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FTIR spectroscopy as molecular fingerprint has been used to assess macromolecular and ele-
mental stoichiometry as well as growth rates of phytoplankton cells. Chemometric models
have been developed to extract quantitative information from FTIR spectra to reveal macro-
molecular composition (of proteins, carbohydrates and lipids), C:N ratio, and growth potential.
In this study, we tested these chemometric models based on lab-cultured algal species in mon-
itoring changes of phytoplankton community structure in a hypertrophic lake (Lake Auensee,
Leipzig, Germany), where a seasonal succession of spring green algal bloom followed by cy-
anobacterial dominance in summer can be commonly observed. Our results demonstrated that
green algae reacted to environmental changes such as nitrogen limitation (due to imbalanced
nitrogen and phosphorus supply) with restricted growth by changing carbon allocation from
protein synthesis to storage carbohydrates and/or lipids, and increased C:N ratio. By contrast,
cyanobacteria proliferated under nitrogen limiting conditions. Furthermore, the FTIR-based
growth potential of green alga matched well with the population biomass determined by the
Chl-a concentration. However, the predicted growth potential based on FTIR spectroscopy
cannot describe the realistic growth development of cyanobacteria in this lake. These results
revealed that green algae and cyanobacteria have different strategies of C-allocation stoichi-
ometry and growth patterns in response to environmental changes. These taxon-specific re-
sponses may explain at a molecular level why green algae bloomed in the spring under condi-
tions with sufficient nutrient, lower pH and lower water temperature; while cyanobacteria
overgrew green algae and dominated in the summer under conditions with limited nutrient
availability, higher pH and higher water temperature. In addition, the applicability of these
chemometric models for predicting field cyanobacterial growth is of limited value. This may
be attributed to other special adaptation properties of cyanobacterial species under stress
growth conditions. We used flow cytometry to isolate functional algal groups from the water
samples. Despite some drawbacks of the flow cytometry combined FTIR spectroscopy tech-
nique, this method provides prospects of monitoring water quality and early warning of
harmful algal blooms.
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Il Summary

Phytoplankton algae are sensitive to environmental changes in their habitat, and thus,
their growth patterns and many algal species are used as indicators of water quality. They
have been accepted as a major indicator of eutrophication in freshwater as their blooms are
common in waters affected by nutrient over-enrichment. Eutrophication in reservoirs and
lakes may lead to decline of phytoplankton diversity and eventually to cyanobacterial domi-
nance and toxin production. Therefore, monitoring the growth development and composition
of phytoplankton communities is important for water quality control and early warning of
harmful algal blooms (HABS).

Recent studies established growth models based on cellular traits such as carbon (C) al-
location related macromolecular and elemental ratios. The specific energetic and macromo-
lecular stoichiometry exists as a function that can be used to predict growth rates of microal-
gae under a given growth condition regulated by e.g. nutrient supply or temperature. Fourier
transform infrared (FTIR) spectroscopy has been widely used in chemometric analysis of
phytoplankton cells because it is a rapid, nondestructive, time saving method that can detect a
range of functional groups and is highly sensitive to changes in molecular structure. Recent
studies developed chemometric models to extract quantitative information from FTIR spectra
to reveal growth rates (Jebsen et al., 2012), as well as C-allocation related traits e.g. macro-
molecular composition of proteins, carbohydrates and lipids (Wagner et al., 2010) and ele-
mental carbon to nitrogen (C:N) ratios (Wagner et al., 2019). The development of these
chemometric models was based on different methods including PLSR (Partial least square
regression), spectral reconstruction or band peak ratios. In this study, we tested the applicabil-
ity of these models for the first time in determining the C-allocation traits and predicting
growth potential of phytoplankton communities in a natural aquatic ecosystem (Lake Auensee,

Leipzig, Germany).

In the hypertrophic Lake Auensee, there are two annual blooms, the spring bloom forms
majorly by cryptophytes and green algae, and cyanobacteria commonly bloom in summer. In
the observation term of the study, we focused on the succession process from the green algal
abundance to the cyanobacterial blooms. Here the ellular C-allocation stoichiometry changed
simultaneously in response to seasonal environmental changes such as nutrient supply, light

condition, water temperature, pH, dissolved oxygen concentration and electric conductivity.
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The green algal bloom was associated with sufficient nutrient supply in water due to the
spring turnover. The complete lake mixing allowed the nutrients fluxes from the bottom water
into the upper water layers that promoted high growth rates of primary producers and other
organisms. Rapid phytoplankton growth in spring consumed nutrients in a great amount
within the surface waters. In turn, the reduction of nutrient availability may also restrict the
growth development of phytoplankton. The dependence of green algal growth on N availabil-
ity can be confirmed by the cellular C-allocation traits determined using FTIR spectroscopy.
Under N-limitation conditions, green algae showed a decrease in protein contents, as well as
increases in carbohydrate contents and C:N ratios. The results evidenced the C-allocation hy-
pothesis (CAH) that nutrient limitation may induce the reallocation of photosynthetic ener-
gy/carbon switching from N-rich protein synthesis for maintaining growth to energy storage
in forms of carbohydrates and/or lipids. Furthermore, the FTIR-predicted growth potential can
reflect the seasonal biomass development of this algal group. The analysis demonstrated that
the chemometric models based on FTIR-spectra can be used in monitoring the growth poten-
tial and to explain the C-allocation strategies in response to environmental changes, not only
for algal lab-cultures, but also for field green algal subcommunity. Beside the nutrient stresses,
decreased water transparency, increased pH values and water temperatures, as well as grazing
pressure of zooplankton may also directly or indirectly influence the cellular C-allocation
stoichiometry and restrict the growth rate of green algae. The reduce of the spring bloomers
resulted in the formation of a clear-water phase during the late-spring and early-summer in

Lake Auensee.

After the onset of the clear-water phase, cyanobacteria (mainly colonial and filamentous
species) became abundant in the epilimnion and formed harmful blooms in the summer, likely
due to combination of favorable nutrient stoichiometry, i.e. imbalanced N and P supply de-
termined as low DIN:TP (dissolved inorganic nitrogen to total phosphorus) ratios, elevated pH
and water temperature in this long-term stratified lake. In this situation, the macromolecular
stoichiometry responded to environmental changes by decreased protein content, as well as
increased carbohydrate and lipid contents and C:N ratios. These C-allocation responses of
cyanobacterial cells were similar as that of green algae. Nevertheless, the growth rate of cya-
nobacteria was not limited by these environmental stresses, intense bloomed even under
N-limiting conditions. This specific growth response can be attributed to the specific energy
allocation under diazotrophic conditions. Since high energy requirement for N»-fixation pro-

cesses may influence the allocation of photosynthetic energy towards growth maintenance,
12
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the metabolic strategies of cyanobacteria to N-limitations are more complicate and different
from those of the green algae. Thus, the specific C-allocation and growth responses cannot be
solely explained by the CAH.

The predicted growth potential of cyanobacteria based on FTIR-model was not con-
sistent with the real variation tendency of population biomass, which indicated that the growth
model is not always suitable for the prediction of cyanobacterial growth under natural condi-
tions. The possible reasons are as follows. The N2-fixing and non-N2-fixing genera have dif-
ferent sensitivity and growth response to N-deficiency. Diazotrophic species can maintain
growth under N-limitation conditions, and their growth rates become decreased when N is
depleted; whereas, non-N-fixing cyanobacteria decrease growth rate in response to
N-limitations. Furthermore, the coexistence of No-fixing and non-N2-fixing cyanobacteria can
lead to dramatic enhancement of taxonomic growth rates. These species-specific responses to
environmental stresses and interactions between cyanobacterial species may shift the nature of
the predicted relationship between growth patterns and nutrient supply (as well as other envi-
ronmental factors) and increase the difficulty of establishing a taxon-specific growth model
for field studies. Furthermore, the filtration of samples in the preparation process led to losses
of large amounts of filamentous and large colonial cyanobacteria, probably accounting for the
deviation of the predicted growth potential from the actual growth rates. In addition, cyano-
bacterial growth can benefit from their other physiological traits, such as buoyancy control
and grazing resistance, the relationships of which to C-allocation traits are still unclear.
Therefore, as a next step, the use of a species-specific growth model for some major
bloom-forming species (e.g., Microcystis and Anabaena) may be more applicable for moni-

toring water quality and early warning the occurrence of cyanobacteria dominated HABS.

In this study, we used flow cytometry (FCM) to isolate green algal and cyanobacterial
cells from water samples of Lake Auensee. The FCM in combination with FTIR spectroscopy
allowed rapid experimental processes (within several hours) from water sampling to cell se-
lection to FTIR-spectra measurements. The fast implementation prevented possible interfer-
ence due to long-term storage. Considering natural water samples commonly having high
species diversity and low cell number, this combined method stands for its rapid speed, simple
operation, and saving cell materials that is ideal applicatable for long-term studies of field

phytoplankton.

Because FTIR spectra as fingerprint mirror the biochemical changes in response to envi-
13
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ronmental factors, they can be used on a molecular level to explain the growth mechanisms
why green algae prefer conditions with higher nutrient and light availability, and lower tem-
perature and pH; while cyanobacteria benefit from environments with low N supply, higher
temperature and pH. The spectral properties further provide a better understanding of how
environmental dynamics driving the seasonal variations of phytoplankton community struc-

ture in an ecological niche.

FTIR spectroscopy links one hand the cellular macromolecular biomass, on the other
hand, it links the environmental conditions. If the cellular biochemical stoichiometry in re-
sponse to abiotic or biotic conditions is known, the FTIR spectrum can mirror this environ-
ment. For example, the Redfield C:N ratio of 6.6 may serve as a cellular critical ratio to de-
termine N-limitation in water. Since external N-depletion may have effects on decrease in
cellular N-pool and enhancement of C:N ratio, it provided evidence that green algae and cya-
nobacteria decreased their standing crop of biomass, or restricted their growth to a low level,
when the cellular C:N ratio was far above the Redfield ratio. Interestingly, the cyanobacteria
often proliferated when the C:N ratio was in the range between 4.5 and 6.0, slightly lower
than the Redfield C:N ratio. This phenomenon provides a possibility that the non-N2-fixing
cyanobacteria benefit from fixed nitrogen supplied by diazotrophic cyanobacteria in this situ-
ation, and the facilitation between cyanobacteria genera eventually cause outbreak of cyano-
bacterial blooms. The cellular biochemical composition serving as indicators of the environ-
ment is particularly important for providing guiding direction in future studies of eutrophica-
tion control, water quality management and early warning of HABs. Despite the fact that at
present the method of FCM combined with FTIR spectrometry has some limitations, it pro-
vides the prospects of monitoring physiological changes in target phytoplankton
groups/species, as well as studying or predicting the processes controlling changes in phyto-

plankton growth and community composition in response to environmental changes.
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Zusammenfassung

11 Zusammenfassung

Phytoplanktonalgen reagieren empfindlich auf Umweltveraderungen in ihrem Lebens-
raum. Daher werden ihre Wachstumsmuster und viele Algenarten als Indikatoren fUr die Was-
serqualit& verwendet. Sie sind als Hauptindikator fUr die Eutrophierung im Stf3vasser aner-
kannt, da ihre Bltten haufig in Gewd&sern auftreten, die von einer Uberanreicherung mit
Né&arstoffen betroffen sind. Die Eutrophierung in Stauseen und Seen kann zur Abnahme der
Phytoplankton-Diversité und schliefdich zur Dominanz der Cyanobakterien und zur To-
xin-Produktion fthren. Daher ist die Uberwachung der Wachstumsentwicklung und der Zu-
sammensetzung von Phytoplanktongemeinschaften wichtig fUr die Wasserqualit&s- kontrolle
und die Frthwarnung vor schéatlichen Algenbltien (HABS).

In den letzten Jahren wurden die Wachstumsmodelle entwickelt, die auf zellul&en
Merkmalen wie der Allokation von Kohlenstoff (C) zu makromolekularen und elementaren
Verh&tnissen basieren. Die spezifische energetische und makromolekulare St&chiometrie
existiert als eine Funktion, die verwendet werden kann, um Wachstumsraten von Mikroalgen
unter einer gegebenen Wachstumsbedingung vorherzusagen, die z.B. Né&arstoffversorgung
oder Temperatur. Die Fourier-Transformations-Infrarot- Spektroskopie (FTIR-Spektroskopie)
wird h&ufig fir die chemometrische Analyse von Phytoplanktonzellen verwendet. Die Me-
thode ist schnell, zerstGungsfrei und zeitsparend, kann eine Reihe von funktionellen Gruppen
identifizieren und ist sehr empfindlich gegeniber Anderungen der MolekUstruktur. Aktuelle
Studien entwickelten chemometrische Modelle, um quantitative Informationen aus
FTIR-Spektren zu extrahieren und Wachstumsraten aufzudecken (Jebsen et al., 2012) sowie
C-Allokations-bezogene Eigenschaften, z.B. makromolekulare Zusammensetzung von Prote-
inen, Kohlenhydraten und Lipiden (Wagner et al., 2010) und Verhd&tnis von elementarem
Kohlenstoff zu Stickstoff (C:N) (Wagner et al., 2019). Die Entwicklung dieser chemometri-
schen Modelle ist auf verschiedenen Methoden basieren, z.B. PLSR (Partial Least Square
Regression), spektraler Rekonstruktion oder Absorptionsband-Verhdtnissen. In diesem Pro-
jekt haben wir die Anwendbarkeit dieser Modelle zum ersten Mal getestet, um die
C-Allokationsmerkmale zu bestimmen und das Wachstumspotenzial von Phytoplank-
ton-Gemeinschaften in einem natirlichen aquatischen Okosystem (Auensee, Leipzig,
Deutschland) vorherzusagen.

Im hypertrophen Auensee gibt es zwei j&brliche Bliten, die Frihlingsblte, die haupt-
s&hlich aus Cryptophyten und Grinalgen besteht, und die Sommerblte aus Cyanobakterien.
15
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Im Beobachtungszeitraum, fokusieren wir uns auf den Folgeprozess der Dominanz von
Cyanobakterien gegentber der Abundanz von Grinalgen, bei dem sich die St&chiometrie der
zellul&en C-Allokation gleichzeitig als Reaktion auf saisonale Umwelt-ver&nderungen wie
Né&arstoffversorgung, Lichtbedingungen, Wassertemperatur, pH-Wert, Konzentration des ge-
IGsten Sauerstoffs und elektrische Leitféhigkeit.

Die Grinalgenblitte war aufgrund der Frihjahrszirkulation mit einer ausreichenden
Né&brstoffversorgung im Wasser verbunden. Die vollsténdige Vermischung des Sees ermg-
lichte den NébrstoffflUssen vom Grundwasser in die oberen Wasserschichten, was das explo-
sive Wachstum von Prim&produzenten und anderen Organismen fcrderte. Das schnelle
Wachstum des Phytoplanktons im Frihjahr verbrauchte in grof&n Mengen Néarstoffe in den
Oberfl&hengewasern. Die Verringerung der Néarstoffverfigbarkeit kann wiederum die
Wachstumsentwicklung von Phytoplankton einschrénken. Die Abhé&ngigkeit des Grinalgen-
wachstums von der Stickstoff-Verfigbarkeit kann durch die mithilfe der FTIR-Spektroskopie
bestimmten zellul&en C-Allokationsmerkmale best&igt werden. Unter N-limitierenden Be-
dingungen zeigten die Grinalgen einen Abstieg des Proteingehalts sowie einen Anstieg des
Kohlenhydratgehalts und des C:N-Verhdtnisses. Die Ergebnisse bestaigten die
C-Allokationshypothese (CAH), dass eine N&nrstoffmangel den Ubergang der photosyntheti-
schen Energie-/Kohlenstoffverteilung von der stickstoffreichen Proteinsynthese zum Wachs-
tum in die Energiespeicherung in Form von Kohlenhydraten und/oder Lipiden bewirken
k&nnte. Dariber hinaus kann das von FTIR vorhergesagte Wachstumspotenzial die saisonale
Biomasseentwicklung dieser Algengruppe widerspiegeln. Die Analyse zeigte, dass die auf
FTIR-Spektren basierenden chemometrischen Modelle zur Uberwachung des Wachstumspo-
tenzials und zur Erkl&ung der C-Allokationsstrategien in Reaktion auf Umweltver&derungen
nicht nur fir Algenlaborkulturen, sondern auch fr Feldgrinalgen verwendet werden k&nen.
Neben den Nébrstoffbelastungen kénen auch eine verminderte Wassertransparenz, erhchte
pH-Werte und Wassertemperaturen sowie der Weidedruck des Zooplanktons die zellul&e
C-Allokationsst&chiometrie direkt oder indirekt beeinflussen und die Wachstumsrate von
Grinalgen einschréaoken. Durch die Reduzierung der Frihjahrsblther bildete sich im Spa-

frihling und Frihsommer am Auensee eine Klarwasserphase.

Nach dem Einsetzen der Klarwasserphase traten im Epilimnion h&ufig Cyanobakterien
(haupts&hlich in Kolonien und Filamenten) auf und bildeten im Sommer schalliche Bliien,

wahrscheinlich aufgrund der Kombination einer ginstigen Né&arstoffst&chiometrie, d.h. einer
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Zusammenfassung

unausgewogenen N- und P-Ern&brung, die als niedrige DIN:TP (gel&ster anorganischer Stick-
stoff zu Gesamtphosphor)-Verh&8tnisse bestimmt wurde und erh&nter pH-Wert und Wasser-
temperatur in diesem langfristig geschichteten bzw. stratifizierten See. In solchen Situationen
reagierte die makromolekulare St&hiometrie auf Umweltver&aderungen mit verringertem
Proteingehalt sowie erhchten Kohlenhydrat- und Lipidgehalten und C:N-Verh&tnissen. Diese
C-Allokation von Cyanobakterienzellen beantwortete &nlich wie die von Grinalgen. Die
Wachstumsrate von Cyanobakterien war nicht durch diese Umweltbelastungen begrenzt, und
diese Algengruppe blihte intensiv trotz N-limitation auf. Diese spezifische Wachstumsreakti-
on kann auf die spezifische Energieverteilung unter diazotrophen Bedingungen zurickgefihrt
werden. Da ein hoher Energiebedarf fCr No-Fixierungsprozesse die Allokation der photosyn-
thetischen Energie beeinflussen kann, sind die Stoffwechselstrategien von Cyanobakterien
komplizierter und unterscheiden sich von denen der Grinalgen. Somit kéinen die spezifi-

schen C-Allokations- und Wachstumsstrategien nicht allein von der CAH interpretiert werden.

Das FTIR-Modell vorhergesagte Wachstumspotenzial von Cyanobakterien stimmte
nicht mit der tats&hlichen Variationstendenz der Populationshiomasse (berein, was darauf
hindeutete, dass das Wachstumsmodell nicht fUr die Vorhersage des Wachstums von
Cyanobakterien unter natCrlichen Bedingungen geeignet ist. Die m&lichen Grinde sind wie
folgt. Die No-fixierenden und Nicht-No-fixierenden Gattungen weisen eine unterschiedliche
Empfindlichkeit und Wachstumsreaktion auf N-Mangel auf. Zus&zlich ké&inen diazotrophe
Spezies unter N-Limitation Bedingungen das Wachstum aufrechterhalten, wébrend die
Wachstumsrate verringert wird, wenn N in Wasser ersch&pft wird. Im Vergleich dazu verrin-
gern die Nicht-No-fixierenden Cyanobakterien die Wachstumsrate unter N-Limitation. Dar-
tber hinaus kann die Koexistenz von den N-fixierenden und Nicht-N2-fixierenden
Cyanobakterien zu einer dramatischen Steigerung der taxonomischen Wachstumsraten fthren.
Diese artspezifischen Reaktionen auf Umweltbelastungen und die Interaktion zwischen
cyanobakteriellen Spezies kénen die Abhangigkeit-Vorhersage der Wachstumsrate von der
Né&orstoffversorgung (sowie anderen Umweltfaktoren) ver&dern, und die Schwierigkeit er-
hdhen, ein taxon-spezifisches Wachstumsmodell fUr Phytoplankton in Freilandforschungen zu
etablieren. Auf®rdem fihrte die Filtration der Proben wé&brend des Aufbereitungsprozesses zu
Verlusten grof&r Mengen von den fadenfédmigen und kolonialen Cyanobakterien, was die
Abweichung des vorhergesagten Wachstumspotenzials von den tats&hlichen Wachstumsraten
verursachen k&nte. Zus&zlich kann das Wachstum von anderen physiologischen Merkmalen

wie Auftriebskontrolle und Fraf®n-Resistenz profitieren, aber der Zusammenhang dieser To-
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lerante mit den Mechanismen der C-Allokation ist noch unklar. Daher kann als n&hster
Schritt die Verwendung eines speziesspezifischen Wachstumsmodells fUr einige Hauptalgen-
bltten Spezies (z. B. Microcystis und Anabaena) fir Monitoring der Wachstum-Development

und Frthwarnung der Cyanobakterien-dominierten HABS geeigneter sein.

In dieser Studie verwendeten wir die Durchflusszytometrie (FCM), um Grinalgen- und
Cyanobakterienzellen aus Wasserproben von Auensee zu isolieren. Das FCM in Kombination
mit der FTIR-Spektroskopie ermcglichte schnelle experimentelle Prozesse (innerhalb weniger
Stunden) von der Wasserentnahme, (ber die Zellselektion bis hin zu den Messungen der
FTIR-Spektren. Die schnelle Durchfthrung verhinderte mcyliche Interferenzen durch Lang-
zeitlagerung. Freilandwasserproben weisen (blicherweise eine hohe Artenvielfalt und eine
niedrige Zellzahl. Diese kombinierte Methode steht fUr schnelle Geschwindigkeit, einfache
Bedienung und Einsparung von Zellmaterialien, welche hervorragend fUr die langfristige Be-

obachtung des Feldphytoplanktons verwendbar sind.

