering different lake origin, catchment characteristics (morphology, soil, vegetation

cover, land-use) and hydrological features (depth, nutrient level, habitat stability).

This thesis is based on following hypotheses:

(1) local anthropogenic disturbances such as touristic activities, forestry or agriculture may

overprint the effects of global warming

(2) lake altitude is the main driver controlling the response of primary producers to climate

change

(3) lake depth influences the structure of algal communites and the response of mountain lakes

to rising temperatures

(4) subalpine lakes are particularly appropriate to investigate climate-mediated changes of

catchment-lake interactions
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2. Material and Methods
2.1 Study sites

The studied lakes are located over a distance of about 220 km along the Bavarian-Austrian
borderline (47°17" to 47°45°N latitude, 10°15"to 13°1'E longitude). The altitudinal gradient ranges
from 955 to 2047 m a.s.l. representing eight montane (922 — 1207 m a.s.1.), nine subalpine (1458 —
1680 m a.s.l.) and eight alpine (1809 — 2060 m a.s.l.) lakes (Table 2.1).

Table 2.1 Geographical position, altitude, depth and surface area of the mountain lakes included in this thesis.

Lake Latitude (N) Lon(%;ude (?lnt;tl;cie) ar?:]({ﬁﬂ) I;’i«;::;l l(z;]:)e P;esentzd in cl;aptet
Bichlersee 47°40°34 12°0721% 955 1.5 11.0 x
Frillensee 47°45°57¢ 12°49°03¢ 973 1.2 5.5 x
Lautersee 47°26¢13¢ 11°14408« 1013 12 18.0 x
% Ferchensee 47°2618 12°12¢50 1060 10.8 19.5 x
§ Mittersee 4702207 10°51°58% 1082 33 4.7 x
| Hofersee 47°29°51¢ 10°2925¢ 1192 0.6 1.9 x
Taubensee 47°41°46° 1202537« 1138 4.0 14.6 x
Sieglsee 47°24°30° 10°29°46% 1207 0.8 20.2 x
Soinsee 47°39°01¢ 11°5720% 1458 4.0 8.2 x
Griinsee 47°30°07¢ 1205711« 1474 3.5 6.9 x
Gaisalpsee 47°45°56" 12°49°03% 1508 34 4.1 x
g Unterer Soiernsee 47°29¢27« 11°21¢35¢ 1552 3.4 5.5-15.0 x x
.:% Oberer Soiernsee 47°29¢77¢ 11°2044<¢ 1558 3.5 13.1 x x x
—.é Delpssee 47°30¢19« 11°3036% 1600 0.6 13 x
Hérnlesee 47°32:52¢ 10°2329% 1601 0.5 1.8 x
Funtensee 47°29°37¢ 1295622 1601 2.5 4.5 x
Schachensee 47°2527« 11°07¢12% 1680 0.8 4.4 x
Seeleinsee 47°3216% 13°01°47% 1809 0.4 5.4 x
Soiernlache 47°29¢05¢ 11°2047¢ 1843 0.7 1.0
Drachensee 47°2131% 10°56405¢ 1874 5.3 20.7 x
9 Engeratsgundsee 47°2629 10°23°30% 1876 3.6 17.3 x
.:% Brendlsee 47°21°58* 10°57°30% 1903 1.5 6.2 x
Stuibensee 47°25¢39« 11°0341« 1921 0.8 5.1
Rappensee 47°17°09° 10°1510% 2047 2.3 7.8 x x
Grubersee 47°27°13¢ 11°47°18° 2060 0.5 35 x x

The sediments of all lakes, with the exception of Stuibensee and Soiernlache were analysed in terms
of subfossil diatoms, sedimentary pigments and stable isotopes. Contemporary limnological studies
were carried out on a set of lakes (Table 2.1, bold font) including hydrophysical measurements and
analyses of hydrochemical parameters and primary producers (phytoplankton, diatom assemblages,

macrophytes).
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2.2 Catchment
2.2.1 Geology, vegetation and land-use

The geology of the lakes catchments was mapped, supported by geological maps 1: 25 000 (LfU
Bayern). Catchment vegetation was documented using following rough classification: montane
forest, dwarf shrub, subalpine grassland and alpine meadow. LLand-use (agriculture, alpine pasture,
forestry) and touristic impacts were recorded. Landowner, forestry offices, alp farmers and single
sections of the Alpine association were interviewed regarding land-use history, mountain hut

construction and sewage disposal.

2.2.2 Stable isotope analyses

Samples from soils and vegetation (herbs, leaves and pine needles) representing potential sources
of terrestrial organic matter entering the lakes were collected. Disposable gloves were worn during
sampling to avoid any contamination. In laboratory the samples were coarsely crushed with
scissors, oven-dried (40 °C) and homogenized by sieving (soils) or grinded with a mortar. For the
determination of total organic carbon content (TOC) and organic carbon isotope ratios (8"°C) ~ 2
mg material was weighted in silver capsules and decalcified first with 5 % and then with 20 % HCI
at 70 °C. To analyse the nitrogen content (TN) and the nitrogen stable isotope ratio (8"°N) ~ 2.5 mg

material was weighted in tin capsules. Both nitrogen and carbon isotope analyses follow Mayr et

al. (2015), described more detailed in chapter 2.4.5.

2.2.3 Meteorological station

To estimate the divergence of a local microclimate from the regional meteorological conditions a
weather station (Davis Vantage Pro 2™) was installed at the Lakes Soiernseen. Air temperature,
wind direction and speed, solar radiation, rainfall and humidity data were collected half-houtly from
June to November 2016. The data were downloaded every 28 days for detailed analyses using the
software WeatherLink (Davis, Hayward, U.S.A.)

2.3 Limnological characterization of the lakes

2.3.1 Lake bathymetry

The sonar systems Biosonics MX and Lowrence HDS 8 were used to determine the basin
morphology, lake maximum depth, and the distribution of macrophytes. The lakes were surveyed
in a 10 m grid (Fig 2.1). The program Visual Habitat (Biosonics) and the software Reefmaster
(Lowrence) were used to transform the data for designing the bathymetric maps with the program

ArcView (ESRI).
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Figure 2.1 Navigation grid of Lake Stuibensee

2.3.2 Lake mixing regimes

Temperature data loggers (Onset Hobo Pedant) were installed at depths of 0.2, 3, 5 and 8 m
(subalpine and alpine lakes) and 0.2, 3, 5, 10 and 17 m (montane lakes) at buoys to obtain
continuous temperature recordings. The buoys were positioned at the deepest areas of the lakes by
fixing the rope at boulders on the lake bottoms. In lakes with minor lake level fluctuations the
temperature data loggers were attached to the buoy with a second rope weighted with a bag of
stones (Fig. 2.2 A). In lakes with marked lake level dynamics the following design was used (Fig
2.2 B): the rope with the buoy runs through carabiners fixed at two large boulders placed at the
lakes bottom at a distance of about two meters. A second, smaller buoy was attached to the end of
the rope holding the larger buoy at the water surface by its buoyancy. Here the data loggers were

fixed directly at the rope.

Figure 2.2 Installation of temperature data logger in lakes with minor (A) and marked (B) lake level
fluctuations
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2.3.3 Hydrophysical measurements and hydrochemical analyses

During ice-free periods, the hydrophysical parameters (temperature, conductivity, pH, oxygen)
were measured monthly in vertical one-meter depth steps with a multiparameter probe (MPP 930
IDS WTW, Weilheim, Germany). At the same time water transparency was documented with a
Secchi disk and water samples for hydrochemical analyses were taken in two-meter meter steps and
0.5 m above the sediment using a Ruttner sampler. The samples were transported cooled and light
protected to the laboratory, where they were first filtered and then analysed for nitrate-nitrogen
(DIN 38405-9:2011-09), ammonia-nitrogen (Navone 1964) and silica (Nanocolor silica test,
Macherey-Nagel, Diiren, Germany). Total phosphorus was analysed in unfiltered samples
following DIN 171 EN ISO 6878. The concentrations were determined via spectrometric analyses

(Hitachi 150-20, Japan).

2.3.4 Phytoplankton analyses

Phytoplankton analyses were carried out monthly during two vegetation periods in 2015 (May-
September) and 2016 (May-November). Mixed water samples were taken from the euphotic zone
using a hose sampler (DIN EN 16698:2015-12). Lake water was immediately filled in 100 ml brown
glass bottles already containing 2 ml Lugol's solution. The phytoplankton samples were analysed
according to Utermoehl (1958). Firstly, the fixed sample was filled into 50 ml sedimentation
chambers. After 24 hours the organisms had sedimented on the bottom of the counting chamber
(Furet and Benson-Evans 1982) and the plankton community could be classified under an inverted
microscope (Leitz Labovert). For this purpose, phytoplankton species were counted in 10 squares
evenly distributed over the chamber firstly at 100-fold, then at 200-fold and 400-fold magnification.
In case of very small or difficult to identify species 1000 x magnification under oil immersion was
applied. Taxonomy followed Huber-Pestalozzi (1938-1982). As phytoplankton cell size differ
significantly among diverse genera, cell biovolume rather than quantity is more appropriate for
phytoplankton analyses. The biovolumes of the different species were taken from Raeder (1990)

ot calculated by simplifying their shape to geometrical basic bodies (Sun and Liu 2003).

2.3.5 Analyses of current diatom communities

The current diatom assemblages were sampled from stones at four littoral sites evenly distributed
along the lake’s shores. The topsides of five to eight stones from water depths of ~ 30 cm were
brushed with a clean disposable toothbrush to remove the periphyton (Schaumburg et al. 2014).
To consider seasonal and successional changes within littoral diatom assemblages the sampling was
carried out three times a year in spring, summer and autumn. This approach avoided errors

regarding diatom substrate specificity and the epilithic diatomic inventory of each lake was
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recorded considering spatial and seasonal heterogeneity. Thus, the water quality of each lake could
be determined and variations among water-bodies of different altitudes could be detected.

In Lake Schachensee and both Lakes Soiernseen additionally depth-distribution of benthic diatom
assemblages in relation to light and substrate was investigated. Therefore, samples were taken along
depth-transects in one-meter depth increments and additionally at 0.3-0.5m depths. A team of
scientific divers collected three fist-sized stones in closable, labeled polyethylene bags at each
sample point. Additionally, they carefully pulled off the uppermost sediment layer (sand, silt, clay)
at each site using a labeled 60 ml-syringe. The epilithon was removed from the stones with
disposable toothbrushes and then mixed with 20 ml of sediment-water-suspension (epipsammon,
epilpelon, epiphyton and sedimented planktonic organism) from the respective sampling depth in
plastic bottles for subsequent analyses.

In laboratory, the sub-samples were prepared for diatom analyses according to van der Werff
(1953). About 50 ml H>O» (30 %) was added to each sample. After overnight incubation at room
temperature, the samples were heated for at least four hours to oxidize organic material. Then a
spatula tip of K,Cr,O7 was added slowly and in portions to accelerate the oxidation process. Finally,
about 10 drops of concentrate HCI was added to remove carbonates. Subsequently, the material
was cleaned with distilled H.O in four centrifugation steps (centrifugal acceleration 523 g).
Permanent slides were prepared by embedding cleaned material in Naphrax (R.I. = 1.7). At least
550 pennate diatom valves per sample were identified under oil immersion at 1000x magnification
using a Leitz Aristoplan microscope. Taxonomy followed Krammer and Lange-Bertalot (1986-
1991), Lange-Bertalot (1993, 1996), Krammer (1997), Lange-Bertalot (2000-2003) and Hofmann
et al. (2013), updated by current publications about individual species and different internet
databases (Spaulding et al. 2018; Guiry and Guiry 2019). Water quality of each lake was calculated
using the diatom Trophic Index (T, Formula 1) of Hofmann (1999).

__ TxG*xH
G+H

Ti = Trophic index H= abundance (1)

T = trophic preferences  G= sensitivity value

Diversity was calculated via Shannon-Index (H, Formula 2) and Evenness (E, Formula 3).

H= — Z“l-gzl pi *Inpi S = total numbers of species occurring in the community (2
i = taxon of community p = relative abundance of each taxon

H
E= Ins H = Shannon-Index S = total number of species occurring in the community (3
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2.3.6 Macrophyte mapping

The macrophyte mapping was carried out by a team of scientific divers once during the main
vegetation period in August 2016 at Lake Schachensee and both lakes Soiernseen. The mapping
method of Melzer and Schneider (2001) was slightly modified. Parallel to the slope the depths of
1-2 m, 2-3 m and > 3 m were snorkelled or scuba-dived. Beside the submerged and emerged
macrophyte populations, the shore vegetation (reed beds, sedges) and the morphology, the
structure of the lake bottom and the expansion of stony and muddy substrata were documented.
The quantities of the occurring species were estimated on the basis of a five-step scale according
to Kohler (1978). The species were determined already in the field. For verification, some
individuals were additionally analysed under a stereomicroscope (Wiloscope, Hund Wetzlar).
Taxonomy followed van de Weyer and Schmidt (2007). Macrophytes as well as stems of reeds and
sedges were carefully sampled in plastic bags for stable isotope analyses. In laboratory the material

was cleaned, oven-dried (40 °C) and subsequently crushed in a mortar.

2.4 Sediment analyses
2.4.1 Coring and sediment preparing

The sediment cores were obtained from the deepest part of each lake using a gravity corer (Uwitec,
Mondsee, Austria) equipped with a 6-cm-diameter core tube. At Lake Ferchensee coring was
carried out in February 2015 through a 40 cm thick ice cover. A 25 cm-diameter hole was drilled
through the ice with a hand ice auger (Mora, Sweden). The sediment cores of the other lakes were
retrieved in 2015 (Schachensee, C1 Oberer Soiernsee), in 2016 (Lautersee, Drachensee, Unterer
Soiernsee, Delpssee, Brendlsee, Hofersee, Hornlesee, Sieglsee, Mittersee, Rappensee,
Engeratsgunsee), in 2017 (C2 Oberer Soiernsee, Bichlersee, Frillensee, Taubensee, Soinsee,
Griinsee, Gaisalpsee, Funtensee, Seeleinsee, Grubersee) and in 2018 (C3 Oberer Soiernsee) using
a rubber boat.

The sediment core surfaces were fixed with floristic foam (Mosy, Thedinghausen, Germany)
and wrapped in an opaque foil. In the laboratory, the cores were split into two haves and
subsampled in 1 cm intervals under subdued green light (Fig. 2.3). Subsequently, the subsamples
were freeze-dried in plastic vials for diatom analyses, dating and stable isotope analyses (Christ 1-4
Loc; 48 h, -47 °C). For pigment analyses, subsamples were stored in aluminium foil at -24 °C until

freeze-drying.
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Figure 2.3 Subsampling the sediment cores

2.4.2 Sediment chronology

For sediment dating, 5 ml of the freeze-dried material was homogenized in a mortar, filled into
labelled sampling tubes and weighed (R 160 P, Sartorius AG, Germany). The sediment cores were
dated using *''Pb (half-life 22.3 years) and "’Cs (half-life 30.2 years) at EAWAG Diibendorf in
Switzerland using a gamma spectrometer (High-purity Germanium Detector, Canberra). In
paleolimnology, the *'’Pb method has become generally accepted for age determination of recent
lake sediments deposited during the past 150 years (Robbins 1978). The constant rate of *''Pb
supply (CRS) model has proved to be an appropriate dating model even in lakes with non-uniform
sedimentation rates (Appleby and Oldfield 1978). However, a perfect exponential decrease of *'’Pb
activity concentration with increasing depth is extremely rare owing to disturbances of surficial
sediments by bioturbation or increased sedimentation rates as a result of flood events or rising
algae biomass (Rose et al. 2010, Sanchez-Cabeza and Riuz-Fernandez 2012, Putyrskaya et al. 2015).
The *""Pb chronology has to be validated by independent chronostratigraphic dates, e.g. the
sedimentary record of the artificial radionuclide ’Cs (Appleby 2001, Kirchner 2011). Global
fallout of "’Cs began in 1954 and peaked in 1963 as a result of nuclear weapon tests. '*'Cs entered
the atmosphere as an artificial, radioactive product of uranium nuclear fission, spread worldwide
and was deposited by precipitation or dry deposition. During the Chernobyl reactor accident in
19806, an extremely high amount of radioactive nuclide activity was released and distributed
irregularly across Europe. The sedimentation rates of the investigated lakes were calculated by
combining the CRS *’Pb dating model with'”’Cs benchmarks (1954, 1963 and 1986). Supporting

information was provided by photographical and lithological documentation of the sediment cores.

2.4.3 Subfossil diatom assemblages

For diatom analyses, 1.6 ml freeze-dried sediment was prepared following standard procedure (see

section 2.3.5). At least 550 diatom valves per sample were identified under oil immersion at 1000x
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magnification using a Leitz Aristoplan microscope. Taxonomy followed the literature listed in
section 2.3.5. The diversities of the subfossil assemblages were characterized by species richness
and Shannon Index. The ratios between benthic+epiphytic and planktic species (B:P ratio) were
used to identify alterations regarding the extension of the euphotic zone. The shift within the ratio
between the most dominant fragilarioid species Staurosirella pinnata (Ehrenberg) Williams and
Round and Staurosira construens var. venter (Ehrenberg) Hamilton (P:V ratio) was used to detect the
onset of a warming trend (Cremer et al. 2001).

Past surface temperatures (@ TSiVa) were inferred by using the novel silicification value (SiVa)

developed by Kuefner et al. (2020 a).

P TSiVa [°C] = 25,956 - 4.7155 *SiVa (4)

Past total phosphors (TP) concentrations were calculated by applying the TP interference model

of Lotter et al. (1998).

Diatom concentrations were calculated by the number of microscope fields of view in relation

to the amount of dry sediment (Formula 5).

diatoms/ul = N%‘”/Vcs *Vt*D (5)

Niowl = amount of counted diatom valves in total

Fv = analysed fields of views

Ves = volume of one counting square ((volume of dropped diatom dilution*area of one counting square)/area of the
cover glass)

Vt = total volume of cleaned diatom solution

D = dilution of cleaned diatom material

2.4.4 Sedimentary pigments

Pigment analyses were performed following the method of Leavitt and Hodgson (2001). Under
subdued green light ~ 0.3 g freeze-dried subsamples were filled into 4 ml amber glasses and
extracted using 99 % Aceton (Rotisolv HPLC, Carl Roth, Germany). Subsequently the glasses were
stored at -20°C for 24 h. After gently shaking 2 ml of the extract was filled into 2 ml Eppendorf
tubes and centrifuged for 15 min at 2000 rpm and — 9 °C (Heraeus Fresco 17/21, Thermo Fisher
Scientific, Schwerte, Germany). Using syringes with 0.2 um PTFE filters, 1-1.5 ml supernatant was
filtered into 1.5 ml HPLC glasses. Then the samples were stored deep-frozen (-80 °C) until
analyzes. The individual pigments were identified and quantified by straight-phase high-

performance liquid chromatography (HPLC, MD-2015 plus, Jasko, Pfungstadt, Germany) and
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measured by 436 nm and 450 nm detectors (Wright et al. 1991). The system was calibrated with
standards from VWR (Darmstadt, Germany) and DHI (Horsholm, Denmark). Chlorophyll a (chl
a), its degradation derivate pheopythin a (phe a) and 3-carotene were used as marker pigments for
total algal biomass and primary production (Leavitt and Hodgson 2001). The population dynamics
of the green algae were tracked using chlorophyll b (chl b) and several carotenoids (lutein,
neoxanthin, prasinoxanthin, zeaxanthin). Diatoms were detected by the pigments diatoxanthin,
fucoxanthin and diadinochrome (degradation product of diadinoxanthin). Chrysophyta were
represented by  violaxanthin  and  fucoxanthin, Dinophyta by peridinin  and
diadinochrome/diadinoxanthin. Alloxanthin was selected to track abundances of Chryptophyta.

The chl a/phe a ratio was used to estimate the pigment preservation in the sediments.

Table 2.2 Identified pigments, their abbreviations, stability (1= major stability, 4 = minor stability), functional groups of
pigment molecular structure (stability declines with number of structure) and taxonomic affinity

Pioment Stability Functional groups
Pigment co%le (Leavitt and (Buchaca and Taxonomic affinity
Hodgson, 2001) Catalan 2008)

Chlorophyll a Chl-a 3 Plantae, Algae

Chlorophyll b Chl-b 2 Plantae, Chlorophyta,
Euglenophyta

Alloxanthin Allox 1 2 Cryptophyta

B-carotene B-carot 1 0 Plantae, Algac

Diadinoxanthin Diadin 3 3 Diatoms, Dinophyta

Diatoxanthin Diato 2 2 Diatoms

Fucoxanthin Fuco 2 5 Siliceous algae (Diatoms,
Chrysophyta)

Lutein Lut 1 2 Chlorophyta,
Euglenophyta, Plantae

Neoxanthin Neox 4 4 Chlorophyta,
Euglenophyta, Plantae

Peridinin Perid 4 6 Dinophyta

Prasinoxanthin Prasi Chlotophyta

Violaxanthin Violax 4 4 Chrysophyta, Chlorophyta

Zeaxanthin Zeax 1 2 Cyanobactetia, Chlorophyta

Diadinochrome Diadinchr diadinoxanthin degradation
product

Ethyl-8"-beta- Ethyl B-carotene degradation

apocarotenoate product

Pheophytin a Phe a 1 chl a degradation product
(senescence)
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2.4.5 Stable isotopes

Freeze-dried subsamples were sieved (250 pm mesh size) to homogenize and to remove organic
macro-fossils (e.g., leaves, mosses, shells) and filled into 20 ml plastic vials using a brush. Sieve and
brush were cleaned with oil-free compressed air after each sieving process. For the analysis of the
total organic carbon content (TOC) and organic carbon isotope ratios (8”°C) ~ 2 mg of sieved
material was weighted in silver capsules and decalcified first with 5 % and then with 20 % HCI at
70 °C. For the determination of the nitrogen content (TN) and the nitrogen stable isotope ratio
(6"°N) ~ 2.5 mg of the homogenized material was weighted in tin capsules. Both nitrogen and
carbon isotope analyses follow Mayr et al. (2015): The folded capsules were combusted at 1080 °C
under constant helium flow (NC2500, Carlo Erba). The resulting gases first run through a reaction
tube filled with silvered cobaltous and chromium oxides. Subsequently, the gas passed a reduction
tube filled with copper wites (560°C), before running through a water trap filled with magnesium
perchlorate and finally passing a gas chromatography column. "N and 6"C ratios were determined
by analysing the isolated gases (N2 and CO») in an isotopic-ratio mass spectrometer (DeltaPlus,
Thermo-Finnigan, Germany). TOC and TN mass percentages were calculated from peak-areas
using elemental standards (atropine, cyclohexanone-2.4-dinitrophenylhydrazone) and were
presented as mass percentages (wt %). TOC/TN ratios were expressed as mass ratios. Isotope

ratios were presented in d—notation (8"°N and 6'"°C) and given in %o (Formula 6).

RS
RSt-1

§ =

RS = isotope ratio of the sample ©)
RSt = isotope ratio of the international standards VPDB (carbon) and AIR (nitrogen)

Following Brand et al. 2014, several international standards (IAEA-N-1; IAEA-N-2; USGS41;

TAEA-CH-7) as well as an internal laboratory standard (peptone) were used for isotope calibration.

2.4.6 Sediment pore water

Sediment pore water pH was measured in a sediment core retrieved in Lake Oberer Soiernsee. The
pore water was directly sampled in the field
using Rhizon SMS 10 cm (Eijkelkamp Soil
and Water, Giesbeek, Netherlands) core
solution samplers (2.5 mm diameter, 0.15 um
mean pore size). In total eight three-mm-
diameter holes were drilled through the tube

wall of the closed core using a gimlet. The
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saturated Rhizon samplers were inserted horizontally through the holes into the sediment. Then
10 ml syringes (Eijkelkamp Soil and Water, Giesbeek, Netherlands) were luer-lock connected with
the Rhizon samplers. The pistons of the syringes were entirely pulled out to generate a vacuum and
held open with a wooden retainer. The vacuum in the syringes is the driving force for pore-water
extraction. Pore water passed from the sediment through the porous tubes and flexible hoses into
the syringes. After three hours the Rhizons obtained sufficient pore water, and pH was directly

measured (Multi 3630 IDS, WTW, Weilheim, Germany).

2.5 Statistical analyses

Statistical analyses were conducted in PAST 3.18 (Hammer and Harper 2006), PALSTAT 3.20
(Ryan et al. 1995), R version 3.4.1 with the package ‘vegan’ (Oksanen et al. 2018) and R version
3.4.3 with the package rioja (Juggins 2017).

Depth-constrained cluster analyses (Euclidean hierarchal clustering) were applied for defining
the different assemblages-zones of the current diatom flora. To verify the dissimilarity of the
defined assemblage-zones one-way analyses of similarity (ANOSIM, Clarke 1993) were run with
9999 permutations.

Redundancy analyses (RDA) were run with 999 permutations to determine the variance in
diatom communities that can be explained by depth.

Diatom-inferred WA-PLS models were developed to reconstruct past fluctuations of lake-levels
and TP concentrations.

Principal component analyses (PCA) were applied for graphical illustration of the current
diatom-communities grouping in different depth zones and for detecting inter-lake variances of
climate change response of the subfossil diatom floras.

Detrended correspondence analyses (DCA) were used to quantify diatom compositional
turnover (B-diversity). To identify the decisive patameters determining species turnover,
generalized linear models (GLM) with AIC-based stepwise backward model selection were
calculated.

Broken-stick models (Bennet 1996) were calculated to detect the stratigraphic position of major
changes within diatom assemblages, pigment compositions and stable isotopes in the sedimentary
records.

Data preparation and transformations were conducted in Microsoft Excel 2016 ®. Down-core
profiles of subfossil diatom assemblages, pigment concentrations and stable isotope records were

illustrated by using C2 version 1.7.7 (Juggins 2007).

39



Depth-distribution of lake benthic diatom assemblages

3. Depth-distribution of lake benthic diatom assemblages in
relation to light availability and substrate: implications for

paleolimnological studies

A similar version of this chapter was published: Hofmann AM, Geist J, Nowotny L, Raeder U
(2020) Depth-distribution of lake benthic diatom assemblages in relation to light availability and

substrate: implications for paleolimnological studies. Journal of Paleolimnology 64(3): 315-334.

Candidate’s contribution:

The candidate primarily conceived this study with critical revision of Jirgen Geist and Uta Raeder
Hydrophysical and hydrochemical characterization of the lakes was carried out by the candidate
and the graduate student Joachim Hilber. Diatom sampling strategy was designed by the candidate.
Diatom analyses were realized by the candidate and Lena Nowotny. Phytoplankton analyses were
carried out by Lena Nowotny and the graduate student Julia Mayr. The manuscript was drafted

and finalized by the candidate with continuous input and revision by Jirgen Geist and Uta Raeder.

3.1 Abstract

We analyzed the depth-distributions of benthic diatoms in two adjacent, but hydrologically distinct
subalpine lakes (Lakes Soiernseen, S-Germany). Lake Unterer Soiernsee is affected by marked
water-level fluctuations and is light-penetrated to the bottom most of the year, while Lake Oberer
Soiernsee provides more stable conditions and an extended aphotic zone. Mixed samples of
epiphytic, epilithic, epipsammic and epipelic periphyton were taken in one-meter depth steps by
scuba divers. Most of the common benthic diatoms occurred in distinct depth-areas. RDA analyses
showed that depth was strongly correlated with species distribution in both lakes. Depth-
constrained cluster analyses indicated three distinct diatom community zones in each lake. A
shallow littoral zone hosting mainly epiphytic and epilithic species and a deeper littoral zone with
mainly epipsammic and epipelic taxa existed in both lakes. Additionally, a highly disturbed near-
shore littoral zone with diatoms adapted to unstable conditions (aerophilic taxa, pioneer species)
was found in Lake Unterer Soiernsee, and a deep-water pelagic zone with mainly planktonic taxa
in Lake Oberer Soiernsee. Light availability, substrate, physical stressors and nutrient
concentrations were linked closely with water depth. While light availability affected the ratio of

benthic and planktonic diatoms, substrate type influenced benthic diatom assemblage structures.
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Diatoms occurring in surficial sediments of the aphotic zone represent an ideal cross-section of
the recent diatom assemblage of the lake, including benthic and planktonic species. However,
sediment samples taken in light-flooded depths are inappropriate for studies based on shifts
between benthic and planktonic taxa, because zz-sit# benthic species dominate the surface-sediment
assemblages, while settled tychoplanktonic and planktonic species occur less frequently. A diatom-
inferred depth model was created for each lake to prove the usability for down-core studies using
weighted-averaging approaches (WA-PLS). For both lakes these models are highly appropriate to
reconstruct past fluctuations in water-transparency or lake-level. With regard to development of
diatom-based TP-transfer-functions for Bavarian mountain lakes, we found it is highly important
to consider lake depth and transparency. Based on the findings of this study we recommend the
creation of two different training-sets, one for deep or low-transparency lakes with an aphotic zone
including both benthic and planktonic diatoms, and another one for shallow, clear water lakes

solely using benthic diatoms.

3.2 Introduction

Current global change is of multidimensional character (Catalan et al. 2013). Climate warming
coupled with eutrophication is one of the most powerful drivers for the observed alarming
alterations of aquatic ecosystems (Jacobson et al. 2017). Nutrient inputs into lakes, even into
remote mountain lakes, have changed dramatically over many centuries due to human impacts such
as deforestation, alpine pasture, fish stocking and mountain-hut-sewage (Kamenik et al. 2000) as
well as changes in atmospheric deposition (Wolfe et al. 2001; Battarbee et al. 2010) and climate
change (Dokulil 2013; Perga et al. 2015). Altered biogeochemical processes in the catchment
triggered by regional climate warming may cause increased allochthonous nutrient loading,
especially in combination with enhanced erosion as a result of increasing frequency and intensity
of extreme rainfall events and storms (Dokulil 2013). Increasing air temperature may affect internal
lake processes, mainly by enhanced algal productivity and altered thermal structure resulting in
internal nutrient enrichment generated by nutrient release due to hypolimnetic oxygen stress
(Anderson et al. 2012; Jeppesen et al. 2010). Direct impacts of climate warming, e.g. shortened ice
cover duration, longer growing seasons, and increased water column stability, may alter the
composition of primary producers. This is for instance evident from the increase of small-celled
ot colony-forming planktonic diatom taxa or benthic diatom assemblage complexity and species
richness (Rithland et al. 2015). Due to their persistence, diversity and abundance in aquatic
ecosystems, diatoms are widely used in paleolimnological studies. Their resistant and species-
specific siliceous valves are well preserved in lake sediments (Batterbee et al. 2001; Smol 2008).

Many diatom taxa have well-defined habitat requirements and substrate preferences as well as
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distinct optima and tolerances relating to pH-value, to salinity or to nutrient levels (Smol 2008;
Battarbee et al. 2010) making them ideal indicators for the reconstruction of past environmental
conditions. Diatoms respond rapidly to environmental and climate-driven changes in lake
properties, thus they are highly suitable to reconstruct climate warming (Rihland et al. 2015) and
lake eutrophication/recovery (Hall and Smol 2010). Past fluctuations of climate or trophic
conditions are well preserved in lake sediment records (Smol 2008). Paleolimnological studies
typically use shifts in ratios between planktonic and benthic diatom assemblages to reconstruct a
series of climate-mediated water column properties, e.g. ice cover dynamic, mixing regime
(Rihland and Smol 2005) and extension of the euphotic zone, as function of water level (Leira et
al. 2015) or water transparency/nuttient status (Sayer and Roberts 2001; Laird et al. 2010; Althouse
et al. 2014). In order to facilitate the reliable application of diatom-based predictions with respect
to climate warming, eutrophication or water-level alterations, accurate knowledge of species-level
diatom distribution in relation to lake ecosystems dynamics (habitat stability, substrate
heterogeneity, light- and nutrient availability) is important.

Here we present data from high-resolution analyses of diatom depth-distribution patterns in
two adjacent subalpine lakes characterized by similar catchment geology, climate conditions,
conductivity, pH and TP concentrations, but significantly different hydrological features such as
depth, mixis type, and water-level fluctuations.

Previous diatom depth-distribution studies are either less detailed regarding the spatial
resolution (Stevenson and Stoermer 1981; Moos et al. 2005; Cantonati et al. 2009) or based on
several lakes with a range of regional and local factors (Kingsbury et al. 2012). Comparable detailed
studies (Laird et al. 2010; Kingsbury et al. 2012; Gushulak et al. 2017; Raposeiro et al. 2018)
exclusively used samples from the sediment surface. All these studies did not consider either
epilithic or epipsammic/epipelic diatoms. However, to reproduce depth-distribution patterns of
lake diatom communities all substrates should be included. We chose our sampling strategy (mixed
substrate, including dead and live frustules) with regard to the applicability to paleolimnological
analyses of sedimentary records, as surficial sediments contain z#-siz# diatom taxa, dead valves from
adjacent substrates, and sedimented frustules.

The objectives of our study were (1) to characterize the spatial variations in diatom assemblage
composition with respect to depth, (2) to consider if these variations are significant enough to
develop a diatom-inferred depth model for the studied lakes to reconstruct water-level dynamics
via diatom assemblages preserved in lake sediments, (3) to identify potential differences between
the diatom assemblages of the two adjacent but hydrologically different lakes, and (4) to validate if

the studied lakes are appropriate calibration lakes for a surface sediment training set, in order to
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develop diatom-based TP (total phosphorus) transfer function for alkaline mountain lakes of the
northern Alps.

With respect to spatial variations, we hypothesised (1) that the light availability controls the ratio
between benthic and settled planktonic diatoms in surficial sediments and (2) that mainly the
substrate influences the depth-distribution of benthic diatoms. Additional hypotheses were that in
case of prevailing aphotic conditions the diatom assemblages in surficial sediments of the deepest
part of the basin are appropriate for diatom-based training sets to infer (3) past fluctuations of lake-

levels and (4) trophic conditions.
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3.3 Materials and methods
3.3.1 Study site

Lakes Soiernseen (1552 m and 1558 m a.s.l)) are located in the Bavarian Alps 50 km south of
Munich (Germany, Fig. 3.1) and are of glacial origin (Mirz 1903).

Originally, they formed a linked cirque lake until an end moraine belt divided the upper lake from
the lower lake (Schmidt-Thomé 1953). Lithology and geological setting of the catchment area are
dominated by Triassic dolomite and carbonate rocks (Schmidt-Thomé 1953), which form the main

karst aquifer. Quaternary glacial erosion caused the present shape of the caldron. Semipermeable
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Figure 3.1 Lakes Soiernseen: geographical location (A), bathymetric chart (A) including the course of the sampling
transects. Photos taken in June (B) and October (C) show the extreme water level fluctuations of Lake Unterer
Soiernsee
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moraine deposits seal the subsoil, forming the aquiclude (impermeable horizon) in the catchment
area. Postglacial rock streams, talus slopes and alluvial cones have created another aquifer
overlaying glacier deposits. Underground drainage dominates and underwater springs feed the
lakes. Only Lake Unterer Soiernsee has a small surface inflow on the southwestern part of the lake.
It constitutes the runoff from an artificial spring providing drinking water for two mountain huts.
Lake Oberer Soiernsee drains through the permeable end moraine deposits into Lake Unterer
Soiernsee (Mirz 1903). Surface runoff from the upper to the lower lake occurs only after snowmelt,
when water level is highest. Both lakes drain via groundwater into a small stream, springing up
north of the cirque threshold. Anthropogenic pollution may occur from a small private mountain
hut with a dry toilet, close to northern shore of Lake Oberer Soiernsee and from a nearby Alpine
Association cottage, both highly frequented during summer months. The area surrounding the
lakes is used for cattle grazing in July and August and the lakes are drinking water for the cattle.
The high mountains (Schottelkarspitze 2050 m, Soiernspitze 2257 m and Gumpenkarspitze
2019 m) forming the southern part of the surrounding caldron limit solar radiation during winter

time (November-March).

3.3.2 Sampling and data collection

The lakes were studied from August 2014 to November 2016. In August 2014, the morphology of
the two lake basins was mapped with a sonar device (Biosonics Mx, Seattle USA). Temperature
data loggers (Onset Hobo Pendant) were placed at depths of 0.2, 3, 5 and 8 m at a buoy positioned
at the deepest areas of the lakes to record water temperature continuously from June 2015 to
November 2016. A weather station (Davis Vantage Pro 2™) collected wind velocity and
precipitation data from June to November 2016. Data from the weather station and the
temperature loggers were used to gain information about energetic dynamics of the littoral zone
and stratification patterns, which govern nutrient exchange between the epilimnion and the
hypolimnion. The sampling frequency for physical parameters and phytoplankton analysis was
monthly during ice-free periods (May-October 2015 and June-November 2016). Physical
parameters (temperature, conductivity, pH, oxygen) were documented in one-meter depth
increments using a multi parameter probe (MPP 930 IDS WTW, Weilheim, Germany).
Transparency was measured using a Secchi Disk. Mixed water samples for phytoplankton analysis

were taken from the euphotic zone (Z..), calculated on basis of Tilzer (1988)

Loy = 5% \/Secchi — Depth

using a hose sampler (DIN EN 16698:2015-12). Water samples for hydrochemical characterization

were taken monthly (May-October 2015) at 0.2, 2, 4, 6, 8, and 10 m depth as well as 0.5 m above
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the sediment (depending on seasonal water levels) using a Ruttner sampler. Concentrations of total
phosphorus (DIN EN ISO 6878), silica (Nanocolor silica test, Macherey-Nagel, Diiren, Germany),
nitrate-nitrogen (DIN 38405-9:2011-09) and ammonia-nitrogen (Navone 1964) were subsequently
determined via spectrometric analyses (Hitachi, 150-20, Japan).

Diatom sampling for the depth profile took place in August 20106, at the same time as the
macrophyte mapping of the lakes. Scuba divers recorded the structure of the lake bottom and the
expansion of the different substrates (macrophytes, stones, sediment). They took the samples for
diatom analyses in 0.3-0.5 m depths according to the European Water Framework Directive
(Schaumburg et al. 2014) and in one-meter depth increments along N-S transects encompassing
differences in degree of slope, wind and wave exposure, and seasonal light conditions. The
locations of the depth-transects we used in this study are shown in Fig. 3.1. The scuba divers
collected three fist-sized stones in closable, labeled polyethylene bags at each sample point.
Additionally, they carefully pulled off the uppermost sediment layer (sand, silt, clay) using labeled
60 ml-syringes. Epilithon was removed from the stones using disposable toothbrushes. Epilithon
and 20 ml of sediment-water-suspension (epipsammon, epilpelon, epiphyton and sedimented
planktonic organism) from each sampling depth were mixed together in 200 ml-polyethylene
bottles for subsequent analyses. The covering on the stones was documented descriptively and the

estimation of the grain size was carried out by the finger test.

3.3.3 Diatom analysis

Mixed samples were prepared for diatom analysis using standard procedures: heating with 30 %
hydrogen peroxide for at least four hours to oxidize organic material, then adding concentrate
hydrochloride acid to remove carbonates and finally rinsing the processed material with distilled
H>O in four centrifugation steps (centrifugal acceleration 523 g). Cleaned material was embedded
in Naphrax (R.I. = 1.7) to get permanent slides. At least 550 pennate diatom valves per sample
were identified under oil immersion at 1000x magnification using a Leiz Aristoplan microscope.
Centric diatoms were summarized to “Centrales”. taxonomy followed Krammer and Lange-Bertalot
(1986-1991), Lange-Bertalot (1993, 1996), Krammer (1997), Lange-Bertalot (2000-2003) and
Hofmann et al. (2013), updated to recent taxonomic nomenclature using current publications about
individual species and different internet databases (Spaulding et al. 2018; Guiry and Guiry 2019).
We used Trophic Index TI (Hofmann1999) to evaluate trophic state of the lakes at the different
depths along the two profiles. Planktonic diatoms were analyzed according to Uterméhl (DIN EN

15204) using an inverted microscope (Leitz Labovert).
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3.3.4 Statistical analysis

Only species with relative abundances greater than 1 % in at least one sample were included in
statistical analysis using PAST (version 3.18) statistical software package (Hammer and Harper
20006). Species abundances were Hellinger transformed (Legendre and Gallagher 2001) before
analysis. Principal component analysis (PCA) was used for graphical illustration of diatom-
community-grouping in different depth zones and enables identification of the species most
responsible for defining these zones. A prior DCA test (first DCA Axis <3 units of standard
division) indicated that a linear PCA approach was appropriate for our study (LepS and Smilauer
2003). Depth-constrained cluster analysis (Euclidean hierarchal clustering in PAST) was used to
define the different diatom-assemblage zones. A one-way analysis of similarity (ANOSIM, Clarke
1993) was run with 9999 permutations in PAST to verify the similarity of the defined community-
zones. Species richness and diversity (Shannon-Index, evenness) were calculated in PAST
(Bootstrap N 9999). RDA was run with 999 permutations using R (version 3.4.3) and the package
vegan (Oksanen et al. 2018) to determine the variance in diatom communities that can be explained
by depth. Quantitative depth models were developed using R (version 3.4.3) and the package rioja
(Juggins 2018). For both lakes the strongest model based on a weighted-averaging partial-least-
square approach (WA-PLS) with 2 components (L.ake Oberer Soiernsee) and 3 components (Lake
Unterer Soiernsee) were selected, respectively. RMSE results were calculated under cross validation

with bootstrapping.

3.4 Results

3.4.1 Bathymetry

Lake Unterer Soiernsee consists of one main basin (max. depth 15 m) and three smaller basins on
the eastern part of the lake (max. depths 8-12 m, Fig. 3.1 A). During the study period (August 2014
- November 2016), marked seasonal water-level fluctuations were observed (9.5 m). The elongated
basin of Lake Oberer Soiernsee has a maximum depth of 14.5 m (Fig. 3.1 A). Moraine material
seals the lake’s bottom; therefore, the lake-level fluctuations (1.8 m) are less than in Lake Unterer
Soiernsee. Generally maximum lake-levels occur after snowmelt followed by continuous decrease
of the lake water level during summer and a minimum during winter drought (Fig. 3.1 B, 3.1 C).
However, after longer rainy periods, short-term lake-level rises were observed. In August 2016,
during diatom sampling, maximum depths of 8.5 m (Lake Unterer Soiernsee) and 13.5 m (Lake

Oberer Soiernsee) were measured.

47



Depth-distribution of lake benthic diatom assemblages

3.4.2 Weather station data

During the ice-free period (June-November), a rainfall sum of 1348 mm was measured. Four heavy
rainfall events (>20 mm h™ precipitation) were recorded: June 12 (25.4 mm), June 24 (21.6 mm),
July 7 (23.9 mm) and August 18 (22.3 mm). The July-event resulted in low water transparency
during our sampling on August 2 (1.8 m Secchi depth). The predominant prevailing wind directions
W (16 %), ESE (15 %), WSW (14 %) and E (13 %) and subsequent water action primarily affect

the northern shores of both lakes.

3.4.3 Physical and chemical parameters

Average Secchi disk transparency was around 4 m in both lakes. Heavy rainfall events during the
study period with massive surface runoff caused several short-term turbidities with Secchi-depths
lower than 1 m in both lakes. However, Lake Unterer Soiernsee was light-flooded to the bottom
during most of the study period. In contrast Lake Oberer Soiernsee is characterized by light-limited
conditions in the deepest part of the lake, as its euphotic zone comprised about 10 m of water
column. Temperature logger data as well as monthly measuring during ice-free periods point out
the polymictic character of Lake Unterer Soiernsee, with a tendency towards short-term
stratification during stable, warm periods. Due to polymixis no vertical gradients in chemical and
physical parameters occurred. Only slight, seasonal variations in chemical and physical parameters
were observed in Lake Unterer Soiernsee. In contrast, Lake Oberer Soiernsee showed longer
periods of stable stratification. The pH values, as well as nitrate-nitrogen concentrations, decreased
slightly with increasing depth whereas total phosphorus concentrations increased marginally with
depth during summer months. Conductivity, as well as ammonia-nitrogen and silica concentrations
were directly proportional to depth. The mean total phosphorus concentrations suggested an oligo-
mesotrophic character of both lakes. A massive thunderstorm in July 2015, with intense rainfall
and mudflows caused extreme turbidity of the lakes for nearly six weeks, resulting in a significant
increase of total phosphorus concentrations in both lakes (approx. 30 ug I'"). The karst catchment

causes low conductivities in both lakes.

3.4.4 Phytoplankton

Phytoplankton biomass and species composition of the submerged vegetation indicate oligo- to
mesotrophic conditions. In general, phytoplankton biomass was very low and consisted mainly of
Dinophyceae and Diatomeae, dominated by the pennate, colony-forming Fragilaria nanana. Centric
diatoms occur in very low proportions. Tychoplanktonic diatoms detached from their substrate
reached abundances up to 35 % (Lake Unterer Soiernsee) and 7 % (Lake Oberer Soiernsee) of the
bulk plankton biomass.
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3.4.5 Substrate for benthic diatoms

The macroalga Chara contraria A. Braun ex Kitzing dominated the submerged vegetation of both
lakes. At the date of macrophyte mapping, C. contraria formed continuous meadows in the three
smaller basins of Lake Unterer Soiernsee and occurred in patches of different sizes in its main basin
(1-3 m). In Lake Oberer Soiernsee, light mixed stands of C. contraria and C. fomentosa L. occurred
up to 6 m depths. Ranunculus trychophyllus Chaix ex Villard appeared along the entire shoreline of
Lake Oberer Soiernsee but only in scattered patches in the northern part of Lake Unterer Soiernsee.
Potamogeton alpinus Balb. was found in small patches at 0.5-1.5m depths only in Lake Oberer
Soiernsee.

Stones dominated as substrate in Lake Unterer Soiernsee, but with increasing depths they were
more and more covered by sediment. At the deepest point of the lake stones lacked and exclusively
fine sediment occurred. At the deepest area of Lake Oberer Soiernsee the sediment was rather solid
covered only by a thin, loose layer. With decreasing depths, the sediment became more and more
loose (billowing). In depths greater than 7-8 m, mainly sediment was availably as substrate for
benthic diatoms and even the stones were covered by sediment. Between 7 m and 3 m stones, at
the southern slope even boulders dominated and sedimentary sites were rare. Near the shore (0-3
m) stones and sediment were evenly distributed and the sediment was no longer billowing, but soft,
with a flaky, loose coating. The finger test underlines the divers' observations that the sediment

becomes denser and therefore finer with increasing depths.

3.4.6 Diatoms

A total of 229 pennate diatom taxa belonging to 51 genera were found in 46 samples taken from
Lakes Soiernseen. The 31 most frequent taxa (contributing >1 % of the diatom community) are
listed in Table 1. Additionally, five centric species could be identified in both lakes. Hierarchal
clustering and PCA allowed the definition of different depth correlated community-zones with
characteristic diatom species (Figs. 3.2, 3.3). Three benthic zones were identified in Lake Unterer
Soiernsee, two benthic zones and a planktonic zone in the Lake Oberer Soiernsee. One-way
ANOSIM tests running with 9999 permutations point out the significant differences between the
community-zones.

Diatom assemblage zones

Results from the RDA showed that depth strongly correlated with diatom species distribution.
RDA Axis 1 highly significantly (p<<0.001) explained 23 % (Lake Unterer Soiernsee) and 35 %
(Lake Oberer Soiernsee) of the variance according to the Monte Carlo Permutations Test. The

developed WA-PLS models provide a robust reconstructive relationship between diatom-
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distribution and lake depth: t*=0.95; RMSEP=0.59 m (Lake Unterer Soiernsee) and *=0.56;
RMSEP=2.55 m (Lake Oberer Soiernsee).

Table 3.1 Most frequent pennate diatom taxa (> 1 %) of both lakes Soiernseen, their abbreviations, trophic and moisture
preferences. T (trophic preferences, Hofmann 1999): 1.0-1.8: oligotraphent; 1.9-3.0: oligo- to mesotraphent; 3.1-4.4: meso-
to eutraphent; 4.5-5.0: eutraphent. G (sensivity value, Hofmann 1999): 1-3. VDT (trophic preferences, van Dam et al. 1994):
1: oligotraphent; 2: oligo- to mesotraphent; 3: mesotraphent; 4: meso- to eutraphent; 5: eutraphent; 7: oligo- to eutraphent.
VDM (moisture preferences, van Dam et al. 1994): 1: almost never occuring outside water bodies; 2: mainly occurring in
water bodies; 3: mainly occurring in water bodies and regulary in wet places; 4: mainly occurring in wet places; 5: nearly
exclusively occurring outside water bodies.

Taxa Acronym T G VDT VDM
Achnanthes minutissimum var. "schmale Sippe" Krammer and Lange-Bertalot Ach_sch

Achnanthidinm caledonicum Lange-Bertalot A_cal 1.8 3
Achnanthidinm minutissimum var. jackii (Rabenhorst) Lange-Bertalot A_jac

Achnanthidinm minutissimum var. minutissimnm (Kitzing) Czarnecky A_min 7 3
Achnanthidinm sp. A_sp. 1
Achnanthidinm stranbianum Lange-Bertalot A_str

Adlafia bryophila (Petersen) Lange-Bertalot Adl_bry 3 5
Amphora pediculns (Kiitzing) Grunow Amph_ped 5 3
Brachysira neoexilis Lange-Bertalot Bra_neco 19 2

Delicata delicatula (Kitzing) Krammer Del_del 15 3 1 3
Denticula tenuis Kiitzing Det_ten 3 1 3 3
Diadesmis contenta (Grunow) DG Mann Dia_con

Encyonema minutum (Hilse) DG Mann Enc_min 2 2

Encyonopsis cesatii (Rabenhorst) Krammer Encyo_ces 15 3 1 3
Encyonopsis krammeri Reichardt Encyo_kra

Encyonopsis microcephala (Grunow) Krammer Encyo_mic 4 3
Encyongpsis minuta Krammer and Reichardt Encyo_min

Encyonopsis subminnta Krammer and Reichardt Encyo_sub

Fragilaria nanana Lange-Bertalot Frag_nan 21 1 2 2
Hippodonta neglecta (Lange-Bertalot) Metzeltin and Witkowski Hip_neg

Navicula cryptotenella Lange-Bertalot Nav_cry 7 2
Nitzgschia dealpina Lange-Bertalot and G Hofmann Nit_dea 25 1

Nitzschia dissipata var. media (Hantzsch) Grunow Nit_med

Nitzgschia fonticola Grunow Nit_fon 45 3 4 1
Nitzschia lacunm Lange-Bertalot Nit_lac 3

Platessa conspicna (A Mayer) Lange-Bertalot Plat_con 7 1
Psendostanrosira robusta (Fusey) Williams and Round Pseu_rob 25 1

Sellaphora mutata (Krasske) Lange-Bertalot Sel_mut 2 2
Simonsenia delognei (Grunow) Lange-Bertalot Sim_del 45 3 4 4
Stanrosira venter (Ehrenberg) Hamilton Stau_ven 4 1
Staunrosirella pinnata (Ehrenberg) Williams and Round Stau_pin 7 3
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The PCA scatterplots indicate discrete diatom communities along the depth gradients in both lakes
and detect the taxa relevant for these arrangements. In Lake Unterer Soiernsee, separation of the
diatom assemblages from the depths 0-4 m (LS:) and the depths 5-8 m (LS) is clearly visible (Fig.
3.4 A). However, the separation of the 8.5 m-depth triggered by dominance of Sellaphora mutata
(Krasske) Lange Bertalot is less obvious. The remarkable outside position of Om_S is caused by
dominance of Diadesmis contenta (Grunow) DG Mann. The scatterplot of Lake Oberer Soiernsee
(Fig. 3.4 B) shows the clusters of the deepest samples (P: 12-13.5 m) differing from those of mid
depth group (LD: 7-11 m) and the shallow water samples (LS: 0-6 m). The extraordinary position
of the deep-water sample 11m_N within the near shore samples lead to the assumption that we

sampled erratic stones at this depth (Fig. 3.4 B).

Depth-distribution of the diatoms in Lake Unterer Soiernsee

In Lake Unterer Soiernsee, 19 samples were taken and a total of 169 pennate diatom species
representing 46 genera were identified, 21 of them occurred in abundances >1 % (Table 1).
Pennate diatoms dominated the diatom assemblages by far. Centrales were only found sporadically
(0.4 %) and were mainly represented by Chyclotella praetermissa and Chyclotella comensis. Encyonopsis
subminuta Krammer and Reichardt (12 %), Achnanthidinm minutissimum ~vax. minutissimum (Kitzing)
Czarnecki (11 %), Denticula tenuis Kitzing (9 %), Brachysira neoexilis Lange-Bertalot (7 %), and
Achnanthidium sp. (5 %) were the most frequent diatoms. Depth-constrained cluster analysis and
PCA separate three benthic community-zones, a near-shore littoral zone (LS:), a shallow littoral
zone (LSy), and a deeper littoral zone (LD) (Figs. 3.2, 3.4 A).

With increasing depth, abundances of certain taxa changed gradually and there were differences
between the gentle northern slope and the steeper southern slope. There was no clear, sharp
boundary identified between the three zones, rather areas of higher abundances of certain taxa,
gradually changing with depth. Diadesmis contenta only occurred in the near-shore samples of the
southern transect (57 %), Simonsenia delognei (Grunow) Lange-Bertalot dominated the southern
transect at a depth of 6 m (14 %). Denticula tenuis reached highest abundances between 3-6 m along
the northern transect (LSi, LS;), but it was most abundant between 2-4 m along the southern
transect (LS;). The following dominant species preferred distinct depths: Achnanthes minutissinum
var. “schmale Sippe” Krammer and Lange-Bertalot, Achnanthidium caledonicum Lange-Bertalot,
Brachysira nevexilis, and Encyonopsis subminuta were most abundant in LS, whereas Achnanthidinm
straubianum Lange-Bertalot, Achnanthidium sp., Hippodonta neglecta (Lange-Bertalot) Metzelin and
Witkowski, Simonsenia delognes, and Staurosirella pinnata (Ehrenberg) DM Williams and Round were
the characteristic species of LS. The deeper littoral zone (LD) was dominated by Selaphora mutata.

Several subdominant species (Diploneis oculata (Brébisson) Cleve, Amphora pediculns (Kitzing)
51



Depth-distribution of lake benthic diatom assemblages

Grunow, Gyrosigma acuminatum (Kutzing) Rabenhorst and Fallacia lenzii (Hustedt) Lange Bertalot)
also showed marked preferences for LS,. Some of the most common species (A. mwinutissimun var.
minutissimum, A. minutissimum var. jackii (Rabenhorst) Lange-Bertalot, Fragilaria nanana Lange-
Bertalot and Navicula cryptotenella 1ange-Bertalot), however, were found throughout the depth
profile. Statistical analysis points out the special character of Om_S with its dominant appearance

of Diadesmis contenta.
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The ANOSIM test (R=0.30, p=0.001) shows that only the two shallow littoral community-
zones LS, and LS differ significantly, while the deeper littoral LD and LS, communities show clear

similarities.

Depth-distribution of the diatoms in Lake Oberer Sozernsee

A total of 172 pennate diatom taxa representing 37 genera were identified in the 27 samples taken
from Lake Oberer Soiernsee; 25 of them occurred in abundances >1 % (Table 3.1). Centric
diatoms occurred in abundances between 0.6 % (1Im_N) and 44 % (deepest area) and were mainly
represented by Cyclotella comensis and Cyclotella woltereckii, subordinated by Cyelotella costei, Cyclotella
ocellata and Cyclotella praetermissa. Denticula tenuis (12 %), Fragilaria nanana (10 %), Amphora pediculus
(8 %), Achnanthidinm minutissimum vax. minutissimum (1 %), Stanrosirella pinnata (7 %), Achnanthidinm
minutissimum var. jackii (5 %), and Achnanthidinm stranbianum (5 °%0) were common taxa in this lake
(Fig. 3.3). Depth-constrained cluster analysis and PCA suggest there were three community-zones
(Figs. 3.3, 3.4 B): two benthic zones (LS and LLD) and a deep-water planktonic zone (P). Note that
the LD zone differs between the two slopes.

Similar to Lake Unterer Soiernsee, the most frequent taxa showed clear depth-distribution
patterns, but species changed gradually, especially across the two benthic zones. High abundances
of planktonic diatoms, suggest a sharp boundary occurred between the benthic zones and the
planktonic zone. Achnanthes minutissima var. “schmale Sippe”, Achnanthidium sp., A. minutissimum var.
minutissimnm, A. minutissimum var. jackii, A. stranbianum, Adlafia bryophila (Petersen) Lange-Bertalot,
Brachysira - neoexilis, Delicata  delicatula (Kutzing) Krammer, Denticula  tenuis, Encyonopsis cesatii
(Rabenhorst) Krammer, E. grammeri Reichardt, E. microcephala (Grunow) Krammer, E. winuta
Krammer and Reichardt, and E. subminuta appeared to prefer zone LS. Amphora pediculus, Platessa
conspicua (A Mayer) Lange-Bertalot, Pseudostanrosira robusta (Fusey) Williams and Round, and
Staurosirella pinnata favored the LD zone. The planktonic taxon Fragilaria nanana dominated the
pennate diatom assemblages in P, where the centric diatoms reached highest percentages (16-
44 ). Encyonema minutum (Hilse) DG Mann was only dominant in the uppermost sample of the
northern transect (Om_N). PCA and hierarchal clustering point out the extraordinary positioning
of the 11m_N sample with high abundances of typical LS epilithic taxa. It is possible that erratic
stones from the shore were sampled. The ANOSIM test (R=0.78, p=0.0001) indicates that the

three community zones are significantly different from each other.
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Figure 3.3 Depth-distribution and relative abundances of the most common (>1%) benthic and of total centric diatom taxa in
Lake Oberer Soiernsee with depth constrained cluster analysis. Diatom community-zones: LS (shallow littoral zone), LD (deeper
littoral zone), P (deep water planktonic zone). The expansions of the zones are illustrated by different shades of grey
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Comparison of the diatom assemblages of the two lakes

The shallow-water diatom assemblages of Lake Unterer Soiernsee (0-2 m) differed clearly from all
other assemblages (Fig. 3.4 C). The near-shore assemblages (0 m) of Lake Oberer Soiernsee were
similar to the assemblages found in 3-4 m in Lake Unterer Soiernsee. Only the assemblages of the
deepest sample of Lake Unterer Soiernsee (8.5 m) showed similarity to the deeper-water
assemblages of Lake Oberer Soiernsee (8-13.5 m). The diatom assemblages of both lakes were

most similar at medium depths (5-7 m).
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Figure 3.4 Scatterplot of Principal Component Analysis (PCA) showing the depth-distribution of the diatom communities and
the dominant taxa in Lake Unterer Soiernsee (A) and Lake Oberer Soiernsee (B) from the northern (N) to the southern (S) near-
shore samples (Om_N and Om_S) to the deepest samples 8.5 m (Lake Unterer Soiernsee) and 13.5 m (Lake Oberer Soiernsee).
LS: = near shore littoral zone (red dots), LS, and LS = shallow littoral (green dots), LD = deeper littoral zone (blue squares), P =
pelagic zone (wine-red triangles). Acronyms see taxa list. C: Principal Component Analyses (PCA) comparing the diatom
communities of both lakes. Differences are clearly visible by special position of the near shore samples of Lake Unterer
Soiernsee (green dots) and the deeper-water samples of Lake Oberer Soiernsee (red dots)
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Species richness and diversity of pennate diatoms, trophic states and B/ P ratios

In both Lakes Soiernseen species richness and diversity indices were lowest in near-shore samples
and highest in depths between 6-8.5 m (Fig. 3.5). In Lake Oberer Soiernsee indices increased from
the near-shore to the mid-depths and declined clearly to the deep-water-zone (Fig. 3.5 B). Species
richness per individual sample ranged from 33 to 74 taxa (Lake Unterer Soiernsee) and from 32 to
62 (Lake Oberer Soiernsee). Diversity was calculated as Shannon Index (Lake Unterer Soiernsee
1.83-3.42, Lake Oberer Soiernsee 1.95-3.27) and as evenness (Llake Unterer Soiernsee 0.16-0.46,
Lake Oberer Soiernsee 0.17-0.48).
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Figure 3.5 B/P ratios (ratios between benthic and planktic diatoms), diversity indices (Species richness, Evenness, Shannon-
Index) and Trophic Indices (TI) by Hofmann (1999) of Lake Unterer Soiernsee (left) and Lake Oberer Soiernsee (right). Dark
blue = oligotrophic, light blue = oligo- to mesotrophic, dark green = mesotrophic, light green=mesotrophic-eutrophic conditions

In Lake Unterer Soiernsee the trophic state expressed by TI tends to rise with increasing depth
(Fig. 3.5), reaching highest values in the deepest area (except TI of 5m_S and 6m_S). TT analyses
indicate oligotrophic conditions occurred in the shallow littoral (0-2m_N, 0-1m_S) whereas oligo-
to mesotrophic conditions occurred from 3 to 7 m at the northern littoral zone and from 2 m to
4 m plus 7 m at the southern slope. TI values of the deepest area (8 m, 8.5 m) and of 5m_S signify
mesotrophic conditions, TT analyses of 6m_S indicated meso- to eutrophic conditions. In Lake
Oberer Soiernsee TT analyses indicated nearly constant oligo- to mesotrophic conditions occurred
(Fig. 3.5). In the northern slope, TI values tend to be slightly higher characterizing mesotrophic
states. At 8m_S, mesotrophic conditions prevail, whereas TT indicated oligotrophic state at Om_S.