Da FTIR-Spektren als Fingerabdruck die biochemischen Ver&derungen in Abh&ngigkeit
von Umweltfaktoren widerspiegeln, ermcylichen die FTIR-Spektren auf molekularer Ebene
die Wachstumsmechanismen zu erkl&en, warum Grinalgen unter Bedingungen mit h&herer
Né&brstoff- und LichtverfUgbarkeit sowie niedrigerer Temperatur und niedrigerem pH-Wert
bevorzugen; wé&bnrend Cyanobakterien von Umgebungen mit N-Limitierung, h&herer Tempe-
ratur und hcherem pH-Wert profitieren. Die spektralen Eigenschaften bieten dariber hinaus
ein besseres Verstandnis dafir, wie die Umweltdynamik die jahreszeitlichen Schwankungen

der Phytoplankton-Gemeinschaftsstruktur in einer ckologischen Nische beeinflusst.

Die FTIR-Spektroskopie verknipft einerseits die zellul&e makromolekulare Biomasse
und andererseits die Umgebungsbedingungen. Wenn die zellul&e biochemische St&chiomet-
rie als Reaktion auf abiotische oder biotische Bedingungen bekannt ist, kann das
FTIR-Spektrum diese Umgebung vorhersagen. Beispielsweise kann das Redfield-C:
N-Verhdtnis von 6,6 als zellul&es kritisches Verh&8tnis zur Bestimmung der N-Limitierung in
Wasser dienen. Eine externe N-Depletion kann auf die Abnahme des zellul&en N-Pools und
die Erhchung des C:N-Verhdtnisses auswirken. Dies ergab Hinweise darauf, dass Grinalgen
und Cyanobakterien ihre Populationsbiomasse verringerten oder ihr Wachstum auf ein nied-
riges Niveau beschrankten, wenn das zellul&e C:N-Verhdtnis lag weit (ber dem Red-
field-Verh&tnis. Interessanterweise vermehrten sich die Cyanobakterien h&ufig, wenn das C:
N-Verhdtnis im Bereich zwischen 4,5 und 6,0 lag, etwas niedriger als das Redfield-C:

18



Zusammenfassung

N-Verhdtnis. Dieses Ph&omen in dieser Situation bietet die Mcglichkeit, dass das von dia-
zotrophen Cyanoabcterium fixierte N als N-Quelle fir die nicht-No-fixierenden Cyanobakte-
rien diente. Schliefdich verursachte die Erleichterung zwischen den Cyanobakte-
rien-Gattungenen den Ausbruch von Cyanobakterienbliten. Die zellul&e biochemische Zu-
sammensetzung als Indikatoren fUr die Umwelt sind besonders wichtig, um Leitlinien fCr die
kinftige Forschung zur Eutrophierungskontrolle, zum Wasserqualit&ismanagement und zur
Frihwarnung von HAB bereitzustellen. Trotz der Tatsache, dass die Methode der FCM in
Kombination mit der FTIR-Spektrometrie derzeit einige Einschrékungen aufweist, bietet sie
eine Aussicht auf das Monitoring physiologischer Veranderungen der Ziel-Phytoplankton-
gruppen/-spezies, sowie die Untersuchung/Vorhersage der Abh&ngigkeit des Phytoplawachs-

tums und der Population-Zusammensetzung von den Umweltver&nderungen.
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Introduction

1 Introduction

Water is essential for life. It is the major constituent (70-90%) of all living cells. Fresh-
water is an essential resource not only for the existence of plants and animals, but also for
humans and their commercial activities such as agriculture and industry. However, the high
demand for freshwater resource because of increasing population, industrial growth, and in-
tensification of agricultural production has resulted in reckless overconsumption, misuse,
pollution, and eutrophication. Eutrophication (or hypertrophication) is defined as the enrich-
ment of a water body with an excessive amount of nutrients for phototrophs. This process
may cause negative ecological consequences on aquatic ecosystem structures, processes, and
functions, leading to an extensive growth of phytoplankton that can deteriorate water quality
(Western, 2001; Beeton, 2002). For a long time now, eutrophication and its effects on algal
blooms have been recognized as a water pollution problem (Rodhe, 1969). This problem has
become increasingly critical over the past 50 years (Mainston and Parr, 2002). Recently, the
increasing severity of water eutrophication has been brought to the attention of governments
and the public. The investigation from the United Nation Environmental Programme (UNEP)
indicates that about 30—40% of the lakes and reservoirs around the world have been more or

less affected by water eutrophication.

The excessive eutrophiction nutrients resulting from nutrient inflow disturb the intrinsic
equilibrium of an aquatic ecosystem, thus leading to the damage of this ecosystem with a
gradual degeneration of its functions. As a result, dense algae blooms—mainly of Cyanophyta
and Chlorophyta—are induced often forming a thick layer of “green scum” on the water sur-
face, which reduces water clarity and quality. Algal blooms limit light penetration thus weak-
ening or stopping photosynthesis of plants under the water (Lehtiniemi et al., 2005). These
dense algal blooms die when the nutrients have been consumed and the consequent, microbial
decomposition severely depletes dissolved oxygen and increases the concentrations of ammo-
nium and hydrogensulphid in water, which is toxic for aquatic animals and will cause their
die-offs. Furthermore, some cyanobacteria release toxins (cyanotoxins) and form harmful al-
gal blooms (HABs), which degrade the quality of drinking water sources and poison fish and
shellfish.

Although HABs are known to be formed by a combination of physical, chemical, and bi-

ological factors of aquatic ecosystems, how these factors combine to create a 'bloom' of algae
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is not well understood. The monitoring of these factors may provide us information on the
development of algal blooms and water quality that may be used for bloom assessment and
advanced warning of HABs.

1.1 Water quality monitoring

Water quality refers to: 1) a set of concentrations, speciation, and physical partitions of
inorganic or organic substances; 2) composition and state of aquatic biota; 3) temporal and
spatial variations resulting from factors internal and external to a water body (Chapman,
1996). The monitoring of water quality provides a collection of information at set locations
and at regular intervals in order to provide data that may be used to define current conditions,
establish trends, etc., supporting decision making on health and environmental issues. Water
monitoring is mainly performed through the measurement of two types of water quality pa-
rameters: physic-chemical basic parameters (temperature, pH, dissolved oxygen, dissolved
organic matter, and nutrients) and biological parameters of microorganisms and phytoplank-
ton. These abiotic and biotic parameters can be used to identify certain conditions regarding
the ecology of living organisms and suggest appropriate conservation and management strate-
gies (Thirupathaiah et al., 2013).

Waters with different trophic conditions differ in their natural or anthropogenic-altered
developmental history and in their associated chemical and biological parameters. The trophic
classification of lakes is based on its primary productivity, which in turn reflects nutrient
richness. Water clarity (Secchi disk depth), chlorophyll content, and the concentration of ni-
trogen and phosphorus are key parameters used to define the trophic state of a water body
(Table 1).

Table 1 Classification of waters based on trophic criteria (Gunkel, 1994)

Secchi—-depth | Chlorophyll a | Ortho-phosphate | Total phosphate | Nitrogen

[m] (g I] [mg "] * [mg "] * [mg "] *
Oligotrophic >6 <3 <0.002 <0.015 <0.01
Mesotrophic >4 <10 0-0.005 <0.04 <0.03
Eutrophic > 1 10-40 0-0.1 0.04-0.3 <0.1
Hypertrophic <05 > 60 >05 >05 >0.5

*Mean value for epilimnion during summer stagnation
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1.2 Environmental parameters for monitoring water quality
1.2.1 Light conditions

Light is one of the most important factors that affect the fundamental properties of water
bodies. The absorption and attenuation of light by the water column are major factors control-
ling temperature and potential photosynthesis of organisms. Photosynthesis provides the or-
ganic carbon that forms the base of food chains and delivers most of the dissolved oxygen in
the water which allows higher life forms in the aquatic environment. Solar radiation is not
only the energy source for photosynthesis but also the major source of heat for the water
column driving water turbulence in the basin in combination with wind energy. The solar ra-
diation that reaches the horizontal surface of the earth is called global radiation, and it consists
of direct solar radiation and diffuse radiation resulting from reflected or scattered sunlight,
respectively. The sun as a light source emits electromagnetic waves. Wave lengths range from
energetic short-waves (UV light, 280-380 nm) and visible light (350-700 nm) to lower-energy
infrared light (700-3,000 nm). Photosynthetically available radiation (PAR) is restricted to the

visible light spectrum.

The intensity of PAR varies seasonally and with cloud cover, and it decreases with in-
creasing depth of the water column. A small part of the direct sunlight impinging on the water
surface is lost by reflection, whereas most part of the radiation penetrates the water column and
exponentially decreases with water depths, as described mathematically by Lambert-Beer’s

law:
Ea(z) = Ea(0) * e*™ (Eq. 1),

where Eq (z) indicates radiation intensity [LEm2s] in the water depth z [m], Eq4 (0) is radiation
intensity [LEm™s™] at the water surface, and Kq is the vertical attenuation coefficient [m™].

Equation 1 shows that the attenuation is strongly wavelength dependent.

The rate at which the PAR intensity decreases with water depth also depends on the
amount of light-absorbing dissolved substances (mostly organic carbon compounds washed in
from decomposing vegetation in the watershed) and the amount of absorption and scattering
caused by suspended materials (soil particles from the watershed, algae, and detritus). The
depth in which 1% of the solar radiation at water surface Eq (0) is measured is generally defined

as the euphotic layer; almost all of the photosynthesis occurs within this layer, thus the depth of
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the eutrophic zone is generally proportional to the level of primary production. The percentage
of surface light absorbed or scattered in a 1 m-long vertical column of water is called the ver-
tical extinction coefficient (k). In lakes with low k-values, light penetrates deeper than in

those with high k-values.

Algal growth increases almost linearly at low irradiance, saturates at an optimal irradi-
ance level for growth, and then declines because of photoinhibition (Langdon, 1988; Talmy et
al., 2013; Edwards et al., 2016). The optimal irradiance for phytoplankton commonly varies
between 33-400 pmol m2s? (Singh and Singh, 2015). In natural environments, light intensity
at a lake surface is often high above the saturation level that may induce photoinhibition and
inhibit phytoplankton growth. The increase of light intensity may induce a higher incorpora-
tion of carbon into carbohydrates (Cook, 1963; Ross and Geider, 2009) and storage lipids in
phytoplankton cells (Gordillo et al., 1998), whereas light limitation may decrease these stor-
age pools (Jebsen et al., 2012). If eutrophication progresses, phytoplankton overgrowth and
subsequent death result in a greenish slime layer over the water body surface. This slime layer
reduces light penetration and restricts reoxygenation of water through air currents. The decline
of macrophytes and phytoplankton in many shallow water bodies probably occurs because of
light limitation due to algal blooming. Furthermore, phytoplankton in aquatic ecosystems is
often subjected to light fluctuation with short timescales, ranging from seconds to hours or
days (Litchman and Klausmeier, 2001), and the vertical mixing of the water column changes
underwater light intensity from complete darkness to full sunlight (Maclntyre et al., 2000).
Fluctuating light conditions exert a great influence on phytoplankton photosynthesis, growth
rates, and species composition (Marra, 1978; Litchman, 2000; Wagner et al., 2006).

Besides measuring radiation intensity, Secchi-depth is used to measure water transpar-
ency, which is also an indicator of lake trophic status. Water transparency directly affects the
amount of light penetrating a lake, and it influences photosynthesis and oxygen production.
Algae and suspended particles from erosion make the water turbid or coloured, thus decreas-
ing the transparency of a lake. Therefore, low Secchi-depth readings indicate water column
either with high algal concentration or high concentration of suspended particles or inorganic
nature. A general rule of thumb is that the eutrophic depth is ~2—3 times the Secchi-depth.

Clear-water phases have been observed in many eutrophic lakes in late spring (Sommer

et al., 1986; Deneke and Nixdorf, 1999). Intense grazing of filter-feeding zooplankton (i.e.,
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cladocerans) because of increasing temperature has been proved to be the main mechanism
behind the fast decline in algal biomass (Lampert et al., 1986; Deneke and Nixdorf, 1999).
Moreover, other factors such as nutrient limitation may also reduce phytoplankton growth at
the end of the spring maximum (Reynolds, 1984). During a clear-water phase, zooplankton
grazing may lead to changes in standing crop of biomass, distribution, and community com-
position (Sommer et al., 1986; Stock and Dunne, 2010; Mitra et al., 2014; Stock et al., 2014).

1.2.2 Temperature

Temperature is a key parameter in water quality monitoring as it likely plays a critical role
in driving a lake’s circulation and stratification (Figure 1). Solar radiation is absorbed by the
surface water of a lake, which increases the temperature of the water and therefore changes its
density. As the surface water temperature increases from 0<C to 4<C, it becomes denser and
sinks. When the temperature and density of the surface water become equal to those of the
bottom water, the spring/autumn turnover begins. The warming of the surface waters eventu-
ally leads to a boundary between surface water and deep water. The temperature profile is
then called stratified, and the water body is formed by the upper warm epilimnion and the
lower cold hypolimnion. Between these layers is the metalimnion (thermocline), which is a
temperature jumping layer and has the greatest relative temperature changes (Hutchinson,
1957). The occurrence of stratification depends on characteristics like depth, shape, and size
of a lake. In some small and shallow lakes, seasonal thermal stratification may not occur be-
cause the wind mixes water of the entire water body. In other lakes, such as Lake Auensee (in
Leipzig, Germany), thermal stratification commonly occurs because of the combination be-
tween geographic location and lake depth. Stratification has important impacts on phyto-
plankton populations, fisheries management, and water supply quality, such as: 1) it may re-
sult in lack of dissolved oxygen in the hypolimnion; 2) in anoxic conditions, phosphorus and
ammonia release from the sediments and transfer to the hypolimnion, repelling fish that are
sensitive to ammonia; 3) the loss of oxygen by the hypolimnion may induce denitrification
and N-depletion in the bottom waters. It is suggested that long-term stratification together
with temperature and salinity are major factors inducing cyanobacterial blooms (Paerl and
Otten, 2013).
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Figure 1 Circulation in a freshwater lake. The diagram shows a cross section through a typical fresh-
water lake. In summer (A), the temperature of the surface water is increased, and the surface water
becomes lighter than the bottom water. Although wind-induced surface currents stir the water around,
if the lake is deep, they are not strong enough to mix the entire lake, and a thermocline is developed.
Without a cooler autumn, water temperature in the entire lake eventually becomes similar because of
the downward conduction of heat. Organisms living above the thermocline consume all available nu-
trients there and then their deceased bodies sink to the bottom layer. The bottom layer may become
anoxic (i.e., lacking oxygen) because oxygen is used in the decomposition of dead organisms. In au-
tumn (B), the temperature of surface water decreases until no thermocline remains, enabling surface
currents to lift nutrient-rich bottom water to the surface. In winter (C), an ice sheet forms, and surface
water becomes colder than the bottom water as a result of the unique property of water of being heav-
iest at 4 <C. With this, another thermocline develops. Fish hibernate in the layer under the thermocline.
In spring (D), the winter layering disappears and the whole lake is mixed, enabling spring blooms of
phytoplankton and other organisms (Anthoni, 2000).

Temperature as well as temperature-related environmental processes may significantly
influence phytoplankton growth rates, nutrient stoichiometry, and spatial and temporal species
distribution in freshwater systems. The growth rate of phytoplankton has been demonstrated
to increase slowly (frequently nonlinearly) with increasing temperature up to a spe-
cies-specific optimal growth temperature (Topt), followed by a fast decrease in growth rate at
temperatures above the optimum one (Ahlgren, 1987; Renaud et al., 2002; Briand et al., 2004;
Jank et al., 2008; Montagnes et al., 2008). For example, diatoms tend to have relatively low

Topt, ranging between 15-25<C (Ignatiades and Smayda, 1970; Foy and Gibson, 1993; But-
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terwick et al., 2005), which is similar to that of cryptophytes (19-24<C; Ojala, 1993). The Topt
of dinoflagellates is between 21-26<C (Kim et al., 2004). Cyanobacteria and chlorophytes
appear to have the highest Topt levels between 25-35<C (Robarts and Zohary, 1987; Sosik and
Mitchell, 1994; Bouterfas et al., 2002; Zargar et al., 2006; Cho et al., 2007). Together with
factors such as nutrient availability, light, and grazing pressure, temperature affects the pri-
mary productivity and seasonal dynamics of phytoplankton communities (Karentz and
Smayda, 1984), i.e., in dimictic lakes in temperate regions, spring blooms of diatoms and
cryptophytes, early-summer blooms of green algae, summer booms of cyanobacteria, and

autumn blooms of diatoms and/or dinophytes (Lewis, 1978).

From the physiological point of view, temperature does not influence the primary reac-
tions in photosynthesis but exerts a strong effect on the activity of enzymes that play key roles
in metabolism by regulating metabolic pathways and reaction rates that control algal growth
and physiology (Konopka and Brock, 1978; Be&het et al., 2013). Temperature has been re-
ported to affect the biochemical composition of cells. For example, as temperature increases
beyond the optimum value, the level of unsaturated fatty acids in cell membrane gradually
decrease and lipid synthesis is inhibited (Kalacheva et al., 2002; Converti et al., 2009), lead-
ing to the accumulation of polysaccharides. Furthermore, several studies have demonstrated
that, when organisms are grown at higher temperatures, higher cellular nitro-
gen-to-phosphorus and carbon-to-phosphorus ratios can be observed because fewer phospho-
rus-rich ribosomes relative to nitrogen-rich proteins are required to sustain growth and

maintenance (Toseland et al., 2013; Yvon-Durocher et al., 2015).

Global warming is one of the main features of climate change, and strongly interacts
with higher efflux of nutrients stimulating eutrophication of water systems (Li and Liao,
2002). Global average surface temperatures have been predicted to increase 1.1-6.4<C within
the next 100 years (IPCC, 2007), and this may increase water temperatures, alter the thermal
regime of many freshwater habitats (Webb and Nobilis, 2007), and change phytoplankton
community structure and distribution in especially sensitive aquatic ecosystems such as small
and shallow eutrophic lakes. For example, many authors have suggested that climate warming
may cause the decrease of phytoplankton diversity and promote HABs (Paerl and Huisman,
2009; Paerl et al., 2011). Therefore, a better understanding of the relationship between tem-
perature and phytoplankton growth potential will improve our ability to predict species turn-

over and productivity and will allow early warning systems for HABs.
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1.2.3 Dissolved oxygen

Dissolved oxygen is the amount of oxygen dissolved in lake water. Oxygen is necessary
for the survival of all living organisms except some bacteria, and it is an important indicator

of pollution or eutrophication in aguatic ecosystems.

Dissolved oxygen is supplied to a lake from two main sources: diffusion from the at-
mosphere and photosynthesis. Oxygen diffuses into the surface of a lake from the atmosphere
because of wave action and turbulence. Alternatively, oxygen is supplied in well-illuminated
eutrophic zones with active photosynthetic aquatic organisms (i.e., plants and phytoplankton).
In the photosynthesis process, plants and phytoplankton use chlorophyll and sunlight energy
to convert carbon dioxide (CO.) and water into sugar (glucose, CsH1206) and release oxygen
into the water. Dissolved oxygen is consumed mainly by respiration, decomposition and vari-
ous chemical reactions. Respiration is when animals breathe in oxygen and use it to produce
energy, releasing CO. and water as by-products. Decomposition is the natural process of
metabolic degradation of organic matter (e.g., animal tissues, plant residues and microbial

material) into simple organic and inorganic compounds by invertebrates, bacteria and fungi.

In a stratified water body, the epilimnion is often oxygen-saturated or oversaturated dur-
ing the day because of oxygen production by photosynthesis, while at night aquatic organisms
respire and consume oxygen. Moreover, temperature changes oxygen solubility in water, so
cold waters contain more oxygen than warm waters (Wetzel, 1975). Therefore, variations in
dissolved oxygen may occur seasonally or even over 24-hour periods depending on tempera-

ture, salinity, turbulence, atmospheric pressure, and biological activity.

Oxygen stratification often occurs in water bodies with strong thermal stratification. Es-
pecially in eutrophic waters, oxygen concentration greatly decreases with depth (heterograde
distribution). In the darker hypolimnion, dissolved oxygen is often depleted because of the
absence of photosynthesis and the high activity of microbial decomposition processes of dead
plant and animal tissues that come from the upper water layers. These processes are highly
promoted during HABs (Chen et al., 2012). Massive algal blooms last from a few days to
many months and lead to anoxic dead zones in the hypolimnion, where neither fish nor plants
are able to survive (Diaz and Rosenberg, 2008). Anoxic waters are defined by having dis-

solved oxygen concentration below 0.5 mg/L (US Geological Survey, 2013).
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1.2.4 pH value

Among the physical factors, pH is a very important factor that influences phytoplankton
distribution, diversity, and productivity (Chen and Durbin, 1994; Locke and Sprules, 2000;
Hansen, 2002). It reflects the acid-base condition of waters. Mathematically, the pH value is
the negative logarithm of the proton concentration (pH = -log ¢ (H")). Values in the range of
0 > pH > 7 indicate acidic conditions, 7 < pH < 14 indicate alkaline conditions, and pH = 7

indicates neutral conditions.

The consumption of CO> during photosynthesis changes the lime-carbonic acid balance

in the lake water, as follows:
Ca?" + 2HCO3 «> CaCO3 + H,0 + CO; (Eq. 2)

When CO: is consumed (i.e., by photosynthesis), this equilibrium shifts to the right to supply
CO2 and insoluble calcium carbonate (CaCOs), and pH values are above 8.3. At pH > 8.3 al-
most no free CO is available. At pH > 10, there is more carbonate than bicarbonate; the car-
bonates of calcium is much less soluble than their bicarbonate forms. In freshwater systems,
photosynthesis and respiration affect pH values and their temporal (i.e., diurnal) and vertical
gradients. More alkaline conditions occur at the end of the day, whereas at night pH is recov-

ered by the release of CO2 from respiration.