B/P ratios of the diatom assemblages occurring in Lake Unterer Soiernsee showed no

tendencies, the values varied between 6.4 (Om_S) and 95.6 (7m_S) along the depth profile (Fig.
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3.55). In Lake Oberer Soiernsee, however, the B/P ratios clearly declined with increasing depths

comprising values between 0.3 (12.5 m) and 134.8 (Im_N).

3.5 Discussion

Our findings indicate that depth significantly controls diatom species composition and dynamics
in both Lakes Soiernseen. Three diatom assemblage zones along in-lake depth gradients could be
identified: a near-shore littoral zone, a shallow littoral and a deeper littoral zone in Lake Unterer
Soiernsee and a shallow littoral zone, a deeper littoral and a deep-water planktonic zone in Lake
Oberer Soiernsee. Comparable studies also indicate distinct depth-distribution patterns of benthic
diatoms (Stevenson and Stoermer 1981; Moos et al. 2005; Cantonati et al. 2009; Laird et al. 2010;
Kingsbury et al. 2012; Gushulak et al. 2017). Although we analysed diatom assemblages including
live and dead frustules, the depth distribution of the zz-sit« benthic diatom communities should be
well represented, as in the photic zone the majority of diatom valves are living cells (Yang and
Flower 2012). Especially in Lake Unterer Soiernsee the light flooded conditions resulted in
dominant abundance of 7-situ taxa in the diatom assemblages, despite numerous planktonic and
tychoplanktonic diatom species in the water column as a consequence of turbulent events and
polymixis. Additionally, diatom distribution-patterns were found to be highly similar in both
transects of each study lake. Consequently, mass slides or redistribution of dead diatom valves

seem to be irrelevant in Lakes Soiernseen.

3.5.1 Characterization of spatial variations within the diatom communities with respect to
depth

We found that the following environmental factors are linked to water depth: light availability,
substrate, disturbances (water-level fluctuations, wave action), and nutrient concentrations. All
these factors influence the composition of the diatom assemblages.

As we hypothesised (1) light availability mainly controls the benthic/planktonic diatom ratio in
surficial sediments. Indeed, we found that in Lake Oberer Soiernsee an aphotic zone with lack of
periphyic diatom growth exists (10-13.5 m) and the abundance of planktonic taxa significantly
increase in samples taken deeper than 8 m. In Lake Unterer Soiernsee however, euphotic
conditions exist most of the year and benthic diatoms dominate diatom community on the lake
bottom by far. The light attenuation depends on depth, phytoplankton biomass and the
concentration of other light-absorbing particles or substances (Vadeboncoeur et al. 2014). In Lakes
Soiernseen, light availability is primarily a function of depth. Additionally, precipitation-triggered
catchment erosion and surface-runoff may reduce the euphotic zone intermittently, but never

phytoplankton shading. We found that epipsammic and epipelic diatoms were most abundant

57



Depth-distribution of lake benthic diatom assemblages

deeper than 7 m, where temporarily light limited conditions were detected. These taxa are proved
to have a variety of strategies to cope with light limitation or temporary darkness, e.g., forming
resting cells (Hill 1996), switching to facultative heterotrophic metabolism (Lewin 1953; Tuchman
et al. 2006; Cantonati et al. 2009; Kingsbury et al. 2012), motility (Moss 1977; Hill 1996), and
increasing production of the light-capturing accessory pigment fucoxanthin (Cantonati et al. 2009).

As we hypothesized (2), substrate type influences the composition of benthic diatom
assemblages. Comparable with Lowe (1996) we found that benthic diatom assemblages changed
along a littoral depth gradient from shallow littoral epilithic and epiphytic rheobionts, which are
adapted to water movements, to deeper littoral epipsammic and epipelic limnobionts, which benefit
from stable and undisturbed environment. Epilithic (Denticula tenuis, Encyonopsis microcephala, E.
minuta, E. subminuta) and epiphytic (Achnanthes minutissimum var. “schmale Sippe", Achnanthidium
caledonicum, Brachysira neoexilis, Encyonopsis cesatii, E. krammeri, Encyonema minutum, Delicata delicatula)
diatoms dominate the upper benthic zones. Epipsammic and epipelic taxa are significantly more
frequent in the deeper benthic zones. The epipsammic diatom community represents a unique
assemblage of small species (Staurosirella  pinnata, Stanrosira venter (Ehrenberg) Hamilton,
Psendostanrosira robusta, Platessa conspicua) firmly attached on single sand grains, resistant to abrasion
and physical damage by moving sand particles and even tolerating short terms of darkness and
brief anaerobic conditions (Moss 1977). The epipelic assemblages on fine sediments like clay or silt
rely on motility to avoid permanent burial (Moss 1977; Burckholder 1996). We found that highly
(Gyrosigma  acuminatum), moderately (Navicula antonii Lange-Bertalot, Sellaphora pupula (Kitzing)
Mereschkowsky, Sellaphora mutata) or slightly (Amphora pediculus, Amphora ovalis Kitzing, Diploneis
ocnlata (Brébisson) Cleve, Platessa cospicna) motile epipelic species (Krammer and Lange-Bertalot
1986-1991) are more frequently deeper than 5-7 m. The depth distribution patterns of small-celled
stalked or slowly motile epiphytic diatoms, like Brachysira neoexilis and Encyonopsis cesatii (Letakova
et al. 2010), reflect the presence of the stonewort stands in the shallow littoral zone of both lakes.
The cell-to-cell linked, tube-forming Encyonema minutum, however, is associated with Pofamogeton
alpinus in Lake Oberer Soiernsee. Due to their harsh (carbonate encrusted) surface microstructure,
Characeae represent a less appropriate substrate for high profile species (tall, tube-forming, chain-
forming, filamentous or stalked diatoms), but small, adnate, short stalked or slow-moving diatoms
are quite common (Messyasz and Kuczynska-Kippen 20006). Despite our mixed sampling strategy,
we found a clear effect of substrate on the composition of diatom communities. Sampled
substratum changed with depth, because grain size is generally proportional to the degree of
physical disturbance (Forehead and Thompson 2010) and decreases naturally with distance from
the shore (Hofmann et al. 2008; Yang and Flower 2012). Consequently, mud dominates the deeper

parts of the lakes, while hard substrate is more frequent in the physically stressed upper littoral. We
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found stones throughout the depth profiles (with exception of the deepest area of Lake Unterer
Soiernsee), but they were covered with sediment at greater depths. Consequently, real epilithic
assemblages were unlikely in samples deeper than 6 m. The significant decrease of the epilithic
diatom Denticula tenuis in depths greater than 5-6 m supports this hypothesis.

Physical stressors such as water-level fluctuations and wave action also effect the distribution
of benthic diatoms (Passy 2007; Cantonati et al. 2009). We found high abundances of pioneer
species in the physically disturbed shallow littoral of both lakes. The appearance of aerophilic taxa
and the lack of macrophytes as substrate for epiphytic taxa can be correlated with the enormous
water-level fluctuations observed in Lake Unterer Soiernsee. Large scale water-level alterations with
significant shore line displacement impact lake ecosystems by changing light regime, habitat
availability, plankton dynamics, nutrient concentration and especially the development of the near-
shore littoral zone, e.g. sediment resuspension, desiccation, freezing (Hofmann et al. 2008;
Cantonati and Lowe 2014). Extreme water-level fluctuations also lead to an extirpation of vascular
macrophytes (Rorslett 1991). Consequently, exclusive Characeae are available host plants in habitats
with significant fluctuations in hydrostatic pressure (Becker et al. 2016). We found a selection of
diatom species in the highly disturbed near-shore zone of Lake Unterer Soiernsee adapted to drying
out or changing moisture conditions, including Diadesmis contenta, Luticola mutica (Kitzing) DG
Mann, L. pseudonivalis (Bock) Levkov, L. saxophila (Bock ex Hustedt) DG Mann (van Dam et al.
1994; PouliCkova and Hasler 2007) and Encyonopsis subminuta (Novais et al. 2014).

Besides water-level fluctuations, short-term disturbances as wind and wave action impose
physical stress on organisms living in the shallow littoral zone. The northern shores of both lakes
are exposed to enhanced hydrodynamic energy due to the predominantly prevailing wind directions
(WSW/ESE/SW/SE). The notably higher abundances of Staurosirella pinnata with its thick, solidly
silicified cell wall and short, flexible mucilaginous stalk at the northern profile of both lakes may
demonstrate that the northern shore is more exposed to wind and wave disturbance than the
southern shore. Diatom growth forms and life strategies show adaptions to this highly dynamic
habitat: strongly attached low-profile (prostrate, adnate, erect) taxa and r-selected taxa, e.g. small
Achnanthidinm and Achnanthes (Passy 2007; Kingsbury et al. 2012) are most abundant in the shallow
littoral zones of both Lakes Soiernseen.

Nutrient availability was also found to influence the diatom distribution in both Lakes
Soiernseen. Limiting nutrients for diatom growth are phosphorus and silica, as phosphorus is the
main variable controlling diatom productivity and species composition (Battarbee et al. 2001) and
silica regulates diatom metabolism and cell growth (Round et al. 1990). Concentrations of both
nutrients vary with depth, especially in periodically stratified Lake Oberer Soiernsee. Dissolution,

cell Iysis and microbial degradation lead to enriched concentrations in deeper areas, while intensive
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biological consumption reduces nutrient availability in the shallow littoral (Wetzel 2001; Cantonati
et al. 2009). High abundances of strongly silicified Hippodonta neglecta in the deeper part of Lake
Unterer Solernsee and the occurrence of large species with heavily silicified frustules (e.g. Diploneis
species) in the deeper benthic zone of both lakes indicate higher silica concentration by dissolution
of sedimented diatom frustules (Cantonati et al. 2009). We also found that several epipelic diatoms,
which are adapted to slightly higher phosphorus nutrient concentration reach highest percentages
in the deeper littoral zones of both lakes: Amphora pediculns and Platessa conspicna (Kingsbury et al.
2012; Kitner and PouliCkova 2003; van Dam et al. 1994) or subdominant Gyrosigma acuminatum,
Navicula antonii, N. associata Lange-Bertalot, N. hofmanniae Lange-Bertalot, N. frophicatrix Lange-
Bertalot, and N. utermoehlii Hustedt (Schaumburg et al. 2014; Hofmann et al. 2013). Sediment
dwelling taxa intercept dissolved nutrients from sediment and its interstitial water (Burkholder
1996; PouliCkova et al. 2008), particularly because microbial degradation of detrital organic matter

mainly occurs in surficial sediments (Wetzel 2001; Dodds 2003).

3.5.2 Diversity and species richness

The littoral zone represents a hotspot of diatom productivity and biodiversity (Althouse et al. 2014).
It comprises mesohabitats of high substrate diversity (boulders, stones, sand, silt, clay, submerged
macrophytes and stoneworts) providing ideal conditions for highly diverse diatom communities.
The upper littoral zone, however, is characterized by high-energy conditions, high UV irradiation,
water-level fluctuations and seasonal shifts in temperature (Cantonati and Lowe 2014). This may
account for the low diversity indices in the near-shore habitat of both lakes. Effects of wave
disturbance, however, decrease rapidly with depth (Vadeboncoer et al. 2014). At mid-depth (4-8
m), high habitat stability and substrate heterogeneity provide favorable growth conditions resulting
in the higher species richness, diversity and evenness, observed in both basins. The consequence
of reduced substrate variability and light availability in the deeper benthic zone is decreasing species
richness and diversity. This pattern has also been observed in other lakes (Cantonati et al. 2009;

Laird et al. 2010; Kingsbury et al. 2012; Yang and Flower 2012).

3.5.3 Basic differences between the diatom assemblages of the two lakes

Species richness and diversity of the diatom assemblages as well as most of the dominant taxa were
quite similar in both lakes. However, some significant differences in diatom composition occurred,
primarily caused by the dramatic water-level fluctuations in Lake Unterer Soiernsee and the greater
maximum depth of Lake Oberer Soiernsee. Feret et al. (2017) also found that water-level
fluctuations and lake depth are important factors to explain variances in diatom species

compositions. The extreme water-level fluctuations result in a highly disturbed near-shore littoral
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zone (LS;), habitat for several aerophilic and subaerial species, which only appear in Lake Unterer
Soiernsee. The instable habitat additionally leads to exclusive growth of Characeae, while the more
stable environment of Lake Oberer Soiernsee offers a variety of host plants for epiphytic diatoms.
The greater depth of Lake Oberer Soiernsee results in an extended deeper littoral, which host a
more diverse epipelic community and in an aphotic, pelagic zone (P). We found that benthic diatom
assemblages occur throughout the basin of Lake Unterer Soiernsee since it is light-flooded down
to the bottom for most of the ice-free period. Short-term light-limited conditions exist only during
high water levels after snowmelt or after heavy rainfall events with intense surface runoff causing
excessive turbidities. Consequently, periphytic diatoms dominate the surface-sediment
assemblages, while settled planktonic species occurred infrequently. In contrast, in Lake Oberer
Soiernsee light-limiting conditions inhibit periphyton growth in the profundal zone, resulting in

high abundances of planktonic diatoms.

3.5.4 Implications for paleolimnological studies

The developed diatom-inferred depth models provide powerful tools to reconstruct water column
dynamics (water level, water transparency, thermal stratification) via ratio of benthic/planktonic
taxa in Lake Oberer Soiernsee (aphotic conditions) and variations in periphytic diatom assemblages
via substrate preferences in Lake Unterer Soiernsee (photic conditions). The spatial variability of
the diatom assemblages from near-shore littoral to the deep-water area enables the interpretation
of temporal assemblage shifts in sedimentary records (Rithland et al. 2015). If aphotic conditions
prevail, diatom assemblages preserved in surface sediment samples comprise a mixture of the lakes
diatom communities adapted to different habitats (littoral, pelagial), on distinct substrates (stones,
plants, sediment) and in varied environmental conditions (disturbance regime, nutrient
concentrations) (Pla-Rabés and Catalan 2018). Hence, in line with our hypothesis 3, lake level
changes will be reflected in the ratio of benthic to planktonic species (B/P ratios) in down-core
sediment samples of Lake Oberer Soiernsee, especially when the cores are taken near the
littoral/pelagic transition zone. Despite similar biomass of planktonic diatoms in both studied
lakes, we found that periphytic diatoms outnumber small-celled Centrales by far in the shallow, well-
illuminated Lake Unterer Soiernsee. Consequently, we predict shifts in B/P ratios will not be
documented in sedimentary records of this lake. Water-level alterations should be recorded via
variations within the benthic diatom assemblages. However, interpretation of B/P ratio variations
is very complex, as primarily changes in the lakes light regimes affect the ratio and lake transparency
is influenced by nutrient enrichment (Hall and Smol 2010) as well as by higher erosion rates in the
catchment. B/P ratios were also used to indicate climate warming. In deep lakes with an extended
aphotic zone, stronger stratification patterns result in compositional shift of diatom assemblages
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from small benthic fragilarioid/heavy silicified tychoplanktonic taxa to small-celled
cyclotelloid/elongate pennate planktonic taxa, while in shallow lakes climate warming forces more
complex and diverse benthic communities associated with habitat expansion and substrate
development, e.g. aquatic vegetation (Rithland et al. 2015).

As we hypothesized (4), the aphotic zone sample of Lake Oberer Soiernsee was appropriate for
reconstruction of trophic status. The oligo- to mesotrophic state calculated by indicator species
complies with the perennial average of the water column phosphorus concentrations. We choose
the trophic index by Hofmann (1999), developed for lakes in southern Germany (inclusive lakes
of the Alps) to calculate diatom-related trophic states along the depth-gradient. We concede the
error susceptibility of this approach, as it relies on ecological preferences of single, partially rare
indicator species. In contrast, the basis of a diatom-TP transfer function is the relation of whole
contemporary diatom assemblage with corresponding TP concentrations (Juggins 2013). The
purpose of our linear-relationship-method was providing a rough guide to evaluate the size of
variance between the single sites and figure out the conformity with water column TP
concentrations. Especially in Iake Unterer Soiernsee the calculated trophic indices are highly
inconsistent and mainly mirror single point sources: underwater inflows indicated by high
abundances of eutraphent Simonsenia delognei, a typical spring water species (Witkowski et al. 2014)
lead to meso- to eutrophic conditions as consequence of weathering and erosion of phosphate-
containing limestone (Valeton 1988). In contrast, the calculated indices of Lake Oberer Soiernsee
were more constant. The higher indices on the northern slope probably reflect pollution by the
small mountain hut.

Under aphotic conditions, a surface sediment sample from the deepest part of the basin
represents an accumulation of diatom deposits from a variety of in-lake habitats and substrates
(Hall and Smol 2010), including planktonic diatoms, which have closer relationship to water
column nutrients than benthic diatoms (Althouse et al. 2014). The lack of phytoplanktonic taxa in
the sediment constitutes a major problem of surface sediment training sets, as many periphytic
diatoms are relatively insensitive to changes in epilimnetic nutrient concentrations (Sayer 2001).
Especially epipsammic diatom communities, deriving the nutrients from the sediment as well as
from the overlying water, would be less suitable to indicate an increase in phosphorus inputs
(Bennion et al. 2010). However, epipelic taxa are particularly abundant in the deepest sample of
Lake Unterer Soiernsee as a result of absence of stony substrate. Besides that, the zz-szz# benthic
communities overprint the accumulation of planktonic and tychoplanktonic taxa in the diatom
assemblages of the surface sediments.

Philibert and Prairie (2002) suggested the inclusion of both benthic and planktonic species as a

requirement to obtain the most reliable transfer function. However, developing a training-set for
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shallow polymictic lakes, Werner and Smol (2005) found that distribution of benthic diatoms even
of small fragilarioid taxa changes significantly with changing epilimnic TP concentrations. In order
to develop a diatom-based TP-transfer-function for Bavarian mountain lakes, it is highly important
to consider lake depth and transparency. Our findings highlighted the usefulness of creating two
different training-sets, one for deep or low-transparency lakes with an aphotic zone including
benthic and planktonic diatoms, and another one for shallow, clear water lakes solely based on
benthic diatoms. Hence, our results are in line with Werner and Smol (2005) who also recommend

separating shallow from deep lakes in their calibration set of Canadian alkaline lakes.
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4. Unravelling climate change impacts from other anthropogenic
influences in a small subalpine lake: a multi-proxy sediment

study from Oberer Soiernsee (Northern Alps, Germany)
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Geist J, Raeder U (2021) Unravelling climate change impacts from other anthropogenic
influences: a multi-proxy, down-core study of a small subalpine lake (Oberer Soiernsee, Northern

Alps, Germany). Hydrobiologia, 848 (18), 4285-4309
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The study was primarily designed by the candidate with conceptual input of Christoph Mayr, Jurgen
Geist and Uta Raeder. Sediment core sampling and sample preparation were carried out by the
candidate. Sediment dating was done by Nathalie Dubois. Microscopic analyses were realized by
the candidate. Pigment analyses were performed by the candidate and Wolfgang Kuefner. Stable
isotope analyses were carried out by Christoph Mayr. The interpretation of the data was realized
by the candidate in consultation with Nathalie Dubois (core chronology) and Christoph Mayr
(stable isotopes). The manuscript was drafted and improved by the candidate, under continuous

feedback of Christoph Mayr, Jiirgen Geist und Uta Raeder.

4.1 Abstract

Mountain lakes are increasingly impacted by a series of both local and global disturbances. The
present study reveals the eutrophication history of a remote subalpine lake (Oberer Soiernsee,
Northern Alps, Germany), triggered by deforestation, alpine pasturing, hut construction, tourism
and atmospheric deposition, and identifies the intertwined consequences of on-going global
warming on the lake’s ecosystem. The primary objective was to disentangle the various direct and
indirect impacts of these multiple stressors via down-core analyses. Our multi-proxy approach
included subfossil diatom assemblages, carbon and nitrogen stable isotope ratios and subfossil
pigments from dated sediments. Shifts within the diatom assemblages were related to variations in
trophic state, lake transparency, water temperature and thermal stratification. The organic carbon
isotope (8"°Coy) records, the diatom valve density and the pigment concentrations documented the
development of primaty production and composition. Total nitrogen isotope values (8"°N) are
more likely to reflect the history of atmospheric nitrogen pollution than lake internal processes,

also mirrored by the decoupling of 8°N and 8"C.., trends. The composition of sedimentary
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pigments allowed a differentiation between planktonic and benthic primary production.
Concordant trends of all indicators suggested that the lake ecosystem passed a climatic threshold

promoted by local and long-distance atmospheric nutrient loadings.

4.2 Introduction

Mountain regions are particularly sensitive to climate change. They are hotspots of biodiversity
(Korner et al.,, 2016) and very valuable drinking water reservoirs (Beniston, 2006). The recent
warming observed in the European Alps since the mid-1980s is roughly three times higher than
the global average (Bogataj, 2007) and climate models predict even more severe changes in coming
decades (IPCC, 2013; Stocker, 2020). Coupled with the intense warming, significant changes in the
Alpine hydrological cycle were projected, with a tendency to more intense winter precipitation
(increasingly as rain) and significantly reduced summer rainfall (Warscher et al., 2019). An upward
shift of the snow line and heavy rainfall events notably increase the frequency and the magnitude
of flash floods, landslides and debris-flows (Bitzing, 2015).

Recent global warming is affecting mountain lake ecosystems by a series of direct and indirect
effects, altering the dynamics of these extremely sensitive habitats. External drivers such as climate-
induced changes of catchment soil and vegetation cover may affect the chemical characteristics of
the lakes (Fritz, 2008; Rosbakh et al., 2014). For instance, extreme precipitation events alternating
with periods of drought will increase soil erosion and consequently nutrient input from the
catchments into the lakes (Jeppesen et al., 2010). Warming thus has a direct effect on the lake
ecosystem function and biodiversity by stimulating biological processes, resulting in higher internal
phosphorus loadings, extension of the growing season (Magnuson et al., 2000; O Reilly et al.,
2015), and alteration of lake stratification patterns (Smol et al., 2005; Winder and Sommer, 2012).
More stable and longer stratifications trigger compositional shifts within the phytoplankton
communities to the benefit of mobile, small-sized or colony-forming species (Winder et al., 2009;
Michelutti et al., 2015). Additionally, changes in precipitation patterns affect the water balance of
lakes, especially in karstified catchment areas, leading to significant changes in water levels or
enhanced seasonal water level fluctuations (Lauber and Goldscheider, 2014). All these complex
impacts of climate change have been superimposed during the Anthropocene by simultaneous
fertilization via a diffuse deposition of atmospheric nitrogen and by local anthropogenic
disturbances, e.g. mountain huts, forestry or alpine pastures (McMaster and Schindler, 2005;
Jeppesen et al., 2010).

Numerous proxies that are archived in lake sediments are valuable to track such impacts (Smol,
2010), thus allowing the study of various responses of the aquatic ecosystem to these environmental

stressors. However, sedimentary records are often difficult to understand. Numerous drivers may

65



Unravelling climate change impacts from other anthropogenic influences

trigger changes in sedimentary records by affecting the lake ecosystem in a series of direct and
indirect ways. Lake sediments integrate sedimentary organic matter from both allochthonous and
autochthonous sources and a number of internal lake processes complicate the interpretation of
past climate or nutrient situations from sedimentary archives (Batterbee et al., 2012; Catalan et al.,
2013; Rogora et al., 2018). Unravelling the combined effects of climate warming and eutrophication
in down-core studies is indeed a great challenge, because the symptoms may be rather similar and
both impacts have appeared synchronously (Jeppesen et al., 2010). Due to the complex interactions
between biotic and abiotic components and between internal and external driving factors the
analyses of several proxies should be carried out (Birks and Birks, 20006). Different proxies mirror
different environmental factors and also have different strengths and weaknesses. By combining
multiple proxies, their strengths can be exploited and their weaknesses identified (Mann, 2002 b).

For interpreting the long-term changes in lake ecosystem structure of the small subalpine
Oberer Soiernsee a multi-proxy paleolimnological study was carried out based on sedimentological
(event layers), biological (diatoms), biochemical (pigments) and geochemical (stable isotopes)
paleoindicators, supported by data from a three-years sampling campaign (2014-2016; Hofmann et
al., 2020). Additionally, historical information recorded in Alpine Club yearbooks and interviews
with landowners and forest office were used to better interpret the results.

Diatoms are the most widely used bioindicators in paleolimnological studies inferring past
environmental conditions (Stoermer and Smol, 2010). They are generally highly abundant and
taxonomically diverse in any freshwater systems and, due to their siliceous cell walls, diatom valves
are usually well preserved in the lake sediments (Smol and Cumming, 2000). Furthermore, many
diatom taxa have well-defined optima and tolerances regarding water temperatures and nutrient
concentrations or preferences for a given habitat. They response sensitively and due to their fast
reproduction and migration rates also rapidly to a wide range of environmental changes of their
aquatic environment (Smol, 2008). Climate-related changes of lake properties, such as length of the
growing season, water-column mixing processes and light availability directly and indirectly alter
diatom community composition, dynamics and size structure of both periphytic and planktonic
diatom assemblages (e.g. Weckstrém et al., 1997; Rihland et al., 2015; Boeff et al., 2016; Griffiths
etal.,, 2017). Especially the recent success of small-celled centric species related to increased thermal
stability and associated changes in light and nutrient availability has been observed in alpine
paleolimnological records around the world (Lotter and Bigler, 2000; Rithland et al., 2008; Catalan
et al., 2013; Michelutti et al., 2015). Nutrient enrichment mediated by disturbances within the
catchment area also may result in the reorganisation of diatom communities. Therefore,
quantitative diatom-based inference models can be used to reconstruct past trophic states of lakes

(Lotter et al., 1998; Stoermer and Smol 2010).
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Sedimentary pigments are particularly valuable in multi-proxy studies. They are often the only
fossil remains of non-siliceous algae and therefore provide a more complete picture of
phototrophic communities (Lami, 2000). Records of paleopigments can be used to reconstruct
taxonomic composition and biomass of past phytoplankton and periphyton communities (Leavitt
and Hodgson, 2001). As nutrient supply and the lake’s thermal dynamics are important drivers that
regulate algal composition and production (Reynolds, 2000), analyses of sedimentary pigments can
be used to detect climate changes and past trophic conditions (Ténno et al., 2019). However, in
comparison to diatoms, pigments are labile compounds. Their degradation via chemical oxidation,
photo-oxidation and herbivore grazing begins immediately after the death of the organism (Leavitt,
1993) and the decomposition continues after deposition in the surface sediments (Sanger, 1988).
The rate of degradation depends on sinking rate, water temperature, pH, the availability of light
and oxygen, the grazing pressure, turbulences and bioturbation. Additionally, the degree of
chemical stability and preservation varies between the individual pigments (Leavitt andHodgson,
2001). Therefore, the pigments are deposited on surface sediments in various stages of decay,
depending on the type of pigment and the degree photo- and chemical oxidation and biologically-
mediated destruction (Leavitt, 1993), which considerably complicates the interpretation of
paleopigment analyses. In shallow or highly transparent oligotrophic lakes the development of an
active autotrophic biofilm on the surface sediment is another important source of sedimentary
pigments. Hence, the paleopigment-composition in the surface sediments is dominated by the
periphytic 7z sitn production and the phytoplankton marker pigments are underrepresented
(Buchaca and Catalan, 2008). Therefore, changes between planktic and benthic sources of the
sedimentary pigments provide valuable information about changes in the extension of the euphotic
zone.

The nitrogen (3"°N) and carbon (8"C.y) isotope fingerprints as well as the TOC/TN (total
organic catbon/total nitrogen) ratios of bulk sediment provide valuable information on the origin
of sedimentary organic matter (OM) and help to distinguish between autochthonous or
allochthonous sources (Meyers and Teranes, 2001). In cases where the sedimentary OM was
predominantly autochthonous, testified by low TOC/TN ratios, the records of 8"”C.., and 8N
were used to reconstruct past trophic conditions and changes in nutrient availability (Braig et al.,
2013). The isotopic composition of the dissolved inorganic carbon (DIC) pool is controlled by the
signature  of atmospheric CO, permanently diffusing into the lake and by
photosynthesis/respiration rates (Wetzel, 2001; Braig et al., 2013). §"C,,, concentrations increase
with enhanced photosynthetic productivity (McKenzie, 1985). Algae preferentially assimilate
CO,, while the heavier isotopologue containing °C gradually accumulates in the pool of dissolved

inorganic carbon (Farquhar et al., 1989). Thus, primary producers will take up more and more
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accumulated "CO; with an increasing assimilation. This fact is reflected by the increasing
accumulation of "C in the biomass and finally in the sediments after the algae died and sunk.
However, 8"”C. values may initially decline during the first phase of eutrophication, when
anaerobic microbial degradation dominates, which releases partly oxidized, '*C-entiched methane
into the water column (Hollander and Smith, 2001).

The interpretation of nitrogen isotope signals is complicated due to the biogeochemical complexity
of the nitrogen cycle in lakes (Meyers and Teranes, 2001). Nitrogen is available to primary
producers in various forms (ammonia, hydroxilamin, nitrate, nitrite), and the multitude of
fractionation effects, transformation pathways and biochemical in-lake processes permanently alter
the dissolved inorganic nitrogen (DIN) pool of a lake (Wetzel, 2001). Photosynthesis progressively
enriches the DIN reservoir with "N as algae preferentially incorporate N (Fogel and Cifuentes,
1993). Shifts in phytoplankton taxa composition ate also known to trigger 8N variations in
sedimentary OM due to the various ways in which DIN is used and fractionating effects among
diverse algae groups (DeNiro and Epstein 1981; Gu, 2009; Lehmann et al., 2004). Sedimentary
8"N variations also provide information about past hypolimnetic oxygen concentrations, as
increased denitrification rates caused by anoxic bottom water lead to "N-enriched OM (Teranes
and Bernasconi, 2000; Finlay and Kendall, 2007; Braig et al., 2013). Additionally, external nitrate
loadings may increase (human and animal waste) or decrease (deposition of atmospheric nitrogen)
8"N values (Kendall, 1998; Hastings et al., 2009).

The aim of our study was to reconstruct the environmental history of the remote Oberer
Soiernsee since the outgoing Little Ice Age (AD 1840-1970), unravelling the multiple influences
on the lake and their complex effects on its ecosystem. We hypothesized that (1) a series of human
impacts (deforestation, alpine pasture, eutrophication, N-fertilisation, climate warming) are
recorded in the lake sediments and (2) our multi-proxy approach will allow us to disentangle these
various impacts. We expected that (3) shifts within the diatom flora in particular would reflect the

effects of global warming.

4.3 Material and methods
4.3.1 Study site

Lake Oberer Soiernsee (47° 29° 30” N, 11° 20’ 53” E) is located ~ 75 km south of Munich (Bavaria,
Germany) in the Northern Calcareous Alps near the present tree-line ecotone (1558 m a.s.l.) (Fig.
4.1). The lake is of glacial origin (Mdrz 1903) and the catchment geology is dominated by Triassic
limestone and dolomite, locally covered by moraine and post-glacial deposits (Schmidt-Thomé
1953). Due to karstification, underground drainage dominates, while surface runoff has been

observed only during heavy rainfall events (Hofmann et al. 2020). The lake has no permanent
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surface inflow and drains exclusively through the permeable end moraine deposits into the adjacent
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Figure 4.1 Geographical position of Oberer Soiernsee in southern Germany (right) and bathymetric map of the lake (left).
Coring location of C1 (circle), C2 (star), and C3 (rhomb)

lake Unterer Soiernsee (1553 m a.s.l.). Catchment vegetation ranges from subalpine grassland with
patches of Pinus nugo Turra ssp. mugo and Picea abies 1. Karst to treeless alpine meadows with shrubs
(e.g. Rhododendron hirsutum L., Carex sempervirens Vill.) on pootly developed soils and fell-fields.
Aquatic vegetation is characterized by mixed stands of Chara contraria A. Braun ex Kiitzing and
Chara tomentosa L. and scattered populations of Potamogeton alpinus Balb. The elongated lake has a
surface area of 3.46 ha and a maximum water depth of 14.5 m (Fig. 4.1). Lake Oberer Soiernsee is
an oligo- to mesotrophic (mean TP = 13 ug I"), dimictic lake with mean NO5-N values of 330 pg
I and mean NH*'-N values of 20 pg I"". The average lower limit of the euphotic zone is around
10 m, resulting in aphotic conditions at the deepest area of the basin (Hofmann et al. 2020).
Seasonal lake-level fluctuations (1.8 m) were observed with a maximum water level after snowmelt
and a minimum in autumn. The carstified, calcareous catchment causes a low conductivity
(192 uS cm™) and a high pH (8.7). Phytoplankton biomass was consistently below 2 gm™
throughout two successive growing periods. Detailed information regarding the lake’s physical and
chemical characteristics as well as phytoplankton analyses have already been published (Hofmann
et al. 2020). The alpine meadows surrounding the lake were traditionally used for summer cattle
grazing. A hut of the German Alpine Club (1616 m a.s.l.) and a small private mountain cabin
(1560 m a.sl), both highly frequented during summer months, are situated within the lake
catchment. The huts were built in AD 1866 on King Ludwig II’s order. Since AD 1887, they have
been put to increasing use, first as hunting lodges and later as Alpine Association cottages (Miiller,
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1922). In the small cabin situated directly at the lake, the number of overnight stays remained below
100 per year before AD 1960 and has risen sharply since then to 250-350 per year (Yearbooks of
the Alpine Club Section Hochland 1920-2016). A dry toilet close to the northern shore in particular
may be responsible for diffuse nutrient loadings, as indicated by higher trophic levels calculated at

the northern littoral zone (Hofmann et al. 2020).

4.3.2 Sediment coring

A gravity corer (Uwitec, Mondsee, Austria) equipped with 6 cm-diameter core tubes was used to
obtain three sediment cores from the deepest area of the lake basin, located by echo sounding
(HDSS, Lowrance, Tulsa, USA). The master core (C1; length 29 cm) was sampled in June 2015 to
carry out stable isotope analyses and core chronology. C2 (length 23 cm) was taken in June 2017
for geochemical, diatom and pigment analyses. The sediment cores were transported cooled and
light-protected and split into two halves in the laboratory. The first halves of the cores were sliced
at continuous 1 cm intervals under subdued green light. For pigment analyses, subsamples were
stored in the dark at —24 °C until freeze-drying. The other halves of the cores were first described
lithologically. They were then subsampled at 1 cm intervals too and freeze-dried in plastic vials for
diatom analysis, dating and stable isotope analysis (Christ 1-4 Loc; 48 h, —47 °C). In October 2018,
a third core (C3) was obtained to measure the pH values of the sediment-water interface and the

sediment pore water at different sediment depths.

4.3.3 Core chronology

The age model is based primarily on *'’Pb dating, supported by peak signals of '”’Cs. Freeze-dried
and fine-ground sediment subsamples were analysed by gamma spectrometry (High-purity
Germanium Well Detector, HPGe, Canberra, USA) at Eawag (Dibendorf, Switzerland).
Accumulation rates were determined using both *’Pb and "'Cs radionuclides. *’Pb chronologies
were calculated from unsupported isotopes using the CRS model (Constant Rate of Supply,
Appleby 2001). The anthropogenic "’C was used to confirm the *’Pb dates. "’Cs is a stable and
clear time marker as it first appeared in 1951-1954 and peaked in 1963 as a result of atmospheric
nuclear weapon testing fallout (Appleby 2001). A second peak of 'Cs activity is related to the
Chernobyl nuclear accident in 1986 (Kirchner 2011). The first recovered core (C1) was dated. The
chronology was transferred to C2 via lithological (event layers) and 8"C., correlation (Mayr et al.

2005; Berthon et al. 2014).

70



Unravelling climate change impacts from other anthropogenic influences

4.3.4 Diatom analyses

For diatom preparation 1.6 ml of freeze-dried sediment of the C2 subsamples were treated using
the hot H2O, / KoCr,0O7- method (DIN EN 13946:2014-07). The cleaned diatom material was
filled into glass vials and was adjusted with detilled H>O: to a fixed volume (5 ml). Permanent slides
were prepared by first dropping 50 ul of several dilutions (1:10, 1:30, 1:50) of the cleaned diatom
material on cover glasses () 12 mm) and then embedding the dried material in Naphrax (Refractive
Index = 1.7). At least 550 diatom valves per sample were identified under oil immersion at 1000 x
magnification using a light microscope (Aristoplan and Labovert, Leitz, Wetzlar, Germany).
Diatom taxonomy followed Krammer and Lange-Bertalot (1986-1991), Lange-Bertalot (1993),
Lange-Bertalot et al. (1996), Krammer (1997), Lange-Bertalot (2000-2003), Houk et al. (2010),
Houk et al. (2014) and Hofmann et al. (2013), updated to recent taxonomic nomenclature using
current publications and databases. Thin, needle-shaped Fragilaria nanana was mainly preserved in
fragments. Therefore, the lengths of the fragments were measured, summed and divided by the
medium length of the intact valves.

Changes in the ratio between benthic+epiphytic and planktic diatom species (B:P ratio) were
used to track past changes in the depth of the littoral/profundal boundary. This boundary is
determined by lake level and water transparency both affecting light availability for benthic growth
(Wetzel, 2001; Hofmann et al., 2020). For the quantitative reconstruction of past lake levels of
Oberer Soiernsee Hofmann et al. (2020) developed a diatom-inferred depth-model based on the
depth-distribution patterns of current diatom assemblages. The authors found that the strongest
model is based on a weighted-averaging partial-least-square approach (WA-PLS) with two
compounds that provides a robust reconstructive relationship between the distribution of diatoms
and lake depth (r* = 0.56; RMSEP = 2.55 m).

Past surface temperatures (@ TSiVa) were inferred by using the novel silicification value (SiVa)
developed by Kuefner et al. (2020 a). The diatom-temperature transfer function is based on a
training set of 43 mountain lakes located in the Northern Calcareous Alps and refers to the negative
correlation between the summer surface temperature and the average degtee of silicification of the

diatom assemblages preserved in surface sediments (Kuefner et al. 2020 b).

O TSilVa [°C] = 25,956 — 4.7155 * 5ilVa

The ratio between Staurosirella pinnata (Ehrenberg) Williams and Round and Stawrosira construens

var. venter (Ehrenberg) Hamilton (P/V ratio) was used to indicate trends in lake temperatures. While
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S. construens var. venter is reflecting cooler water temperatures, S. pinnata is more competitive under
warmer growing conditions (Cremer et al., 2001).

Past total phosphors (TP) concentrations were calculated by applying the TP inference model
of Lotter et al. (1998) that is based on 68 small lakes (300-2350 m a.s.l) located in the Swizz Alps.
We chose this model as these lakes are also situated in catchments with calcareous lithology and
70 % of the fossil diatoms of Oberer Soiernsee are part of the modern diatom training set.

Diatom concentrations were calculated by the number of microscope fields of view in relation

to the amount of dry sediment.

diatoms/ul = %:M/Vcs * Vt*D

Niotal = amount of counted diatom valves in total

Fv = analysed fields of views

Ves = volume of one counting square ((volume of dropped diatom dilution*area of one counting square)/area of the
cover glass)

Vt = total volume of cleaned diatom solution

D = dilution of cleaned diatom material

4.3.5 Pigment analyses

The sediments of C2 were analysed for sedimentary pigments following the method of Leavitt and
Hodgson (2001). 0.3 * 0.065 g freeze-dried subsamples were filled into 4 ml amber glasses under
subdued green light, extracted using 99 % acetone (Rotisolv HPLC, Carl Roth, Germany) and
stored at — 20 °C for 24 h. After gently shaking, 2 ml of the extract were filled into 2 ml Eppendorf
tubes and centrifuged for 15 min at 2000 rpm and — 9 °C (Heraeus Fresco 17/21, Thermo Fisher
Scientific, Schwerte, Germany). Subsequently, 1.0—1.5 ml of the supernatant was filtered through
syringes equipped with 0.2 um PTFE filters into 1.5 ml HPLC glasses. The samples were stored at
— 80 °C until analysis. Pigments were identified and quantified by reverse-phase, high-performance
liquid chromatography (HPLC, MD-2015 plus, Jasko, Pfungstadt, Germany) and measured by 436
nm and 450 nm detectors, based on Wright et al. (1991). Pigment concentrations were related to
dry weight and translated to pug g'. Some pigments had to be identified by comparing peak time
and spectra with data published in Wright et al. (1991) and then quantified by the peak area (mV
min™). Following Leavitt and Hodgson (2001) and Buchaca and Catalan (2008), we used
chlorophyll @ (chl a), its derivate pheopythin-a (phe-a), f-carotene and its degradation product ethyl-
8 -beta-apocarotenoate as marker pigments for total algal biomass and primary production.
Diatoms were identified by the pigments fucoxanthin, diatoxanthin, diadioxanthin and its
degradation product diadinochrome. Chrysophyta were represented by violaxanthin, dinophyta by
peridinin and diadinoxanthin/diadinochrome. The population dynamics of the chlorophyta were

72



Unravelling climate change impacts from other anthropogenic influences

tracked by chlorophyll 4 and several carotenoids (lutein, neoxanthin, prasinoxanthin, zeaxanthin).
Alloxanthin was selected to track abundances of chryptophyta. Pheophytin-a is a typical pigment
for decaying communities (Buchaca and Catalan, 2008). Therefore, we used the chl #/phe-a ratio
to estimate the degree of pigment preservation in the sediments (Ténno et al., 2019). The ratio
between alloxanthin and diatoxanthin was used to track past changes in water column transparency

or lake level fluctuations (Buchaca and Catalan, 2007)

4.3.6 Stable isotope analyses

Freeze-dried subsamples were sieved (250-um mesh size) to eliminate organic macro-remains and
only the fine fraction was used for isotopic analysis. Additionally, potential in-lake OM sources
(phytoplankton, Chara sp., Potamogeton sp.) and OM sources from the catchment (soil, leaves, pine
needles, herbages) were collected, oven-dried (40°C) and homogenized by sieving (soil) or grinding
with a mortar. For robust results, we extended the OM dataset and involved catchment OM
samples from 23 mountain lakes situated in the northern Alps. For simultaneous organic carbon
content (wt % TOC) and 8"”C,y, analyses, ~ 2.0 mg material was filled into silver capsules and
decalcified with first 5% and thereafter 20% hydrochloric acid at 70 °C on a heating plate. Droplets
of the acid were successively added to the sediment in each capsule until no effervescence was
observed anymore. After drying, the capsules were closed for subsequent isotope analysis (Mayr et
al. 2017). In order to determine the total nitrogen content (wt % TN), 8"°N, and total carbon (wt
% TC), ~ 2.5 mg of bulk sediment was filled into tin capsules. Samples were combusted in an
element analyser (NC 2500, Carlo Erba) coupled to a continuous-flow, isotope-ratio mass
spectrometer (Delta Plus, Thermo-Finnigan, Germany) at Friedrich-Alexander-University of
Erlangen. Isotope ratios ate presented in 8—notation (8N, 8"Coy,) as 8 = (Rs/Rs:- 1), with Rsand
Rs: as isotope ratios of the sample with the international standards VPDB (carbon) and AIR
(nitrogen) and were quoted in %o. An internal laboratory standard (peptone with §"°N = 4.93 %o,
8PCor = —23.80 %0) and international standards (IAEA-N-1; IAEA-N-2; USGS41; IAEA-CH-7;
Brand et al., 2014) were used for isotope calibration. Analytical precision (one standard deviation)
was typically 0.1 %o for both 8N and 8"°C..,. Elemental contents of total carbon (TC), total organic
carbon (TOC), total inorganic carbon (TIC) and total nitrogen (TN) were calculated from the ratios
of peak-area to sample weight using elemental standards (atropine, cyclohexanone-2.4-
dinitrophenylhydrazone) for calibration and are shown as mass percentages (wt %). TOC/TN

ratios are expressed as molar ratios.

4.3.7 Analyses of pore-water pH value

Sediment pore water was directly sampled from core C3 using Rhizon SMS 10 cm core solution
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samplers (2.5 mm diameter, 0.15 um mean pore size; Eijkelkamp Soil and Water, Giesbeek,
Netherlands). A total of eight 3-mm-diameter holes were drilled through the tube wall of the closed
core using a gimlet. Saturated Rhizon samplers were inserted horizontally into the sediment
through the holes. 10 ml syringes (Eijkelkamp Soil and Water, Giesbeek, Netherlands) were then
luer-locked with the Rhizon samplers. The pistons of the syringes were fully withdrawn and held
in position with a wooden retainer to generate a vacuum for pore-water extraction. Pore-water then
passed from the sediment through the porous tubes and flexible hoses into the syringes. After three
hours, the Rhizons obtained a sufficient amount of pore water and the pH could be measured

(Multi 3630 IDS, WTW, Weilheim, Germany).

4.3.8 Statistical analyses

Broken-stick models (Bennet 1996) were calculated with the R package ‘rioja’ (Juggins 2018) to
detect the stratigraphic position of major changes of diatom assemblages, pigment compositions
and stable isotope records. PAST (version 3.18) statistical software package (Hammer and Harper
20006) was used for ecological analyses of life form and substrate preferences. Species abundances
were Hellinger transformed (Legendre and Gallagher 2001) before analysis. Square-root
transformed diatom data was imported in a diatom- inferred depth model (Hofmann et al. 2020)
and diatom-inferred TP interference model (Lotter et al. 1998) using R (version 3.4.3) and the
package rioja (Juggins 2018) for water depth reconstructions. Diversity was calculated by the
Shannon-Index using In (natural logarithm) of percentage of each taxon. Down-core profiles were
illustrated using C2 version 1.7.7. (Juggins 2007), including only diatom species with relative
abundances greater than 1 % in at least two subsamples. As diatoms were very scarce in core depths
greater than 22 cm (< 50 valves per sample), the subsamples C2_22 and C2_23 were not included

in diatom statistical studies and stratigraphic illustration.

4.4 Results
4.4.1 Sedimentology, core chronology, sedimentation rate and correlation of the cores

The sediment of Oberer Soiernsee mainly consisted of dark grey, partly organic-rich clay and silty
clay, interrupted by cleatly visible light grey silt layers (Fig. 4.2). Two "'Cs peaks occurred in the
sediments of core C1. Assuming that the ’"Cs peak at 1.5 cm corresponds to the Chernobyl disaster
in AD 19806, the sedimentation rate has been very low during recent times (0.05 cm/y). Since this
does not correlate with our results of a stable isotope and pigment analysis, that indicate enhanced
in-lake productivity, we attributed this to the use of floaristic foam to seal the core after sampling,
as it destroys the topmost core section. A sedimentation rate of 0.087 cm/y could be calculated

from the distance between the first and the second peak at 3.5 cm (1963). A very similar mean
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sedimentation rate was estimated using the CRS-model (constant rate of supply) on *'’Pb activity
(0.084 cm/y).

It is reasonable to interpret the light grey silt layers (C1: 11 cm, 13 cm, 16 cm and 20 cm) as
flood layers resulting from fast deposition events such as debris flows and high surface runoffs,
especially based on elevated TIC values. Hence, they were removed from the sedimentary record

when developing the age-depth model.
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Figure 4.2 CRS depth-age model of core C1 using activity of unsupported 219Pb (black dots) and 137Cs (white dots) (A). Photos
of both cores and position of event layers (B). Correlation of C1 and C2 via 6*3Coq records (C)

Core C2 was obtained two years after the master core. The core was complete and undisturbed
(Fig. 4.2). The compatison of the 8"°C,, records of both cores reveals a high inter-core consistency.
Three event layers of C1 (11 cm, 13 cm and 16 cm) were found to correspond exactly in their
thickness and sequence with event layers of C2 (17 cm, 19 cm and 22 cm). Another time marker is
represented by the ~ 3 cm thick event layer at the top of C2, which is the result of a strong
thunderstorm in August 2015 with extreme rainfall and mud flows. By correlating the §"”Coy,

records and event layers, the chronology of C2 was found to date back to ~ AD 1840.

4.4.2 Diatoms
Diatom biostratigraphy

A total of 125 diatom taxa representing 39 genera were identified in 21 subsamples, 21 of these

occurred in relative abundances > 2 % in at least two samples (Fig 4.3 A). Benthic life forms
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dominated the diatom assemblages, especially fragilarioid species of the genera Pseudostanrosira,
Stanrosira and Staurosirella, which accounted for 41 % of the total subfossil assemblages. Centric
diatoms reached a total abundance of 6 % and were mainly represented by Chyclotella comensis
Grunow in van Heurck (3 %), Cyclotella ct. woltereckii Hustedt (3 %), and Cyclotella praetermissa 1and
(1 %). Overall, the most frequent periphytic taxa were Staurosirella pinnata (28 %), Amphora pediculus
(Kutzing) Grunow (26 %), Staurosira construens var. venter (6 %), Denticula tenuis Kitzing (4 %),
Achnanthidium stranbianum (Lange-Bertalot) Lange-Bertalot (3 %), Achnanthidinm minumtissimum var.
minutissimum (Kiatzing) Czarnecky (2 %), Fragilaria nanana Lange Bertalot (2%), Platessa conspicna (A.
Mayer) Lange-Bertalot (2 %), Pseudostaurosira elliptica (Schumann) Edlund, E. Morales, S.A. Spauld
(2 %), Pseudostanrosira trainorii E. Morales (2 %), and Amphora inariensis (IKKrammer) Lange-Bertalot
(2 %). Species richness varied between 20 and 55, Shannon diversity between 1.8 and 2.8 (Fig. 4.3).
The total diatom concentrations in the sediment samples ranged from 510 to 2-10* diatoms ™'
(Fig. 4.3).

The broken-stick model (Bennet 1996) identified four different diatom assemblage zones (Figs.
4.3 A, B).
Zone D-A (21-18 cm; AD 1856—1880): Awmphora pedicnlus and Stanrosirella pinnata co-dominated the
diatom assemblages of the deepest diatom zone. Fragments of _Au/acoseira ssp. Occurred frequently
in this zone.
Zone D-B (18-6cm; AD 1880-2010): The assemblages of this zone differ cleatly from those of
zone D-A, although Amphora pediculus and Staurosirella pinnata remained the dominant taxa. After a
peak in AD 1960, Staurosira construens var. venter declined in frequency. Pseudostanrosira elliptica
disappeared around AD 1960, when Psexdostanrosira trainorii clearly increased in its abundances.
Zone D-C (6-2 cm; AD 2010-2015): Beside Amphora pediculus and Stanrosirella pinnata, Platessa
conspicua dominated the diatom assemblages. Centric diatoms and the planktic taxa Fragilaria nanana
started to increase distinctly in their abundances. The abundances of Staurosira construens var. venter
clearly decreased towards the end of the zone, while Staurosirella pinnata increased slightly.
Zone D-D (2-0 cm; AD 2015-2017): Centric diatoms (31-65 %) and Fragilaria nanana (8-22 %)
codominated the assemblages of this zone (39-87 %). Small Cyclotella comensis in particular is highly
abundant (1-30 %). Simultaneously, all periphytic taxa clearly declined. All small fragilarioid taxa

were absent with the exception of Staurosirella pinnata.
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Figure 4.3 A) Diatom biostratigraphy of the most common taxa with relative abundances > 2 % in at least two samples. B)
Variation in the ratios between benthic+epiphytic and planktic taxa (B/P ratio) and between Staurosirella pinnata and
Staurosira construens var. venter (P/V ratio). Alteration of Shannon diversities and species richness. Reconstruction of lake
temperature by using the silicification value (Kuefner et al. 2020) and of lake depth by applying the WA-PLS model (Hofmann
et al. 2020). The four diatom zones (D-A to D-D) are separated by grey lines. The grey bar represents the two lowermost
samples, where diatoms were too scare for including in statistical analyses

The valve density (Fig. 4.3 B) was very low in the deeper part of the core (zone D-A), but clearly
increased after AD 1880. A distinct maximum was calculated in the transition between zones D-B
and D-C (7.5-5.5 cm: AD 1986-2010). After this, the cell density declined visibly before it
increased again in the younger sediments (2.5-0.5 cm: AD 2015-2017).

The ratio between benthic+epiphytic and planktic diatom species (B:P ratio; Fig. 4.3 B) showed
only small variations before AD 2010, but declined markedly in zone D-D. After the distinct

dominance of benthic diatoms in the deepest sample, planktic taxa gained importance between AD
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1870 and AD 1900, which is also reflected in the increasing species richness and diversity. Between
AD 1940 and AD 2000, epipsammic fragilarioid taxa clearly dominated the periphytic
(benthic+epiphytic) diatom assemblages, while centric, epilithic and epiphytic species occurred in
low percentages, resulting in low species richness and Shannon diversities (Fig. 4.3 B). Zone D-C
is characterized by higher diversity indices and more diverse periphytic diatom assemblages. The
B:P ratio decreased due to increasing abundances of centric diatoms. The distinct dominance of
planktic species in zone D-D resulted in low B:P ratios and decreasing diversity indices.

The ratio between Staurosirella pinnata and Staurosira construens var. venter (P:V ratio; Fig 4.3 B)
generally increased towards recent times. Whereas the ratio varied around a median of 78 between
21.5 and 7.5 cm, it clearly increased after ~ AD 1980 to a median of 95.6, implying the declining

influence of Staurvsira construens var. venter in zones D-C and D-D.

Diatom-based reconstruction of lake surface temperatures, lake levels and TP concentrations

By calculating the lake surface temperatures using the silicification value (Kuefner et al. 2020 a;
Kuefner et al. 2020 b), there is clear evidence of a trend towards rising temperatures from 13.6 °C
(~ AD 1850) to 18.5 °C (AD 2017) (Fig. 4.3 B). The diatom assemblages of the deepest diatom
zone (D-A) indicated the lowest mean sutrface temperature (13.9 °C). Increasingly higher average
surface temperatures were calculated for the diatom assemblages of the zones D-B (14.0 °C), D-C
(14.2 °C), and D-D (17.2 °C).

By applying the diatom-inferred depth model designed by Hofmann et al. (2020), the WA-PLS
(RMSE = 2.43 m; r* = 0.63) approach proved to be suitable. The reconstructed lake levels show a
first maximum (12.5 £ 2.4 m) around AD 1868 and a second maximum (12.5 * 2.4 m) around AD
1986 (Fig. 3). Inferred depth values steadily increased between AD 1880 and AD 1986.
Subsequently the value declined to a second minimum (9.7 £ 2.4 m) in 2015, before the increased
again up to 11.7 = 2.4 m in AD 2017 (Fig. 4.3 B).

TP reconstructions (WA-PLS approach; RMSE = 0.27; +* = 0,75) by using the model of Lotter
etal. (1998) revealed a maximum 29.9 * 1.9 pg I around AD 1860. TP concentrations fist declined,
and then started to rise after AD 1890. After a second maximum (27 + 1.9 pg I'') around AD 1965
the values tended to decrease to 8.4 = 1.9 pg I around AD 2015. Within the event layer mean TP
concentrations ~ 8.0 * 1.9 pug I were inferred. In the uppermost sample TP = 4.5 + 1.9 pg I'' was

reconstructed (Fig. 4.3 B).
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4.4.3 Sedimentary pigments

Five different phases with regard to pigment concentration and preservation could be distinguished

(Fig. 4.4):
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Figure 4.4 Sedimentary record of the marker pigments, of the pigment preservation (Chl a/Phe a) and of the ratio between alloxanthin

and diatoxanthin (Allox/Diato). The five pigment zones (P-A to P-D) are separated by grey lines

Five different phases with regard to pigment concentration and preservation could be distinguished
(Fig. 4):

Phase P-A (22.5-16.5 cm; before AD 1880) was characterized by low chl & and f-carotene
concentrations and low chl a/phe-a ratios, indicating low algal biomass and poor pigment
preservation. Two clearly visible declines in all pigment concentrations at 16.5 cm and 18.5 cm are
noticeable. The high concentrations of diadinchrome, a derivate of diadinoxanthin, suggest the
dominance of periphytic diatoms in the outgoing 19" century.

Significantly higher concentrations of nearly all pigments and higher chl @/phe-a ratios were
detected during phase P-B1 (15.5-9.5 cm; AD 1890-1960), suggesting an increasing total algae
biomass and rising pigment preservation. However, a decrease in chl « and f-carotene
concentrations are evident towards the end of phase P-B1.

Phase P-B2 (8.5-7.5 cm; AD 1970-19806) started with low preservation ratios and a depression
of total algal biomass marker concentration. However, the concentrations of most pigments began
to increase within this phase. After a maximum around AD 1970, violaxanthin (Chrysophyta)
disappeared abruptly.