Daily and seasonal fluctuations in pH are commonly minor compared to those of tem-
perature and biological interactions; however, pH variations of 1-2 units implicate in 10- to
100-fold changes in free hydrogen ion activity (Weisse and Stadler, 2006). Changes in pH
also have strong impacts on the solubility, bioavailability, and toxicity of nutrients such as
phosphate, ammonium/ammonia, iron, aluminium, and other heavy metals (Anderson, 1988;
Wetzel, 2001), especially in increased temperatures and anaerobic conditions (Redshaw et al.,
1990; De-Montigny and Prairie, 1993; Wang et al., 2008; Hou et al., 2013). Furthermore, hy-
drogen ion concentration changes increase the energy demand to regulate intracellular pH,
membrane potential, energy partitioning, photosynthetic electron transport, and activity of
intra- and extracellular enzymes (Stumn and Morgan, 1981; Walsby, 1982; Beardall and Ra-
ven, 2004, Riebesell, 2004, Giordano et al., 2005). Extreme pH values are stressful and
harmful to aquatic organisms. High pH levels may increase dissociation of toxic ammonia (at
pH > 10.5), which can kill fish and other organisms, whereas low pH levels mobilze heavy
metals in the sediment more mobile. It has also been indicated that pH < 6.5 may be harmful
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to many species of fish (US. EPA, 1980). A pH value between 6.5-9.0 would be suitable for
the protection of aquatic habitats. Optimum growth of cyanobacteria is generally reported to
occur in neutral to alkaline pH as these organisms are alkalophiles (Ritchie, 1991; Kaushik,
1994).

1.2.5 Electric conductivity

Electric conductivity is a measure of the ability of water to conduct an electric current. It
is widely used as a quick indicator of salinity. Salinity is the total concentration of all dis-
solved salts in water (Wetzel, 2001), approximating the overall concentration of total dis-
solved solids present in their ionic form, such as sodium, potassium, chloride, carbonate, sul-
phate, calcium, magnesium, etc. The rise of electric conductivity in freshwater is commonly
dependent on increases in water salinity and temperature (Talley, 2000). Micro siemens per
centimetre (LS cm™) is the standard and commonly used unit for the electric conductivity
freshwater measurements. The electric conductivity between 200-1000 1S cm™ is the normal
value for most major rivers; water with electric conductivity out of this range is unsuitable for
certain species of fish or insects. Studies have suggested that salinity and nutrient availability
have often been considered the most important vaiables determining changes in the phyto-
plankton growth and species composition (Com n and Valiela, 1993; Romo and Miracle, 1995;
Lpez-Flores etal., 2006; Reyes etal., 2007; Specchiulli etal.,, 2008; Redden and
Rukminasari, 2008; Fl&ler et al., 2010; Larson and Belovsky, 2013; Dalu et al., 2014;
Lpez-Flores, 2014).

Electric conductivity is an important indicator not only for water quality monitoring, but
also for monitoring a water body’s surrounding environments (Pal et al., 2015). Significant
changes in conductivity may be attributed to natural flooding, evaporation or man-made pol-
lution; any of these factors can be detrimental to water quality, so a sudden increase or de-
crease in conductivity in a water body may indicate pollution. Agricultural runoff and sewage
leakage may be primary causes of increased conductivity because of the additional chloride,

phosphate, and nitrate ions.
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1.2.6 Nutrients

Nutrients consist of a variety of chemical elements and compounds that are essential for
growth and survival of living organisms. In aquatic ecosystems, carbon (C), nitrogen (N),
phosphorus (P), and silicate (Si, for diatoms) are the most important macroelements for phy-
toplankton growth. Micronutrients (such as iron, manganese, copper, and molybdenum) and
organic compounds (polypeptides, amino acids, vitamin B12-cobalamin, B1-thiamine, and
B7-biotin) also affect algal growth. In aquatic ecosystems, chemical elements are found in the
following forms: 1) organic particulate nutrients, i.e., living and dead organic matter such as
bacteria, plants, and animals; 2) inorganic particulate nutrients, i.e., minerals and nutrients
attracted to the surface of suspended inorganic sediment particles; 3) dissolved inorganic forms.
Most nutrients in lakes and reservoirs are derived from the bedrock, atmospheric deposition,

vegetation and animal life in and around the water body, and input from human activities.

Even though the mechanisms of water eutrophication are not fully understood, excessive
total nitrogen (TN) and total phosphorus (TP) in water are considered to be the major factors
that induce water eutrophication and algal blooms (Tong et al., 2003; Fang et al., 2004; Yang
et al., 2008). Generally, the influencing factors of water eutrophication include: 1) excessive
TN and TP; 2) slow current velocity; 3) adequate temperature and other favourable environ-
mental factors; and 4) microbial activity and biodiversity (Li and Liao, 2002). Water eutroph-

ication may occur rapidly when all of these conditions are favourable.

Phosphorus

The most common form of phosphorus used by biological organisms is ortho-phosphate
(PO+*), which plays a key role in the formation of cell membranes, adenosine triphosphate
(ATP), and nucleic acids (DNA and RNA) (Harris, 1986). ATP is important for energy storage
and use and a key molecule in the Kreb’s cycle; moreover, the backbones of DNA and RNA
are formed by sugar-phosphate groups. Thus, P availability usually limits the primary produc-

tion of a water system.

The P cycle in an aquatic ecosystem is connected to the food chains. Faecal waste and
dead organisms with P sink to the bottom of a water body, where the element becomes part of

the sediments. Rooted plants then absorb P from the sediments and transform it into organic
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compounds. Once these plants are consumed by herbivores, P is either incorporated into the
herbivores’ tissues or excreted. When the animal or plant decays, P is returned to the water
(Horne and Goldman, 1994). P levels in water samples collected from lakes are usually de-
termined by measuring ortho-phosphorus (OP; in the form of PO4>-P) and TP. TP includes OP,
dissolved organic P, and stored P (Wetzel, 2001).

In eutrophic lakes, large amounts of P are usually released during summer stratification
and accumulate in the form of soluble reactive phosphate in the hypolimnion (NUrnberg,
1987). The mechanisms behind sediment P-release are, for instance, effects of temperature,
mineralisation, redox conditions, and microbial processes. When water P level is enhanced, a
dramatic drop in nitrogen-to-phosphorus (N:P) ratio leads to nutrient imbalance in the system
(Rhee, 1974, 1978; Goldman et al., 1979; Burkhardt et al., 1999; Geider and La Roche, 2002).
Eutrophication and imbalance of nitrogen and phosphorus are considered to be main causes of
HABs (Schindler, 1977; Smith, 1983; Havens et al., 2003; Huisman and Hulot, 2005). HABs
can negatively impacts other organisms’ (e.g., submerged macrophytes) growth and species
diversity because of enhanced shading and toxin stress on plant metabolism (Barker et al.,
2008; Olsen et al., 2015; Yu et al., 2015).

According to the “experienced molecular formula”—C10sH2630110N16P—o0f algae, N and
P are the two elements that least contribute to alga biomass. Some studies have suggested that
P is the ultimate limiting nutrient that controls phytoplankton biomass and production (Main-
stone and Parr, 2002), based on the elemental stoichiometry and strong relationships between
TP and chlorophyll (Sakamoto, 1966; Dillon and Rigler, 1974; Schindler, 1977). This means
that the available quantity of this nutrient controls the pace at which algae biomass is pro-
duced. Studies have suggested that P limitation is a problem in lakes, where the ratio of N:P
has been enhanced by increased anthropogenic input of N (Bergst&m and Jansson, 2006;
Camarero and Catalan, 2012; Moss et al., 2013). It was reported that reported that 80% of
lake and reservoir eutrophication is restricted by P (Zhao, 2004).

Nitrogen

Nitrogen is essential for the growth and reproduction of living organisms. It is primarily found
in proteins, nucleic acids, and many other organic and inorganic compounds. Proteins comprise
not only structural components but also enzymes essential for the functioning of all living
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organisms. N is also an important component of chlorophyll, which is essential for primary
production. N exists either in an oxidized form dissolved in water, usually as nitrate (NOz") and
nitrite (NO2), or in a reduced form, mainly as ammonium (NH4") and ammonia (NH3). Both
inorganic forms are used by algae and other primary producers (Smith, 1986). The dissolved
inorganic nitrogen (DIN) levels in water samples collected from lakes are usually determined
by measuring nitrate and ammonium in [mg I"]. Atmospheric dinitrogen gas (N>) is also di-
rectly used as a nutrient source by some species of cyanobacteria (i.e., N2-fixing/diazotrophic

cyanobacteria).

Organic N, as an N compound originated from living materials (such as excreta and tis-
sues), are converted by bacteria into inorganic forms of N (eventually to ammonium or am-
monia) and become available for primary producers (Wetzel, 2001). The decomposition pro-
cesses are called ammonification/mineralisation. The conversion of ammonium/ammonia to
nitrite followed by the oxidation of nitrite to nitrate is performed by different types of bacteria
in aerobic conditions and is called nitrification. Nitrification removes ammonia from the water
column, which is important as ammonia gas is toxic to plants and animals. Other bacterial
species reduce nitrates into nitrogen gas through a process of internal loss of N called denitri-
fication. Denitrification is a microbial-facilitated reduction of nitrate- or nitrite-N to a gaseous
form, either nitric oxide (NO), nitrous oxide (N20) and/or N2. The main consequence is the
conversion of biologically available N to biologically unavailable N, leading to N-limitation in
aquatic ecosystems. Denitrification is an anaerobic process, which occurs when no oxygen or
extremely low concentrations of oxygen are available. The simplified cycle of N in aquatic

ecosystems is shown in Figure 2.

Nitrogen

DenitriﬁcaV gas (N) ‘;;-ﬂjation

Nitrite (NO,), Organic

Nitrate (NO;") nitrogen

Nitriﬂca:mn\ Ammonium ‘/Ammoniﬁc ation/Mineralisation

(NH,")

Figure 2 Simplified nitrogen cycle in aquatic ecosystems, which involves different forms of nitrogen
and transformation processes.
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Although it is generally believed that P limitation often occurs in freshwater phytoplank-
ton and N-limited growth is more common in marine phytoplankton (Cloern, 2001; Philips,
2002), limnological experiments have shown that N is at least as likely as P to limit phyto-
plankton growth (Elser et al., 1990, 2007). N limitation or co-limitation of N and P can occur
when the N supply to the system is outpaced by the P supply. Several studies have reported
that N limitations commonly occur short-termly in freshwater systems even when nutrient
conditions do not indicate N-limitation (Barica, 1990; Hyenstrand et al., 1998; Matthews et al.,
2002).

Determination of nutrient limitation based on TN:TP mass ratios

The nutrient status of a lake may be inferred by the observation of TN:TP mass ratio in rela-
tion to the phytoplankton nutritional requirements; this can be used to infer whether a lake is
likely to be limited by N or P or both nutrients. The Redfield N:P mass ratio of 7:1 (Redfield,
1958) is broadly used as a benchmark of balanced growth requirements to determine the lim-
iting nutrient. A significantly low ratio suggests that the lake water is N-limited, while a sig-

nificantly high ratio indicates P-limitations.

However, the TN:TP ratio for determining nutrient limitation should be used with cau-
tion. On one hand, the critical TN:TP mass ratio, which indicates nutrient-limited growth of
cells in ecosystems, is very plastic. Moss et al. (2013) reported that a TN:TP value of 3.6-13.5
should be used to separate P-limitation from N-limitation. Abell et al. (2010) identified a po-
tential N-limitation at TN:TP < 7. Moreover, based on studies on a broad range of lakes and
ocean sites, Guildford and Hecky (2000) concluded that N-deficient growth was noticeable at
TN:TP < 9, whereas P-deficient growth consistently occurred when TN:TP was > 22.6.
Therefore, the determination of limiting nutrient must consider the available N and P concen-
trations in the water. On the other hand, the environmental TN and TP availability in ecosys-
tems is not always responsible for the cellular nutrient stoichiometry (Hall et al., 2005). For
example, diazotrophic cyanobacteria are likely to enhance the cellular N:P ratio by
No-fixation when N is less available in water systems. Moreover, in shallow lakes, some ben-
thic algae appear to take up nutrients directly from sediments, thus their cellular N:P ratio may
differ from that measured in the water column. Therefore, TN:TP ratios should be used with

caution in the prediction of nutrient limitation in individual systems because they do not al-
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ways identify the limiting nutrient as nutrient bioassays do (Nikolai and Dzialowski, 2014).
Alternatively, cellular nutrient ratios (see Section 1.4.4) may provide more accurate infor-

mation about the nutritional status of microalgae.

As aforementioned, the use of external N:P ratio to monitor phytoplankton nutrient limi-
tation should be considered in combination with other criteria such as absolute N and P con-
centrations (Table 2). Some studies have suggested that the DIN:TP ratio is the best predictor
for limiting nutrient in freshwater ecosystems (Morris and Lewis, 1988; Bergstrém, 2010;
Ptacnik et al., 2010). Bergstr&dm (2010) indicated the existence of a shift from N-limited to
P-limited growth of phytoplankton with increases in DIN: TP mass ratios. Moreover, nutrient
uptake (Table 3) is also an important indicator of phytoplankton species-specific nutrient sta-
tus. Species’ nutrient uptakes are characterized by nutrient-specific Michaelis-Menton con-
stants, which result from genetic differences. In this study, the aforementioned criteria such as
absolute N and P concentrations, DIN:TP ratio and species’ nutrient uptakes have been used to

determine N/P-limitation of phytoplankton in Lake Auensee.

Table 2 Criteria of nutrient sources influencing algal mass and species composition based on refer-
ences from the literature. DIN, dissolved inorganic nitrogen; TP, total phosphorus; OP, or-
tho-phosphorus.

Ratio or level

Significance

Reference

N:P = 7:1 (mass ratio)

"Redfield ratio"

Redfield, 1958

DIN:TP < 1.5 (mass ratio)

Indicator of N limitation

Bergstram, 2010

DIN:TP > 3.4 (mass ratio)

Indicator of P limitation

Bergstrdm, 2010

Inorganic N < 0.1 mg I

Indicator of N limitation

Gophen et al. 1999

OP < 0.002 mg I

Indicator of P limitation

Lee and Jones-Lee, 1998

Ortho-phosphate > 0.01mg I*

Dominance of cyanobacteria

Smith et al., 1995

TP>0.1mgl?

Risk of cyanobacterial dominance

~80%

Downing et al. 2001
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Table 3 Half-saturation constants (km) for phosphate and nitrate uptake of different algal species:
green algae, ? cyanobacteria). References: ¥ Gotham and Rhee (1981), ® summarized by Kohl and
Nicklisch (1988)

Species Phosphorus uptake [mg 1] Nitrate uptake [mg I]
Scenedesmus sp.V 0.06 @ 0.2-0.3?
Ankistrodesmus sp.? 049 0.08-0.6

Anabaena sp.? 0.19 4"

Microsystis sp.? 0.159

1.3 Algae as biological indicators of water quality

Algae provide interpretable indications of specific changes in water quality because they
have high species numbers and each species is differentially sensitive to a broad range of en-
vironmental conditions (e.g., diatoms; Kwandrans et al., 1998). The advantages of using algae
as biological indicators for lake monitoring were summarized by Murphy et al. (2002) as fol-
lows: 1) algae usually have rapid reproduction rates and very short life cycles, making them a
valuable indicator of short-term (day-to-week) effects; 2) algae are valuable indicators of
ecosystem conditions because they respond quickly to physical and chemical factors; 3) algae
are sensitive to certain contaminants that may not significantly affect other aquatic organisms
or may only affect other organisms at higher concentrations; 4) changes in community com-
position may provide a finer-scale assessment of changes resulting from ecological impacts; 5)
easy sampling, low price, the least impact on the residents of biota; 6) algae provide a good

indication of the nutritional status of the lake such as P and N.

While physical and chemical parameters can indicate the level of water eutrohphication,
these measurements represent only a snapshot of the current conditions in aquatic ecosystems
by giving only a transient picture of prevailing environmental conditions. In comparison, the
abundance and composition patterns of phytoplankton in situ reflect precisely the water qual-
ity at any point. Phytoplankton can also be used to compare relative variations in water quali-
ty in terms habitat variability or time (Karacaoglu et al., 2006; Demir, 2007; Gokce and
Ozhan, 2011). In phytoplankton-related assessments, primary production, total biomass of
algae, distribution, and taxonomic composition are usually used as indicators of water quality

(European environmental agency, 2001; Gharib et al., 2011).
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1.3.1 Primary production

In aquatic ecosystems, phytoplankton is the basis of the aquatic food web (Reynolds,
1984). Primary production is the process of organic carbon formation that sustains food webs
and fuels microbially-mediated carbon, nutrient (N, P, trace metals) and oxygen (O2) cycling
in the aquatic environment. Primary production is driven by the process of photosynthesis,
which uses sunlight as its source of energy; however, a minute fraction of primary production
also occurs through chemosynthesis, which uses the oxidation or reduction of inorganic
chemical compounds as its source of energy. Regardless of its source, this energy is used to
synthesize complex organic molecules from simpler inorganic compounds such as carbon
dioxide (CO2) and water (H20). The following equations are simplified representations of

photosynthesis (Eq. 1.3) and a form of chemosynthesis (Eq. 1.4):
CO2 + H20 + light > CH20 + O2 (Eq. 3)
CO2 + Oz + 4H2S > CH20 +4S + 3H.0 (Eq. 4)

In both cases, the end point is a polymer of reduced carbohydrate, (CH2O)n, which is
typically found in molecules such as glucose or other sugars. The photochemical reaction oc-
curs in the chloroplasts, where photosynthetically active pigments bound to proteins are pre-
sent in the thylakoid membranes. Photosynthesis is divided into a light-dependent and an en-
zymatic light-independent Calvin cycle. Light quanta are absorbed by pigment molecules and
are supplied as exactions to the reaction centres. H>O acts as an electron donor for photosys-
tem Il and O is formed. The hydrogen released by the splitting of water is used to form two
further compounds that act as immediate energy storage means: reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and the photophosphorylation energy equivalent created in
the form of ATP. In plants, algae, and cyanobacteria, long-term energy storage in the form of
sugars is produced by a subsequent sequence of light-independent reactions called the Calvin
cycle. In the Calvin cycle, atmospheric CO: is incorporated into already existing organic C
compounds, such as ribulose bisphosphate (RuBP), through a process called carbon fixation.
Using the ATP and NADPH produced by the light-dependent reactions, the resulting com-
pounds are then reduced and removed to form further carbohydrates, such as glucose or other
sugars. These relatively simple molecules may be then used to further synthesize more com-
plicated molecules, including proteins, complex carbohydrates, lipids, and nucleic acids, or be

used for cellular respiration and maintenance of existing tissues (i.e., growth respiration and
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maintenance respiration) (Amthor and Baldocchi, 2001; Sigman and Hain, 2012).

Gross primary production (GPP) is the total number of electron equivalents originating
from the photolysis of water (Fogg, 1980; Falkowski and Raven, 1997). Photosynthesis is
defined as the conversion of light into metabolic energy (Fogg, 1980). Net primary production
(NPP) is estimated as GPP corrected for algal respiration. Respiration is the conversion of
metabolic energy into ATP. Net ecosystem production (NEP) is GPP corrected for the metabo-
lism of the entire autotrophic and heterotrophic community (i.e., community respiration, CR)
and is defined as GPP minus CR (Williams, 1993). The aforementioned variables are based on
C units, but parallel terms that express phytoplankton production in units of N also exist
(Dugdale and Goering, 1967; Minas and Codispoti, 1993).

Primary production is widely used to assess water quality. In aquatic systems, primary

production is typically measured using one of four methods:

1) Variations in oxygen concentration within a sealed bottle. This dynamic system was first
achieved using the Winkler technique for estimating dissolved oxygen concentrations, in-
troduced by Gaarder and Gran (1927). Nowadays the light-dark bottle oxygen technique is
considered insufficiently sensitive, and its resulting rates have poor accuracy and preci-
sion (Marra, 2002).

2) Incorporation of inorganic carbon-14 (**C, in the form of sodium bicarbonate) into organic
matter (Steeman-Nielsen, 1951, 1952; Marra, 2002). This is currently the most commonly
used method to infer primary production because it is sensitive and relatively simple. **C
estimates approximate GPP, NPP or some value in between GPP and NPP; if respiration is
low (i.e., a low amount of CO2 from respiration is available for photosynthesis), the 14C
estimate is ~GPP; the *C estimate is ~NPP under all other conditions (Williams, 1993;
Marra, 2002). However, use of radioisotopes requires special prodedures for handing and
disposal that can greatly complicate or preclude some field operation. Also, there are fil-
tration effect safty concerns due to radioactive hazards. Therefore, this method is com-
monly used in ocean environments.

3) Stable isotope methods. A modulator of the isotope ratio of particulate organic C (*3C) is
the isotopic composition of dissolved inorganic C available for the growth of the organ-
isms (Quay et al., 1986; Herczeg and Fairbanks, 1987). The isotopic ratio of dissolved in-
organic C in surface waters is determined by a balance between photosynthetic uptake and
respiratory production. The oxygen (*¥0) method (Bender et al., 1987) directly measures
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4)

the GPP using the stable isotope 80 as a tracer of molecular oxygen production through
photosynthesis. One disadvantage of this method is that gross oxygen production deter-
mined by the 0 method evaluates total oxygen production and it is unclear if this is di-
rectly linked to C assimilation (Bender et al., 1999; Robinson et al., 2009).

Fluorescence methods. These indirect, non-invasive methods measure phytoplanktonic
productions from active chlorophyll fluorescence (Kolber and Falkowski, 1993), which
has the potential to evaluate the instantaneous depth and time-dependent value of primary
production and quantify rapid changes in productivity. These methods also have the ad-
vantage of providing higher temporal sampling rates closely matched to sampling rates for
physical variables (e.g., temperature, salinity, oxygen, etc.), which allows a better cou-
pling between environmental and production measurements. Moreover, it resolves prima-
ry production at spatial (< 1 m) and temporal (~1 s) resolutions that cannot be achieved by
in vitro approaches (Robinson et al., 2009). Furthermore, this method also provides a better
signal-to-noise ratio and allows more robust measurements in oligotrophic ecosystems
(Regaudie-de-Gioux et al., 2014). Fluorescence is the emission of visible light by specific
molecules at longer (or less energetic) wavelengths than the wavelengths absorbed. In the
case of photosynthesis, the energy in the blue region of the sunlight spectrum (430440
nm) is absorbed by chlorophyll a (Chl-a) and the emitted light is in the red region
(680-685 nm), corresponding to the absorption maxima of Chl-a (Jeffrey et al., 1997).
After photon absorption by Chl-a, the energy can be used for photochemistry, lost as heat,
or emitted as light through fluorescence. The fluorescence is approximately inversely
proportional to photosynthesis. However, the relationship is not strong, because fluores-
cence is highly dependent on intensity and quality of the incident light. Low irradiance
levels of incident light induce fluorescence positively correlated with Chl-a concentration
in the cell, while high irradiance levels of incident light quench chlorophyll fluorescence
in a nonphotochemical process. Nevertheless, there are some assumptions and uncertain-
ties in the fluorescence method. For example, the conversion of fluorescence data into
carbon fixation rate is still an unsolved problem (Gilbert et al., 2000). Absolute electron
transport rates calculated from fluorescence data tend to overestimate primary production
because of the decoupling of the electron transport rate by the cyclic electron flow around
photosystem II (Falkowski et al., 1986; Prasil et al., 1996), photorespiration (Raven and
Johnston, 1991), and the Mehler reaction (Kana, 1992).
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1.3.2 Phytoplankton composition and Chl-a concentration

Phytoplankton demonstrates water quality through changes in its community composi-
tion, distribution, and proportion of sensitive species (Gharib et al., 2011). A dominant phyto-
plankton group can be defined for each sampling event by the highest relative proportion of
total biomass (Dunker et al., 2016). In eutrophic lakes, the dominant algal group/species usu-
ally shows mass growth (with high density of cells), which is known as algal bloom; these
events, such as harmful cyanobacterial blooms, may compromise water quality and have se-
rious consequences to the health of humans and animals (Bouvy et al., 2003).

Phytoplankton abundance and composition patterns are sensitive to alterations in the
habitats, and thereby phytoplankton total biomass and many phytoplankton species can be
used as in situ indicators of aquatic habitat quality (Reynolds, 1984; Chellappa et al., 2009).
Desmids, Chrysophyceae, and diatoms (from the genera Tabellaria and Cyclotella), for ex-
ample, are found in oligotrophic lakes. Cyanobacteria (Anabaena, Aphanizomenon, and Mi-
crocystis) and diatoms (Asterionella, Aulacoseira, Fragilaria, and Stephanodiscus) frequently
appear in eutrophic lakes (Reynolds, 1998). Diatoms, chlorophytes, and cyanobacteria are
found in water systems with wide trophic ranges, from ultra-oligotrophy to hypertrophy. Cy-
anobacteria have been recognized as key indicators of eutrophication in freshwater because
their blooms are common in waters affected by excessive nutrient supply.

Chl-a has been largely used as an indicator of autotrophic biomass associated with pri-
mary productivity in freshwaters, estuaries, coastal, and marine waters (Steele, 1962; Cullen,
1982). Chl-a concentration reflects the net result (standing stock) of both growth and loss
processes in pelagic waters, and it is the main easily measured variable used as a nutritional
status indicator. Chl-a concentration is commonly determined using biochemical (i.e., DIN
38412-L.16, 1985), spectrophotometric, fluorometric, or high performance liquid chromatog-
raphy (HPLC) method. HPLC is a modern technique to determine the composition of phyto-
plankton communities that allows a simple and fast inventory of the pigments in waters
(Becker et al., 2002; Millie et al., 2002). The major taxonomic groups of freshwater ecosys-
tems include green algae, cyanobacteria, cryptophytes, dinoflagellates, and diatoms. Each of
these groups contains (besides Chl-a) one specific xanthophyll indicative for its presence; the
ratio of each group’s specific xanthophyll per Chl-a is used to determine the percentage con-
tribution of this group to total Chl-a (Wilhelm et al., 1991). HPLC allows the quantitative
determination of xanthophylls and chlorophylls. The distribution pattern of the pigments is
therefore used as a chemotaxonomic-photophysiological feature for the analysis of phyto-
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plankton communities.

1.4 In situ growth prediction models

Previous methods for the determination of phytoplankton growth rate were commonly
modelled based on physiological traits (mostly external to cells) such as cell chlorophyll con-
tent, biovolume, carbon to chlorophyll ratio, photon demand per assimilated carbon, and nu-
trient uptake rates (Walsby, 1997; Schd et al., 1999; Litchman et al., 2010). However, the
high diversity of physiological features such as species morphology and pigmentation may
complicate growth determination in the real environment. For example, a main weakness of
the use of Chl-a is the great variability of cellular chlorophyll content (0.1-9.7% of fresh algal
weight) depending on the algal species (Boyer et al., 2009). A great variability (seasonal or on
an annual basis) in individual cases is expected as a result of species composition, light condi-
tions, and nutrient availability. Another problem of determining the Chl-a concentration of
field phytoplankton communities regards physical parameters such as water body turbidity
and circulation (Maclintyre et al., 2000). Sudden increases of cell density during sampling
may occur because of algae transport by water currents or movement by swimming; for ex-
ample, some algae in a water layer sink during the morning and float at night (Wilhelm et al.,
1995).

The growth-dependent environmental conditions of field phytoplankton are also difficult
to determine. For example, real light absorption cannot be accurately measured in natural
conditions. Light conditions—i.e., fluctuating light (because of day-night period) and light
intensity gradient—should also be considered, together with factors such as turbidity and cir-
culation (Maclntyre et al., 2000). Moreover, to determine nutrient availability, besides ionic
concentration, diversity of sources, forms, and fluxes of nutrients must also be taken into ac-
count, as well as the interaction between the growth of algal species and other members of the
food web (Glibert et al., 2010). Therefore, the growth rates of algae cannot be predicted di-
rectly by the dependence on local environmental parameters (Escalera et al., 2010). A higher
predictability of algal growth in the field and of phytoplankton dynamics could be attained by
using intracellular parameters. The use of the biochemical composition (internal trait of the
cell) in growth models may allow more accurate predictions of in situ growth rates and sim-

plify the monitoring process. Recent studies have used two specific levels of metabolism in
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growth models: the efficiency of light use (e.g., the different metabolic pathways of the ab-
sorbed energy, see Section 1.4.1), and the carbon or energy allocation to cellular constituents
(e.g., C fixed in primary macromolecules, see Section 1.4.2).

1.4.1 Growth prediction models based on the efficiency of light utilization

Phytoplankton growth rate is dependent on the amount of absorbed light energy invested
in growth processes, the dissipation of excessive energy, and the channelling of electrons into
pathways other than C-fixation (Cardol et al., 2011; Fanesi et al., 2016). The most efficient
pathway of energy dissipation is measured as non-photochemical chlorophyll fluorescence
quenching (NPQ), which includes constitutive heat dissipation, fluorescence, and regulated
heat dissipation at light harvesting pigment-protein complexes (MUler et al., 2001; Fanesi,
2016). Another prominent mechanism is to partition excessive energy through different alter-
native electron pathways such as cyclic electron transport around both photosystems, pseu-
do-cyclic electron transport via the water-water cycle, photorespiration, and excretion (Wag-
ner et al., 2006; Wilhelm and Selmar, 2011). The contribution of each of these metabolic pro-
cesses defines the ratio between the fraction of energy used for growth and the fractions of
energy actively and passively lost by different energy dissipation pathways, which vary ac-
cording to different environmental conditions (Fanesi et al., 2016). Fanesi et al. (2016) de-
veloped a linear least square regression model to predict algal growth rate in response to tem-
perature gradient based on physiological traits that characterize cell composition—i.e., Chl-a
content and C:Chl-a ratio—, photosynthesis performance—i.e., photosynthetic rate (P), light
saturation parameter (1), light utilization efficiency (), and quantum efficiency of C produc-
tion (@c)—, light absorption, and energy dissipation—i.e., absorbed photosynthetic energy
(Qphar), non-regulated energy dissipation in the form of fluorescence and heat (®xp), regulated
energy dissipation in the form of heat (&nprg), energy invested in alternative electron pathways
(DaLT), and gross energy invested in growth processes (@cecc). Fanesi et al. (2016) demon-
strated that the growth model can be used to compare the strategies of temperature-dependent
absorbed energy partitioning among phytoplankton groups. They further found that cyano-
bacteria and green algae had relatively low C-fixation capacity at low temperatures; thus, the
excessive energy was dissipated by, for example, non-photochemical quenching and alterna-
tive electron pathways. In contrast, they found that diatoms could maintain stable C-fixation
capacities over the temperature gradient, which prevented the cells from experiencing exces-
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sive excitation pressure. Nevertheless, they found taxon-specific growth rates to be positively
correlated with increased temperatures as the absorbed energy was mostly invested in growth
at high temperatures.

This temperature-dependent growth model has been developed in the later study by using
PLSR (partial least square regression) (Fanesi et al., 2017). The PLSR model further con-
firmed the physiological parameters, which can be identified as the most important descriptors
of cell growth rate, included the @c, @npg, Pcecs, temperature, the C:Chl-a and the Chl-a
content. @c described the amount of C fixed through the activity of light reaction. Growth rate
was positively correlated with the fraction of @cece, but it was negatively correlated with the
fraction actively dissipated as heat (@neq). D@cece and @npq represented opposite pathways of
energy partitioning and defined the rate of energy allocated to growth processes. The C:Chl-a
ratio is a key factor for phytoplankton growth that incorporates two major metabolic processes:
light harvesting and C biomass formation (Geider, 1987; Halsey and Jones, 2015; Fanesi et al.,
2017). The C:Chl-a ratio is correlated with Chl-a content, and it exponentially decreases with
increasing temperature at constant light levels (Geider, 1987). In the model of Fanesi et al.
(2017), Chl-a and the C:Chl-a ratio were negatively correlated with growth rate. The set of
variables relate to most of the cellular functions connected to growth processes (Halsey and
Jones, 2015; Wilhelm and Jakob, 2011). This PLSR model successfully identified acclimation
strategies of different taxonomic groups in response to temperature changes. Fanesi et al.
(2017) suggested that the PLSR model may optimize the modelling for primary production

and water quality monitoring.

1.4.2 Growth prediction models based on C-allocation

The second level for growth modelling is based on the cellular C-allocation stoichiome-
try such as the macromolecular composition/stoichiometry of proteins, carbohydrates, and
lipids. Through the Calvin-Benson cycle, CO, is fixed by the enzyme Ribu-
lose-1-5-bisphosphate- carboxylase-oxygenase (RubisCo) into organic C and converted into a
three-carbon sugar, glyceraldehydes-3-phosphate (GAP). GAP is allocated based on cellular
demand to several primary macromolecules, mainly proteins, structural and storage carbohy-
drates, and lipids, in response to environmental conditions. Proteins are among the most
abundant macromolecules in cells, constituting approximately 30-60% of the dry mass under

nutrient replete conditions (Geider and La Roche, 2002). Proteins contain the largest portion
43



Introduction

of organic N in phytoplankton cells. Carbohydrates and lipids are important macromolecular
components, which usually accumulate under nutrient limitation conditions. Both carbohy-
drates and lipids constitute 10-50% of the cell mass (Geider and La Roche, 2002). Carbohy-
drates are divided into structural components and storage components. Structural carbohy-
drates constitute a large fraction of dry weight of algal biomass (e.g., high cellulose contents
in cell walls of some species). Carbohydrates are also common energy and carbon storage
products in algae that allow an imbalance between the rate of reduced C production in photo-
synthesis and the rate of reduced C consumption in growth (Raven and Beardall, 2003). Li-
pids are divided in neutral lipids (e.g., acylglycerols, sterols, etc.) and polar lipids (i.e., phos-
pholipids) according to their structure. Neutral lipids serve as energy storage pools of micro-
algae, whereas polar lipids are important structural components of all cell membranes. Under
optimal growth conditions, high growth rates are balanced with optimal C-allocation for
maintaining maximal growth rate; meanwhile, the amounts of all cellular components in-
crease exponentially at the same rate (Montechiaro et al., 2006). When in stressful conditions
such as N-limitation, the balance between alga optimal growth rate and C-allocation is inter-
rupted. This occurs because cells react to stress by changing their metabolic pathways and
redistributing resources to minimize the effects of environmental perturbation on their repro-
ductive and growth rates (Geider and Osborne, 1989; Montechiaro and Giordano, 2010;
Giordano and Ratti, 2013).

Macromolecular composition as a C-allocation trait for growth model

The growth prediction model of Shuter (1979) demonstrated that environmental factors
that affect the growth rate of phytoplankton cells also change the C-allocation strategies of
four primary compartments: photosynthetic, structural, storage, and biosynthetic pools. A later
study added elemental and energetic stoichiometries in this growth model (Kroon and Thoms,
2006). In response to environmental changes, microalgae redistribute energy in parallel with
the reallocation of cellular C to form or breakdown macromolecular constituents such as pro-
teins, carbohydrates, lipids, and nucleic acids, which are required for growth (Halsey and
Jones, 2015). Many studies have demonstrated that nutrient deficiencies (such as N and P) can
decrease growth rates and induce the accumulation of carbohydrates and lipids in Chloro-
phyceae, Bacillariophyceae, and Cyanobacteria (Goldman et al., 1979; Rhee and Gotham,
1981; Shifrin and Chisholm, 1981; Lohrenz and Taylor, 1987; Geider et al., 1996; Lynn et al.,
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2000; Giordano et al., 2001; Bertilsson et al., 2003; Stehfest et al., 2005; Sigee et al., 2007;
Dean et al., 2008 a, b). N or P limitations may delay the biosynthesis of N-rich compounds e.g.
protein for algal growth, and result in reallocation of C generated in photosynthesis processes
towards N-poor storage compounds e.g. carbohydrates and lipids (Palmucci et al., 2011). Here,
if the C-allocation hypothesis (CAH) is true, microalgae are expected to restrict growth rate
and change C-allocation stoichiometry (e.g. decreases in protein contents, and decreases in
biomass ratios of protein-to-carbohydrate or protein-to-lipid), when N or P supply is limiting

in environments.

Considering the vast diversity of phytoplankton in natural freshwater ecosystems, it is
not surprising that the C-allocation strategies are quite different among phytoplankton
taxa/species (Goldman et al., 1979; Lohrenz and Taylor, 1987; Giordano et al., 2001; Mon-
techiaro and Giordano, 2010). Two major physiological responses of C-allocation under
changing growth conditions are commonly considered: either cells maintain a very stable ho-
meostatic C partitioning strategy (Montechiaro et al., 2006; Palmucci et al., 2011; Wagner,
2014) or they react to environmental variations with significant changes of macromolecular
ratios (Palmucci et al., 2011; Jungandreas et al., 2012; Jebsen et al., 2012). Different taxo-
nomic algal groups react to nutrient stress by having specific C-allocation strategies primarily
depending on genetic characters and stress degree. Therefore, the determination of algal

growth is hypothesized to be achieved using a taxon-specific prediction model.

C:N:P stoichiometry as a C-allocation trait for growth model

Since organism growth is tightly linked to its macromolecular and elemental composition
(Vrede et al., 2004), C:N:P stoichiometry is the basis of growth modelling as it connects phy-
toplankton energy/C-allocation mechanisms with major environmental factors such as light,
temperature, and nutrients (Rhee, 1978; Laws and Bannister, 1980; Urabe et al., 2002; Finkel
et al., 2006; Toseland et al., 2013; Garcia et al., 2016; Lopez et al., 2016). The stoichiometric
theory suggests that, the average C:N:P molar ratio for optimally growing in nutrient-replete
cultures is close to the Redfield ratio (Ci06N16P1) (Redfield, 1934; Geider and La Roche,
2002), whereas the ratio may widely change under nutrient limitation (Falkowski, 2000; Gei-
der and La Roche, 2002; Vrede et al., 2004).

The used of cellular N:P ratio in growth model is based on the growth rate hypothesis
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(GRH). According to the GRH, growth rate is positively correlated with P content (Sterner
and Elser, 2002) because growth depends on the P-rich ribosomal RNA (rRNA) concentration.
Ribosomal RNA is the major structural component of a ribosome. Ribosome is the structure in
which proteins are synthesized in eukaryotes and prokaryotes. Since proteins are key structur-
al components and may act as enzymes in living cells, ribosomes constitute the core of the
biosynthesis machinery in all cells. Thus, the N:P stoichiometry reflects the ratio between
proteins and the number of ribosomes. Algal growth rate can be found negatively related with
the cellular N:P stoichiometry in many studies (Sterner and Elser, 2002; Vrede et al., 2004;
Flynn et al., 2010). The cellular C:N stoichiometry is based on allocation patterns between
carbohydrates and RubisCo. RubisCo represents a dominant pool of N in autotroph biomass
that composes a great proportion of protein in cells. Thus, the C:N stoichiometry reflects how
allocations to carbohydrates and to RubisCo jointly affect potential growth of autotroph bio-
mass (Vrede et al., 2004). Therefore, like macromolecular stoichiometry, the C:N:P elemental
stoichiometry can also be used for growth modelling of algal species (Rhee, 1978; Poorter et
al., 1990; Fujimoto et al., 1997; Pramanik and Keasling, 1997; Jebsen et al., 2012; Halsey and
Jones, 2015).

However, the predictive power of the GRH for phytoplankton growth in nature appears
to be severely limited. Flynn et al. (2010) suggested that the growth model based on elemental
stoichiometry required careful consideration, because the variation ranges are species-specific
(Rhee and Gotham, 1981; Lynn et al., 2000; Liu et al., 2001; Bertilsson et al., 2003). Another
possible limitation of this growth model is that different phytoplankton stoichiometry strate-
gies are differentially constrained during exponential growth and stationary equilibrium
(Klausmeier et al., 2004). Some studies demonstrated that high growth rate and phytoplankton
C:N and N:P are highly constrained to a narrow range of values (Klausmeier and Litchman,
2004; Vrede et al., 2004). When cells rapidly grow, nutrient levels are high. In this context,
phytoplankton stoichiometry approaches the optimal growth ratio under the optimal uptake
assumption; therefore, along a gradient of growth rates, phytoplankton stoichiometry con-
verges on a species-specific optimal ratio at high growth rates (Hillebrand et al., 2013). In
contrast, slowly growing autotroph biomass can have highly variable C:N:P values (Vrede et
al., 2004). At low growth rates, available nutrients are quite scarce and phytoplankton con-
sume almost all nutrients; therefore, biochemical stoichiometry matches the nutrient ratio
supplied in the system (Klausmeier and Litchman, 2004). The relative lack of homeostasis in

phytoplankton chemical composition is suggested to be restricted to low growth rates, where-
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as fast-growing phytoplankton requires a more constrained stoichiometry (Hillebrand, 2013).
Thus, the predicted relationship between growth rate and phytoplankton C:N:P stoichiometry
is often not linear (Klausmeier and Litchman, 2004).

1.5 FTIR spectroscopy

FTIR spectroscopy is a novel technique that has been widely used in phytoplankton re-
search, such as taxonomic identification and discrimination of phytoplankton species (Kansiz
et al., 1999; Sigee et al., 2002; Duygu et al., 2012; Kenne and Merwe, 2013), biofuel analysis
(O’Donnell et al., 2013), nutrient-status analysis of phytoplankton (Beardall et al., 2001 b;
Giordano et al., 2001; Heraud et al., 2005; Stehfest et al., 2005; Dean and Sigee, 2006; Jakob
et al., 2007; Sigee et al., 2007; Dean et al., 2008a,b; Palmucci et al., 2011) etc. A FTIR spec-
trum of mid-infrared regions is complex and shows overlapping contributions from all cellular
macromolecules, such as proteins, carbohydrates, lipids, and nucleic acids. Thus, it provides a
molecular fingerprint that can be used to determine the changes in the relative abundance of

cellular organic pools based on their characteristic infrared absorption bands.

FTIR spectra quantification models for determining cellular biochemical traits have been
developed for semi-quantitative to absolute-quantitative methods. For semi-quantitative anal-
yses, biochemical composition can be determined by comparing peak ratios of absorption
bands or integrating characteristic organic bands of interest. These semi-quantitative methods
provide relative contents or variation trends of macromolecules in response to environmental
changes but not absolute values of the macromolecules of interest, e.g. the determination of
species-specific changes in macromolecular composition (e.g. lipid-to-protein and carbohy-
drate-to-protein ratios) under nutrient stress by comparing absorbance peak ratios (Giordano
et al., 2001; Stehfest et al., 2005; Dean et al., 2010), and monitoring relative contents of mac-
romolecules (e.g. lipids) via band integration (Miglio et al., 2013). The absolute quantitative
determination provides more precise information on biomass of cellular macromolecules and
their absolute concentrations. There are two main methodical approaches. The first approach
is based on band integral calibrated by a single external standard substance used for the quan-
titative analysis of biomass composition (Pistorius et al., 2009; Laurens and Wolfrum, 2011,
Mayers et al., 2013). The second approach is based on a multiple linear regression protocol
for fitting single reference spectra into the original cell spectra to calculate the absolute
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amount of proteins, carbohydrates and lipids in picogram per cell (Wagner et al., 2010).

Recent studies used a partial least square regression (PLSR) of the whole region of phy-
toplankton FTIR-spectra to predict growth rates and determine C-allocation stoichiometry.
For example, Jebsen et al. (2012) have developed a species-specific PLS model using the en-
tire FTIR spectrum and demonstrated that the cyanobacterium Microcystis aeruginosa showed
significantly different growth regimes in response to environmental changes when compared
to the dinoflagellate Protoceratium reticulatum. Fanesi et al. (2017) have modelled the growth
rate of phytoplankton cells grown at different temperatures using FTIR spectroscopy. They
demonstrated that at low temperature, the low growth rate of phytoplankton was associated
with the accumulation of lipids, phosphorylated compounds, and carbohydrates, whereas a
preferential allocation of C to protein was observed at a relatively high growth rate at high
temperature. In addition, PLSR models have been used to quantitatively determine macromo-
lecular compositions in single cells of green algae, diatom, and cyanobacteria species (Fanesi
et al., 2019), and elemental C:N ratio of phytoplankton (Wagner et al. 2019).