Since ~ AD 1990 (phase P-C; 6.5-5.5 cm), there has been a dramatic increase in total algal
biomass and a steady up to threefold, rise in preservation ratios. Peridin (Dinophyra), alloxanthin

(Cryptophyta) and the marker pigments of green algae (chlorophyll 4, neoxanthin, prasinoxanthin
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and zeaxanthin) appeared in their highest concentrations.
Between AD 2015 and 2017 (4.5-0.5 cm; phase P-D), the preservation ratios increased

markedly by a factor of 10. Simultaneously, the concentrations of all pigments decreased abruptly.

4.4.4 Stable isotopes
Organic geochemistry and stable isotopes of the sediments

Four different phases could be separated in terms of organic geochemistry and stable isotope ratios
(Fig. 4.5):

Phase SI-A (22.5-20.5 cm; before ~ AD 1868) began with high values of 8" Cey, (— 25.5 %0) and
TIC (9.4 wt %), followed by a marked decrease towards the end of the zone. TOC (3.1 wt %), TN
(0.3) and 8"N (1.9 %o) exhibited low values at the base of the core and increased distinctly higher
up. 8N showed the highest values (2.6 %o) and TIC (4.9 wt %) the lowest values of the entire
record at 20.5 cm (~ AD 1860). The highest TOC/TN ratio of the entire record (10.2) occurred
at 22.5 cm.

8"Co, and TIC values initially rose duting phase SI-B (19.5-8.5 cm; AD 1868-1980),
accompanied by declining TOC and TN contents. Subsequently, between AD 1890 and AD 1950,
hardly any changes were visible for the TN (median 0.4 wt %), 8"Coy (median —26.6 %o), TOC
(median 3.8 wt %) and TIC (median 9.2 wt %) values. Only 8"°N (median 1.5 %) exhibits greater
fluctuations, especially before AD 1890. 8°N values began to decline after ~ AD 1960. From AD
1940 onwards, 8"”Cy, and TIC decreased steadily, while TOC and TN increased towards the end
of the phase.

Phase SI-C (7.5-5.5 cm; AD 1980-2015) is characterized by several prominent changes: there
was a matked drop in 8"°Ce., down to a minimum of —30.8 %o at 5.5 cm and a concurrent increase
in TOC and TN up to a maximum of 6.1 wt % and 0.9 wt %, respectively. The TOC/TN ratio
also reached a distinct minimum at 5.5 cm (6.9).

During phase SI-D (4.5-0.5 cm; AD 2015-2017), 8§"C,, shifted again to higher values (up to -
25.5 %0 at 1.5 cm). TOC showed the lowest contents during the entire investigation period (2.5-
2.6 wt %). TIC increased markedly to the highest values (10.4-11.6 wt %). TN had the lowest

values (0.3 wt %) comparable to values at the base of the core.
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Figure 4.5 Stable isotope (§13Corg, 5§15N), geochemical (TN, TOC, TIC and TOC/TN data of sedimentary organic matter. The four
phases (SI-A to SI-D) are separated by grey lines

Isotopic and geochemical signatures of OM sources and the origin of sedimentary ONM

The isotopic signatures of modern OM (lake algae, herbaceous vegetation, terrestrial soils, trees
and submerged macrophytes) collected in the lake and his catchment are shown in Table 4.1. .Based
on modern isotopic fingerprints, algae appeared to be the main source of sedimentary OM (Fig.
4.6). Additionally, terrestrial soils contributed to sedimentary OM (Fig. 4.6). A proportion of
sedimentary OM derived from macrophytes, herbaceous vegetation and trees, both coniferous and
deciduous is very unlikely as their isotope signatures plot at a large distance to the sediment

signatures (Fig. 4.0).

Table 4.1 Isotopic signatures of modern OM sources including macrophytes, lake algae and catchment saoil and vegetation

Modern OM soutrce

313Corg

815N

TOC/TN

Lake algae

median — 28.4 %o, (range
between — 34.9 and —
19.8)

median 3.6 %o (range
between 1.2 and 5.4

median 9.0 (range
between 6.9 and 10.2

Herbaceous vegetation

median — 28.9 %o, (range
between — 30.5 and —
26.6 %o)

median — 1.18 %o, (range
between — 3.6 and 0.8 %o)

median 18.2, range
(between 12.2 and 30.7)

Terrestrial soils

median — 26.9 %o (range
between — 27.3 and —26.5)

median — 1.6 %o (range
between — 3.5 and 0.6 %o)

median 15.8 (range
between 11.4 and 18.2).

Conifers

median — 28.8 %o, (range
between —30.8 and —
26.8 %o)

median —4.4 %o, (range
between — 9.2 and — 1.0
%00)

median 44.1, (range
between 27.1 and 55.6)

Deciduous trees

median —29.4 %o, (range
between —32.7 and —26.4

median 3.1 %o, (range
between — 5.4 and 0.31

median 20.5, (range
between 14.2 and 33.2)

%o) %00)
Potamogeton alpinus —13.6 %o 1.98 %o 9.8
Chara spp. —17.8 %o — 7.9 %o 9.0
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Linkages between carbon and nitrogen cycles

Findlay and Kendall (2007) summarized the main geochemical processes controlling 8N and
8"Cory of aquatic OM under the premise of a predominant algal origin of OM (Fig. 4.6). The
TOC/TN ratios in the sediments of Oberer Soiernsee revealed that algae are the major sedimentary
OM component, as pure algal matter typically ranges between 7 and 9 (Meyers and Teranes 2001).
Accordingly, photosynthesis and eventually methane oxidation are the main factors that regulated
changes in 8"Co, records in Oberer Soiernsee (Fig 4.6). The vatiations in 8"°N are smaller than

those in 8" C,y, record and may point to denitrification.
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Figure 4.6 Isotopic and geochemical signatures of sediment record (red open circles) and potential sources of sedimentary
OM. The red dots represent the most recent samples (AD 2015-2017) (A-C). 6N versus 63Corq based on Finlay and Kendall
(2007) to evaluate main geochemical in-lake processes controlling §*°N and 6*3Corq of aquatic OM (D)

Before the AD 1860s (red dots), an increasing 8'"°N (positive shift of 0.8 %o) and simultaneously
decreasing 8"Cy, (negative shift of 2.6 %) indicated a combination of incipient denitrification and
methane oxidation processes (Fig. 4.6). Between 1870 and 1980 (green dots), a marked shift
towards 1.4 %o lower 8N values and 1.4 %o higher 8"C. values suggests elevated primary

production. After AD 1970 the records of 8"N and 8"C,y are decoupled. Towards 1980,
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decreasing 8"C,, indicates that respiration or, more likely, anoxic biochemical processes became
increasingly important. Between AD 1980 and AD 2015, a marked negative shift (3.1 %o) towards
significantly lower 8"C,; values indicates enhanced methane oxidation processes (orange dots).
After AD 2015 the shift towards higher 8"C,,, values indicate enhanced photosynthesis and

possibly nitrification as important processes (blue dots).

4.4.5 In-situ pore water pH (core C3)

The pH value at the sediment-water interface was 8.6 in October 2018. Down-core, the values

declined continuously from 7.8 (2 cm) to 7.4 (20 cm) (Table 4.2).

Table 4.1 pH values of the sediment-water interface and of the sediment pore water in specific depths

Sediment depth (cm) 0 2 6 10 16 20
pH 86 7.8 77 75 75 74

4.5 Discussion

The combination of sedimentological, biological, biochemical and geochemical proxies, supported
by historical information, proved as a powerful tool to reconstruct the ecological history of Oberer
Soiernsee and to disentangle the effects of different environmental impacts on the lake evolution
since ~ AD 1840. Diatom, pigment and 8"°C records provided valuable information on the effects
of catchment-related changes on lake-internal biogeochemical processes. Chl 2 and 8"°C show very
similar trends, facilitating the reconstruction of lake trophic history reliably. Diatom-inferred TP-
concentrations, however, show partly distinct differences. Juggins (2013) warns against the
uncritical use of quantitative reconstructions, as biotic communities respond sensitively and
complexly to multiple environmental gradients. Lotter et al. (1998) conceded, that besides TP a
series of other causal factors such as mean summer temperatures, mixing regimes, the availability
of light and other nutrients (nitrogen, silica and carbon) and interspecific competition control the
composition of the diatom assemblages. The application of transfer functions requires a negligible
influence of these secondary environmental variables; furthermore, the effects of temporal change
in the underlying causal relationships must be considered (Juggins, 2013).

However, several facets of global environmental changes have affected remote mountain lakes
since the industrial revolution (Catalan et al. 2013). The effects these global changes on the lake
ecology of Oberer Soiernsee were revealed by the 8N record (atmospheric deposition—
fertilization) and by shifts in diatom species composition (changes of water temperature, thermal

stratification and light availability).
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4.5.1 Depth-age model

The applicability of the CRS model to date the sediments of Oberer Soiernsee may be debatable
as the lake was exposed to a series of both catchment-mediated and lake-internal changes resulting
in an increase of algae biomass (Figs. 4.3 and 4.4). However, after discarding the event layers (Fig.
4.2), our age-depth-model correlates well with historical records including land use, hut
construction, overnight stays (Muller 1922; Cabin book Hans- Mertel-Cabin; Yearbooks of the
Alpine Club Section Hochland 1920 — 2017).

4.5.2 Ecological history of Oberer Soiernsee

Period I (AD 1840 - AD 1880): Little Ice Age, alpine pasturing, hut construction

The high frequency of paleoflood layers in the deeper part of the core (Fig. 4.1) are indicators for
heavy rainfall events (Giguet-Covex et al. 2012; Wilhelm et al. 2012; Wilhelm et al. 2013) and
suggest the influence of the Little Ice Age (LIA), a period of low temperatures, high wind speeds
and high precipitation that occurred from the 16" to the mid-19" century, particulatly in the
Northern Hemisphere (Bracht-Flyr and Fritz 2016; Ilyashuk et al. 2018). TOC/TN ratios > 10
indicate enhanced allochthonous OM sources (Meyers and Teranes 2001) in particular soils (Fig.
4.5), due to the enhanced erosion induced by higher precipitation rates in the LIA.

The high flood frequency and the harsh conditions including low temperatures and short
growing seasons led to low diatom and pigment concentrations before ~ AD 1850 (Figs. 4.3 B,
4.5). Post-depositional dissolution of the siliceous diatom valves can be excluded as both heavily
(e.g. Diploneis spp., Gyrosigma spp.) and slightly (e.g. Staurosira microstriata) silicified taxa were
sporadically found. Furthermore, pore water analyses revealed pH = 7.4 (Tab. 4.2), suggesting
favourable preservation conditions as diatom dissolution especially occurs at pH > 9.0 (Lewin
1961; Barker et al. 1994).

The large-celled, heavily silicified Aulacoseira species, occurring especially before ~ AD 1880 also
indicate more turbulent conditions in context with the LIA, as this species requires turbulent
mixing to remain in the photic zone and gain access to nutrient resources (Karst-Riddoch et al.
2005; Reynolds 20006; Saros and Anderson 2014; Weckstrom et al. 2016; Rithland et al. 2018).

The light availability for benthic growth depends on both water depth and light penetration.
Hence, diatom-inferred high lake levels before ~ AD 1880 (Fig. 4.3 B) more likely indicate the
high-turbid conditions with low water transparency that often prevailed during the windy periods
towards the end of the LIA (Mann 2002 a). The high ratios between alloxanthin and diatoxanthin
also indicate limited light availability for benthic algae (Fig 4.4). In contrast, high B/P ratios suggest

extensive periphytic diatom growth, especially of small epipsammic fragilarioids and epipelic
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Amphora spp. Figs 4.3 A, B), which are both indicative for the deeper littoral zone of Oberer
Soiernsee today (Hofmann et al. 2020). The small epipsammic species are known to live firmly
attached on sand grains, to be resistant to abrasion or damage due to a harsh and turbulent
environment, and to even tolerate short terms of darkness and brief anaerobic conditions (Moss
1977; Hofmann et al. 2020). Epipelic taxa have a competitive advantage, as they are able to avoid
permanent burial due to their mobility (Moss 1977; Burkholder 1996).

Diatom inferred TP reconstruction fits well with the 8"°C.y, trend. TP ~ 30 * 1.9 pg 1" revealed
mesotrophic conditions around AD 1860 (Fig. 4.3) also reflected by rising pigment concentrations
despite low preservation indices (Fig. 4.4). We assume that the high erosion rates related to the
LIA may be responsible for the elevated TP concentrations, as the calcareous rocks in the
catchment may contain considerable amounts of phosphorus-containing minerals (Valeton 1988).
The high TIC values in the deepest part of the core (AD 1840-1860) support this assumption (Fig.
4.5).

The decline in 8"°C,,, may have been triggered by the gradual “C depletion of atmospheric CO»
since the industrial revolution. McCaroll and Loader (2004) found that the combustion of fossil
fuels resulted in 1.5 %o more negative 8"°Coy, values of atmospheric COz as fossil fuels are relatively
depleted in PC. The shift to 2.61 %o lower 8"C.y, values (Fig. 4.5) is, however, too large to be
explained solely by a fossil fuel combustion effect. Enhanced external input by an increased flood
frequency during the LIA and additionally alpine pasturing and forestry (Miiller 1922) seems to be
a more plausible cause for PC depletion of sedimentary OM as these activities are known to provide
additional nutrient load to the lake and promote lake eutrophication (Schwoerbel and
Brendelberger 2013). Enhanced primary productivity resulted in hypolimnetic anoxic conditions
that promote chemoautotrophic organisms and methanotrophic bacteria with "C-depleted
biomass (Braig et al. 2013). These microbes produce “C-depleted CO; and thus change the DIC
reservoir of a lake (Hollander and Smith 2001). The resulting “C-depleted photoautotrophic
biomass and the “C-depleted microbial biomass culminate in the negative trends in the 8"Coy
values of sedimentary OM (Fig. 4.5).

However, with progressing eutrophication since ~ AD 1870 the 8"C.., values become more
positive again (Fig. 4.5). Diatom-inferred TP (20.8 + 1.9 ug 1) also reflects enhanced phosphorus
input triggered by the massive deforestation related to the construction of the two mountain huts
in AD 1866 (Mduller 1922). The limitation of carbon availability in the course of the rise in algae
biomass results in decreasing isotopic discrimination during photosynthesis, culminating in more
PC-enriched OM (Fogel and Cifuentes 1993), and the rising flux of “C-enriched phytoplankton

biomass started to overprint the microbially influenced isotopic signals after ~ AD 1870.
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Plotting 8" N versus 8" C., (Fig. 4.6) reveals a combination of methane oxidation processes and
incipient denitrification in the deeper part of the core (Findlay and Kendall 2007). We assume that
denitrification processes in context with the enhanced allochthonous input due to the high
precipitation rates may have stimulated the weak rise in 8"°N values. This trend was additionally
promoted by livestock, deforestation, and, after 1866, by the dry toilet as human and animal waste

is enriched in "N (Kendall 1998).

Period 11 (AD 1880 — AD 1980): Rising temperatures, increasing eutrophication and atmospheric N
fertilization

Rising temperatures towards the end of the LIA led to increasing photosynthesis rates (Hall and
Smol 2010) documented by rising diatom densities and pigment concentrations after ~ AD 1880
(Figs. 4.3 A, 4). Within the benthic diatom assemblages, some structural shifts occurred especially
within the small fragilarioids (Fig. 4.3 A). Staurosira microstriata, a taxon indicating low mean summer
water temperatures (Schmidt et al. 2004), became absent after ~ AD 1880. Pseudostaurosira elliptica a
species favouring low NOs concentrations (Morales 2011) abruptly disappeared after ~ AD 1960.
The clear shift in the ratio between Staurosira construens var. venter and Staurosirella pinnata around AD
1970 may be indicative for gradually rising water temperatures, as Staurosira construens var. venter was
described as being more competitive under cooler conditions, while Staurosirella pinnata is more
frequent during warmer periods (Joynt and Wolfe 2001; Cremer et al. 2001; Bouchard et al. 2004).
However, in line with Spaulding et al. (2015), we rather suppose the combined effect of rising
temperatures and increasing nitrogen loadings may have triggered changes within the diatom
assemblages.

Low alloxanthin/diatoxanthin and high B/P ratios indicate favourable light conditions for
benthic production (Figs. 4.3, 4.4). However, diatom inferred lake-level increased since ~ AD 1880
inferred from decreasing frequency of epilithic species, such as Achnanthidium minutissinmm and
Denticula tenunis. Hofmann et al. (2020) found that the distribution of the benthic diatoms in Oberer
Soiernsee mainly depends on substrate availability. Epilithic species primarily occurred in the upper
littoral zone (0-7 m), while epipsammic and epipelic diatom prefer the deeper littoral (7-11 m). We
assume that the diatom-inferred lake level changes are rather the consequence of enhanced
availability of fine-grained substrate reflecting climate-mediated changes of the catchment.
TOC/TN values revealed enhanced proportion of terrestrial sources on the sedimentary OM (Fig.
4.5). Between 1890 and the end of World War II, the small cabin situated at the northern shore of
Oberer Soiernsee was rarely visited (Miller 1922; Alpine Yearbooks), as very well reflected by low

diatom-inferred TP levels (mean 3.3 + 1.9 pg 1"). Diatom-inferred TP started to increase since ~
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AD 1950 (Fig. 4.3 B). Concutrently declining 8"C.,, indicates that respiration or, more likely,
anoxic biochemical processes releasing C-depleted methane into the water column became
increasingly important (Figs. 4.5 and 4.6). The mesotrophic conditions around AD 1960 (diatom-
inferred TP = 27 £ 1.9 pg 1) may be due to the sharply increasing numbers of overnight stays in
the small cabin since ~ 1960. Around the world the phosphorus loadings into water bodies
markedly increased in the 1960s due to the development of phosphate detergents (Vollenweider
1969). We suppose that the sharply rising TP is the result of the discharge of the cabin’s wastewater.

The short-term increase in 8"°N (Fig. 4.5) may also be related to the tising numbers in overnight
guests and day-trippers resulting in enhanced nitrate-N loadings from the nearby dry toilet, as
human excrements are enriched in "N (Kendal, 1998). A further positive correlation between 8N
and 8"C., would be expected if variations in these parameters continued to be caused mainly by
alterations of the algae productivity (Gu et al. 1996; Finlay and Kendall 2007). However, the
decoupling of both records after ~ AD 1970 (Fig. 4.6) suggests the increasing influence of
atmospheric nitrogen deposition from distant sources (fossil fuel combustion, industrial fertilizer
and livestock) which is known to be a major external source of nitrogen in remote mountainous
regions, especially since the 1950s (Catalan et al. 2013). Atmospheric nitrogen produced by
agriculture and industry is "N depleted relative to preindustrial sources (Hastings et al. 2009). The
clear and continuous depletion in sedimentary 8N after ~ AD 1970 (Fig. 4.5) likely reflects the
increasing influence of atmospheric nitrogen loading, a trend that was widely observed in lake

sediments of the Northern Hemisphere (Holtgrieve et al. 2011).

Period 111 AD (1980 — AD 2010): Rapid climate warming reinforced entrophication

This period is characterized by the dramatic increase in both diatom productivity and pigment
concentrations indicating that climate warming sharply reinforced the eutrophication processes
impacting Oberer Soiensee. Algal responses were accelerated when lakes surpassed a climate-
mediated ecological threshold associated with the establishment of a stronger thermal stratification
(Smol et al. 2005).

Since 1980 a particularly pronounced warming (~ 0.5 °C per decade) has been observed in the
European Alps (Gobiet et al., 2014). Also, at the Zugspitze, 30 km west of Oberer Soiernsee, a
significant increase in annual mean temperatures was documented (data provided by DWD,
Schneefernerhaus). In the sediments of Oberer Soiernsee a shift within the paleopigment
composition around AD 1980 indicate the climate-induced stabilisation of the pelagic habitat.
Violaxanthin, a proxy for cooler conditions (de Jong et al., 2013) suddenly disappeared and the
indicators for a stronger thermal stabilisation (alloxanthin, peridinin and all green algae marker
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pigments) concurrently increased after ~ AD 1980 (Fig 4).

However, besides the rising air temperatures, changes in light transmission and heat transfer may
also have contributed to the stabilization of the thermal stratification in Oberer Soiernsee. Climate-
mediated changes in catchment vegetation cover, increased soil development and treeline migration
(Vinebrooke and Leavitt, 1998; Sommaruga et al., 1999) may have led to an enhanced terrestrial
input of light-aborting particles such as suspended inorganic and organic material and dissolved
organic matter (DOC) (Saros and Anderson, 2014) resulting in an enhanced heat transfer to the
lake.

Around AD 2000 the rapid increase in algal biomass (Figs. 3 and 4) indicates that an ecological
threshold related to post-1980 warming has been surpassed. The intertwined stresses of rising
temperatures and longstanding nutrient inputs from mountain hut tourism, atmospheric nitrogen
fertilization and climate-related catchment changes culminate in a marked increase in paleopigment
(up to 14-fold) and diatom (fourfold) concentrations. The success of labile pigments (fucoxanthin,
neoxanthin, peridinin) and rising chl #/phe-a ratios point to reduced pigment degradation, which
is also indicative for enhanced primary productivity as light and oxygen availability was reduced
and dead OM was buried more rapidly. Therefore, the favourable preservation conditions possibly
overestimate the rapid increase in pigment concentrations. Furthermore, it should be noted that
the concentrations of sedimentary pigments are generally much higher in the topmost sediment
layers than in the deeper part of the sediment core, because the degradation processes are still in
progress (Ténno, et al. 2019).

The marked negative shift (3.1 %o) towards significantly lower 8"C.., values after ~ AD 1980
(Fig. 5) indicates that enhanced lake productivity triggered methane oxidation processes.
Additionally, methanogenesis and subsequent oxidation of the ’C-depleted methane could occur
also under oxic conditions in freshwater lakes (Bogard et al., 2014; Thottathil et al., 2018). The
increase in total algae biomass suggests a progressive oxygen depletion at the bottom of the lake
since ~ AD 1980, reinforced by the stronger thermal stability.

The continuously decreasing 8N values, however, did not reflect the denitrification processes.
We assume that the continuous deposition of atmospheric nitrogen overrides the in-lake N-isotope
dynamics, a process also described by Lehmann et al. (2004). As atmospheric nitrogen deposition
in Europe declined after the peak in 1980 (Engardt et al., 2017) a reversal trend in 8"°N towards
more positive values could have been expected after ~ AD 1980. However, 8"°N continues to
decline (Fig. 5). Continuous atmospheric measurements since 1995 revealed no negative trend in
the concentrations of atmospheric nitrogen oxides at the northern foothills of the Alps (DWD,
Hohenpeilenberg). Measuring nitrogen deposition in a two-year monitoring of sites in the

Northern Alps located ~ 20 km west of Oberer Soiernsee, Kirchner et al. (2014) observed that the
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region is even nowadays affected by marked deposition rates of nitrogen due to long-range
atmospheric transport.

The broken-stick model revealed no significant diatom assemblage changes between AD 1980
and AD 2010. However, the ratio of benthic/epiphytic versus planktic frustules (B:P ratio) slightly
decreased in this period (Fig. 3 B), while the allox/diatox ratio markedly increased and diatom-
inferred lake levels reached a maximum (12.5 m; Fig. 4)). We assume, that the diatom-inferred lake
level rise is rather the consequence of reduced light penetration due to phytoplankton shading

limiting the light availability for benthic diatom species.

Period IV (AD 2010 — AD 2017): Rapid warming and an extreme precipitation event

Rapid warming appeared to be the main driver for surpassing an important ecological threshold
resulting in the recent success of planktic diatom species. In the northern Alps the increase in air
temperature was again markedly accelerated around 2010 (data provided by DWD,
Schneefernerhaus) resulting in significantly rising surface water temperatures (Dokulil 2013),
entailing a shorter ice-cover duration (Thompson et al. 2005; Weckstrém et al. 2014), longer
growing seasons (Smol 1988), the alteration of the balance between thermal stratification and
turbulent mixing (Luoto and Nevalainen 2013; Butcher et al. 2015), the development of more
diverse littoral habitats (Lotter et al. 2010), and changes regarding the availability of light and
nutrient resources (Douglas and Smol 2010).

The stabilisation of the pelagic habitat and the establishment of macrophytes as substrate for
epiphytic taxa (e.g., Encyonopsis spp.) appeared to represent a tipping point in the ecosystem of lake
Oberer Soiernsee indicated by a marked shift towards more complex, species rich diatom
assemblages and distinctly rising abundances of planktic species (Figs. 4.3A, 4.3B). Especially small
Cyclotella species and Fragilaria nanana occurred more frequently after ~ AD 2010 and their
abundances abruptly increased after ~ AD 2015. Diatom-inferred temperature reconstructions by
using the novel silicification value (Kuefner et al. 2020 a; Kuefner et al. 2020 b) revealed an abrupt
warming of lake surface temperatures after ~ AD 2015 (Fig. 4.3 B). However, the direct effect of
rising air temperatures is not likely alone the driver of diatom species shifts. Stratification patterns
and mixing regimes were also regulated by the amount of light adsorbing particles. The marked
increase in phytoplankton biomass and the extremely large amount of inorganic particles and soils
released from the catchment after the extreme precipitation event in August 2015 reinforced the
heat transfer into the lake by the enhanced adsorption of light energy. The complex interactions
between the mechanism controlling the stratification patterns and the resulting effect of changing

thermal regimes on the availability of light and nutrients greatly influence growth, structure and
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competition of both planktic and periphytic algae communities (Winder and Sommer 2012; Saros
and Anderson 2014; Malik et al. 2017).

Sharply declining B:P ratios and increasing diatom-inferred lake levels after ~ AD 2015 (Fig. 4.3
B) indicated favourable conditions for planktic diatoms. Cycltella spp. and F. nanana have
competitive advantages during times of stronger stratification due to their low sinking rates,
excellent light-harvesting skills and efficient nutrient uptake (small centrics) and their ability to
reduce sinking velocity by forming ribbon-like colonies (F. nanana). Numerous diatom paleo-
records from sites across a wide geographic range highlighted the recent success of small, fast-
growing cyclotelloid species with enhanced water column stability and reduced vertical mixing (e.g.
Douglas et al. 2004: Smol et al. 2005; Karst Riddoch et al. 2005; Rithland et al. 2003; 2005; 2008;
2015; Kuefner and Hofmann et al. 2020). However, changes in nutrient concentrations also may
have triggered shifts in the abundances of Cydlotella spp., as this species prefer oligo- to moderately
mesotrophic waters. Cyclotella comensis, a taxon that is known to be a characteristic species in
oligotrophic lakes (Marchetto et al. 1995; Marchetto et al. 2004; Reynolds 2006; Werner and Smol
20006; Saros and Anderson 2014; Berthon et al. 2014) occurred in low abundances (0.5-0.6 %)
between AD 1880 and AD 1900, reappeared around AD 2015 (1 %) and subsequently sharply
increased up to 30 %. Contemporary hydrochemical analyses revealed decreasing TP
concentrations from 14.4 pug I to 4.5 ug I and increasing nitrate-N concentrations from 0.27 mg
" to 0.36 mg I after the extreme precipitation event in August 2015 (Hofmann et al. 2020;
Ossyssek et al. 2020). Analysing the distribution of C. comensis across oligotrophic mountain lakes
in the northern European Alps, Ossyssek et al. (2020) additionally found that this taxon was
positively correlated with the nitrate-N concentrations providing an indicator for rising water
temperatures under elevated nitrate concentrations. Beside atmospheric fertilization, catchment
soils are the main external nitrogen resource in remote lakes (Saros and Anderson 2014). Based on
the TOC/TN ratios and the fingerprints of modern OM sources tetrestrial soils were found to
influence the composition of the sedimentary OM deposited after AD 2015 (Fig. 4.6). Rising
TOC/TN ratios after AD 2015 also suggest enhanced autochthonous sources of sedimentary OM
(Fig. 4.5).

The marked collapse of the diatom cell densities and pigment concentrations (Figs. 4.3 and 4.4)
is related to the extensive catchment denudation triggered by the massive thunderstorm in August
2015. Highly turbid conditions existed for several weeks (Hofmann et al. 2020) and a 3cm thick
flood layer was deposited. During the cold period of LIA an increased frequency of flood events
have been observed (Fig. 1). The recent global warming, however, was found to increase the
intensity of heavy rainfall events resulting in a significantly increasing activity of landslides and

debris-flows in the Northern Calcareous Alps (Dietrich and Krautblatter 2010).
90



Unravelling climate change impacts from other anthropogenic influences

The AD 2015 flood event resulted in the reversal of the declining 8"Co,, trend. We presume
that the flood layer sealed the lake bottom and inhibited the re-solution of TP. Contemporary
hydrochemical analyses revealed steadily decreasing TP concentrations from 14.4 pug 1" (2015) to
11.8 ug I'' (2016) to 4.5 ug I'' (2017). Diatom-inferred TP concentrations show a similar trend from
8.4 + 1.9 pgl' (2015) to 4.5 + 1.9 pg 1" (2017). Further investigations are needed to determine
whether this is only a short-term phenomenon or whether the flood layer has the potential for a

long-term influence over the lake’s nutrient state.

4.6 Conclusions

The results of our study show that lake responses to climatic and human influences are complex,
multidimensional, and often indirectly mediated through watershed processes.

The sedimentological, biological and biogeochemical information stored in it’s sediments
revealed the eutrophication history of Oberer Soiernsee since the end of the Little Ice Age (AD
1840 - AD 2017). By combining the multiple proxies, we were able to disentangle external
disturbances and lake internal processes and to unravel the complex responses of lake algae to local
human activities, long distance atmospheric deposition and climate warming.

We could demonstrate that changes in catchment-lake interaction linked to climate warming are
mirrored in the sediment archives, in particular by changes in the frequency and intensity of
extreme rainfall events and in the release of nutrients and DOC into the lake.

Our findings confirm the benefit of combined analyses of 8"”Coy, and 8N values as well as
TOC and TN contents of sedimentary OM to reveal and explain changing trophic conditions.
Comparing with isotopic values of modern OM, we were able to determine the origin of
sedimentary OM as mainly autochthonous (algae), partly influenced by terrestrial soils. Diatom
productivity and species composition and the concentrations of chlorophyll z and f~carotene were
found to share the analytical capability to reconstruct lake eutrophication.

Anthropogenic climate change and the linked chain of causal factors were found to be the main
drivers influencing algal dynamics and species composition. The diatom record provided an
important tool to reveal climate-warming signals and alterations regarding water column
transparency, TP- and nitrate-N concentrations. The timing of the establishment of thermal
stratification could be determined via the success of centric diatoms and via the marker pigments
of Dinophyta and Cryptophyta.

Our study highlights the threat multiplier character of climate change on mountain lakes
influenced by local human activities, resulting in amplified responses of algal communities. Based
on the findings of this study, we assume that climatically-induced ecological thresholds have already

been surpassed in most of the Alpine lakes. In view of the present and future challenges in
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effectively managing water resources our findings underline the urgency of a sharp reduction of
local and atmospheric nutrient input to maintain valuable ecosystem services under future climate

scenatrios.
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5. Composition of highly diverse diatom community shifts as
response to climate change: a down-core study of 23 central
European mountain lakes

A similar version of this paper was published: Kuefner W*, Hofmann AM*, Ossyssek S, Dubois
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117: 106590
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were performed by Wolfgang Kuefner. Data interpretation was equally done by the candidate and
Wolfgang Kuefner. The manuscript was equally drafted and finalized by the candidate and

Wolfgang Kuefner, continuously supervised and improved by Jurgen Geist and Uta Raeder.

5.1 Abstract

Alpine mountain lake biota is adapted to harsh conditions making them particularly vulnerable to
global change. However, as each mountain lake has a different limnology, there are supposed to be
differential responses and degrees of resilience to climate change. In this study, 23 lakes in the
Bavarian-Tyrolian Alps differing in altitude, size and geology were examined for their diatom
community response to climate warming. Subfossil data were related to *’Pb and "“'Cs-dated
sediment cores. Correspondence and regression analyses revealed five different assemblage
developments depending on lake depth, altitude and origin. Planktic species, especially Cyclotella,
dominated deeper and lower-altitude mountain lakes earlier and stronger. This depends on the
stability and temperature of the epilimnion, which in turn determines the tipping point. Instead,
shallow lakes exhibit higher species reorganizations of diatom assemblages. Mountain lakes of
lower altitudes or affected by water level fluctuations (WLF) establish complex substrata and
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Achnanthidium accompanied by epiphytic species or Denticula tenuis in WILF-lakes replace dominating
Stanrosira. Conversely, alpine shallow lakes lack directional shifts and Staurosira dominate, but
approach the tipping point of macrophyte establishment. In a deep doline lake, Diploneis species
replace Nitgschia denticnla with negligible planktic proportions. In mountain lakes with direct
anthropogenic influence, enhanced nutrient supply disguises diatom response to global warming.
These findings revealed deep mountain lakes with low nutrient levels to be more resilient to climate
change than shallow lakes with a higher trophic status as the onset of the response to rising
temperatures is earlier and thus smoother. In conclusion, subfossil diatom analyses can provide a

powerful tool for climate change assessment and other anthropogenic impacts on mountain lakes.

5.2 Introduction

Climate change impacts on mountain lakes are highly complex and still not completely understood
since they are particularly vulnerable ecosystems that do not respond uniformly. Mountain lakes
host unique and sensitive species that are highly adapted to harsh alpine conditions, making them
ideal environmental sentinels (Catalan et al. 2013; Rogora et al. 2018; Moser et al. 2019). Recent
studies point out that increasing air temperature results in earlier break-up and later onset of ice
cover in the annual cycle, resulting in longer periods of strong stratification during summer (Karst-
Riddoch et al. 2005; Rithland et al. 2008). Such well-stratified conditions culminate in marked shifts
within the phytoplankton community towards motile, small cell or colony-forming species (Winder
et al. 2009; Daufrasne et al. 2009). Climate warming also alters the nutrient situation of the lakes
mainly triggered by catchment modifications such as altitudinal tree-line shifts, uphill migration of
plant species (Pauli et al. 2012) and increasing soil development (Rosbakh et al. 2014). As a
consequence, the amount of organic matter entering the lakes can change markedly, especially in
lakes that are located near climatically sensitive ecotonal boundaries such as tree line or timberline
(Sommaruga et al. 1999; Sommaruga and Augustin 2006; Lotter et al. 2010). Moreover, a
significantly higher frequency of natural disasters, e.g. torrential floods, rockslides and extreme
storms, has been observed in the Alps over the past 30 years (Bogataj 2007; Bitzing 2015). The
increasing input of inorganic material due to intensified chemical weathering, greatly enhanced
erosion, extensive surface runoff and mudslides further changes light and nutrient conditions
(Koinig et al. 1998). However, the climate-induced increase of erosion rates primarily affects the
high-elevated lakes, while erosion in montane and subalpine catchments is mainly forced by human
land use (deforestation, overgrazing), which strongly influences soil paedogenesis and vegetation
dynamics (Arnaud et al. 20106). Longer growing seasons and enhanced nutrient supply culminate in
higher algal productivity (Douglas and Smol 2010) and increased substratum variability for benthic

algae (Ruhland et al. 2008). Additionally, local human activities (hut construction, alpine pasture,
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lake damming) and atmospheric deposition from distant sources significantly alter the trophic
situation and the pH values even of remote mountain lakes (Kamenik et al., 2000; Wolfe et al.,
2001; Koinig et al. 2002).

To reconstruct such a wide range of environmental changes, palacolimnological analyses
provide valuable approaches (Dubois et al. 2017), as past fluctuations of climate-mediated lake
properties or catchment variations are well archived in lake sediment records (Smol et al. 2005).
Diatoms are ideal biological indicators that mirror various types of long-term ecological
perturbations such as acidification (Weckstrom et al. 1997; Koinig et al. 2002), eutrophication
(Stoermer and Smol 2010) and climate warming (Pienitz et al., 1995; Bigler and Hall, 2003; Smol
et al., 2005; Karst-Riddoch et al. 2005; Rithland et al. 2008). Moreover, shifts in subfossil diatom
assemblages are well pre- served in lake sediments that can be used as environmental archives.
Diatoms (Class Bacillariophycaea) are unicellular microscopic algae, ubiquitous, abundant and
highly diverse. Their rapid growth and high immigration rates enable fast adaption to changing
conditions. Several species have specific and well-known habitat requirements and sub- stratum
preferences as well as a distinct optimum and tolerance in relation to pH, salinity or nutrient levels
(phosphorus, nitrogen). Their highly resistant and species-specific siliceous valves are well
preserved and abundant in lake sediments (Smol et al. 2005).

In limnological research, all the factors described above that cause the complex impact of
climate change in the Alps have so far and to the best of our knowledge only been studied in high
alpine lakes with crystalline bedrock in the catchments, e.g. Lake Géssenkollensee, Austria (Koinig
et al., 2002; Kamenik et al., 2000) or at large pre- alpine lakes such as Lake Mondsee (Namiotko et
al. 2015). However, effects of climate change on biological communities in mountain lakes from
calcareous areas are poorly investigated, even though they comprise the majority of lakes in areas
such as the Bavarian Alps. Therefore, we analysed the sediments of 23 montane, subalpine and
alpine lakes (955-2060 m a.s.l.) located in the Bavarian and North-Tyrolian Calcareous Alps. The
objective of our study was to detect the dimensions and varieties of climate-mediated changes in
mountain lake properties using down-core studies of subfossil diatom assemblages. Our study is
based on the following three hypotheses: (1) diatoms from mountain lake types that differ regarding
lake depth, mixing regime and lake origin respond differently to climate change. (2) Diatom
communities from high-elevated alpine lakes are most severally affected by global change due to
the increase of catchment erosion and soil development triggered by the dramatic loss of snow
cover especially in rocky alpine catchments. (3) Local anthropogenic impacts may overlap with

climate- induced changes in all the lake types and at any altitudes.
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5.3 Material and methods
5.3.1 Study area

The study is based on sedimentary records of 23 lakes located in the Bavarian and North-Tyrolian
Alps. The area in which the lakes are located extends over a distance of about 220 km from west
to east along the Bavarian-Austrian borderline (47°17 to 47°45'N latitude, 10°15°to 13°1" E
longitude, Fig. 5.1). The altitudinal gradient ranges from 955 — 2047m a.s.l. (Table 5.1), representing
eight montane (922 — 1207 m a.s.l.), nine subalpine (1458 — 1608 m a.s.l) and six alpine (1809 —
2060 m a.s.l) lakes. Catchment vegetation comprises conifer-dominated montane forests (Picea
abies (L.) Karst and Larix decidna Mill., subordinate Acer psendoplatanns L. and Fagus sylvatica 1..)
through subalpine grassland with patches of Pinus mugo ssp. mugo Turra and Picea abies as well as
treeless alpine meadows (e.g. Rhododendron hirsutum 1., Carex sempervirens Vill.) on poorly developed
soils and rocky screes. Catchment geology is dominated by Triassic and Cretaceous carbonate rocks
(limestone, dolomite, marlstone) and glacial deposits (lodgement till moraine deposits), partially
covered by postglacial rock streams, talus slopes and alluvial cones. Most of the lakes are of glacial
origin (cirque and moraine lakes), and two are postglacial (land slide lake, doline lake).

The lakes are limnologically diverse, ranging from shallow (1.3 m) to deep (20.7 m) lakes with
ultra-oligotrophic to mesotrophic conditions and polymictic, dimictic or meromictic character. The
substratum for benthic diatoms comprises sediments of different grain sizes, macrophytes and
boulders. Some of the lakes are affected by strong water level fluctuations (WLF) up to 9.5 m
within one season (Table 5.1, Kuefner et al. 2020 a, Ossyssek et al. 2020, Hofmann et al 2020). The
lake surfaces range between 0.4 and 12 ha (mean 3 ha), lake depths between 1.3 and 20.7 m (mean
8.9) and Secchi depths between 1.3 and 15.5 m (mean 5.3 m). The average physical conditions are:
pH 8.4 (7.9 — 8.8), electrical conductivity 240 uS em™ at 25°C (134 — 360 uS cm™) and August
surface temperatures 16.3 °C (10.8 -22.6 °C). Hydrochemical parameters are on average
(arithmetiric means and ranges): total phosphorous 8.5 ug I (< 5 — 17.3 pg ™), nitrate-nitrogen
0.36 (0.03 — 0.93 mg .”") ammonium-nitrogen 35.8 pug L™ (4 — 127 ugl.™) and silica 0.23 mg L™
(0.13-0.77 mg L.™"). Despite their prevailing remote location, the majority of the lakes is impacted
by local human-induced disturbances such as tourism, alpine pasture or damming for water
management (Table 5.1).

Climate and weather data derived from the observatories of Hohenpeilenberg (987 m a.s.l.),
Munich (519 m a.sl), Wendelstein (1838 m a.s.l.) and Zugspitze (2962 m a.s.l) of Germany’s
National Meteorological Service (DWD) and were provided by the European Climate Assessment

and Dataset Project.
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Figure 5.1 Location of the 23 mountain lakes along the Bavarian-Tyrolian boarder. Blue squares: alpine, yellow: subalpine,
green: montane lakes. Ga.-Pa.: Garmisch-Partenkirchen

Table 5.1 Summary of main geographical, physical and chemical characteristics. TP = total phosphorous, NO3 = nitrate-
nitrogen, NHs* = ammonia-nitrogen, cond. = conductivity. Substratum types: M = macrophytes, R = rocks, S = sediment, +=
water level fluctuations. Anthropogenic influences: D = dam (< 1.5 m), h = alpine hut, H = hotel, P = grazing/alpine pasture

Latitude Toneitud Altitude Lake Max. Secchi TP NOj3 NH4* Cond. Littoral Anthro-
Lake Code 7 7MGC =0 é) N (m  area depth depth (ugl- (mgl- (ugl- pH (uScm- Mixis  Sub-  pogenic
™) asl) (ha) (m) (m) D! D] D! D} stratum influence

Bichlersee  Bich 47°4034“ 12°0721¢“ 955 15 11.0 44 <5 076 32 79 360 dim. MS -

Brendlsee  Bre 47°21°58“ 10°5730 1903 0.5 62 62 66 037 14 86 151 polym. RS+ -

Delpssee  Delp 47°30°19 11°3036% 1600 0.6 13 13 57 045 15 82 223 polym. S P
Drachensee  Dra 47°21%31% 10°5605< 1874 53 207 103 <5 030 20 86 158 dim. RS h
Bngerats- 0 4700620% 10°2330¢ 1876 3.6 173 155 <5 004 27 82 236 dim.  MS P
gundsee

Ferchensee ~ Fe 47°2618¢ 11°1250“ 1060 10.0 19.5 6.8 101 033 43 81 304 dim. S HP

Frillensee ~ Fri 47°4557“ 12°49°03“ 973 12 55 46 72 093 84 8.6 224 dim. M -

Funtensee  Fun 47°2937¢ 12°5622¢ 1601 25 45 35 103 003 44 84 274 dim. MS hP

Gaisalpsee  Gais 47°4556“ 12°4903“ 1508 34 41 38 120 025 10 89 198  dim. M PD

Grubersee  Gru 47°2713% 11°4718“ 2060 0.5 3.5 32 170 0.10 18 8.6 222 polym. S

Grinsee  Grin 47°30°07¢ 12°57°11“ 1474 35 69 50 83 020 61 85 194 dim. MS

Hofersee  Hof 47°29°51¢ 10°2925¢ 1192 06 19 19 <5 047 5 89 221 polym. M P
Hornlesee Horn 47°3252 10°2329¢ 1601 05 1.8 1.8 173 034 20 79 225 polym. M DP
Lautersee  Lau 47°2613“ 11°14°08“ 1013 12.0 180 6.0 135 021 51 8.6 310 dim. S H

Mittersee ~ Mit 47°2207¢ 10°51°58“ 1082 33 47 47 75 010 34 83 346 dim. S -

Rappensee  Rap 47°17¢09¢ 10°1510“ 2047 23 7.8 50 92 004 16 86 205 dim. MS D
Schachen-see Sch 47°2527¢ 11°07°12“ 1680 2.0 44 38 72 049 20 87 167 polym. S P

Seeleinsee  See 47°3216 13°01°47¢ 1809 04 54 54 79 059 32 87 134 polym. RMS+ -

Sieglsee  Sieg 47°2430° 10°2946* 1207 0.8 202 95 <5 055 4 81 537 merom. S -

U.nterer SoE 47°2928 11°21°01« 1552 34 55 45 110 061 49 87 181 polym. RS+ P
Soiernsee /
Oberer o < 113 o < 13 M
. SoW 47°2932¢ 11°20°44 1558 3.5 11,5 7.0 13.0 036 83 87 198 dim. RMS hP
Soiernsee

Soinsee Soi 47°3901¢ 11°5720“ 1458 4.0 82 32 79 0.61 13 83 222 dim. RMS

Taubensee  Tau 47°41°46% 12°2537“ 1138 4.0 146 43 <5 0.66 127 80 247 dim. RMS P
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5.3.2 Recording the mixing regime

Two temperature loggers (HOBO®, Onset, Bourne, USA) were installed below the surface and
above the ground at the deepest spot of each lake to evaluate the mixing behaviour. The loggers
simultaneously documented the temperature between 23 Aug and 1% Sep 2016. Well-stratified
lakes with autumnal holomixis were termed “dimictic”, lakes with several mixing events during
summer “polymictic”. A mixing event was defined as a difference between lake surface and bottom
temperature of < 0.1°C. Lake transparency was measured using a Secchi disc. Lakes were classified
accotding to their depthma/Secchi depth ratio. If the lake depth exceeded the Secchi depth, they
were referred to as ‘deep’ or ‘aphotic’ since light did not reach the lake ground sufficiently. If lake
depth limits the determination of the Secchi depth, the lakes were classified as ‘shallow’ or

‘euphotic’. Their lake bottom is illuminated entirely, thus corresponding to the littoral zone.

5.3.3 Sediment coring

Lake sampling took place over a period of three years (2015-2018) as a part of a sampling campaign
to investigate interactions between diatoms and environmental parameters (Kuefner et al. 2020 a,
Ossyssek et al. 2020, Hofmann et al. 2020). Sediment cores were obtained from the deepest area
of each lake basin (echo sounding with HDS8, Lowrance, Tulsa, USA) using a gravity corer
(Uwitec, Mondsee, Austria) equipped with 6 cm-diameter core tubes. Sediment cores were
hermetically sealed and stored at 4°C for a maximum of 90 days. The cores were subsampled at
intervals of 1 cm and freeze-dried for diatom analyses and dating. Water content was determined

by weight difference of the samples before and after freeze-drying.

5.3.3 Sediment Core Chronology

Freeze-dried and ground sediment subsamples were analysed by gamma spectrometry (High-purity
Germanium Well Detector, HPGe, Canberra, USA) in the department of Surface Waters Research
and Management of EAWAG (Diibendorf, Switzerland). Accumulation rates were determined using
both *Pb and "*’Cs radionuclides. *’Pb chronologies were calculated from unsupported isotopes
using the CRS model (Constant Rate of Supply, Appleby 2001). The anthropogenic '*'Cs served to
confirm the *'’Pb dates. ’Cs represents a stable and clear time marker as it firstly appeared in 1951-
1954 and peaked in 1963 in association with atmospheric nuclear weapons testing (Appleby 2001).
In southern Germany, the *'Cs activity shows a second peak in 1986 as a result of the Chernobyl

disaster (Kirchner 2011).
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5.3.4 Diatom Analyses

Freeze-dried subsamples were prepared for diatom analyses according to van der Werff (1953) and
Kuefner et al. (2020a). Different dilutions of the cleaned material were embedded in the high-
refractive medium Naphrax and fixed on microscopic slides to obtain permanent preparations. For
SEM analyses, 50 uLL of the most appropriate sample dilution were air-dried onto a glass cover slip
(© 12 mm) and coated in gold using the Polaron SC502 Sputter Coater (Fisons Instruments, UK).
At least 550 diatom valves per sample were identified under oil immersion at 1000x magnification
using light microscopy (Aristoplan and Labovert, Leitz, Wetzlar, Germany). Additionally, SE
microscopy (S-2300, Hitachi, Tokyo, Japan) at 5000-20000x magnification was used to improve
determination of centric diatoms in planktic-rich samples. Diatom taxonomy followed Krammer
and Lange-Bertalot (1986-1991), Lange-Bertalot et al. (1993-2003), Krammer (1997), Reichardt
(1999), Houk et al. (2010 — 2014) and Hofmann et al. (2013) updated to recent taxonomic
nomenclature using current publications and databases. The numbers of fields of view in the
microscope to count 550 valves in combination with the used dry weight of sediment served to

calculate diatom densities.

5.3.5 Statistical Analyses

Referring to local climate data, the strongest warming in the Bavarian Alps started in the 1970s
(Kuefner et al. 2020 b). To detect inter-lake variances of climate change response in diatoms within
this period (~1975-2017), a principal component analysis (PCA) was computed for the subfossil
assemblages of the upper compartment of each sediment core, which integrated the last ~45 years
according to the *’Pb and "'Cs results. For a better comparability, inter-lake variances of the
subfossil diatom assemblages were homogenized by summarizing diatom species abundances in
groups on the genus level according to the three related proxies valve silicification, size and ecology
(Kuefner et al. 2020 a). An overview of species grouping is listed in the appendix. Only groups
with abundances of more than 2 % were included in statistical analyses, so that the exclusion of
underrepresented species eases inter-lake comparisons. Species abundances were Hellinger-
transformed (Legendre and Gallagher 2001) before analyses to stabilize variances and to avoid
down-weighting of rare taxa (Smol et al. 2005). To determine the number of decisive components,
a Scree plot was generated as well. Diatom species or groups, whose eigenvalues are lower than
randomly modelled values of the broken-stick model are suggested to be insignificant for the
distribution of the assemblages in the PCA (Jackson 1993). Additionally, diatom compositional
turnover (B-diversity) was quantified using Detrended Correspondence Analysis (DCA). This
proxy refers to the length of the first DCA axis and scales values in SD units, which can also be

referred to as turnover units of beta-diversity (ter Braak 1987; ter Braak and Verdonschot 1995).
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As a temporal constraint, the same 45-year core compartments as for the PCA were implemented
into the DCA. This improves the comparability of beta diversities among the cores and
compensates different sedimentation rates in different lakes as well as different core lengths. For
the best estimation of diatom reorganization without distorting chance finds, only diatom species
with relative abundances of more than 1 % in at least one sample within a core were used and again
square-root transformed (Legendre and Gallagher 2001). To identify decisive parameters
determining species turnover in mountain lakes, generalized linear models (GLM) with AIC-based
stepwise backward model selection were calculated. Highly correlated parameters (p < 0.001),
which can cause multiple comparison problems in the models and feign inverse relationships, were
eliminated (Schréder and Reineking 2004). According to Kuefner et al. (2020a), the parameters
altitude and surface temperature as well as depth, volume and Secchi depth were implemented as
dependent variables in the initial model formula, the remaining values bottom temperature, total
phosphorous and lake surface are added separately. Comparisons among two factors were
visualized as boxplots and statistically checked with a t-test in case of similar variances (F-test),
otherwise with a Mann-Whitney U-test and its distribution with a Kolmogorov-Smirnov test. Data
preparation and transformations were conducted in Microsoft Excel 2016 ®, statistical analyses in
PAST 3.20 (Ryan et al. 1995) and R version 3.4.1 with the package ‘vegan’ (Oksanen et al. 2018).
To identify significantly different stratigraphical zones, broken-stick models were calculated

(Bennet 1996) with the R package ‘rioja’ (Juggins 2017).

5.4 Results
5.4.1 Thermal stratification and light conditions

The analysis of the temperature logger data revealed 14 dimictic lakes and eight polymictic lakes
(Tables 5.1, 5.2). The special case of the doline lake ‘Lake Sieglsee’ was classified as meromictic.
Although temperature data would allow its classification as polymictic lake, the electrical
conductivity measurements suggested meromictic conditions. In total, ten lakes were shallow and
transparent enough to be completely euphotic, whereas 13 lakes contained an aphotic zone (Table

5.2).

5.4.2 Sediment core chronology

The sediment cores were 9 to 55 cm long and comprised an average sedimentation rate of 0.27 cm
a™' (0.08 — 0.60 cm a™"). Accordingly, the 23 sediment cores spanned on average 115 years with the
shortest period (1971 — 2016) being archived in the core of Lake Hofersee and the longest in the

core of Llake Drachensee, dating back to 1649. The doline lake Lake Sieglsee is again an exception
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with the highest sedimentation rate of 1.17 cm a! due to a high calcite fallout and its large water

column; hence, the oldest part of this core only dated back to the year 2000.

5.4.3 Diatom analyses

In total, 593 species were identified in 555 sediment samples, but only 214 taxa were common with
relative abundances of more than 1 % in at least one sediment sample. Diatom species clustering
referring to valve silicification, size and ecology led to 24 diatom groups and 31 species with
abundances of more than 2 %, which were included in the PCA (Figure 2a and b). The following
eight dominant groups or species significantly determined the distribution and organisation of the
diatom assemblages: (1) small-sized benthic species of the Achnanthidinm Kitzing complex; (2) the
planktic, colony-forming species Asterionella formosa Hassall (3) small-sized planktic centric taxa of
the Cydlotella (Kitzing) Brébisson-complex; (4) the species Cydlotella distingnenda Hustedt; (5)
medium-sized Navicula Bory species (Navicula-complex); (6) small benthic fragilarioid taxa
(Stanrosira Ehrenberg-complex); (7) small-sized, weakly silicified benthic fragilarioid taxa (S7aurosira
light-complex), and (8) the heavily silicified benthic fragilarioid Staurosirella pinnata (Ehrenberg)
Williams and Round. The Nitzschia Hassall and large-sized Diploneis Ehrenberg ex cleve -complex
were the 10" and 11" component and below significance, but were decisive particularly for the
separation of the doline lake and additionally shown in Figure 5.2.

The first two axes of the PCA further explained 41.9% of the variation and dichotomously
distributed the sediment samples corresponding to the stratification patterns into dimictic and
polymictic mountain lakes. In general, the components of the main diatom species and groups
indicated that Staurosirella Williams and Round/Staurosira-dominated assemblages (mainly
Staurosirella pinnata, Stanrosira construens Ehrenberg, S. elliptica (Schumann) Williams and Round, S.
microstriata (Marciniak) Lange-Bertalot, S. zenter (Ehrenberg) Cleve and Méller were plotted opposed
of Achnanthidinm- (especially A. minutissimum (Kitzing) Czarneki, A. rosenstockii (Lange-Bertalot)
Lange-Bertalot and Cyclotella-dominated assemblages (especially C. comensis Grunow, C. delicatula

Hustedt, C. distinguenda) (Figure 5.2 b).

5.4.4 From diatom-assemblage shifts to lake types

With regard to the performance of the down-core diatom samples on the first two PCA axes, the
analysis revealed five different developments of subfossil diatom assemblages (Fig. 5.2).
Accordingly, five different lake types could be classified. Type 1 lakes (Lake Bichlersee, Lake
Ferchensee, Lake Lautersee, Lake Taubensee) presented Cyelotella species throughout the entire five
decades, whereby a weak increase of the planktic species (especially Cyclotella sp. and A. formosa)

towards recent times could be observed. Type 2 lakes (Lake Drachensee, Lake Engeratsgundsee,
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Lake Griinsee, Lake Rappensee, Lake Schachensee, Llake Oberer Soiernsee) indicated an abrupt
appearance between the 1980s and 2000 and subsequent increase of planktic taxa (Cyclotella species,
Fragilaria nanana LANGE-BERTALOT) accompanied by an increase of periphytic diversity in the
upper part of the core, while SZaurosira species simultaneously decreased. Type 3 lakes (Lake
Delpssee, Lake Funtensee, Lake Grubersee) merely showed composition changes within the
Staurosira-complex. Type 4 lakes were characterized by an equal replacement within periphytic
diatom assemblages: type 4a (Lake Brendlsee, Lake Gaisalpsee, Lake Hofersee, Lake Hornlesee,
Lake Seeleinsee, Lake Unterer Soiernsee) gradually shifted from the Staurosira- to the Achnanthidinm-
complex, whereas type 4b (Lake Soinsee) shifted from the Szaurosira-complex to Diploneis oculata
(BREBISSON) CLEVE. Exclusively, the doline lake (Lake Sieglsee) was characterized by a change
mainly from Nifzschia denticula GRUNOW to several Diploneis species (type 5). Two lakes (Lake
Frillensee, Lake Mittersee) clustered in between the types 1 and 4 as they mainly showed oscillations
between the Cydlotella-complex and the Achnanthidium-complex, but also properties of both lake

types as defined above. The main lake types were equally distributed along the altitudinal gradient.
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5.4.5 Diatom response to changing environmental variables

The B-diversity of subfossil diatoms since 1975 calculated in standard deviation units averaged 2.44
SD in Bavarian mountain lakes, but was highly variable in different lake types (0.80 SD — 4.06 SD).
However, two sediment cores did not comprise the required time span due to a high sedimentation
rate (Lake Sieglsee) or infrequent appearance of diatoms in older sediments due to highly turbulent
conditions as a result of extreme WLF (Lake Unterer Soiernsee). The average estimated f—diversity
of shallow and completely euphotic lakes was not significantly higher than in deep lakes (p = 0.07),
but considering distribution, this difference became significant (p = 0.03). It further suggested the
weakest compositional change in the deeper ‘type 1’ lakes and the most significant in the shallow
‘type 3 and 4’ lakes (Table 5.2, Fig. 5.2c). Nevertheless, two ‘type 2’ lakes revealed highest values
due to a change in the dominant diatom group from periphytic to planktic species. Stepwise linear
regression analyses revealed that altitude (p = 0.06) in combination with lake August surface
temperature (p = 0.06) and lake depth (p = 0.11) in combination with Secchi depth (p = 0.10) were
the most significant environmental variables regarding diatom response. However, due to the
shallow-deep lake dichotomy, the importance of the discovered variables differed. In ‘type 1 and
2’ lakes the B—diversity significantly correlated with altitude (ps = 0.569, p = 0.037), which was in
average higher than in type 2 lakes (p = 0.01; Fig. 5.4a). Within the shallow lakes, ‘type 4° lakes
were warmer and lower than ‘type 3’ lakes and/or impaired by water level fluctuations (WLF) (Fig.
5.4a and c). This allows a lake type identification by only three environmental variables (Fig. 5.4d):

lake depth, summer surface temperature and lake origin.

Table 5.2 Mountain lake classification according to their mixing behaviour and transparency, their beta diversities and lake
type (1 = deep Cyclotella-dominated lakes, 2 = sudden appearance of planktics and decrease of Staurosira, 3 = shallow
Staurosira-dominated lakes, 4a = classical replacement of Staurosira by Achanthidium, 4b = replacement of Staurosira by
Diploneis oculata, 5 = replacement of Nitzschia denticula by Diploneis species). Green: montane, orange: subalpine, blue:
alpine mountain lakes. For abbreviations see Table 5.1.