Most FTIR studies are focused on laboratory-cultured material; only few analyses have
been conducted on field phytoplankton communities. Freshwater microalga communities are
commonly complex, being highly species-diverse but with low abundances for each species.
To optimize the measurement, FTIR spectroscopy usually combines other techniques to
achieve measuring few cells, single cells or even cell components. For example, the use of a
synchrotron radiation source, which has a ~100 times higher light intensity than normal light
source, can greatly enhanced the resolution of FTIR spectroscopy for the determination of
C-allocation stoichiometry (Heraud et al., 2005; Dean and Sigee, 2006; Hirschmugl et al.,
2006). The combination of FTIR spectroscopy with a microscope allows the selective analysis
of functional microalgae cells from field samples (Stehfest et al., 2005; Dean et al., 2012).
The main advantage of this method is that the FTIR spectra can be measured at single-cell
level, allowing the characterisation of algal cells directly by their spectra as they occur in the
aquatic ecosystem. Wagner et al. (2013) reported a methode of FTIR spectroscopy coupled
with flow cytometry (FCM) to determine taxon-specific C-allocation response of different
phytoplankton groups in a freshwater system (flow chart of this approach simplified in Figure
3). FCM is a powerful tool that provides a fast overview of community heterogeneity and
structure at the single-cell level (Toepel et al., 2004; MUler and Nebe-von-Caron, 2010; Picot

et al.,, 2012). It is a laser- or impedance-based, biophysical technology that simultaneously
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measures and analyses multiple physical characteristics of single particles, usually cells,
which are suspended in a stream of fluid passing through an electronic detection apparatus.
FCM provides fast, objective, and quantitative recordings of fluorescent signals from indi-
vidual cells besides physically separating cells of particular interest. The properties that can
be measured include cell size, relative granularity, relative autofluorescence intensity, DNA
content, membrane integrity, membrane potential, enzyme activity, and stress response (da
Silvaetal., 2012).

Freshwater microalgae

Sampling

Y

‘ Mixed algal population

/ Isolation by flow cytometry

‘ Green algal sort ‘ Cyanobacterial sort
FTIR spectroscopy ‘ FTIR spectroscopy
FTIR spectra FTIR spectra
FTIR-quantification models | FTIR-quantification models
Biochemical ratios Biochemical ratios

Figure 3 Flow chart of the experiment according to Wagner et al. (2013).

1.6 Aims of this study

The main aim of this study was to test the applicability of FTIR spectroscopy coupled
with FCM in a long-term monitoring of phytoplankton growth in Lake Auensee. The func-
tional algal groups (e.g., green algae and cyanobacteria) were isolated from the water samples
and their taxon-specific FTIR spectra were measured, according to the approach developed by
Wagner et al. (2013) (see Figure 3). Based on the FTIR spectra of each algal group,
C-allocation-associated biochemical traits and growth potentials were determined using the
chemometric models developed in previous studies (Wagner et al., 2010, 2019; Jebsen et al.,
2012). These data should be correlated with the measurements of the seasonal variations of a
set of environmental factors, including light conditions, water temperature, pH values, dis-

solved oxygen concentration, and electric conductivity, which may influence the seasonal
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succession of phytoplankton in the lake. Finally, a correlation analysis among FTIR-predicted
C-allocation traits, population biomass, and environmental factors were performed to test the
feasibility of the FTIR-based prediction model and the following hypotheses:

(1) The content of structure heterogeneity in nature phytoplankton populations varies with

seasonal changes of environments.

(2) Effects of environmental changes on phytoplankton populations can be explained by

C-allocation-related traits, such as macromolecular and elemental composition.

(3) Seasonal variation of phytoplankton growth in response to environmental stresses (e.g.,

nutrients) can be predicted using FTIR spectroscopy.

(4) The C-allocation hypothesis, which was confirmed by laboratory experiments, is also

suitable for phytoplankton communities in natural conditions.
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2. Materials and methods

2.1 Information about the measurement period and Lake Auensee

Auensee (Leipzig, Germany 51.369< 12.3199 is a hypertrophic shallow lake fed by
groundwater (Langner et al. 2004). The lake was formed initially due to gravel mining for the
construction of Leipzig's main railway station at the beginning of the 20th century. Two
smaller rivers, the White Elster in the north and the Luppe in the south, framed the lake. The
average depth is 3—4 m, with a minimum of 3 m in the east and a maximum of 7 m in the west.
The lake has a total area of 120 <103m=about 12 ha) and a volume of about 526 %< 103n3

A single station with maximal depth of 7 m near the southwest strand of Lake Auensee
(see Figure 4) was chosen as a fixed observation point for the whole observation period be-
tween April and early-October 2011. Water samples were collected from the 0-1 m surface
layer using a Ruttner-Schcpfer bottle (1 litre capacity, Dangelat, Berlin, Germany), and sieved
over a 210-pm mesh filter shipboard to remove zooplankton. Samples were ice cooled, kept in
dark and immediately transferred to the laboratory within a few hours for FCM sorting and
FTIR spectroscopy analysis.

Depth in m
0-1
1-2
2-3
[ 34
[ 145
B 55
B s
s

Figure 4 Isobathic map of Lake Auensee 1995 (1:2500) from Institut fCr angewandte Gewéaserckolo-
gie Brandenburg, Potsdam. The red pointed on the western side marks the location for water sampling.

2.2 Measurement of ecological factors and nutrients

The global radiation referred to the online data measured by Saechsisches Landesamt fuer
Umwelt, Landwirtschaft und Geologie

(http://www.landwirtschaft.sachsen.de/\WWetter09/asp/inhalt.asp?seite=uebersicht). The meas-
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urements have been performed daily at 2 m height above the ground (Weather station Leip-
zig-M&kern (LO1), Latitude: 51.37 ©north of the equator, Latitude: 12.34 “east of Greenwich,
Geographical height: 100 m). The data describe the number of photosynthetically active pho-
tons (PAR: L = 400-700 nm) that are delivered to a specific area over a 24-hour period. The
global radiation data were averaged weekly. The light intensity at Om and 1m depths was es-
timated from PAR determination using a spherical sensor (Zemoko, Kouderkerke, The Neth-
erlands) in combination with a data-display (LI-250, LICOR, Lincoln, USA, measurement
range: 199-19999 pmol st m?). The Secchi-depth was measured to determine the clarity of
the water column. The Secchi-disk is a circular plate (20 cm in diameter), and it was attached
to a rope and lowered into the water on the shady side of the boat. The disk was kept lowering
slowly until it was no longer visible. The depth would be noted.

The dissolved oxygen concentration, pH and water temperature were determined in situ
with a multiparameter sensor (U-51-10; Horiba, Oberursel, Germany) at 0 m, 0.5 m, 1 m, 1.5

m,2m,3m,4m,5m, and 7 m depths.

The phosphorus and nitrogen availabilities in Om-1m water samples were analysed using
the procedure of DIN EN ISO 6878 (D 11) for ortho-phosphate, DIN EN 1SO 11885 (E 22)
for total-phosphate, DIN EN 1SO 10304 2 for nitrate and DIN 38 406 E 5 for ammonium.

2.3 Determination of Chl-a concentration

The HPLC-aided pigment analysis of freshwater phytoplankton was performed to deter-
mine the structure of phytoplankton communities. The reconstruction of phytoplankton com-
position is based on the relationship between Chl-a and taxon-specific photosynthesis-active
pigments (i.e. xanthophylls). These pigments can be used as marker pigments for qualitative
and quantitative prediction of Chl-a concentration. The corresponding marker pigments of the

five major microalgal groups present in Lake Auensee are summarized in Table 4.

Table 4 Marker pigments for phytoplankton population analysis via HPLC

Diatoms (incl. .
Groups | Chlorophyta Chrysophyceae) Dinophyta Cryptophyta Cyanophyta
Marker | Chl-a Chl-a Chl-a Chl-a
pigments
Lutein, Chloro- ¢, anthin Peridinin  Alloxanthin  2exanthin (Myxo-
phyll b xanthophyll)
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The water samples (200-600 ml) from Lake Auensee was vacuum-filtered on a glass
fibre filter (50 mm diameter), frozen in liquid nitrogen, freeze-dried and stored at -80<C. For
HPLC analysis, the filters were homogenized (20s) by a cell homogenizer (Braun, Melsungen,
Germany) in 1.5 ml HPLC-extraction media (90% methanol/0.2 M ammonium acetate (90/10),
10% ethyl acetate [v:v]). The resulting homogenate was centrifuged at 20 800 g for 2 min,
and the supernatant was used for injection into the HPLC system. The HPLC-aided pigment
analysis of freshwater phytoplankton was described in the previous study by Wilhelm et al.
(1995).

The quantification was based on the chromatogram by area/pigment factors developed by
Becker, (2000). The guantitative analysis of phytoplankton population and composition of the
water samples was carried out by using taxon-specific marker pigments (MPs). Based on de-
fined molar ratios of Chl-a to MP (Table 5), the predicted Chl-a concentration of individual

algal group and its percentage in the total population can be calculated, according to the form:

Chl-a = const + Zx * Zea + (L« * Lut + Cx * Chl-b) + Ax * All + Fx * Fuc + Pk * Per (Eq. 5)

Chl-a: calculated total chlorophyll a concentration [pg 1]
const: correlation constant

ZJLi/CW/AWlFi/Pyi: coefficients of zeaxanthin, lutein, chlorophyll b, alloxanthin, fucoxanthin and
peridinin, respectively

Zea/Lut/Chl-b/All/Fuc/Per: determined pigment concentrations [lg 1] of zeaxanthin, lutein, chlo-
rophyll b, alloxanthin, fucoxanthin and peridinin, respectively

Table 5 Ratio of Chl-a to marker pigment (Chl-a:MP) used for Auensee in 2011.

Algal group Marker pigment Chl-a:MP
Dinophyta Peridinin 2.433
Bacillariophyceae Fucoxanthin 2.225
Cryptophyta Alloxanthin 3.153
Chlorophyta Lutein/Chl-b 1.539
Cyanobacteria Zeaxanthin 6.34
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2.4 Flow cytometry and electrostatic cell sorting

2.4.1 Flow cytometer

A flow cytometer (BD FaCSAria Il) is made up of three main systems: fluidics, optics
and electronics. The fluidics system transports particles in a stream to the laser beam for in-
terrogation. The sample is injected into a stream of sheath fluid with the flow chamber (nozzle
tip). The flow of sheath fluid accelerates the particles and restricts them to the center of the
sample core (known as hydrodynamic focusing), where the laser-beam will then interact with
the particles. The movement of particles can be controlled by stream transporting, so that only
one cell or particles should move through the laser-beam at a given moment. The optics sys-
tem consists of lasers to illuminate the particles in the sample stream and optical filters to di-
rect the resulting light signals to the appropriate detectors. When particles pass through the
laser intercept, they scatter laser light. Any fluorescent molecules present on the particle flu-
orescence. The scattered and fluorescent light is collected by appropriately positioned lenses.
A combination of beam splitters and filters steers the scattered and fluorescent light to the ap-
propriate detectors. There are two main types of photo detectors used in FCM: one is the
photodiode, which is used for strong signals, when saturation is a potential problem; another
is the photomultiplier tube (PMT), which is more sensitive than a photodiode. A PMT is used
for detecting small amounts of fluorescence emitted from fluorochromes. The detectors pro-
duce electronic signals proportional to the optical signals striking them. The electronics sys-
tem converts the detected light signals into electronic signals that can be processed by the
computer. During FACS (fluorescence-activated cell sorting) (Figure 5), a vibrating mecha-
nism causes the stream of cells to break into individual droplets after passing through the

scatting or fluorescence measuring station.
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Figure 5 Schematic representations of a Fluorescence-activated cell sorting (FACS), including the
flow cell, sheath stream, laser beam, sensing system computer, and droplet collection
(https://www.creative-diagnostics.com/flow-cytometry-guide.htm).

2.4.2 Principle of algal cell isolation

The basic principle of flow cytometry is that cells/particles pass in single file through a
laser beam, so they can be detected, counted and sorted. The amount and type of
cells/particles in a sample can be determined in this passage process. The determination is
based on the combination of two types of signals detected by FCM: light scatter signals and

fluorescence signals.

Light Scatter.

Light scattering occurs when a particle deflects incident laser light. The light scattering
signals depend on the physical properties of a particle, such as size and internal complexity.
Factors, which affect the signal strength, include cell’s membrane, nucleus, and any granular
material inside the cell. Cell shape and surface topography also contribute to the total light
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scatter. There are two types of signals to determine by FCM (see Figure 6). Forward-scattered
light (FSC) signals can be used to differ particles in cell-surface area or size. Side-scattered
light (SSC) signals are proportional to cell granularity or internal complexity. SSC is a meas-
urement of mostly refracted and reflected light that occurs at any interface within the cell
where there is a change in refractive index. SSC is collected at approximately 90 degrees to
the laser beam by a collection lens and then redirected by a beam splitter to the appropriate

detector.

Side scattering

Light Forward scattering

Figure 6 Light-scattering properties of a cell

Fluorescence

When cells/particles sheathed by fluid pass through the laser beam in single file, cell
components such as pigments of phytoplankton are fluorescently labelled and excited by the
laser to emit light at varying wavelengths. The light emission is known as fluorescence. The
fluorescence can be measured to determine the amount and type of cells present in a sample.
The range over which a fluorescent cellular compound can be excited is termed its absorption
spectrum. As more energy is consumed in absorption transitions than is emitted in fluorescent
transitions, emitted wavelengths will be longer than those absorbed. The range of emitted
wavelengths for a particular compound is termed its emission spectrum. The fluorescence

signals of specific pigments are characteristic for different phytoplankton groups (Table 6).
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Table 6 Absorption maxima of algal pigments summarized by Braun (1974).

Pigment Maximal absorbance = Maximal emission Occurrence

[nm] [nm]
Chlorophyll a 435, 670—680 673,726 all algae
Chlorophyll c 645 629, 690 diatoms, brown algae
Fucoxanthin 425, 450, 475 675 diatoms, brown algae
Phycoerythrin 490, 546, 576 575, 580 red and blue-green algae
Phycocyanin 618 647, 660 red and blue-green algae

2.4.3 Laser configuration

Flow cytometry (FCM) analysis has been performed using a BD FACSAria Il Cytometer

(Becton Dickinson) equipped with a blue laser (488 nm excitation), a green laser (532 nm

excitation) and a violet laser (405 nm excitation). A fluid system with phytoplankton cells

passes through one or more beams of light, and the light scattering, light excitation, and emis-

sion of fluorochrome molecules can be measured simultaneously to generate specific mul-

ti-parameter data from particles and cells. The multi-wavelength detector system with filters

was performed to determine fluorescence emission from algal pigments (Table 7).

Table 7 Configuration of flow cytometer. Chl-a: chlorophyll a, PC: phycocyanin, PE: phycoerythrin,

SSC: side scatter light, LP: long pass filter.

Laser Channels Filter
Blue laser (488 nm) Chl-a (blue) 670 LP, 655 LP
SSC 488+10
PC 625+ 35, 505 LP
Green laser (532 nm) Chl-a (green) 670 LP, 655 LP
PE 575+25
PE (Cy5) 670+14, 635 LP
PE (Cy7) 780+60, 755 LP
PE (Texas Red) 610+ 20, 600 LP
Violet laser (405 nm) Chl-a (violet) 670 LP, 505 LP

2.4.4 Preparation of freshwater samples

Freshwater samples were concentrated (1.5-liter freshwater to ~10 ml suspension probe),

filtered with a net (mesh size 50 m) and injected into the flowing fluid steam (0.3% NaCl
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isoton solution). The fluid droplets passed through a nozzle into a strong electrostatic field, by
which algal cells were separated into different tubes. The maximum measurable cell size in an
FCM is constricted by the nozzle with 130 pm pore size. As a rule of thumb, the maximum
value with respect to the cell diameter is one third of the nozzle diameter. Therefore, the

50-pm net filter was chosen for the sample preparation

2.5 FTIR spectroscopy analysis

2.5.1 Construction and function of FTIR spectrometer

A Fourier spectrometer is developed based on a two-beam interference in a modified
Michelson interferometer. The spectrometer essentially consists of a radiation source, an in-
terferometer unit and a detector. The infrared radiation source is a silicon carbide element
heated to about 1200 <C. The spectrally continuous light generated by the radiation source is
parallelized in the direction of the interferometer. The interferometer consists mainly of a
beam splitter and compensator plate. A beam splitter transmits and reflects 50% of the inci-
dent radiation. In a Michelson interferometer, one beam passes only once through the beam
splitter but the other passes through twice. During the recombination of the light beams at the
beam splitter, an interference pattern is generated, which is changed by the displacement of
the movable mirror and is detected at the detector as a change in the infrared energy. In addi-
tion to the infrared light used for the measurement, the beam of a Helium-Neon laser (632 nm)
is reflected into the beam path. The laser light is oriented parallel to the IR light and the inter-
ferometer transmits the IR light simultaneously. Correspondingly, the interferences of the
laser light occur simultaneously. This light is emitted from the beam path after the interfer-
ometer and detected separately. Due to the exact definition and high constancy of the wave-
length of the laser, the mirror position of the movable mirror can be calculated very precisely

from this interference.

2.5.2 Physical basis of FTIR spectroscopy

The term “infrared” referring to electro-magnetic radiation falling in the region range
between 2.5 and 25 pm (4000—400 cm™?) is the most attractive for chemical analysis, which is
defined as “mid-IR” radiation region. This mid-IR region includes the frequencies corre-
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sponding to the fundamental vibrations of virtually all of the functional groups of organic

molecules.

In the mid-infrared range, the absorption bands due to vibration-rotation transitions are
referred to group frequencies, which allow the identification of the substance class of mole-
cules (Table 2.6). All of the normal vibrations between 4000 and 2500 cm™ can be assigned to
stretching vibrations of the type X-H, where X is any element. The vibrations of the O-H
(3600-3200 cm™) and N-H (3500-3000 cm™) groups are dominant. The C-H vibrations of
aromatic and/or unsaturated hydrocarbons are found in the range of 3100-3000 cm, and the
C-H stretching vibrations of aliphatic hydrocarbons can be found at 3000-2800 cm™. These
vibrations are predominantly caused by lipids in cells, which show high absorbencies due to
the chain length of their fatty acids.

Table 8 Band assignments for FTIR spectroscopy summarized by [ Giordano et al. (2001) and 2
Coates, (2000).

Wavenumber  Assignments Classification Comments

[cm™]

~3000-2800 21 C-H of methyl groups lipids

~1740 ™ C=0 of ester groups lipids and fatty ac-

ids

~1655 C=0 of amid-I band proteins also C=C groups

~1540 @ C-N of amid-11 band proteins also C=N groups

~1455 1 CHs and CH; proteins variable wavenumber

~1398 i CHs and CH,, C-O of proteins, carboxyl

COO", N(CHs3)3 acids, lipids

~1242 1 P=0 of phosphodiester RNA and DANN also phosphorylated proteins
and polyphosphate

~1200-900 1 C-O-C of polysaccharides  carbohydrates high variable wavenumber

~1080 P=0 of phosphodiester RNA and DNA also phosphorylated proteins
and poly-phosphate

~1078 ™ Si-O silicate frustules silicate variable wavenumber

The spectral region 1800-900 cm™ is the most important region for spectral interpretation,
because it contains all of the specific absorption bands of functional carbon-containing cell
components such as lipids, proteins and carbohydrates. Characteristic lipid band based on the
C=0 oscillation of ester group present at ~1740 cm™. Proteins are characterized with two
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prominent bands depending on vibrations of peptide bonds: the amide | band (~1655 cm™)
and amide 11 band (~1540 cm™), from which the former is due to C=0 vibrations and the lat-
ter is mainly generated by N-H and C-N vibrations. Carbohydrate is a high heterogeneous
substance group with absorption bands a broad range from 1200 to 900 cm™. In addition, Si-O

vibrations of the silicate shell of e.g. Bacilliophyceae also present in this region.

2.5.3 Samples preparation and FTIR-spectrum measurements

Cells were harvested by gentle filtration of FCM sorted algal cell suspension (~10° to
3x10° cells in 2-4 ml isoton) on cellulose actate filters (0.22 pm pore size, MF-Millipore
membrane, Darmstadt, Germany). The pellet was resuspended in 1 ml distilled water and the
cells were centrifuged (5000g, 4 min, 5417C, Eppendorf, Germany). The pellet was washed
with 1 ml distilled water to remove salt residuals from the isoton which affects the measure-
ment. After another centrifugation, the cell pellet was re-suspended with 5-10 | distilled wa-

ter depending on the final cell concentration.

Algal suspension samples were measured by a Vector 22 spectrometer in combination
with an HTS-XT microplate reader according to Wagner et al. (2010). Two microliters of the
algal suspension were placed on a 384-well silicon microtiter plate (Bruker Optics, Ettlingen,
Germany). The algal samples were dried in a cabinet dryer (60 | Heraeus, Thermo Fisher Sci-
entific, Hanau, Germany) at 40<C for 20 minutes to prevent the disturbing effects of water on

other absorption bands.

FTIR-spectra were recorded in absorption/transmission mode with 32 scans co-added to
enhance the signal-to-noise ratio, in the range 4000-700 cm™* and at a spectral resolution of 4
cm™. Cell concentration in the sample was adjusted before the deposition on the plate in order
to record spectra with a maximal absorption of ~0.2 (Wagner et al., 2010). For each algal
sample, 2-5 technical replicates (i.e. 2-5 different spots with dried cells) were measured and
finally averaged. All FTIR-spectra were baseline-corrected and smoothed using the OPUS

software (OpusLab 5.0; Bruker, Ettlingen, Germany).
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2.5.4 FTIR-based quantification models

Spectral reconstruction model

The spectral reconstruction model is based on a multiple linear regression protocol,
which has been performed for fittinh single reference spectra into the original cell spectra to
calculate the amount of each macromolecule (Wagner et al., 2010). The theory basis of the
model is Lambert-Beer’s law. Since an algal FTIR-spectrum can be considered as a complex
spectrum of overlapping bands from all IR-active substances, the optical density of a cell
spectrum can be described as the sum of the partial optical densities of all infrared radiation
absorbing cellular substances. Wagner et al. (2010) used bovine serum albumin, glucose and
glycerol tripalmitate as the reference substances to calculate absolute amounts of cellular pro-
teins, carbohydrates and lipids. Each of the single reference substance is calibrated by corre-
lating the absorption intensity to the substance concentration. By a multiple linear regression
algorithm, all reference spectra are then fitted into the cell spectra at once to quantify these
macromolecular components. In this study, we used this model to calculate the relative con-
tents of protein, carbohydrate and lipids of field green algae and cyanobacteria in Lake Auen-

See.

PLSR models based on FTIR-spectroscopy

The growth potential of the field cyanobacterial subcommunity was determined by the
PLSR model developed by Jebsen et al. (2012). The model used M. aeruginosa (SAG 14.85,
Gdtingen, Germany) cultured under conditions with different nutrient supply and photon flux
density. The PLSR was performed by means of the pls package for statistical programming
language R (Mevik and Wehrens, 2007). The method was validated by a strong correlation
between the predicted growth rates of M. aeruginosa and the measured growth rate according
to the cell number (R?=0.92).

The PLSR growth model of green algae was developed according to Jebsen et al. (2012).
The model establishment used C. reinhardtii (SAG 1132b, G@tingen, Germany) cultivated in
Kuhl media (Kuhl and Lorenzen, 1964) at 20<C in airlift batch cultures. Cells were illuminat-
ed with 100 pmol photons m2 s on a light/dark cycle of 14/10 h. Algal were grown at 25, 50,
75, and 100% N supply, or 25, 50, 75, and 100% P supply of the highest nutrient concentra-
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tions available in the full medium. The PLSR model was performed by means of the OPUS
software (OpusLab v5.0; Bruker, Ettlingen, Germany). The correlation between the green
algal growth rate prediction and the true growth rate in the PLSR model was strong (R? =
0.95).

The multi-species C:N quota prediction model based on FTIR spectroscopy has been
developed by Wagner et al. (2019). The model used six phytoplankton species including
Chlorophyceae (Chlamydomonas reinhardtii), Cyanophyceae (Microcystis aeruginosa), and
Dinophyceae (Amphidinium Klebsii), Chrysophyceae (Chromulina sp.), Cryptophyceae
(Crypomonas ovata), and Bacillariophyceae (Cyclotella meneghiniana), cultivated under
N-deplete and N-replete conditions. The PLSR method was conducted by the pls package for
R (Mevik and Wehrens, 2007). The model showed well predictive power of cultured microal-
gae due to a strong correlation between the predicted C:N quota and the real C:N ratio (R?=
0.93).

2.6 Statistic analysis

The correlation analyses among the environmental factors, algal growth factors and cel-
lular C-allocation traits (Table 3.2) were performed by testing Pearson’s r correlation coeffi-
cients (r-value) and significance levels (p-value) by using “R”.

Table 3.2 Measured abiotic and biotic parameters for correlation analysis. Lg, global radiation; Lm,
radiation intentisty of PAR; T, water temperature; SD, Secchi-depth; DO, dissolved oxygen concentra-
tion; EC, electric conductivity; DIN, dissolved inorganic nitrogen; OP, ortho-phosphorus; DIN:TP,
mass ratio of DIN and total phosphorus; Chl-a, chlorophyll a concentration; %Num, percentage of
total cell number; 4 FTIR-predicted growth potential.

Category Parameters

Environmental factors Lg, Lm, T, SD, DO, pH, EC, Nutrient (DIN, OP, DIN:TP)

Growth factors Chl-a, %Num,

C-allocation traits FTIR-predicted relative contents of macromolecules (proteins, car-
bohydrates and lipids), protein:storage ratio, C:N ratio
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In statistics, the Pearson correlation coefficient r-value is a measure of the linear dependence
(correlation) between two variables according to Pearson (1895) and Stigler (1989). It has a
value between +1 and -1 inclusive, where 1 is total positive linear correlation, O is no linear
correlation, and -1 is total negative linear correlation. The p-value is used in the context of null
hypothesis testing in order to quantify the idea of statistical significance of evidence. Conven-
tionally the 5% (p < 0.05, less than 1 in 20 chance of being wrong), 1% (p < 0.01) and 0.1%
(p < 0.001) levels have been used. According to the rule of thumb, the following strengths of

relationship are used in this analysis:

Value of r Strength of relationship
-1.0to-0.50r1.0t0 0.5 strong
-0.5t0-0.30r0.3t00.5 moderate
-0.3t0-0.10r0.1t0 0.3 weak

-0.1t0 0.1 none or very weak
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3. Results

3.1 Determination of seasonal environmental changes

3.1.1 Light conditions

The global radiation varied in a range between 400-1200 pmol photons m s (Figure 7
A). The declined radiation tendency in the study period was majorly attributed to the frequent

rainy and cloudy weather in the summer.
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The local intensities of PAR at the Om surface water varied in a range of 480-2380 pmol
251 and varied in a range of 0-310 pmol m2 s at 1m water depth (Figure 7 B). Similar to
the global radiation, the light intensity also showed a deceasing tendency from the spring to

the summer and fall.

The average Secchi-depth in the observation term was 0.6 m (Figure 7 C), which indi-
cated a eutrophic-hypertrophic status of the lake (according to Table 1). The maximal Sec-
chi-depth of 1.7 m was observed during the spring turnover at early-April, when underwater
photosynthesis can be performed by autotrophs as deep as 4m (i.e., maximal eutrophic zone).
The Secchi-depth declined to 0.6 m at end-April when cryptophytes proliferated in the lake
(see Figure 17). From mid-May to early-June, a period with higher water transperency was
observed, which can be indicated as a “clear-water” phase with Secchi-depth range of 0.8-1 m.
During the clear-water phase, the volume of the eutrophic zone was similar to the epilimnion
(see Figure 9). The turbid water body with extremely low Secchi-depth levels (range 0.3-0.4
m) was detected on 28" June and during 39" August, when massive cyanobacterial blooms
can be observed (see Figure 17). In such situations, the eutrophic zone was greatly reduced to
<1 m. Below this level, phytoplankton do not have enough light for sustainable growth.

3.1.2 Water temperature

The temperatures of the 0-1 m surface water layer varied between 10-24<C during the

observation period (Figure 8).
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Figure 8 Temperature variation of surface water (0—1 m) in Lake Auensee 2011
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The water temperatures showed an increasing tendency from the spring to the summer,
followed by a decreasing tendency from the summer to the fall, potentially due to the rainy
weathers in July-August. As the solar radiation became intense in the spring (Figure 7 A), it
heated up the cold surface water that changed the water density. A complete vertical mixing of
the water column occurred, when the surface water became denser and sunk into the lower
layers. The spring turnover in Lake Auensee can be recognized in April on the basis of rela-
tive homogeneous temperature stratification (Figure 9). In the process, oxygen and nutrients

distributed throughout the water column, when wind mixed the lake from the bottom to the
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Figure 9 Seasonal thermal stratification in Lake Auensee 2011.

From late-April, the water column became physically stratified into three identifiable
layers: epilimnion (upper layer), metalimnion (or thermocline) and hypolimnion (bottom layer)
(Figure 9). The thermocline is defined as a thermal transition layer between the warmer
mixed water at the surface and the cooler deep water below. In this water layer, temperature
declines drastically across a small change in water depth. The determination of the thermo-
cline commonly requires the vertical gradient of temperature being larger than a certain fixed
value (gradient criterion). However, there is no objective way to determine the gradient crite-

rion for different water systems (Coloso et al, 2011; Hao et al., 2012; Zhang et al., 2014).
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Here, we used the criterion of 3<C per meter based on experience regarding the researches of
Lake Auensee. Other criterion values are also possible, but we did not compare alternatives in
this study. The location of the thermocline was detected relatively shallow in April (0-1.5 m),

moderate in May—June (1.5-3 m), and deep in July—October (2.5-4 m).

3.1.3 Dissolved oxygen

The dissolved oxygen concentrations in the 0—1 m epilimnion showed a decreasing ten-
dency from April to September (Figure 10). In April, high dissolved oxygen concentrations in
the surface water were observed with 21-23 mg O Itat Om and 18-22 mg O I"tat 1m. Sti-
mutanously, the aerobic zone can reach to the bottom water at 6 m due to the water mixing
(Figure 11).
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Figure 10 Changes of oxygen concentrations and seasonal variation trends in the Om and 1m epilim-
nion of Auensee in 2011

During April and mid-May, both of the epilimnion and metalimnion contained oxygen,
and the surface water of 0-2.5 m was over-saturated with oxygen (Figure 11). From mid-May,
the metalimnion became anoxic, which indicated a lack of photosynthesis in this water layer.
The oxygen-saturated zone reduced in the summer and fall, especially in 30" August—20"
September, the whole epilimnion was under-saturated with oxygen. In July—October, the
volume of the aerobic zone was smaller than that of the epilimnion; especially at mid-August,
only the water layer between 0 and 1.5 m in depth contained oxygen. The raising of the anox-

ic zone to the upper water layer indicated a strong consumption of dissolved oxygen in the
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water column.
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Figure 11 Profile of oxygen saturation in Lake Auensee, incl. the oxygen-saturated zone (> 100% O,
confetti field), the aerobic zone (0-100% O, dotted field) and the anoxic zone (< 0.5 mg O: I,
non-filled field). The thick dotted line shows the location of the upper limit of the thermocline.

3.1.4 pH values

In lake Auensee, the mean pH value of both Om and 1m water samples was 9.9 (Figure
12). The high pH level (> 8.3) indicated a high consumption of dissolved CO: and an en-
hancement of alkalinity in this hypertrophic lake. The pH values were lower in the spring and
fall, while higher in the summer. A period with extremely high pH >11 in the summer (with
the maximum pH = 11.6 on 13" July) indicated a term of CO-depletion in the surface water,

probably due to the high uptake of CO. by massive phytoplankton.
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Figure 12 Seasonal variations of pH values of the 0—1m surface water in Lake Auensee 2011.

3.1.5 Electric conductivity

The electric conductivity of the lake surface water showed a slight decreasing tendency

from the spring to the summer, followed by an increasing tendency from the summer to the

fall (Figure 13). Lower conductivity reflected a low level of dissolved ions within the water

column during the summer, whereas the increase in conductivity during August-September

could be attributed to increased amounts of ions released from sediments into the water col-

umn.
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Figure 13 Seasonal variations of the electric conductivity of the 0—1 m surface water in Lake Auensee

2011.
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3.1.6 Nutrient conditions

Nitrogen

In this study period, the ammonium (NH4") concentration varied in a range of < 0.05
—1.85 mg It in the 0-3 m epilimnion (Figure 14 A). The NH." availability increased gradually
with water depth. Especially on 26™ April, the NH4* concentration showed a ~20-fold increase
from 0 m to 3 m depth, indicating an accumulation of ions in the lake bottom water. The ni-
trate (NO3) concentrations can be observed in a range between < 0.1 mg I"*and 0.33 mg I in
the epilimnion (Figure 14 B). In April and May, the NO3 concentrations decreased with water
depth, indicating a higher rate of nitrate conversion in the upper water layer. However, during
June—September, the nitrate supply in the whole epilimnion was restricted at a level below the
detectable NOsconcentration of 0.1 mg I"X. NH4*-N and NOs™-N are key forms of DIN for
phytoplankton growth. In Lake Auensee, the epilimnion (0—-3 m) contained in average 0.24
mg DIN per liter, which evidenced a eutrophic-hypertrophic state in this ecological system
(according to Table 1). In the 0—1 m surface water layer, the DIN concentrations decreased
from ~0.15 mg N It at mid-May to the minimum of ~0.06 mg N I at mid-June (Figure 15 A
and D), which reflected a strong nutrient consumption in the lake. In September, a recovery of

DIN level in the surface water can be observed.
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Figure 14 \ertical gradients of ammonium (A) and nitrate (B) concentrations in the epilimnion (0—3
m) of Lake Auensee in 2011. The stars (*) marked the concentrations below the detectable NH4* of
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Phosphorus

In Lake Auensee, the epilimnion contained averagely 0.13 mg I ortho-phosphate (PO4>)
and 0.7 mg I total phosphate during the observation (Figure 16). The data demonstrated that
the ortho-phosphate only belongs to a small part of the total phosphate. The high phosphate
supply, together with excessive N, confirmed the eutrophic-hypertrophic status of the lake
(according to Table 1), and provided high guarantee of cyanobacterial dominance in the
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whole phytoplankton communities (according to Table 2). In the 0—1m epilimnion, the OP
availability was relatively low from April to mid-July with concentration below 0.016 mg I
(Figure 15 B and E). The OP increased ~8-fold from mid-July with concentration of 0.007
mg 1" to the maximum concentration of 0.06 mg I* at mid-September, which reflected a dra-

matic phosphorus release from sediments into the water column.
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Figure 16 Vertical gradients of ortho-phosphate (A) and total dissolved phosphate (B) concentrations
in the epilimnion (0—3 m) of Lake Auensee in 2011. The stars (*) marked the concentrations below the
detectable PO+ of 0.02 mg I,

Determination of N/P-limitations in the 0—1m epilimnion of Lake Auensee

The determination of N/P-limitations was based on the criteria including: absolute con-
centrations of N and P, DIN:TP mass ratios, and nutrient uptakes of phytoplankton species. In
the summer, the DIN concentrations (with < 0.06 mg N IY) in the lake surface water were
lower than the critical N-limited concentration of 0.1 mg N I'? (Gophen et al., 1999, see Table
2), and lower than the N uptakes of green algae and cyanobacteria (see Table 3). Furthermore,
the DIN:TP mass ratios in range of 0.1-0.8 (Figure 15 C and F) during the whole period were
lower than the critical N-limited ratio of 1.5 (Bergst&rm, 2010, see Table 2). The above data
provided the evidence of the potential N-limitated growth conditions of phytoplankton during
June-August in the 0—1m epilimnion. With the respect to the P supply, the concentrations of
OP, ortho-phosphate and TP were much higher than the critical P concentrations and P uptake
of microalgae (according to Table 2 and 3), which evidenced that P was not limited in the

0—1m epilimnion during our observation period.
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3.2 Determination of phytoplankton community structure

3.2.1 Phytoplankton species in Lake Auensee

The most abundant phytoplankton species in Lake Auensee during the observation period

in 2011 have been identified with specific adaptation characteristics (Table 9).

Table 9 Phytoplankton species determined in Lake Auensee

Phylum Genus Preferred bloom conditions
Cyanobacteria
(N-fixing) Anabaena P-enriched, arm, stratified, long-residence time, high

(Non-Nz-fixing)

Aphanizomenon

Microcystis
Oscillatoria
Gomphosphaeria

irradiance, eutrophic

N- and P-enriched, eutrophic conditions, warm,
stratified, long residence time

Chlorophyta

Pandorina
Eudorina
Closterium
Scenedesmus
Oocystis
Staurastrum
Micractinium
Coelastrum
Crucigenia
Tetraspora
Pediastrum
Selenastrum

Moderate N- and P-enriched, stratified, high irradi-
ance

Bacillariophyta

Cyclotella
Synedra
Fragilaria
Stephanodiscus

Silica-enriched, cold water

Tabellaria

Dinophyta Peridinium N-and P-enriched, stratified, warm
Ceratium

Cryptophyta Chroomonas N- and P-enriched, eutrophic, stratified, cold water
Cryptomonas

Haptophyta Chrysochromulina N- and P-enriched, warm

Euglenophyta

Trachelomonas

N- and P-enriched
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3.2.2 HPLC-based analysis of seasonal phytoplankton dynamics

We quantitatively analyzed the seasonal dynamics of population biomass of predominant
algae groups in Lake Auensee by using HPLC. Fucoxanthin, lutein/Chl-b, alloxanthin,
peridinin and zeaxanthin were used as marker pigments for families of Bacillariophyceae,
Chlorophyceae, Cryptophyceae, Dinophyceae and Cyanobacteria, respectively. The Chl-a
concentration of each taxonomic group (see Figure 17) and the percentage contribution of

this group to total Chl-a (see Figure 18) have been determined.
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Figure 17 Seasonal dynamics of phytoplankton composition in the 0 m (A) and 1 m (B) epilimnion of
Lake Auensee in 2011. The Chl-a concentration was estimated by HPLC pigment analysis.

The average Chl-a concentration of the 0-3m epilimnion was 61 pg Chl-a I in the study
period. The massive growth of phytoplankton further evidenced the nutrient enrichment in the

lake (according to Table 1). In the 0—1 m surface water, a massive abundance of cryptophytes

75



Results

can be observed in April with high Chl-a concentrations in range of 75-120 g Chl-a I per
water layer (Figure 17). The cryptophyte population, composed mainly by Cryptomonas sp.
and Chroomonas nordstedti, reached ~70-85% of total phytoplankton biomass (see Figure

18).
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Figure 18 Proportional composition of phytoplankton in the 0 m (A) and 1 m (B) epilimnion of Lake
Auensee in 2011, estimated by HPLC analysis. The proportion of single algal group was calculated in %
total Chl-a concentration.

As the cryptophyte abundance reduced in May, the population of green algae increased
and became dominant in 101-24" May with ~20-70 g Chl-a It per water layer. The major
dominant species included Pandorina sp., Eudorina sp., Scenedesmus sp., Pediastrum sp.,
Closterium sp., Oocystis sp. as well as Trachelomonas sp., possessing ~35-60% of the total
Chl-a concentration. During the clear-water phase from mid-May to early-June, the popula-
tion proportion of green algae reduced distinctly to ~11% of the total Chl-a. This subcommu-
nity population kept at a low level of 0-20 pg Chl-a I (i.e., 0-27% of total Chl-a) throughout

the summer and fall.
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After the clear-water phase, the cyanobacteria became dominated in the summer with a
high biomass proportion of 50-90% of the total Chl-a contents per water layer. Unlike the
green algae peaking only once in the spring, the cyanobacterial growth frequently fluctuated
with at least five abundance peaks exceeding 50 g Chl-a It from 28" June to 9™ August. The
maximal bloom exploded during 153 August with biomass increase from 72 to 216 gy
Chl-a I't at 0 m and from 31 to 140 pg Chl-a I'* at 1 m depth. The dominant cyanobacterial
species included No-fixing Anabaena sp. and Aphanizomenon sp., and non-N2-fixing Micro-
cystis sp., Oscillatoria sp., and Gomphosphaeria sp. After the collapses of the cyanobacterial
blooms, dead cells changed the water colour from green-blue to yellow-brown. The colour
changes can be observed during July and August. From mid-August to October, the cyano-
bacteria and dinophytes were two dominant groups, whose sum proportions contributed about
50-86% of the total Chl-a content in the epilimnion. Diatoms can be observed in the whole
period with only small content between 0-24 g Chl-a I* (~0-36% of total Chl-a) in the sur-

face water.

The Chl-a based prediction of phytoplankton biomass could be inaccurate from the actu-
al biomass in the lake. Since all water samples were filtered immediately after the collection
by means of a filter mesh (@ = 210 pm) to prevent primarily zooplankton grazing, large cells
or aggregates with a size over 210 pm were excluded from the sampling. Thus, the biomass
prediction by using HPLC only focused on the phytoplankton cells/colonies with size smaller
than 210 pm. Furthermore, HPLC is not able to distinguish Euglenophyceae from Chloro-
phyceae, because these groups do not contain a taxon-specific xanthophyll (Wilhelm et al.
1995). Thus, the portion of these algal groups was also calculated within the proportion of the

green algae.

3.3 Isolation of functional algal groups by flow cytometry
3.3.1 Identification and separation of phytoplankton groups

In this study, the phytoplankton communities in water samples can be separated into four
major groups including green algae, cyanobacteria, cryptophytes and diatoms. Because the
size of the passing particles is limited by the nozzle size of the flow cytometer, only small
cell/colonies with size range 0-130 pm can be analyzed. Consequently, dinophytes with a

common cell size between 200—400 pm cannot be considered. Here, the cytogram of a water
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sample collected on 17" May as an example showed the isolation procedure of phytoplankton
group by FCM (Figure 19). A total of 10,000 events displayed in the cytogram. Phytoplank-
ton groups were separated based on light scattering and typical fluorescence properties, and
the cell number of individual groups can also be counted. Larger cells and aggregate species
have relatively strong signatures that presented in the upper right region, whereas picoplank-
ton species presented in the lower left region. The Chl-a vs. PC fluorescence cytogram was
chosen to separate the phytoplankton cells into two major clusters depending on their cellular
phycobilin contents. Phycobilin-containing taxa (e.g., cyanophytes and cryptophytes) dis-
played in the upper region with higher phycobilin signals (Figure 19 A, Cluster 1), whereas
non-phycobilin-containing taxa (e.g., chlorophytes, euglenophytes, haptophytes and diatoms)
were clustered in the lower part (Figure 19 A, Cluster 2). Further separation of the phycobil-
in-containing phytoplankton groups was carried out by a PC vs. PE fluorescence cytogram
(Figure 19 B), which permitted differentiation according to cell size and cellular phycobilin
concentration. The cryptophytes (Figure 19 B, 1a, pink dots) are larger cells and presented
higher fluorescence signals on the upper right of the cyanobacteria (Figure 19 B, 1b, blue
dots).

The non-phycobilin containing group could be differentiated into diatoms and green al-
gae depending on Chl-a vs. PE fluorescence signatures (Figure 19 C). The diatoms (Figure
19 C, 2a, orange dots) clustered in the upper signature region because they contain fucoxan-
thin, a light harvesting pigment, which can be excited by the green light and can emit strongly
in red fluorescence region. In this group, haptophytes (e.g., Chrysochiromulina sp.) can also
be detected because they are covered with plate-like scales and contain 19’ hexanoytoxyfuco-
xanthin in cells, which has the same emission region as fucoxanthin. By contrast, the green
algae (Figure 19 C, 2b, green dots) lack these carotenoids, thus their signatures presented in
the lower region of the cytogram. The green algal cluster is a mixture of Chl-b-containing
groups e.g., chlorophytes and euglenophytes, composed majorly of abundant genera e.g.,
Pandorina, Trachelomonas etc. The FCM cannot isolate algal groups because they have simi-

lar pigmentation.
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Figure 19 Isolation of phytoplankton groups by flow cytometry. The water samples were collected on
17" May in 2011. The Chl-a vs. PC fluorescence cytogram (A) showed the separation of phycobil-
in-containing (Cluster 1) and phycobilin-lacking (Cluster 2) cells. The PC vs. PE fluorescence cyto-
gram (B) allowed the differentiation of cryptophytes (1a, pink dots) and cyanobacteria (1b, blue dots).
And the Chl-a vs. PE fluorescence cytogram (C) was used for the separation of diatoms (2a, orange
dots) and green algae (2b, green dots). Each dot represented a single algal cell or colony.