Dimictic B type | Poly-mictic B type | Mero-mictic 8 type
Hof 2.7816 4a
9 Fri 19162 1-4a 3219 3
g 2.1090 3 3.5614 4a
& 19373 4a Bre 0.8627 4a
v Rap 2.4728 2 Gru 3.1599 3
See 3.3329 4a
Fe 1.4110 1
Lau 1.5847 1
Mit 29544  1-4
o Bich 0.8034 1
s Tau 12830 1 2.2471 2 .
£ 40649 2 34063*  4a Sieg 2470575
® 14724 2
3.5198  4b
Dra 1.4133 2
Eng 4.0554 2
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Figure 5.2 PCA (a), PCA overview (b) and beta diversities in relation to lake depth (c) of subfossil diatom assemblages in
mountain lake sediments since the 1970s. (a) Axes of the eight mainly driving diatom groups (black arrows): Achn —
Achnanthidium species, Ast form — Asterionella formosa, Cyc dist — Cyclotella distinguenda, Cyc (small) — small Cyclotella
species, Navi (m) — medium-sized Navicula species, Stauro — Staurosira species except: Stauro (light) — small and light
Staurosira species, Stauro pin — Staurosirella pinnata. The axes of Nitz — Nitzschia sp. and Diplo (big) — big Diploneis spp. are
shown additionally as they determine the position of the doline lake. * Uppermost centimeters of Lake Schachensee are
driven by heavy Cyclotella spp., whose axis is of lower rank and not shown. Youngest (arrow/triangle) and oldest sample
(bullet) within the time span of interest are shown additionally. Mountain lakes are grouped according to their assemblages’
performance and distribution: blue — lake type 1, black — type 2, red — type 3, green — type 4, pink — type 5. The Lakes Fri and
Mit were among 1 and 4, Lake Rap showed a two-directional shift. Samples of type 1 and 3 are not connected with a line as
they are stationary. Lake acronyms see Table 5.1. (c) B-diversities of the five types — coloured areas visualize its distribution.
Symbols represent the altitudinal level: triangle — alpine, box — subalpine, bullet — montane.
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Figure 5.3 Diatom stratigraphies of the five mountain lakes types. Type colours correspond to Fig. 5.2 and arrangement
on the left represents their altitudinal distribution. The two stratigraphy y-axes show age and depth of the sediment.
Grey lines: significantly different stratigraphic zones as indicated by broken-stick model, grey bars: assemblages before
1970. Type 1 stratigraphy of L. Taubensee (black): planktic diatoms dominant throughout the sediment core, but
increasing. Type 2 stratigraphy of L. Griinsee (blue): appearance and increase of planktic species, increase of diatom
density and diversity. Type 3 stratigraphy of L. Funtensee (red): composition changes only within the genus Staurosira.
Type 4 stratigraphy of L. Gaisalpsee (green): replacement of Staurosira by Achnanthidium. Type 4 + WLF stratigraphy of
L. Brendlsee (green): replacement of S. by Denticula tenuis and diversity increase; Type 5 stratigraphy of L. Sieglsee
(pink): replacement of Nitzschia denticula by Diploneis species
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Figure 5.4 Mountain lake types and their distributions along altitude (a), lake depth (b), lake August surface temperature (c).
Differentiation scheme (d) according to the main factors lake origin, depth and temperature. Boxplot colours refer to Fig.
5.2. Type 4 is additionally split into lakes with (+wlf, dark green) and without (-wlf, bright green) water level fluctuations
and special case type 5 is separated from the others by the dotted line. * Lake Surface Temperature refer to the period of
simultaneous temperature documentation between 23 Aug and 15t Sep 2016

5.5 Discussion

Diatom community responses to recent climate warming were heterogeneous and strongly
modulated by differences in lake depth, altitude, lake origin and anthropogenic pressure, which
supports the initial hypotheses. In the Bavarian mountain lake set, PCA revealed that the
development of subfossil diatom assemblages allowed a differentiation of five lake types according
to their diatom community response. Over the entire time span of interest (1975-2017), two lake
types showed a remarkable and directional shift from the Staurosira-complex either to the
Achnanthidinm- or to the Cyclotella-complex, whereas three of them remained stable within the
Stanrosira, Cyclotella and Nitzschia denticula/ Denticula tennis complexes, respectively.

In line with the hypotheses 1 and 2, regression analyses identified lake depth and altitude as the
main drivers for the extent of diatom species reorganization. Accordingly, diatom species turnover
was strongest in shallow mountain lakes. They show significant diversification of the periphytic
diatom community, regardless of their altitude, due to enhanced substratum availability. On the
other hand, deep alpine lakes reveal a distinct regime shift through the abrupt appearance of centric
diatoms due to the establishment of a stable stratification, representing favourable conditions for
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small cyclotelloid or colony-forming species. In contrast, deep mountain lakes of montane altitudes
were found to be most resilient to climate warming. They underwent the subtlest species changes,
just as originally expected (hypothesis 2). Concluding, two shallow lake types (type 3 and 4) could
be differentiated in regard to their diatom assemblage composition. The bottoms of these lakes are
completely illuminated, allowing benthic diatoms to thrive well and to overgrow settled planktic
species. These shallow lakes are contrasted by two deep lake types (types 1 and 2) where planktic
diatoms dominate because light does not reach the lake bottom and benthic diatoms can hardly
develop at the deepest area where the sediment cores were obtained.

Depending on the altitude, the different composition of planktic diatom assemblages defines

two deep lake types, just as the different structure of benthic assemblages does in shallow lakes

(Fig. 5.5).

5.5.1 The Lake types

In detail, the montane type 1 lakes are deeper than 10 m and planktic diatom species appeared
already more than 100 years ago in high abundances. However, the planktic proportion — mainly
Cyclotella-complex — shows an increase over the entire sediment core indicating prolonged summer
stratification and increased temperatures in the epilimnion caused by global warming (Winder et
al. 2009; Daufrasne et al. 2009; Rithland et al. 2008 — 2015). The least prominent species change is
evident in these lakes, as the diatom shift is limited to a mere increase of small Cyclotella species
evoked by thermal stabilisation of their habitat, the epilimnion. According to Rithland et al. (2008,
2015) and Chen et al. (2014), the changes induced by global warming in deeper lakes could have
started much earlier than 1970, and the responses of these lakes are more gradual processes
compared to sudden changes in shallow lakes that do not start before 1970, as our results indicate
for the Bavarian mountain lakes as well.

In contrast, type 2 lakes are characterized by a sudden appearance of planktic species within the
last ~ 30 years, accompanied by a decrease of Staurosira species as a response to climate change
(Lotter et al. 1999-2010; Rihland et al. 2015). Type 2 lakes are four to ten meters deep or even
deeper in case of cooler alpine lakes.

As regression analyses and literature have shown, the decisive variable in an ecosystem is not
the altitude per se but its influence on lake surface temperature, which separates type 2 lakes from
type 1 lakes (Livingstone et al. 1999, Kuefner et al. 2020a). Between the 23 Aug and 1% Sep 2016,
the lake surface of the warmest type 2 lake reached an average of 19.5°C, at a mean ambient air
temperature of 15.9°C (summer average 2000-2010: 12.4°C; extrapolated from regional weather
data), whereas type 1 lakes were distinctly warmer (late-August: 19.7 —21.7°C, extrapolated ambient

air temperature: > 17.8°C). Divergent lake and air temperatures may be the result of a strong
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topographic influence on mountain lake areas since they are mostly located in valley basins with
effects of warmer southern slopes and wind protection (Dobrowski et al. 2009). Based on that, the
sudden ‘planktic appearance’ probably represents a tipping point of the lake system as a
consequence of increasing lake warming. Cyclotella species take advantage of increased thermal
stability (Catalan et al. 2002, Winder et al. 2009) and a warmer epilimnion. For instance, the most
frequent C. comensis describes an optimum at average summer air temperatures of 13.0 (£3.8) °C
(Hausmann and Lotter 2001). Therefore, Cyclotella spp. could only leave detectable subfossil
proportions when epilimnion temperatures reached the growth optimum of this genus, which
probably happened in the 1970s for the first time in (sub)alpine lakes. In accordance, this warming-
induced stabilization of mostly ‘medium-deep’ lakes supported a shift from polymictic to dimictic
mixing regimes in recent decades with an increasingly stable epilimnion, an extended clear-water
period and less turbid conditions (Fig. 5.5). Hence, the ability of small fragilarioids to cope with
turbidity is no advantage anymore and this species can be outcompeted by increasing abundances
of Cyclotella in the sedimented diatom assemblage (Kattel et al. 2015). Accompanying the small
benthic fragilarioids, however, other planktic diatoms than Cyclotella are assumed to appear in turbid
and turbulent water columns, such as strongly-silicified Awlacoseira, which are indicative of
polymictic conditions (Riihland et al. 2015). There are indications that Aulacoseira spp. were present
in such lakes before the ‘planktic appearance’, but they only appeared as fragments, which may be
a methodical problem during diatom preparation.

In contrast to deeper lakes, mountain lakes that are less than 6 m deep are usually not stratified
and therefore polymictic for most of the summer (type 3 and 4). Nevertheless, temperature logger
data showed that even such shallow lakes could develop a warmed surface and a short-term
stratification for a few weeks during summer. These conditions allowed the growth of planktic
diatoms, e.g. elongate Fragilaria spp. and Cyclotella spp., in some shallow mountain lakes, as shown
by analyses of samples from the water column and from the sediment surface (Fig. 5.3 and 5.5)
(Ossyssek et al. 2020, Hofmann et al. 2020). However, the plankton did not constitute much to the
sediment’s biomass, as shallowness limits planktic habitat and the lakes are less productive due to
their oligotrophic conditions. Furthermore, the lake bottom in these shallow mountain lakes is
completely illuminated, i.e. the entire bottom represents littoral zone, so that periphytic diatoms
overgrow the low amounts of sedimented planktic diatoms. Consequently, the latter do not appear
in any sediment sample in significant numbers. Therefore, global warming-driven shifts in diatom
assemblages of shallow lakes occurred especially as shifts within the periphytic diatom flora. The
subfossil diatom assemblages of type 3 lakes were characterized by undirected shifts particularly
within the small fragilarioid species. In contrast, type 4 lakes showed a general decrease of species

of the Stanrosira -complex, which can be interpreted as response to a warming environment (Lotter
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et al. 1999-2002). They were replaced by Achnanthidium spp. and in macrophyte-rich lakes
additionally by epiphytic species, such as Encyonopsis spp. and some Navicula spp. (Stevenson et al.
1991, Wiklund et al. 2010). Making this a general development of benthic communities, type 2
lakes indicated a similar directional shift within the benthic proportion.

Comparable to the deep lakes, altitude is crucial for the separation of type 3 lakes and type 4
lakes. All lakes of the sample set that were assigned to type 3 lakes were located above 1600 m a.s.l.,
whereas this was the maximum altitude of type 4 lakes. In line with the altitude-temperature
correlation, the average lake surface temperature in late-Aug 2016 was significantly lower in type 3
lakes with a maximum of 14.1°C than in type 4 lakes where 15.0 °C was exceeded (Fig. 5.4¢).
This further supports type 4 lakes with stable water levels to be rich in organic substratum and to
be dominated by macrophytes of the genera Potamogeton L. and Chara L., whereas type 3 lakes are
possibly still too cold to establish significant water plant populations. Only single macrophyte
species can reproduce in cool conditions in alpine altitudes (Overton 1899, Dorr and Lippert 2001,
Bornette and Puijalon 2011). However, warming is supposed to increase macrophyte species
richness in high altitudinal lakes (Rosset et al. 2010), evolving new habitats for epiphytic diatoms.
Therefore, the replacement of Staurosira species by epiphytic species can be considered as a direct
response to climate change (Rithland et al. 2010), whilst water plants in type 3 lakes of higher
altitudes are still insignificant for epiphytic growth due to the cool water temperatures. Beside
climate-induced changes in ice-break up dates, these alpine lakes are impacted by changes of input
of organic and inorganic material due to high alpine weathering. Additionally, these processes
hamper macrophyte growth as it promotes lake turbidity and a muddy, gyttja-like, loose and
dynamic sediment. Thus, conditions of type 3 lakes provide substrata especially for epipelic and
epipsammic diatom species and robust pioneers such as Staurosira s.1., which can cope with turbidity
and mechanical disturbances by turbulent benthos (Kattel et al. 2015). Other diatoms lack
competitiveness under these harsh and unstable conditions. Therefore, no significant shifts in the
composition of diatoms due to global change can be detected.

The development of initially epilithic and epipsammic diatoms like in type 3 up to finally epipelic
and epiphytic species like in type 4 can be referred to as ‘substratum succession’ and results in the
highest beta diversities within the mountain lake set. Crossing of ecological thresholds in terms of
the evolution of new benthic habitats further supports the benthic diatom shift as the strongest
climate change response among the mountain lake diatom flora (Michelutti et al. 2002; Antoniades
et al. 2005). In the future, an altitudinal upward macrophyte distribution as decisive tipping point
in mountain lakes can cause non-linear responses and turn the lowest type 3 into the highest type
4 lakes once new substrata for epiphytic diatoms are established. This process will likely be

accompanied by a significant increase of organic matter both on and in the sediment, as
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measurements of water content and diatom densities have shown (Menounos 1997, Avnimelech
et al. 2001) (Fig. 5.3 and 5.4).

A special feature among the type 4 lakes are lakes that are exposed to marked WLF (type
4+WLEF). Different to the ‘typical type 4 lakes, Staurosira species have been replaced by the
desiccation tolerant Denticula tenuis, as also described by Cantonati et al. (2009) and Hofmann et al.
(2020). WLF strongly affect phytoplankton structure and biomass (Adamczuk et al. 2020) as well
as impede an intensive and species-rich development of macrophytes (Riis and Hawes 2002,
Bornette and Puijalon 2011). Primarily, fast-growing small species such as Pofamogeton filiformis
(PERS.) BORNER or Ranunculus trichophyllus CHAIX are able to cope with the short vegetation period
and occasional desiccations. Additionally, Chara-species have a clear advantage over submerged
vascular macrophytes in lakes with drastic fluctuations in hydrostatic pressure (Krause 1997).
Hence, substratum for epiphytic diatoms species is uncommon in lakes with distinct WLF, but may
change with climate change (Rosset et al. 2010) as indicated by the subfossil diatoms. Stones and
rocks dominate the bottom of these lakes providing substrates for epilihic diatoms such as D. zenuis.
Conversely to ‘normal’ type 4 lakes, this distinct diatom shifts can occur independently of altitude
and temperature. Summarizing, the replacement of Staurosira by D. fenuis is likely to be a direct
response to global change, as the extent and frequency of WLF in mountain lakes increase with
enhanced drought as predicted by IPCC (2014).

Type 5 lake also show shifts only within the periphytic diatom community, despite beeing a
deep lake. However, the shift occurred within completely different genera, i.e. from Nitzschia
denticnla to several Diploneis species and to Gyrosigma acuminatum (KUTZING) RABENHORST (Fig. 5.3).
The geological origin of this doline lake causes special limnological features, including meromictic
conditions, low water temperatures, high ion concentrations, and high lake transparency. The
extraordinary conditions have caused the development of a special benthic diatom assemblage, so
that a separate type 5 lake could be classified. A depth of 20.2 m would actually suggest planktic
diatoms to appear in significant abundances in the lake sediments. In fact, phytoplankton analyses
have shown that obligate plankton diatoms, such as Fragilaria and Cyclotella, grow in the water
column in high numbers within the diatom community (Ossyssek et al. 2020). However, total
plankton densities are supposed to be very low as the lake is ultraoligotrophic with phosphorous
concentrations below 5 pg 1™, Furthermore, the deep extension of the trophogenic zone allows
periphytic diatom growth even in deeper parts of the lake outcompeting settled planktic valves in
the sediments. High ion concentrations, especially within the monimolimnion, may favor strongly
silicified diatom species which dominate the diatom assemblages of Lake Sieglsee (Kuefner et al.
2020 a). Changes regarding groundwater inflow rate and lake conductivity may result in the

observed special diatom shift. This in turn is possibly induced by climate warming as seasonal
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droughts and decreasing snow packs lead to a decreasing supply of ground water (Bard et al. 2012,
Haslinger and Bloschl 2017, Jenicek et al. 2018). Weakened pouring underwater sources
(limnocrene) may reduce ion concentration, turbidity and sedimentation. These conditions
formerly may have favoured IN. denticula as a motile tychoplanktic diatom (Peterson 1986, 1987).
However, the reduced turbidity caused by climate change, i.e. the greater transparency of the water
body, favours epipelic and epipsammic diatoms such as Diploneis and Gyrosigma (Douglas and Smol
1995) in competition with N. denticula. Therefore, the decline of this species correlates with the

development of alpine climate (Fig. 5.3).

5.5.2 Factors controlling response of mountain lakes to climate change

The results of this study show that lake depth is the most important variable determining the
response of diatom communities from mountain lakes to climate change. This can be explained by
strong influences of climate change on limnological parameters such as expansion of euphotic zone
or mixing behaviour, thus extent and structure of pelagic habitats and thus the composition and
diversity of the plankton (Huisman et al. 1999). Accordingly, deep lakes seem to be more resilient
to climate change as regime shifts are concentrated on the epilimnion. In contrast, climate warming
in shallow ponds and lakes affects both the water body and the entire littoral habitat facilitating
tipping points to cross, e.g. the establishment water plants as substrate for epiphytic flora. This
increases species richness, but at its one, it is subordinate since the ecological resilience appears to
be most pronounced in lake systems with various, highly dynamic and adaptable communities
(Roberts et al. 2019).

The hypothesized role of the altitude is the second most important variable in terms of a global
change climaxing in alpine regions. Altitude influences lake surface temperature and substratum
availability, as well as catchment vegetation. As summer surface temperature considerably
influences the extent and stability of the epilimnion (Livingstone et al. 1999, Kuefner et al. 2020 a,
Ossyssek et al. 2020), lake altitude determines the timing of tipping points, e.g. favouring the
‘planktic diatom appearance’. Therefore, the most resilient lakes are currently the deep plankton-
rich montane lakes (type 1), where temperature thresholds, which are shaping the structure of the
plankton communities were already exceeded in the decades of the oldest sediment layers. In
shallow montane lakes, warming also allows low abundances of Cyclotella in recent years possibly
due to longer ice-free periods that even promotes stratification of shallow lakes. Nevertheless, their
short water column will keep the plankton underrepresented. In deeper alpine lakes, however,
temperatures nowadays apparently exceed certain thresholds leading to the appearance and

subsequently to an increase of planktics (Fig. 5.4). Based on these thresholds, temperature
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estimations allow to define tipping points and consequently assess lake types globally apart from
ecotonal boundaries such as forest or timber lines.

These relationships can further be modulated by the trophic level of a lake as it controls algal
production and water transparency, regulating the extension of the littoral zone. Accordingly, a
mesotrophic shallow mountain lake may appear like a deep oligotrophic lake, e.g. Lake
Schachensee. Although being polymictic and 4.4 m deep, a higher nutrient availability may have
promoted stronger silicified plankton of the genus Cycltella, which already dominate the
sedimentary deposits after a few decades. Due to its high turbidity, benthic communities were
displaced in the sediments. In contrast, Asterionella formosa can outcompete Cyclotella in deep
mesotrophic lakes during eatlier stratification phases as it is superior in competing for phosphorus
(Tilman 1982). In two deep montane lakes (L. Ferchensee, L. Lautersee), for instance, the sudden
appearance of _A. formosa seems to define a tipping point, when climate warming promotes the
consequences of rising trophic levels (Berthon et al. 2014, Sivarajah et al. 2016). Concluding, the
trophic level not only affects the algal community composition, it also decreases the resilience to
climate change especially in shallow lakes with amplified responses compared to lakes of lower
nutrient levels.

As a fourth factor, the geological genesis of a lake further influences planktic communities,
confirming the hypothesis (1) as it determines lake morphometry, water supply and habitat stability
(WLE). Firstly, a special geological shape such as the one of doline lakes with a permanent supply
of ‘soil-filtered’ ground water keeps the lake extremely low in nutrients, cold, unstratified, but
elevated in ion concentrations. This results in unfavourable conditions for planktic species and
limits its diatom assemblages to a completely different species composition compared to the
periphytic flora of cirque lakes. Secondly, lakes that lack ground moraines sealing the lake bottom
in contrast to cirque lakes are characterized by unstable water levels, resulting in unfavourable
conditions for littoral diatom flora and macrophytes. Consequently, sedimentary assemblages of
such ‘WLF’-lakes are increasingly restricted to desiccation tolerant species in response to climate
warming (Fig. 5.3). Hence, lake geology-dependent stability of lacustrine habitats makes doline
lakes the most, and WLF-lakes the least resilient to global warming.

In line with hypothesis (3), local anthropogenic impacts were found to interact with warming
environments. Some diatom developments within the dataset cannot be explained by climate
change, as they show no directional (e.g. type 3 lakes) or even inverse trends (Lake Funtensee).
There is evidence that these mountain lakes are affected by local human activities, which disguise
their response to global warming. Again, lake depth and volume define the degree of resilience. In
general, subfossil diatoms unearthed decades of enhanced nutrient availability in the concerning

Bavarian mountain lakes. Down-core trends show that these diatom-inferred nutrient peaks
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coincide with hut construction, while gradual nutrient decrease is introduced by treatment plant
constructions. The latter led to a reduction of bioavailable phosphorous within the last decades
that counteracts the eutrophication caused by global change (Koinig et al. 1998; Rosbakh et al.
2014; Arnaud et al. 2010), especially observed in the deeper lakes, L. Ferchensee and I.. Lautersee.
Shallow lakes such as Lake Funtensee are less resilient to local human impact. Lake response to
the nutrient decrease as inferred by shifts within the Staurosira complex (Kuefner et al. 2020 a) is
much stronger and contrary to the response to warming temperatures. In the medium-deep Lake
Rappensee the construction of a little dam in 1948 resuls in an increase of nutrients and turbidity
(Algarte et al. 2016) as eutraphentic species such as Gyrosigma spp. (Hofmann 1999) or Staurosira
parasitoides (Kuefner et al. 2020 a) also indicated. However, the lake could recover again with typical
signs of global change such as the appearance of planktic species. Nevertheless, the combination
of lake warming and nutrient decline only reached the threshold for Cyclotella species, but did not
cross it. They therefore disappeared again when the lake re-oligotrophicated despite an ongoing
warming. This allows the definition of ecological thresholds e.g. for certain Cyelotella species which
is highly important in paleolimnological studies as it facilitates the explanation of certain shifts
within diatom community structures (Grenier et al. 2010). Concluding, the hypothesis (3) can be
confirmed that anthropogenic influence may smother the impact of climate change, but also
decreases the resilience of mountain lakes to climate change as the response of the biota is amplified

due to enhanced nutrient levels.
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Figure 5.5 Overview oft he mountain lake developements in different lake types. The figures on the left represent the lakes
before climate change influence, on the right with climate change inpact. The z-axis is the altitude. The circles visualize the
composition of the main diatom groups at the lake bottom. “Achnanthidium” group includes all epiphytic diatoms. In deeper
lakes, benthic substratum like rocks and water plants is negligible for the sediment assemblages at the deepest spot of the
lake. Doline lakes and mountain lakes with marked water level fluctuations and/or direct anthropogenic influence are not
shown
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5.6 Conclusion

Subfossil diatom analyses revealed deep mountain lakes to be more resilient to climate change than
shallow lakes as the onset of the response to rising temperatures is earlier and thus smoother.
Global change in deep lakes only extends the epilimnion as indicated by increases of planktic
diatoms. However, benthic communities — in shallow areas of both deep and shallow lakes — can
completely reorganize. Benthic, completely illuminated habitats comprise the entire lake bottom in
shallow lakes, hence enhances warming by reflection and absorption of long-wave radiation
additionally. In accordance, a small and shallow water body warms faster than bigger volumes with
a dark and cool hypolimnion. Moreover, the altitude and the stability of water levels is supposed
to affect the response to lake warming. On the one hand, diatom-inferred species turnover peaks
in deep lakes of higher altitudes and shallow lakes of lower altitudes. This is the result of certain
tipping points such as established summer stratification and macrophytes with a benthos
succession from epilithic to epipsammic or epiphytic substrata, respectively. On the other hand,
shallow lakes of higher altitudes still lack a sufficient number of macrophytes and subsequently
substratum heterogeneity. Hence, Staurosira species as robust pioneers are the only species which
can cope with the muddy demanding i.e. epipelic benthos of such lakes. which dramatic diurnal
and seasonal variations in lake temperature may further support. It is likely that these lakes will
experience the aforementioned tipping points within the next decades as a consequence of global
warming. In shallow lakes with great WLF, however, changing conditions hamper macrophyte
growth and a great sedimentation, but increasingly select for epilithic and desiccation tolerant
species. The ongoing warming will enhance the importance of epiphytic diatoms.

It is evident that the benthic diatom reorganization, in particular the replacement of Staurosira
species by Achnanthidium and other epiphytic diatom species, matches the development towards a
higher autochthonous production that coincides with a significant increase of water plant pigments.
Future work is about to focus on making a comprehensive model out of all proxies to predict the
future development of hard-water mountain lakes in the temperate mountain region and to observe
the mountain lakes that are suggested to be close to important tipping points. However, subfossil
diatom analyses already allow to indicate the extent of current and future climate change impacts

as well as its variety of responses in several central European mountain lakes.
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6. General discussion

The studies presented in this thesis provide novel insights about global climate change impacts on
Bavarian and North Tyrolean mountain lakes. The results promote a better understanding of (1)
the linkages between climate drivers, lake thermodynamics and primary producers, (2) the
interactions of local and regional impacts with global warming and (3) the role of altitude regarding
the response of the lakes to climate change. The results of this thesis evidence the increasing
pressures on the mountain lakes. Climate change impacts were found to be detectable in most of
the studied lakes. Several lakes have already reached a tipping point of lake ecosystem, mainly
triggered by reinforcement of eutrophication processes by climate warming. The findings show the
essential necessity for policy and stakeholders to protect Alpine aquatic systems assuring the supply
of freshwater under changing environmental conditions and to present sustainable local
recreational and tourism-related concepts including visitor guidance and measures to reduce

motorised individual transport through mobility management.

6.1 The interaction of climate change with other anthropogenic impacts

Local disturbances were hypothesised (1) to overprint the effects of global warming, especially in
montane lakes influenced by tourism and agriculture. The findings presented in this thesis rather
show that global climate change amplified the impacts of local human activities, as the processes
involved in mountain lake responses to eutrophication and climate change were often intertwined.

Climate and the hydrological cycle are closely coupled (Michalak 2016). Climate change affects
precipitation, air temperatures and wind patterns and all these factors influence the lakes’ physical
characteristics, water quality and aquatic life. Changes in precipitation patterns were found to alter
the lakes’ trophic situations. Furthermore, a prolonged drought led to declining lake levels and to
rising nutrient concentration in the remaining water body (chapter 3). Enhanced thermal
stratification of the water column hampers the exchange of nutrients and oxygen resulting in
oxygen-depleted and nutrient enriched deep-water zones. All these climate-induced eutrophication
processes were exacerbated by nutrient releases from mountain huts or grazing cattle and by
atmospheric nitrogen fertilization (chapter 4).

The availability of epilimnetic nutrients, especially nitrogen and phosphorus controls
phytoplankton productivity. Additionally, water temperature regulates a series of biological
processes including organism growth and respiration. Rising temperatures modify phenology and
life history towards shorter lifespans and eatlier reproduction, resulting in altered trophic dynamics
and a mismatch between prey and consumer (Straile 2000; Adrian et al. 20006). Both, rising nutrient

concentrations and a warming environment were found to stimulate primary production in the
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studied lakes, indicated by increasing concentrations of sedimentary pigments and shifts within
stable isotope and diatom records. Decomposition of enhanced phytoplankton biomass impaired
hypolimnetic oxygen conditions and promoted anaerobic microbial processes, indicated by sharply
declining 8*3Corg values (chapter 4).

Unravelling the complex chains of tangled factors affecting lake ecosystems represents an
important challenge in times of climate change and increasing human population. The multi-proxy
approach of biological, biochemical and geochemical indicators applied in the study presented in
chapter 4 enabled to disentangle the diverse impacts on a small subalpine lake. The correlation
between TOC, §*3Corg and paleopigment concentrations indicated progressive lake eutrophication
and rising algae biomass. Simultaneously increasing amounts of centric diatoms and rising
concentrations of paleopigments restricted to planktic algae suggest the thermal stabilisation of the
water column and the extension of the pelagic habitat. Lake eutrophication and climate-induced
intensified stratification culminated in an “explosion” of phytoplankton biomass highlighting that
a tipping point of lake ecosystem is crossed by the interaction of human activities on local, regional

and global scale (chapter 4).

6.2 Humans and Alps: a long history of settlement and touristic activities

The results presented in chapter 4 and 5 indicated that Alpine ecosystems have already been
modified by a series of local disturbances. Continuous settlement of the Alpine region began
around 13,000 BC at the end of the Wiirm glacial and intensified since the Bronce Age (2200 BC)
(Mathieu 2015). Since then the Alps are under steadily increasing pressure including agriculture,
alpine pasture, forestry and tourism. Additionally, fossil fuel combustion, mineral fertilizers and
livestock manures have caused the emissions of greenhouse gases and air pollutants such as
nitrogen compounds into the atmosphere (Unger et al. 2016; Engardt et al. 2017). Especially the
fringe of the Northern Alps is affected by high atmospheric nitrogen deposition owing to the steep
slopes and the prevailing wind direction (Kirchner et al. 2014). Indeed, the results of this thesis
show that these multidimensional and entangled stressors seriously affected mountain lake

ecosystems and bequeathed a range of footprints on the lakes sediments.