The sorted cells will be in the next step used for the measurements by FTIR spectroscopy.
Because the FTIR-measurement needs a certain volume of cells to obtain an effective FTIR
spectrum (Wagner et al., 2010), about 3,000 to 900,000 cells/aggregates depending on differ-
ent cell volume have been sorted for individual algal samples. If water samples contain only
small cells with less cell number, the FACS (fluorescence-activated cell sorting) process may
take a lot of time and more water volume for the sample flow is needed. This problem was
particularly serious by the FACS of green algal cells from late-July to early-August, when the

population was extremely small (less than 10% of total cell number).
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3.3.2 FCM-based analysis of seasonal phytoplankton dynamics

A total of 59 isolations of phytoplankton communities in the surface water samples col-
lected from Lake Auensee have been carried out based on FACS, by which 236 green algal
sorts and 221 cyanobacterial sorts have been successfully obtained.

Based on the taxon-specific properties of light scattering and fluorescence, the seasonal
population dynamics of green algae and cyanobacteria can be detected in the cytograms (Fig-
ure 20). The green algal subcommunity dominated in May as a mixture of euglenophytes,
charophytes and chlorophytes, showing signatures in an elongated shape due to different
cell/aggregate size of species (Figure 20 A and G). After the clean-water phase, the green
algal population reduced and the elongated clusters became shorter from June to August
(Figure 20 B-D and H-J), because some colonial species e.g., Pandorina sp., Eudorina sp.,
Scenedesmus sp., Micratinium sp., Pediastrum sp., Coelastrum sp., etc. disappeared, replaced
by some single-cell species of euglenophytes (e.g. Trachelomonas sp.) and colonial chloro-
phytes (e.g. Staurastrum sp., Crucigenia sp., Scenedesmus sp., Tetraspora sp., Selenastrum sp.,
Oocystis sp., etc.). The cluster became elongated again in September (Figure 20 E-F and
K-L), composed majorly of e.g. Pandorina sp., Scenedesmus sp., Coelastrum sp., Trachelo-

monas sp., etc.

The cyanobacterial signatures were weaker in May (Figure 20 A and G), while became
dominant after the clean-water phase. From June to August (Figure 20 B-D and H-J), the
cyanobacterial cluster was extremely elongated due to the presence of filamentous species
(e.g., Anabaena sp., Aphanizomenon sp., Oscillatoria sp., etc.) and larger colonic species (e.g.,
Gomphosphaeria sp., Microcysis sp., etc.), which signalled widely in the upper right region of
the cytogram. These signatures became decreased in September and October (Figure 20 E-F
and K-L).
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Figure 20 Seasonal dynamics of cyanobacteria (blue spots) and green algae (green spots) populations
in Om (A—F) and 1m (G—L) water samples from Lake Auensee in 2011. The clusters show the areas of
FCM sorted cells from the green algal (a) and cyanobacterial (b) subcommunities.
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The cell number of green algal and cyanobacterial subcommunities has been counted by
FACS. The percentage of total cell number showed that the green algal abundance in May was
followed by the dominant cyanobacteria during June—August (Figure 21). The detected sea-
sonal dynamic of phytoplankton populations confirmed the determination by HPLC (Figure
18).
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Figure 21 Proportion of cell number of green algal and cyanobacterial subcommunities in Om (A) and
1m (B) water samples.

3.4 FTIR spectroscopy analysis

A total of 433 effective FTIR spectra have been measured from FACS isolated phyto-
plankton samples. Cellular C-allocation traits such as macromolecular composition (see Sec-
tion 3.4.2), elemental C:N ratio (see Section 3.4.3) and growth potential (see Section 3.4.4)
have been analyzed by using different FTIR prediction models.

3.4.1 FTIR-spectra of field phytoplankton samples
The FTIR-spectra of field green algal and cyanobacterial sorts by FCM (see Figure 19)
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were measured. The algal spectra in the range of 1900-700 cm™* showed characteristic molec-
ular absorption bands of protein (amid I and Il bands, at ~1650 and ~1540 cmt), carbohydrate
(polysaccharide bands, at 1200-800 cm™) and lipid (ester bands, at ~1750 cm™) (Figure 22),
identified according to Table 8. As both spectra were normalized at the amid-Il band, green
algae showed higher absorbance in the regions of carbohydrate and lipid spectra than cyano-
bacteria. It suggested that, compared to the cyanobacterial sample, the green algae may have
more proportions of carbohydrates and lipids in cell weight.
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Figure 22 FTIR spectra of field phytoplankton samples sorted on 17" May 2011. The spectra of the
green algal (solid line) and cyanobacterial (dashed line) samples were normalized at amid I1-band (*).

3.4.2 Determination of cellular macromolecular composition

The analysis of cellular macromolecular composition has been carried out by using a
FTIR-spectral reconstruction model according to Wagner et al. (2010). Since the sum of pro-
teins, carbohydrates and lipids can reach 90% of the algal dry weight (Haug et al., 1973), we
used this sum value as biomass of a cell and defined it as entire macromolecule pool (eMP).
In our study, the relative contents of protein, carbohydrate and lipid were calculated in per-
centages of eMP (% eMP).

The macromolecular composition of field green algal cells in 0—1 m water was 28-50%
eMP (average: 42% eMP) protein, 25-52% eMP (31% eMP) carbohydrate and 19-28% eMP
(22% eMP) lipid in the observation period (Figure 23). The protein content showed negative

correlation with the carbohydrate content (strong r with high significance, Figure 24 A),
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while showed a lack of linear correlation with the lipid content (Figure 24 B). The weak rela-
tionship between the protein content and Chl-a concentration (Figure 24 C) reflected the de-
pendence of green algal growth on the biomass of cellular protein pools.

PR

Macromolecular composition of green algae [% eMP|

| ek i

204

T T T T T T T T T T T T T T T
NG AN (\ X o A 5 OO A 9 b "3 Q b NEIEN A
NN A S N9 YV NN A ) ”1/ v
é’bﬁ ’é\fﬁ"\\ é\@ &X\‘ﬁ \\} \\}Q AN VXQ-Q AN \Q\ ’ Y&% Yv@a?&% ?7\399 Y”\% COQ %&Q

‘ —O— protein —@— carbohydrate —A— lipid |

Figure 23 Seasonal variations in relative contents of proteins (solid line with open squares), carbohy-
drates (solid line with filled circles) and lipids (solid line with open triangles) of green algal cells in
Om (A) and 1m (B) water samples. The relative macromolecule contents were calculated in % eMP.
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Figure 24 Linear correlations among cellular macromolecule contents (in % eMP) and chlorophyll a
(Chl-a) concentrations of green algae (A—C) and cyanobacteria (D—F). Lines potted were from the
Pearson’s r correlation (r- and p-values are also reported). If there was no linear correlation between

the variables, no line was plotted.

In comparison, the field cyanobacterial cells contained more protein (35-60% eMP), less

carbohydrate (15-40% eMP) and less lipid (13-22% eMP) (Figure 25) than the green algae.

The protein contents of cyanobacteria were negatively related with carbohydrate contents

(strong r with high significance, Figure 24 D) and lipid contents (strong r with high signifi-

cance, Figure 24 E). The results demonstrated that the decreasing protein fraction was asso-

ciated with the accumulation of both carbohydrate and lipid storage pools in cells responsible

to environmental changes. Unlike green algae, cyanobacteria showed a lack of growth de-

pendence on the cellular protein biomass (Figure 24 F).
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Figure 25 Seasonal variations in relative contents of proteins (solid line with open squares), carbohy-
drates (solid line with filled circles) and lipids (solid line with open triangles) of cyanobacterial cells in
Om (A) and 1m (B) water samples. The relative macromolecule contents were calculated in % eMP.

3.4.3 Determination of cellular elemental C:N ratios

Based on the FTIR spectra, cellular C:N molar ratios of field green algae and cyanobac-
teria were predicted by using the PLSR model according to Wagner et al. (2019). The C:N
ratios of green algal cells at Om and 1m showed variations in a range of 5-11.6 (Figure 26 A),
most of which were higher than the Redfield C:N ratio of 6.6. High C:N ratios reflect relative
low N-pools in cells. The cellular C:N ratio above 6.6 was observed mainly from mid-May to
end-June and from early-August to early-October. That means the duration of N-limited
growth of green algae extended from mid-May to early-October, exceeding the potential
N-deficiency period identified during June—August in Lake Auensee (see Section 3.1.6). The
C:N ratio showed significant correlation with the protein:storage ratio calculated as a ratio of
protein content to the sum of storage carbohydrate and lipid contents (Figure 27 A). The re-

sult indicated that both of C:N and protein:storage ratios can reflect the reallocation of photo-
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synthetic energy switching between cellular protein pools and storage pools. Although the
C:N ratio had no overall correlation with the population biomass (determined as Chl-a con-
centration) (Figure 27 B), a decrease in green algal population from 17" May to 14" June can
clearly be observed when the C:N ratio increased from 6.6 to 8.6 (Figure 26 A). The results
suggested that green algal growth may be restricted by N-limitation in short-term, or limited

N regulated the growth development together with other environmental factors.
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Figure 26 Seasonal variation analysis of carbon to nitrogen ratio (C:N ratio) of green algae (A) and
cyanobacteria (B) in 0—1m water samples, respectively. The grey lines showed the Chl-a concentration
(right axis).
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Figure 27 Linear correlations between the carbon-to-nitrogen ratio and protein-to-storage ratio and
Chl-a concentration of green algae (A—C) and cyanobacteria (D—F), respectively. Lines potted are
from the Pearson’s r correlation (r- and p-values are also reported). If there was no significant correla-
tion between the variables, no line was plotted.

The C:N ratios of cyanobacterial cells in 0—1m water samples showed fluctuations in the
range between 2.5 and 8 (Figure 26 B), lower than the ratio range of the green algae. The C:N
ratio exceeding 6.6 was observed on 20" July, 9" August, and 23" August, which occurred
during the determined N-deficiency period of June—August (see Section 3.1.6). Similar to the
green algae, the cyanobacteria also showed strong negative relation between the C:N and pro-
tein:storage ratios (Figure 27 C). The cyanobacterial population biomass (determined as
Chl-a concentration) had no overall linear correlation with the C:N stoichiometry (Figure 27
D). However, the population decreased (with 11-45 pg Chl-a It per water layer) when the
C:N ratios exceeded 6.6; whereas cyanobacteria showed high blooms (with 40-216 g Chl-a
I1 per water layer) as the C:N ratios were in the range between ~4.5 and 6 slightly lower than
the Redfield ratio, e.g., on 28" June, 6" July, 13" July, 27" July, and 3" August (Figure 26 B).
The results suggested that cyanobacteria proliferated when the cellular C:N slightly lower
than the Redfield ratio; while their growth was restricted by N-depletion, which raised the
C:N ratio exceeding the Redfield ratio.
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3.4.4 Prediction of algal growth potential

We used the PLSR-model based on FTIR-spectra of algal monoculture (Jebsen et al.,
2012) to monitor the growth potential puof field algal groups. The puvalue of the green algae
in the surface water ranged between 0.1 and 0.32 (Figure 28 A). The pudecrease from 0.32 to
0.22 in the period between mid-May to mid-June confirmed the abundance reduction of green
algae during the clear-water phase. Furthermore, the Lshowed a linear correlation (moderate
and significant) with the population biomass (determined as Chl-a concentration) (Figure 29
C) throughout the observation period. The relationship indicated that the predicted pLbased on
FTIR-spectroscopy can basically characterize the green algal growth development in relation
to seasonal environmental changes in Lake Auensee. In addition, the p1values showed strong
and significant correlations with the cellular protein contents (Figure 29 A) and C:N ratios
(Figure 29 B). These relationships evidenced that growth rates depend on the rates of protein

synthesis, and increase in C:N ratios associates with growth restriction of green algae.
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Figure 29 Linear correlations between the growth potential and C-allocation traits and Chl-a concen-
tration of green algae (A—C) and cyanobacteria (D—F), respectively. Lines potted were from the Pear-
son’s r correlation (r- and p-values are also reported). If there was no significant correlation between
the variables, no line was plotted.

In comparison to the green algae (jLrange 0.1-0.32), the cyanobacteria showed a rela-
tively high i level (range 0.3-0.9). Furthermore, the pudetermined in 1m algal samples (ju
range 0.38-0.90) was 30% higher than that in Om samples (jurange 0.31- 0.79) (Figure 28 B),
indicating better adaptability of this taxonomic group to the underwater environment at 1m
depth. Most of the pLpeaks, which can be observed on 24" May, 21% June, 20" July and ear-
ly-August to early September, did not match the cyanobacterial abundance determined by
Chl-a concentrations, especially, the pudid not provide any indication of the maximal bloom
on 39 August. The lack of linear correlation between the prand Chl-a concentration (Figure
29 F) demonstrated that the FTIR-predicted p1cannot characterize the seasonal growth devel-
opment of the cyanobacterial subcommunity in Lake Auensee. Furthermore, the cyanobacte-
rial pishowed significant negative correlation with the cellular protein contents (Figure 29 D),
and significant positive relation with the C:N ratios (Figure 29 E). These results indicated
that cyanobacterial cells can maintain growth rate despite of decreased protein synthesis and
increased carbon storage. In comparison to green algae, the cyanobacteria showed different

C-allocation and growth strategies in response to environmental changes.
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3.5 Statistical correlation analysis

The Pearson’s r correlation analysis has been performed to find the relationships among the
environmental factors (except nutrient factors, number of samples n = 31), the nutrient factors
(n = 6), the phytoplankton population biomass (n = 31), the FTIR-predicted algal growth po-
tential (green algae: n = 29, cyanobacteria: n = 28), and the cellular C-allocation traits (green

algae: n = 29, cyanobacteria: n = 28).

The environmental factors, which primarily favored green algal abundance (determined as
Chl-a concentration) in Lake Auensee, include DO, Lm, DIN and DIN:TP (Table 11). Fur-
thermore, SD, Lm, Lg, DO and DIN:TP were key factors promoting the dominance of this
taxonomic group in entire cell number of the phytoplankton communities. In turn, growth
conditions with low Lg, Lm, DO, DIN, DIN:TP and high pH resulted in decreases in algal
biomass and cell number proportion. The positive correlation (strong r with significance) be-
tween the predicted growth potential ptand DIN confirmed the dependence of green algal
growth on N availability. In addition, higher T and pH may reduce the growth potential of
green algae (moderate r with significance). With the repect to the environmental affects on
C-allocation, decrease in DIN concentration was associated with the increase in carbohydrate
content (strong r with significance), as well as the decreases in protein content, lipid content,
and protein:storage ratio (Table 11). Additionally, high T, pH and SD may also affect the ac-

cumulation of carbohydrates in green algal cells.

According to the analysis, the population biomass of cyanobacteria was related with higher
pH (moderate-strong and significant r), lower SD (moderate-strong and significant r) and
lower DIN (moderate-strong and insignificant r) (Table 12). The decreases in Lm, SD, DIN
and DIN:TP may majorly affect the cyanobacteria dominance in cell number. Furthermore,
the relationship between the piand DIN (strong and insignificant r) confirmed the cyanobacte-
rial growth independent on the sufficient N supply in water. Furthermore, decrease in DIN
showed strong correlation with decreases in the protein content and protein:storage ratio
(strong r with significance), and increases in the carbohydrate content (strong r with signifi-
cance) and C:N ratio (Table 12). The DIN:TP ratio had strong and insignificant relation with
these C-allocation traits. These relationships demonstrated the effects of the external DIN
supply on regulating the C-allocation switching between the cellular N/protein pools and
C/carbohydrate pools. In addition, higher T and pH were associated decreases in protein con-

tent and protein:storage ratio, as well as increases in the carbohydrate content and C:N ratio.
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Table 11 Pearson’s r correlation (r-value) analysis for green algae. Chl-a, chlorophyll a content (by HPLC); %Num, percentage of total cell number (by FCM); 4
predicted growth potential; Pro:Sto, protein to storage ratio; Lg, global radiation; Lm, light intensity; T, water temperature; SD, Secchi-depth; DO, dissolved ox-
ygen concentration; EC, electric conductivity; OP, ortho-phosphorus; DIN:TP, mass ratio of dissolved inorganic nitrogen and total phosphorus. Positive numbers
indicate positive relationships, whereas negative relationships are shown as minus numbers. The number of stars is a weighting for the significance level: one star
(*) for p< 0.05, two (**) for p< 0.01, and three (***) for p< 0.001. Bold numbers mark the strong (r = 0.5) and/or significant r.

Green algae Om Green algae 1m
Chl-a %Num Protein Caroo- Lipid Pro:Sto C:N Chl-a  %Num p Protein Caroo- Lipid  Pro:Sto C:N
hydrate hydrate

Lg 0.3 0.4* 0 0 0 0 0 0.1 0.3 0.5** -0.1 0.1 0.1 0.1 -0.1 0.3
Lm 0.4* 0.6** -0.1 -0.1 0 0.2 -0.1 0.3 0.4* 0.8*** 0.1 0.1 -0.2 0.3 0 0.2
SD 0.3 0.7%** 0.1 -0.1 -0.1 0.3 -0.1 0.3 0.3 0.8*** 0.1 -0.1 -0.2 0.5* -0.1 0.4
T -0.2 -0.1 -0.3 -0.2 0.3 -0.3 -0.2 0.2 -0.3 0.1 -0.4*  -0.3 0.4* -0.1 -0.3 0.4*
DO 0.5**  0.6** 0.1 0.1 -0.1 0 0.1 0 0.7%** 0.7%** 0.1 0.2 -0.2 0.1 0.2 0.2
pH -0.1 -0.3 -0.4 -0.2 0.3 -0.2 -0.2 0.1 -0.3 -0.4* -0.4*  -0.3 0.4* -0.3 -0.3 0
EC -0.2 -0.4* 0.1 0 0 0.1 0 -0.1 -0.1 -0.2 0.2 0 -0.2 0.4 0 -0.1
DIN 0.5 0.5 0.9* 0.8 -1x* 0.8 0.8 -0.3 0.8 0.7 1** 0.7 S Ralea 0.8 0.7 -0.1
OP -0.2 -0.4 04 0.2 -0.4 0.6 0.2 -0.1 -0.3 -0.3 0.5 0.3 -0.5 0.4 0.2 -0.3
DIN:TP | 0.9** 1** 0.5 0.5 -0.6 04 0.5 -0.1 0.9* 0.9* 0.5 0.5 -0.5 0.3 0.5 0.2
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Table 12 Pearson’s r correlation (r-value) analysis for cyanobacteria. Chl-a, chlorophyll a content (by HPLC); %Num, percentage of total cell number (by FCM);
4 predicted growth potential; Pro:Sto, protein to storage ratio; Lg, global radiation; Lm, light intensity; T, water temperature; SD, Secchi-depth; DO, dissolved
oxygen concentration; EC, electric conductivity; OP, ortho-phosphorus; DIN: TP, mass ratio of dissolved inorganic nitrogen and total phosphorus. Positive num-
bers indicate positive relationships, whereas negative relationships are shown as minus numbers. The number of stars is a weighting for the significance level:
one star (*) for p< 0.05, two (**) for p< 0.01, and three (***) for p< 0.001. Bold numbers mark the strong (r = 0.5) and/or significant r.

Cyanobacteria Om Cyanobacteria 1m
Chl-a  %Num K Protein ﬁarbo- Lipid Pro:Sto C:N Chl-a %Num Protein Carbo- Lipid Pro:Sto C:N
ydrate hydrate

Lg -0.2 -0.2 0.1 -0.1 0.2 0 -0.1 0.2 -0.3 -0.2 0 -0.1 0.1 0 -0.1 0.2
Lm -0.1 -0.4* -0.1 0 0 0 0 0.1 -0.3 -0.6** -0.2 0.1 0 -0.1 0.1 0
SD -0.4* -0.8%** 0 0.2 -0.2 -0.2 0.2 -0.2 -0.5%*  -0.7%** 0.2 0.2 -0.2 -0.1 0.3 -0.2
T 0.3 0.1 0.1 -0.4 0.4* 0 -0.4* 0.4 -0.1 0 0.1 -0.4 0.4* 0.1 -0.4* 0.4*
DO 0 -0.2 -0.2 0.1 -0.1 0 0.1 0.1 -0.2 -0.3 -0.3 0.1 -0.1 -0.1 0.2 0.1
pH 0.5** 0.3 0 -0.3 0.3 0 -0.3 0.3 0.4* 0.3 0.1 -0.4* 0.5** 0 -0.4* 0.4*
EC -0.1 0.2 0 0.2 -0.1 -0.3 0.2 -0.3 0.1 0 0.2 0.2 -0.1 -0.1 0.2 -0.4
DIN -0.7 -0.6 -0.8 0.9 -0.9* 0.1 0.9* -0.7 -0.4 -0.7 -0.7 0.9* -1* -0.2 0.9* -0.9*
OoP -0.2 -0.1 -0.2 0.2 -0.3 0.6 0.1 -0.1 0.3 -0.1 0.1 0.2 -0.3 04 0.2 -0.4
DIN:TP | O -0.6 -0.6 0.7 -0.7 -0.4 0.8 -0.6 -0.5 -0.7 -0.8 0.8 -0.7 -0.6 0.8 -0.5
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4 Discussion

According to our analysis of phytoplankton community structure using pigment finger-
printing the following seasonal succession of microalgal groups in Lake Auensee (Leipzig,

Germany), could be detected:

Cryptophyte dominance was found in April, during the end phase of the spring turnover.
A green algal bloom with only one peak began in early-May, immediately after the collapse of
the accumulated cryptophyte population, and ended during the clear-water phase in mid-June.
After the clear-water phase, cyanobacteria overgrew the green algae and bloomed in the
summer, forming the maximum biomass fraction (> 80% of the total Chl-a concentration) and
with the bloom of the maximum duration (longer than 3 months) in the lake. More than one
peak was observed during the cyanobacterial bloom phase. Dinophytes, together with cyano-
bacteria, were dominant in the lake during the late summer and fall. Diatoms appeared

throughout the observation period, but were never dominant in the epilimnion.