6.2.1 Local disturbances: tourism and alpine pasture

Local anthropogenic impacts, primarily due to tourism or alpine pasture appeared even in the
remote subalpine and alpine lakes (chapters 4 and 5). The Alps are the world’s second most
important tourist region (Flury et al. 2013). The impressing landscapes, the options for various
outdoor activities and the access to wilderness and wildlife make the Alps an attractive destination

for nature-based recreation. The montane lakes Ferchensee and Lautersee have already been
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popular destinations since the beginning of the 20" century due to their easy accessibility and the
gastronomic options (Hasdenteufel and Streifinger 2012). Especially during the summer month
both lakes are highly frequented. The geochemical proxies recorded in the sediments of both lakes
excellently disclosed the progressive eutrophication due to the increasing influence of touristic
activities since ~ AD 1940. The sharply increasing tourism, documented in the Alpine Club
Yearbooks by rising overnight stays in the Hans-Mertel-Hiitte since the mid-20" century is
reflected in the sediments of subalpine Oberer Soiernsee by rising chlorophyll a concentrations,
markedly decreasing 6"°C.,, values and shifts within diatom assemblage composition (chapter 4).
Same trends coincided with hut construction and increasing numbers of visitors are recorded in
the sediments of subalpine Funtensee (Kirlinger Haus) and alpine Drachensee (Coburger Hiitte).
Hut construction projects additionally promote slope instabilities by deforestation, destruction of
the vegetation cover and earth-movements, evidenced by flood layers or marked shifts from in-
lake to terrestrial source of sedimentary organic matter (chapters 4 and 5). Analysing the current
littoral diatom assemblages, clearly higher Trophic Indices were calculated near guesthouses
(Ferchensee, Lautersee) or a small mountain hut (Oberer Soiernsee) indicating enhanced nutrient
inputs especially during the warm seasons (Appendix; chapter 4).

Humans shaped the present cultural landscape of the Alps since ancient times (Flury 2012). In
the humid and cooler northern part of the Alps, the steep slopes and meadows of high alpine
regions are primarily used for summer grazing pasture and hay production (Tasser et al. 2011). The
areas around the montane lakes Lautersee and Ferchensee were additionally used for agriculture
and forestry (Hasdenteufel and Streifinger 2012). On the subalpine grassland and alpine meadows
of the study area mainly young cattle, but also horses, sheep and goats traditionally graze during
the summer months. The lakes serve as drinking water source for the animals. Their excrements
were widely found at the shorelines of the lakes. Additionally, severe soil erosion caused by
livestock was observed. In line with Apollo et al (2018), the degree of anthropo-zoogenic erosion
varied depending on slope gradient and intensity of usage, especially on time of grazing, animal
species and number. Furthermore, geology, vegetation and soil development were found to play
an important role. The areas surrounding the lakes Schachensee and Delpssee were intensively used
as summer pasture by a great number of cattle. Furthermore, deeply weathered marls and clays of
the Raibler Formation outcrop at the eastern part of Lake Schachensee. Erosion by cattle treading
formed an extended alluvial fan at the north-eastern shore and appeared to be jointly responsible
for loads of organic material into the lake resulting in mesotrophic conditions (chapter 5). Intensive
pasturing and anthropo-zoogenetic erosion led to a high sedimentation rate (0.29 cm/y) in Lake
Delpssee, surrounded by deeply weathered local ground moraine (chapter 5). Around both lakes

Soiernseen and the studied alpine lakes, however, the erosion caused by cattle treating was found
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to be significantly less pronounced due to poor soil development on talus deposits or karstified
limestones.

Local impacts, such as tourism and pasturing were hypothesised (1) to may mask the signals of
global warming. However, the findings of this thesis showed that climate change and local stressors
rather interact resulting in the reinforcement of eutrophication processes and amplified responses
of lake algae (chapters 4 and 5). However, the multi-proxy approach applied in this thesis enabled
to disentangle climate change impacts from local disturbances. Especially shifts in diatom
assemblages were found to be highly appropriate to detect climate change impacts. Even in the
highly anthropogenically influenced lakes Ferchensee and Lautersee changes in diatom community
composition revealed the climate-induced modification of the mixing regimes. While the abrupt
appearance of Asterionella formosa around AD 1960 initially indicated the fertilization by atmospheric
nitrogen deposition, the rising abundances of these colony-forming diatoms around AD 1980,

appeared to be in context with a markedly enhanced thermal stratification.

6.2.2 Regional and global influences: industrialization and agricultural intensification

The findings of chapter 4 revealed long-distance atmospheric depositions as a driving force of lake
eutrophication. The fringe of the Northern Alps is affected by particularly high rates of
atmospheric nitrogen deposition (Lorenz et al. 2008; Kaiser 2009; Kirchner et al. 2014). Especially
since the 1950s, atmospheric transport of anthropogenic nitrogen has increasingly led to the
acidification and eutrophication of soils and water bodies (Galloway et al. 2008; Fowler et al. 2013).
Fossil fuel combustion (coal-fired power plant, traffic), intensification of agriculture (Haber-Bosch
process) and animal husbandry provide the major sources for reactive nitrogen (Engardt et al 2017).
Additionally, increasing temperatures due to global warming especially amplify NH, emissions
from soil to atmosphere (Skjoth and Geels 2013). In the lake sediments, the increasing deposition
of atmospheric nitrogen is documented by the depletion of sedimentary 8"°N and the decoupling
of 8"N and 6"C., signatures since ~ AD 1970 (chapter 4).

Industrialization and intensification of agriculture also controls the isotopic composition of the
lakes” DIC pool and consequently 8" C,,, signatures of sedimentary organic matter. Acid rain
enhances carbonate weathering and lead to rising pH-levels in lakes with catchment areas
dominated by limestone formations (Smol 2010). Bicarbonate (HCOj) then represents the
predominant DIC source for photosynthesis (Wetzel 2001), resulting in C enriched primary
producers (Keeley and Sandquist 1992). In Lake Oberer Soiernsee (pH = 8.7) submerged
macrophytes were found to be enriched by 5.3%o (Potamogeton sp.) and 9.8%o (Chara sp) in their
8" Cory signatures (chapter 4).

Furthermore, the combustion of coal and oil changed the PC/"C ratio of atmospheric CO,

118



General discussion

(Keeling et al. 1979) and led to a gradual depletion of atmospheric CO, especially since ~ AD 1850
(McCarroll and Loader 2004). Via permanent exchange of CO, by diffusion at the water/air
interface 1*C-depeted CO, accumulates in the DIC pool of a lake. This “fossil fuel effect” (Mayr
et al. 2005) is excellently recorded in the lake sediments especially of the oligotrophic subalpine
and alpine lakes (Drachensee, Brendlsee, Rappensee, Soinsee, Seeleinsee).

However, with the onset of eutrophication, other processes superimposed the effect of
atmospheric CO: depletion (chapter 4). During photosynthesis '>C is energetically more favourable
in the assimilation of CO.. With rising photosynthesis rates, ?CO, gradually accumulates in the
epilimnetic DIC pool (Farquar et al. 1989). Consequently, primary producers increasingly
incorporate "CO,. When algae died and sunk, the “C-enriched biomass is finally stored in the
sediments. This trend is documented in the sedimentary records of all studied lakes, especially in
context of touristic activities, amplified by climate warming since the 1980s (e.g., chapter 4). In the
first phase of eutrophication, however, when anaerobic microbial processes produce “C-enriched
methane, a shift to more negative 8"C,; signatures may occur (Hollander and Smith 2001),

evidenced in the sediments of the lakes Drachensee and Oberer Soiernsee (e.g., chapter 4).

6.3 Response and resilience of mountain lakes to climate change

In line with hypothesis 2, altitude turned out to be the main driver controlling diatom responses to
climate change. Additionally, lake depth, lake origin and trophic state modulated the timing of
regime shifts within diatom communities (chapter 5).

Ecological resilience appeared to be more distinctive in lakes with a stable water column, a
structurally more complex habitat and a greater substrate heterogeneity resulting in a more diverse
and dynamic diatom population. Thermal stratification created cold deep-water refuges for planktic
species and undisturbed mid-depth zones provided stable conditions with constant temperature
and attenuated but sufficient light for benthic diatoms (chapters 3 and 5).

Deep, montane lakes that host species-rich and highly diverse diatom communities have proven
to be most resilient to climate warming. In contrast, deep lakes of higher altitudes and shallow lakes
of lower altitudes appeared to be most vulnerable to climatically induced environmental changes
as tipping points of lake ecosystems were crossed. The stabilisation of thermal stratification led to
an abrupt appearance of small centric diatoms and increased success of Dingphyta and Cryptophyta
(chapters 4 and 5). The establishment of macrophytes provided new habitat and substrate for

epiphytic diatoms and resulted in reorganization of periphytic diatom communities (chapter 5).

6.3.1 Environmental parameters changing along the altitudinal gradient
As hypothesized (2), altitude markedly controlled mountain lake response to climate warming.
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However, the results of this thesis also showed that more local effects associated with land use,
catchment geomorphology, and basin morphology often superimpose the large-scale influences of
altitude (chapters 4 and 5).

The findings of this thesis revealed altitude to markedly influence the structure of mountain lake
primary producers. Biomass and diversity of both phytoplankton communities and littoral diatoms
were significantly lower in alpine lakes. Diatom assemblages show a clear zonation along the

altitudinal gradient (Fig. 6.1). Planktic diatoms were highly abundant in deep, montane lakes,
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Figure 6.1 Scatterplot of CA showing the zonation of recent diatom assemblages along an altitudinal gradient. The selected
lakes are located near Garmisch-Patenkirchen: montane lakes Ferchensee (Fe_R) and Lautersee (La_R), subalpine lakes
Unterer Soiernsee (SoE_R), Oberer Soiernsee (SoW_R) and Schachensee (Sch_R), alpine lakes Soiernlache (SolL_R) and
Stuibensee (St_R)

whereas small periphytic species dominated the highly transparent, polymictic alpine lakes.
Especially robust pioneer species (SZaurosira ssp., Stanrosirella ssp., Psendostanrosira ssp.) which cope
well with environmental instabilities (e.g., dramatic diurnal and seasonal variation of lake
temperatures and lake chemistry) and small mobile epipelic taxa, which are able to actively seek out
low UVR refuges were highly abundant in alpine lakes. As the low temperatures limited macrophyte
growth at high altitudes, they are not available as habitat and refuge for epiphytic diatoms, which
in turn reached high percentages in the diatom assemblages of montane lakes.

Generally, altitude influences climate-related impacts on mountain lake ecosystems, as it
controls solar ultraviolet radiation (UVR, 290-400 nm), air temperature and catchment vegetation.

In the Alps, the global UVR (direct and diffuse) increases by about 11 % per 1.000 m (Schmucki
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and Philipona 2002). In contrast, the heat capacity of the atmosphere is lower at higher altitudes
(Beniston 2005). Kirchner et al. (2009) found that in the Alps, the mean decline of air temperatures
ranges between 0.41 and 0.59 °C per 100 m. Furthermore, alpine lakes are generally characterized
by low nutrient and DOC concentrations, as a result of reduced terrestrial vegetation cover and
soil development in catchments above the tree line (Sommaruga et al. 1999). Hence, high-elevation
aquatic ecosystems are harsh habitats hosting highly adapted floral and faunal communities, that
tolerate high UVR, low temperatures, short growing seasons and low nutrient concentrations
(Loria et al. 2019).

However, differences regarding the lakes trophic state and origin were found to superimpose
the influence on altitude on lake algae. Within the set of limnologically analysed alpine lakes,
phytoplankton communities clearly differed in their composition owing to significant differences
in their terrestrial environment. In Lake Stuibensee, surrounded by alpine meadows pastured
during summer months, the green algae Chlorella sp. Beyerinck, Scenedesmus sp. Meyen and
Chlamydomonas sp. Ehrenberg were highly abundant in summer phytoplankton communities. These
species, indicating phosphorus and nitrate enrichment (Gardner et al. 2008), were absent in alpine
Lake Soiernlache, a small lake surrounded by rocky catchment area and sparse vegetation.
Subalpine Lake Schachensee showed a 12-fold higher summer phytoplankton production than the
other subalpine lakes due to the enhanced nutrient inputs related to pasturing, tourism and the

outcropped geological formation (Fig. 6.2).
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Figure 6.2 Phytoplankton biomass along an altitudinal gradient in May to November 2016. In May only the montane lakes
(green) were ice-fee. In October and November, only phytoplankton from the montane and subalpine (red/orange) lakes could
be analysed, while the alpine lakes (blue) already were ice covered. The analysed lakes are lacated near Garmisch-
Patenkirchen: montane lakes Lautersee (dark green) and Ferchensee (light green), subalpine lakes Schachensee (red) and
Unterer Soiernseee (orange), alpine lakes Stuibensee (light blue) and Soiernlache (dark blue). The markedly higher
phytoplankton biomass in Lake Schochensee clearly demonstrate the influence of local impacts on the lake’s trophic state

121




General discussion

Lake origin also appeared to shape the structure of diatom communities and influence diatom
response to changing environmental conditions (chapters 3 and 5). Despite their adjacent position,
the marked water level fluctuations (up to 9.5 m) of Lake Unterer Soiernsee resulted in a highly
disturbed near- shore zone hosting aerophilic and subaerial diatom taxa. These taxa did not occur
in the adjacent Lake Oberer Soiernsee, a lake with more stable conditions due to the sealing effect
of the groud moraine. The meromictic doline Lake Sieglsee hosted diatom taxa which are adapted
to the special conditions of the monimolimnion and exhibited a reorganisation of diatom
assemblages significantly different from the other lakes (chapter 5).

In effect, altitude influences the lakes response to climate change. However, the high degree in
heterogeneity (topography, geology, land use) of mountain regions, lead to the effect that large-
scale climate processes are mediated at local scales, creating a mosaic of possible lake responses.
The evaluation of the data from the local weather station positioned at lakes Soiernseen showed
that the local weather differed in part clearly from metereological data from weather stations of
Germanys National Meteorological Service (DWD), especially in terms of solar radiation, rainfall,
wind direction and wind speed (chapter 3). This fact may be due to the special location in a caldron
surrounded by high summits shielding the lakes from westerlies. The impact of UVR depends on
solar zenith angle, albedo values and atmospheric conditions (ozone, aerosols, and cloud cover).
The complexity of Alpine topography and the resultant different microclimates influence lake
temperatures and stability of thermal stratification. Location at a northern slope and shading by
summits left snow patches in the catchment and enabled cold-water input even in summertime
(e.g., Lake Soiernlache). Despite their adjacent location in a deep cirque, the non-uniform shading
by surrounding summits resulted in highly dissimilar intensity of solar radiation on lakes
Soiernseen, especially between October and April and in significant differences regarding duration
of ice cover and timing of ice break (chapter 3).

Additionally, catchment-geology affects lake origin, soil development and type of vegetation
causing a variety of different hydromorphological features and supply of organic carbon and
nutrients (chapter 5). Additionally, atmospheric N deposition, alpine pasturing, forestry and
tourism lead to enhanced nutrient release to the lakes and influence the response of mountain lakes

to climate warming independent from their altitude (chapters 4 and 5).

6.3.2 Influence of lake depth on the response to climate warming

In line with hypothesis (3) lake depth was found to have a crucial impact on lake’s respone to
rising temperatures by contolling heat transfer and mixing regime. Shallow lakes warmed up faster
than deeper lakes. Besides warming by solar radiation, there is additionally a heat transfer from the

sediments to the water (Wetzel 2001). On the other hand, in deeper lakes the thermal stratification
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tended to stabilize as surface waters warmed up and deep-water temperatures decreased because
greater depths receive reduced solar radiation.

However, the decisive factor for warming trends is dependent on the range of solar radiation
and hence the water transparency. Water clarity trends may amplify or suppress climate-induced
warming rates by influencing the depth range where the energy of solar radiation is absorbed.
Especially lakes of intermediate depths (4-8 m) are particularly sensitive to changes in underwater
light climate (Rose et al. 2016; Shatwell et al. 2016). Climate-induced catchment greening and
alterations in precipitation patterns regulate the light transmission by altering DOC concentrations
and the amounts of light-absorbing organic and inorganic particulate matter. A heavy rainfall event
in August 2015 associated with extremely high terrestrial input from the watershed strongly
modified the light conditions for the rest of the open-water season and reinforced the heat transfer
into both lakes Soiernseen (Chapter 4). Increasing phytoplankton biomass as a result of land use
changes, touristic activities, and atmospheric fertilization were also found to alter the lakes’s light
regime and the heat transfer into the lake. Increased solar absorption by both, the rising
phytoplankton biomass and the suspended terrestrial particles appeared to be a puzzle piece
reinforcing the warming trend of Lake Oberer Soiernsee (chapter 4).

Lake depth and transparency markedly controlled the mixing regimes of the studied lakes
(chapter 5). Most shallow lakes were found to be polymictic. Lake Schachensee, however, appeared
to be stratified owing to the wind-protected position and the high phytoplankton biomass resulting
in an enhanced absorbance of solar energy in surface waters. The stabilisation of the thermal
stratification was recorded in the lake sediments by rising abundances of small centric diatoms
especially in oligo- to mesotrophic lakes of intermediate depths (chapters 4 and 5). In contrast, the
appearance of heavy silicified Awulcaoseira sp. signified turbid, high-turbulent and shallow-water
conditions prevailing during cold and windy periods (chapter 4).

The light conditions markedly influenced composition of diatom assemblages in the surficial
sediments. In transparent lakes, periphytic 7z-sitn growing diatoms outnumber the planktic taxa,
while light-limited conditions result in high abundances of planktic diatoms (chapter 3). Especially
in lakes of intermediate depths, the range of light transmission controlled the existence and
extension of an aphotic zone (chapters 3 and 5). In Lake Schachensee, phytoplankton shading
resulted in light limited conditions in depths greater than 2 m inhibiting periphytic diatom growth.
Despite shallowness (max. depth 5.4 m), planktic taxa were found be highly abundant in the diatom
assemblages sampled between 3 and 5.4 m.

The results presented in chapter 3 highlighted the importance of considering lake depth and
transparency by developing diatom-based transfer functions. With regard to reconstruct trophic

state or lake level changes it was found to be highly useful to create two different training sets, one
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for deep or low-transparency lakes including periphytic and planktic diatoms and another one for
shallow clear-water lakes solely based on periphytic diatom species. Aphotic conditions are essential
for paleolimnological studies researching changes of lake mixing regimes and phytoplankton
dynamics. In aphotic depths, diatom assemblages on surface sediments were found to comprise a
cross-section of diatoms from the pelagial habitat and from the littoral zone including different
substrates (e.g., macrophytes, sediments, stones). Light-flooded lake bottoms, however, lead to
favoured conditions for benthic diatoms outnumbering settled planktic taxa, especially small-celled
Centrales (chapter 3).

If aphotic conditions prevail, shifts within the ratio between periphytic and planktic diatom
frustules enable the reconstruction of dynamics in water column transparency. In well-illuminated
lakes, the preference of periphytic diatoms for distinct depth areas can be used to track lake level
changes in down-core studies (chapters 3 and 4). Epilithic and epiphytic low-profile (primarily
prostate) diatoms were found to colonize the upper littoral zone. Epipsammic low-profile taxa,
firmly attached on sand grains mainly occured in the deeper littoral. Motile diatoms were found to
have a competitive advantage on finer sediments of physically less disturbed deeper water areas.
High-profile tube-forming species indicated the development of a three-dimensional biofilm and

therefore physically more stable conditions (chapter 3).

6.3.3 Lake and catchment characteristics influencing the response of subalpine lakes to
climate change

A closer view on four selected subalpine lakes clearly demonstrates the multiplicity of hydrological
features (Table 6.1) and catchments characteristics despite a narrow range of altitude and reveals

the role of lake transparency rather than lake depth influencing lake response to climate change.

Table 6.1 Hydrological parameters of selected subalpine lakes

Lake Altitude Max. depth Aph'(?nc Trophic Stratified Water l'evel Inflow/

(m as.l) (m) conditions state fluctuations outflow
Oberer Soiernsee 1558 14.5 v oligo-meso Longer periods 1.8 x
Unterer Soiernsee 1552 15 x oligo-meso v 9.5 x
Delpsee 1600 1.3 x oligo x x v
Schachensee 1680 5.4 v meso v 0.8 v

All these differences modulate the lake’s response to climate change and the archiving of diatom
remains in the lake sediments. Despite shallowness of Lake Schachensee aphotic conditions
prevailed owing to the mesotrophic conditions and high phytoplankton biomass. Additionally,
wind sheltered location prevented wind-induced mixing and promote thermal stratification. The

response to climate warming was similar to significantly deeper Lake Oberer Soiernsee. Since AD
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1980, rising abundances of centric diatoms indicated the stabilization of the water column of both
lakes. Concurrently rising concentrations of chlorophyll a and markedly decreasing 8"°C values
signified the amplifying effect of global change and local eutrophication.

The dramatic lake level changes of Lake Unterer Soiernsee, however, resulted in a highly
disturbed upper littoral zone and light-flooded conditions during most time of the vegetation
period. Despite similar amounts of planktic diatoms as in adjacent Lake Oberer Soiernsee, benthic
species significantly dominated diatom assemblages of the surficial sediments. Lake level was found
to be more stable in Lake Oberer Soiernsee as moraine material has served as aquiclude and sealed
the lake bottom. The fluctuating water levels of Iake Unterer Soiernsee led to frequently
resuspension and redistribution of lake sediments. Sediment dating was found to be complicated
and densities of diatom frustules were too low for diatom analyses. However, the lake response to
a changing environment was documented by rising chlorophyll a concentration and declining §°C
values since AD 2000.

Shallow Lake Delpssee is characterized by oligotrophic conditions, a surface in- and outflow
and numerous underwater springs. Due to the high water transparency and a maximal depth of 1.3
m planktic species occurred very rarely within the diatom assemblages archived in the lake
sediments. However, a shift within the benthic, fragilarioid diatoms around AD 1980 evidenced
the lake response to climate warming. Additionally, increasing concentrations of total algae biomass

markers and decreasing 8°C values documented changes in the catchment area.

As hypothesised (4) the location at the tree line ecotone make subalpine lakes particularly
appropriate for detecting climate-mediated changes of catchment-lake interaction.

Climate-induced tree line upshift, catchment greening, and soil development lead to gradually
increasing DOC and nutrient influx from the terrestrial environment into lakes (Vinebrooke and
Leavitt 1998). The rising DOC concentrations appeared to decrease the UVR supress on algae
growth, evidenced by sharply increasing concentrations of phytoplankton-indicating pigments in
recent decades (e.g., chapter 4). Additionally, climate warming promoted the establishment of
macrophytes especially in lakes of subalpine altitudes, resulting in the abrupt appearance of
epiphytic diatoms (chapter 5).

However, it is highly advisable to request information on land use changes from landowners
and forestry offices to better interpret the complex interactions of climate warming with changes
in terrestrial vegetation and erosional processes. For centuries, the alpine farming and forest
pasturing artificially lowered the climatic positions of tree line in the Alps (Holtmeier 2003).
Nowadays, land abandonment is the most dominant driver for the losses of woodland clearings in

subalpine altitudes (Gehrig-Fasel et al. 2007; Kyriazopoulos et al. 2017).
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7. Conclusions and outlook

In summary, this thesis demonstrates that climate change is markedly impacting Alpine aquatic
ecosystems. Several lakes have already passed climate-related thresholds associated with changes in
habitat availability and thermal stratification. Furthermore, the response of the mountain lakes to
global warming was amplified by local nutrient inputs and atmospheric fertilization resulting in

sharply increasing total algae biomass.

The rising water temperatures clearly modified the structure of the primary producer communities.
Within the phytoplankton the stronger stratification resulted in competitive advantage of small
centric, needle-shaped and colony-forming diatom species, dinoflagllates and Cryfgphyta. Within the
periphyton fragilarioid diatoms shifts from cold adapted to more thermophile species have been
observed. Furthermore, the establishment of macrophytes offered new habitat for epiphytic diatom

species.

Both, phytoplankton and periphytic algae play a crucial role in mountain lake systems by forming
the basis of the aquatic food web and transferring biomass to higher trophic levels. Further research
on primary producer-herbivore interactions and on the cascade effects on predators is urgently
needed to predict the consequences of the rapidly changing environments on the aquatic systems
and their ecosystem services. Multi-trophic studies should be carried out to understand (1) how
shifts within the phytoplankton communities and the periphytic algae bottom-up control the
zooplankton communities and the benthic fauna (e.g. macroinvertebrates, molluscs), (2) the role
of altered consumer activities (e.g., overwintering zooplankton, fish stocking) by top-down
controlling primary producers and (3) how altered trophic interaction impact community responses

to climate change.

Furthermore, the role of climate-induced catchment modification in the response of the mountain
lakes to climate change should be studied more closely. Therefore, (4) remote sensing data about
glacier retreat, rock slope failures, debris flows, land-use changes, climate-related upward shifts of
the treeline, catchment greening and hydromorphological alterations of the lakes should be

evaluated for better interpreting the history of the lakes archieved in the lake sediments.
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Appendix

Chapter 5: Grouping of the diatom species

Diatom group

Diatom species

Achnanthidium

Achnanthidium macrocephalum
Achnanthidium caledonicum
Achnanthidium linearioides
Achnanthidium minutissimum
Achnanthidium neomicrocephalum
Achnanthidium rosenstockii
Achnanthidium straubianum

Amphora pediculus

Amphora pediculus

Ampbhora (big)

Amphora aequalis
Amphora alpestris
Amphora copulata
Amphora lange-bertalotii
Amphora ovalis

Aneumastus tusculus

Aneumastus tusculus

Asterionella formosa Asterionella formosa
Brachysira neglectissima
Brachysira Brachysira neoexilis

Brachysira vitrea

Caloneis silicula

Caloneis silicula

Cocconeis placentula

Cocconeis placentula var. euglypta
Cocconeis placentula var. placentula

Cyclotella comensis
Cyclotella delicatula

Cyclotella (small) Cyclotella ocellata
Cyclotella wuethrichiana
Cyclotella distinguenda Cyclotella distinguenda
Cyclotella bodanica
Cyclotella (heavy) Cyclotella praetermissa
Cyclotella radiosa
Cymbella (small) Cymbella affinis

Cymbella laevis

Cymbopleura diminuta

Cymbopleura diminuta

Cymbopleura inaequalis

Cymbopleura inaequalis

Delicata delicatula

Delicata delicatula

Denticula tenuis

Denticula tenuis

Diploneis (small)

Diploneis oculata
Diploneis parma
Diploneis petersenii

Diploneis separanda

Diploneis separanda

. o Diploneis elliptica
D

Iploneis (big and heavy) Diploneis krammeri
Discostella Discostella pseudostelligera

Discostella stelligera

Encyonema (small)

Encyonema minutum
Encyonema ventricosum

Encyonema (big)

Encyonema obscurum
Encyonema silesiacum
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Encyonopsis (small)

Encyonopsis krammeri
Encyonopsis minuta
Encyonopsis subminuta

Encyonopsis cesatii

Encyonopsis cesatii

Eolimna minima

Eolimna minima

Eucocconeis flexella

Eucocconeis flexella

Eunotia arcubus

Eunotia arcubus

Fallacia sublucidula

Fallacia sublucidula

Fragilaria acus
Fragilaria delicatissima

Fragilaria -
Fragilaria nanana
Fragilaria tenera
Staurosira binodis
Staurosira construens
Staurosira Staurosira lapponica

Staurosira pseudoconstruens
Staurosira venter

Staurosira (light)

Staurosira elliptica
Staurosira microstriata
Staurosira parasitoides

Pseudostaurosira

Pseudostaurosira brevistriata
Pseudostaurosira parasitica

Staurosirella pinnata

Staurosirella pinnata

Gomphonema
lateripunctatum

Gomphonema lateripunctatum

Gyrosigma acuminatum

Gyrosigma acuminatum

Gyrosigma attenuatum

Gyrosigma attenuatum

Halamphora thumensis

Halamphora thumensis

Hippodonta neglecta

Hippodonta neglecta

Navicula (small)

Navicula antonii
Navicula cryptotenella
Navicula utermoehlii

Navicula (medium)

Cymbellafalsa diluviana
Navicula dealpina
Navicula hofmanniae
Navicula krammerae
Navicula subalpine
Navicula trophicatrix
Navicula wildii

Navicula concentrica

Navicula concentrica

Naviculadicta

Naviculadicta geissleriae
Naviculadicta raederae

Neidium ampliatum

Neidium ampliatum

Nitzschia (small)

Nitzschia alpinobacillum
Nitzschia dealpina
Nitzschia fonticola
Nitzschia lacuum

Nitzschia denticula

Nitzschia denticula

Pinnularia borealis

Pinnularia borealis

Placoneis clementis

Placoneis clementis

Planothidium
frequentissimum

Planothidium frequentissimum

Platessa conspicua

Platessa conspicua
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Platessa ziegleri Platessa ziegleri

Reimeria sinuata Reimeria sinuata
Sellaphora calcicola

. Sellaphora laevissima

sellaphora (big) Sellaphora mutata
Sellaphora pupula
Sellaphora pseudoventralis

Sellaphora (small) Sellaphora joubaudii
Sellaphora verecundiae

Stephanodiscus Stephanodl.scus cf. alpmus
Stephanodiscus cf. minutulus

Surirella helvetica Surirella helvetica

Tabellaria flocculosa Tabellaria flocculosa

Table A.1 Trophic Indices (Tlsuq) calculated from littoral diatom assemblages indicating oligotrophic (blue), oligo- to
mesotrophic (turquoise), mesotrophic 1 (dark green) and mesotrophic 2 (light green) conditions in montane lakes
Ferchensee (littoral sites 112-115) and Lautersee (littoral sites 116-119) in May, August and October. Sites 114 and 116 are
located next to guesthouses (red frame) and show distinctly higher Tl 4 values

Ferchensee Lautersee
112 113 114 115 116 117 118 119
May
August
October
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