The growth and development of phytoplankton is generally driven one hand by the com-
bination of various environmental factors in an ecosystem. On the other hand, algal growth is
also a result of the dynamic balance of changes in cellular elemental and macromolecular
composition in response to environmental changes. Therefore, we attempted to explain the
seasonal succession mechanisms of the green algal and cyanobacterial subcommunities in
Lake Auensee starting from these two aspects of algal growth (see Sections 4.1 and 4.2). Next,
the applicability of predicting algal growth using FTIR spectroscopy within the ecological
context of this lake was checked (see Section 4.3). Finally, we discussed the methodological
advantages and limitations of the measurement techniques used in this study (see Section
4.4).

4.1 Effects of seasonal environmental changes on phytoplankton group suc-

cession
4.1.1 Nutrient conditions

Lake Auensee can be defined as a eutrophic-hypertrophic lake based primarily on the

excessive N and P inputs resulting in a high primary production by its phytoplankton. Fur-
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thermore, other factors such as the occurrence of long-lasting stratification, lower Sec-

chi-depth, and an anoxic hypolimnion, reflects the hypertrophic state of this lake ecosystem.

Nitrogen

Nitrogen is one of the most important nutrients for algal growth because it is required in
large amounts as an essential component of proteins and other cellular constituents. The bio-
available forms of DIN (sum of ammonium and nitrate) as major N sources for aquatic organ-
isms have been observed in this study. The ammonium contents, which indicate a high rate of
ammonification/mineralization of organic nitrogen (tissues from dead plant or animals, and
excretes from living organisms) to inorganic ammonium, increased with depths. By contrast,
nitrate showed decreasing contents along the vertical gradient of oxygen in the water column,

because nitrate is a product of nitrification depending on aerobic conditions.

The DIN concentration in the surface water was observed to be higher in the spring and
lower in the summer in the year 2011. The DIN availability increased during the spring turn-
over due to the mixing of accumulated nutrients from the lake bottom. Conversely, during the
summer stratification period, the DIN concentrations in the epilimnion decreased as nutrients
were consumed by algae and eventually migrated to the hypolimnion when the algae died and
settled out of the surface waters. Furthermore, severe hypoxia in the hypolimnion promotes
denitrification processes, by which the nitrate content is reduced and ammonium is formed.
However, since the soluble ammonium in the hypolimnion is not available for the phototrophs
in the eutrophic zone the distribution of DIN affects the nutritional status and consequently

the macromolecular composition of the primary producers.

According to the determination of N-status using a set of nutrient criteria, N-limited
growth conditions in Lake Auensee have been identified during June-August in 2011 (see
Section 3.1.6). However, there were different judgments in previous studies on the occurrence
of N-limitations in Lake Auensee. For example, Langner et al. (2004) suggested that the phy-
toplankton communities in the lake were neither N- nor P-limited during the observation pe-
riod in 2002. Stehfest et al. (2005) considered the possibility that there was potential N limita-
tion in the lake due to the activities of a cyanobacterial species (Microcystis sp.) in the year
2003. To this end, we compared our data in 2011 with data on the previous years’ nutrient
content (Table 13). The results of this comparison showed that the minimum concentrations
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of ammonium and nitrate in 2011 were much lower than the minimum N supply in 2002, and
similar to the N-limited conditions in 2003. Thus, our findings proved the fact that the degree
of N-deficiency in Lake Auensee has gradually increased from 2002 to 2011. Alternatively,
short-term deficiency of nitrogen may also occur in systems even where seasonal means give no
clear indication (Barica 1990; Matthews et al., 2002), because N-fixing cyanobacteria are
possible to compensate nitrogen limitation. The short-term nitrogen limitation in freshwater
systems is not uncommon when patchy distribution of algal species and nutrient exist and the
water column is stratified. In this case, nitrogen limitations occur within microenvironments
even when the system average nutrient concentrations do not indicate such condition (Hy-
enstrand et al., 1998). Accordingly, the above evidence demonstrates the occurrence of
N-limited states in phytoplankton cells, or rather a short-term N limitation in our observation

period.

Table 13 Availability of ammonium and nitrate at 1 m water depth in Lake Auensee

Year Ammonium [mg 7] Nitrate [mg I"Y]
2002 1-1.4 1.7-4

2003 0.08-1.5 0.07-3.3

2011 0.05-0.18 <0.1-0.3
2002—2011Y 0.03-2.46 0.05-4

) Data summarized by Dunker et al. (2016)

Nitrogen availability significantly affected the abundance and composition of phyto-
plankton groups depending on their ability to adapt to or tolerate nutrient deficiencies. The
green algal abundance showed strong and significant linear dependence on DIN concentra-
tions and DIN:TP ratios (Table 11). The linear relationship indicated that nitrogen is one of
the limiting factors regulating green algal growth in the lake, that is, sufficient nitrogen sup-
plies due to water circulation benefited rapid growth of green algae that they formed blooms
combined with cryptophytes, whereas the spring algal blooms became reduced as a result of
N-limitation in the summer, in combination with other factors such as grazing pressure, higher

temperature, higher pH values and stability of thermal stratification.

In comparison, the negative (but non-significant) correlation between nitrogen content

and cyanobacterial abundance revealed that N-deficiency is likely responsible for cyanobacte-
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rial blooms. Under N-limited conditions, diazotrophic cyanobacteria (e.g., Anabaena) can fix
N> from the atmosphere to maintain group productivity, and excrete most of the fixed nitrogen
into the environment, which enhances the N content in the whole system (Capone et al., 1994;
Hall et al., 2005). The released nitrogen (from diazotrophs) may preferentially facilitate the
growth of non-No-fixing cyanobacterial species (e.g., Microcystis) because some
non-No-fixers are stronger nutrient competitors due to their higher affinity for nutrient uptake
(Paerl and Paul, 2012). The facilitation between N»-fixing and non-N»-fixing species can
promote the occurrence of intense seasonal cyanobacterial blooms, especially when tempera-
ture and light conditions are the most favourable for algal growth (Agawin et al., 2007). This
was observed in Lake Auensee when cyanobacteria multiplied dramatically (more than 3-fold)
within two days (from 153" August) and formed “scums” or “mats” in the surface waters.
Finally, if nutrients are depleted in the lake water, the magnitudes of cyanobacterial blooms
may be reduced. For example, N-depletion can result in decreases in the chlorophyll and
phycobilisome (PBS) content of algal cells, and even cell death, leading to a dramatic change
in cell colour from the normal blue-green to yellow-green, which is known as bleaching or
chlorosis (Richaud et al., 2001). Dead cells and materials released from them may then serve
as a nutrient source for the development of the next bloom, especially under high tempera-
tures which allow high microbial activities. Therefore, variation in nitrogen content not only

affects changes in standing crop of biomass, but also drives changes in species composition.

Phosphorus

Phosphorus is essential for phytoplankton growth because it is a key component of DNA,
ATP, and phospholipids. In our study, by comparing the P uptake of algal species with the
high P input to the system, phosphorus was demonstrated to not be a limiting factor for the
growth of green algae and cyanobacteria in Lake Auensee (see Section 3.1.6). This finding
was in agreement with the results of Langner et al. (2004), who found that excessive phos-
phorus in the lake can be utilized by these algal groups in sufficient quantities without bottle-

necks throughout the year.

Although there was no significant relationship between the algal growth and phosphorus
contents (Table 11 and 12), changes in P-loading may play important roles in driving the sea-

sonal phytoplankton succession in the lake. From mid-July to September, a dramatic increase
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in OP was observed (Figure 15). The high amount of phosphorus released from the bottom
sediments into the water column is generally regulated in summer by increasing pH and
wind-generated surface waves, as has been observed in many eutrophic lakes (Phillips et al.,
1994; Welch and Cooke, 1995; Jeppesen et al., 1997; Ramm and Scheps, 1997; Kozerski and
Kleeberg, 1998). As a consequence, the DIN:TP ratio declined in the epilimnion. The imbal-
ance between nitrogen and phosphorus supplies, which results in N-limitation in freshwater
systems, can lead to eutrophication (Vollenweider and Kerekes, 1982; Linkens, 1972) and
harmful cyanobacterial blooms, especially when the affected waters have relatively long resi-
dence times and thermally strong stratification (Schindler, 1977; Fogg, 1969; Reynolds and
Walsby, 1975; Paerl, 1988; Shapiro, 1990). Therefore, low N:P (such as DIN:TP and TN:TP)
ratios can increase the probability of cyanobacterial blooms occurring, which may account for

our observation that massive blooms occurred frequently during the summer in Lake Auensee.

In conclusion, our findings suggest that the changing availability of different nitrogen
and phosphorus sources can regulate the growth development of the green algal and cyano-
bacterial subcommunities in Lake Auensee, and play key roles in driving the seasonal succes-
sion of these algal groups, and even species composition dynamics within these algal groups.
The strong stratification indicates that a great amount of deposited gross P is released back
into the water column and P is recovered mainly on short term recycling in sediment. Thus,
the imbalanced N and P supply due to existence of excessive P concentration is likely a causa-

tive agent of N-limitation in this aquatic ecosystem.

4.1.2 Light conditions

Light, similarly to nutrients, often limits the growth of primary producers (Sterner and
Elser, 2002). Conditions with light levels that are too high or too low can inhibit phytoplank-
ton growth. For example, in Lake Auensee, the light intensity at the water surface (0 m depth)
(ranging between 100—2400 pmol m2s™) during the study period was often above the optimal
intensity range of 33-400 pmol m2s? (Singh and Singh, 2015), which may have reduced
phytoplankton growth via photoinhibition and photorespiration. In contrast, light limitation
may occur at the 1 m water depth layer during July-August, where Lm values below the opti-

mal irradiance intensity could have restricted the population’s production of new biomass.

Our findings showed that the green algae favoured illumination conditions with higher
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SD, Lg, and Lm (Table 11). Furthermore, green algae can adapt to fluctuating light as a con-
sequence of spring water circulation probably due to higher capacity to partition excess ener-
gy towards e.g. NPQ (Wagner et al., 2006; Lavaud, 2007; Fanesi et al., 2016). The energy
dissipation process is important for the mechanisms to maintain growth rates and cellular
photostasis, i.e. the balance between energy absorption and consumption (Ensminger et al.,
2006; Fanesi et al., 2016). In turn, the strong dependence of growth on illumination implies
that the population decrease observed in the summer can be partly attributed to the decreased
Lm and SD during the summer cyanobacterial blooms. The massive accumulation of cyano-
bacterial colonies at the water surface can decrease light penetration through the epilimnion,
which may induce the light limitation of other algal groups. Thus, we suggest that low light is
one of the key limiting factors for green algal abundance in the lake. Furthermore, the
short-term oscillations in PAR and Chl-a concentration e.g. in windy and rainy weather, indi-
cated wind mixing which alters the light climate in the euphotic zone with the consequence
that the cells cannot achieve homeostatic states. This may prevent the prediction of in situ
growth rates.

From mid-May to mid-June, a clear-water phase with a very small amount of phyto-
plankton cells present and a higher SD (up to 1.2 m) was observed (Figure 7 C). The phyto-
plankton population decline at this time could be attributed to intense grazing during the
spring peak of zooplankton (e.g., cladocerans) abundance as temperatures increased (Lampert
et al., 1986; Deneke and Nixdorf, 1999). Due to selection by grazers, together with other se-
lective pressures, such as fluctuating nutrient supplies and light availability, changes in the
composition of these natural communities can be observed (Sommer et al., 1986). According-
ly, the clear-water phase is a turning point in the seasonal succession of phytoplankton groups,
in that a period when the community was dominated by small, edible spring species (e.g., sin-
gle-celled or small colonial green algae, cryptophytes) was succeeded by a period of greater
abundances of grazing-resistant summer species (e.g., colonial green algae, filamentous and
colonial cyanobacteria, dinoflagellates). Therefore, the standing crop of biomass at different
time points is not only influenced by growth rates but also by grazing intensity which could
not be measured in the study.

Cyanobacterial dominance in the epilimnion was determined associated to conditions
with lower SD and Lm values (Table 12). Cyanobacteria are thought to have tolerance of and

the ability to adapt to both high and low light levels (Paerl et al., 2001; Moustaka-Gouni et al.,
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2010). There are different possible explanations of the high competitiveness of cyanobacteria
for light. Several studies demonstrated that cyanobacteria are strong competitors under limit-
ing light conditions due to their photosynthetic accessory pigments and the structural organi-
sation of their light-harvesting antennae (phycobilisomes) (Osborne and Raven, 1986;
Passarge et al., 2006). Phycobilisomes can harvest light of a wide range of wavelengths across
the electromagnetic spectrum; for example, cyanobacteria can use green light for growth, and
can also utilize blue and red light. Therefore, species with a higher competitive ability for
light (or a high tolerance of low light) may also dominate under light-limited conditions, such
as when there are deep mixing depths or high dissolved organic matter content (Edwards et al.,
2013). Mur et al. (1978) performed a competition study of a cyanobacterial species Oscillaro-
tia agardhii and a green alga Scenedesmus protuberans and demonstrated that the cyanobac-
teria grow more slowly at high irradiance, while grow faster than green algae at decreased
irradiance as a result of self-shading in the mixed culture. Such high competitiveness for light
could account for the succession from green algae to cyanobacteria during the summer in eu-
trophic lakes that support dense phytoplankton populations. However, the observed domi-
nance of cyanobacteria in eutrophic waters cannot be explained solely by competition for light
because some of the bloom-forming species (e.g., Microcystis sp.) are not particularly strong
competitors for light in a well-mixed environment (Huisman et al., 1999; Reynolds, 2006).
Other highly adaptable eco-physiological traits of cyanobacteria, such as buoyancy and the
ability to compete well under conditions of high pH, high temperature, low nutrients, and
strongly enhanced water column stability, also play important roles in driving their bloom

development (Carey et al., 2012).

4.1.3 Water temperature

During the season, the green algae bloomed in Lake Auensee when T ranged between
16-18 <C, and the cyanobacterial blooms occurred when T ranged between 16-24 <C (Figure
8). It suggested that these algal groups can form blooms in natural environments with temper-
ature much lower than their optimum growth temperatures (ranging between 25-35 <C)
measured in the laboratory (Robarts and Zohary, 1987; Cho et al., 2007; Zargar et al., 2006;
Bouterfas et al., 2002; Sosik and Mitchell, 1994). Possible reason is that temperature com-
monly affects growth rate and photosynthetic production of natural samples in combination
with other factors such as light intensity (Konopka and Brock, 1978).
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Although there was no overall linear relationship between the T changes and the standing
crop in the study period (Table 11), the green algae tended to perform better in colder water.
At low temperatures, microalgae usually have lower photosynthetic efficiency in converting
absorbed light energy into growth (Fanesi et al., 2016), especially under the fluctuating light
conditions. Growth conditions with excessive light energy and fluctuating light in the upper
epilimnion may result in damage to the photosynthetic apparatus and restricted growth rates.
Green algae having relatively high capacity to dissipation excess energy can cope with such
conditions with low T and fluctuating light during the spring turnover (Wagner et al., 2006;
Lavaud et al., 2007; Fanesi et al., 2016).

Many species of planktonic cyanobacteria can proliferate at higher temperature because
they have specific physiological features to cope with thermal stratification, including buoy-
ancy. Buoyancy regulation allows cells to perform photosynthesis in the light and respiration
in the dark (Kromkamp and Walsby, 1990) when they migrate in stratified lakes between the
light-flooded surface layer and the nutrient-rich bottom water (Ganf and Oliver, 1982). The
stratification of Lake Auensee (including epilimnion, metalimnion, and hypolimnion layers;
Figure 9) was established for more than five months from the early spring to the fall, which
led to reduced turbulence in the water column and fluctuating nutrient supplies in the bottom
water layer (e.g., a decreased DIN supply due to denitrification). The long-lasting stratifica-
tion, together with the higher temperatures during this period, altered nutrient loading in ways
that are considered to favour cyanobacteria over other phytoplankton (Paerl et al., 2001; Car-
ey et al., 2012). Therefore, the cyanobacteria could compete with other algal groups and

dominate the whole phytoplankton community throughout the summer.

In conclusion, water temperature was found to be an important factor driving seasonal
variations in the community structure and abundance of phytoplankton in Lake Auensee.
From the perspective of future climate warming, increasing temperatures along with changes
in other related factors, such as nutrient loading, may elevate the degree of eutrophication and

preferentially promote harmful cyanobacterial blooms in the lake.

4.1.4 Dissolved oxygen

The concentration of dissolved oxygen in a natural lake can change daily and seasonally.
The level of dissolved oxygen in lakes reflects the balance of oxygen supply (i.e. by diffusion
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and photosynthesis) and oxygen consumptions (i.e. by respiration and decomposition). High
DO level in the spring is mainly attributed to low temperature and water turbulence as a result
of the spring turnover. In April, water mixed around the lake and delivered DO to lower
depths, which led to oxygen oversaturation (> 100% O>) in the 0-2.5 m surface water layer
(Figure 11). Furthermore, massive abundances of spring bloom-forming cryptophytes and
green algae can release oxygen into the water column that enhanced the oxygen contents and
deepened the oxygen-containing zone into the bottom water (at maximal 6m depth). In such
situations, “more oxygen supply than consumption” can account for the oxygen sufficient
conditions in the epilimnion, and a strong correlation between the green algal abundance and

higher DO concentration can be observed (Table 11).

As the thermal stratification became stable along with the season, the distribution of DO
in the water column changed (Figure 11): in April, both epilimnion and metalimnion con-
tained oxygen; from May to June, only the epilimnion was aerobic; and from July to October,
the aerobic zone had smaller volume than the epilimnion. In the summer, the volume ratio of
the eutrophic to the aphotic zone decreased and oxygen oversaturation at the surface led to a
loss of oxygen into the atmosphere, therefore, an oxygen deficit for the whole basin was
formed. Furthermore, oxygen utilization by biological processes (i.e. respiration and decom-
position) may also accelerate the oxygen depletion in context of the cyanobacterial blooms.
Intense accumulation of cyanobacterial aggregates at the surface water can block sunlight for
photosynthesis, thus decrease the oxygen productivity, and the demand for oxygen in dark
respiration (uptake O) is also enhanced not only during night but also in the daytime. Oxygen
is also required for bacterial decomposition of massive particulate organic matters released
from the dead cells. The enhanced oxygen requirement may account for a fact of “less oxygen
supply than consumption”, resulting in the shifting of the depth of the anoxic zone from
deeper layers to higher layers. The reduced anoxic zone narrowed the habitat of aerobic zoo-
plankton and fish and may regulate the nitrogen concentration due to denitrification processes,
in which inorganic N is removed from the water ecosystem under anaerobic conditions.
Therefore, the increasing size of the oxygen-depleted zone represents a further danger of in-
creasing eutrophication and frequency of HABs to the hydrological habitat of a lake.
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4.1.5 pH value

The pH of the water in an aquatic system reflects the balance between bicar-
bonate-carbonic acid buffering in it. In Lake Auensee, there was likely no free carbon dioxide
in the 0—1 m epilimnion during the study period because almost all pH values measured were
above 8.3. High alkalinity can reduce CO; availability in the water, resulting in the decreased
ability of phytoplankton to photosynthesise (Singh, 1974). Thus, CO2 may have been a limit-
ing factor for photosynthesis when massive blooms of algae occurred in the upper epilimnion.

Freshwater studies have suggested that species succession is determined by the ability of
certain species to proliferate at high pH, presumably due to their tolerance to low CO- levels
(Brock, 1973; Goldman and Shapiro, 1973; Shapiro, 1973). In our study, higher pH in the
epilimnion was related to the decreased abundance of green algae and the increased abun-
dance of cyanobacteria (Table 11 and 12). Dense blooms occurring at higher pH values pro-
vide evidence that cyanobacteria have a higher tolerance of CO> limitation than other algae,
and they can thus dominate the phytoplankton communities in waters in which the dissolved
CO: concentration has been depleted (Shapiro, 1990, 1997; Caraco and Miller, 1998;
Low-Dé&sarie et al., 2011, 2015). Cyanobacteria are strong competitors under CO; restriction
at high pH because they can take up CO. and bicarbonate as an inorganic carbon source
through the development of highly efficient CO2-concentrating mechanisms (CCMs). This
specific feature can increase the free CO2 level around the RuBisCO enzyme responsible for
carbon fixation and saturate the photosynthetic apparatus (Price et al., 2008; Raven et al.,
2012; Burnap et al., 2015), which allows cyanobacteria to cope with harsh alkaline environ-
mental conditions (Pikuta and Hoover, 2007; McGinn et al., 2011). Therefore, the highly al-
kaline epilimnion that occurs in the summer may play a key role in driving the succession of
dominance in the phytoplankton community from green algae to cyanobacteria in Lake Au-
ensee. In addition, pH can influence the nutrient stoichiometry in the lake by means of en-
hancing phosphorus release from sediments into the water column under alkaline conditions
(Moore and Reddy, 1994; Penn et al., 2000). Thus, higher pH may promote the eutrophication

development and cyanobacteria dominated HABs in the lake.

4.1.6 Electric conductivity

Electric conductivity reflects the water’s capability to pass electrical flow, which is di-
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rectly related to the concentration of ions in the water. In our study, the EC increase from
summer to fall may be attributed to the release of dissolved salts and inorganic materials from
bottom sediments such as ammonium and phosphate, regulated by seasonal environmental

changes such as temperature, pH, dissolved oxygen etc.

One reason conductivity had negative relation with green algal dominance (%Num)
could be that the spring abundance have almost exhausted the dissolved inorganic nutrients
(such as nitrogen), thus reduced the EC in the epilimnion. In turn, green algae may have been
unable to tolerate a conductivity increase, while some cyanobacterial species e.g. Anabaena
are saltwater resistant (Apte and Bhagwat, 1989; Flcler et al., 2010; Chakraborty et al., 2011).
This may account for the lack of a relationship between conductivity and cyanobacterial
abundance. Another possible reason is that conductivity changes may result in decreased zoo-
plankton populations that would affect phytoplankton concentration or species composition.

4.1.7 Regulation of seasonal phytoplankton succession by environmental factors

Green algae

The green algal bloom occurred in May, immediately after the collapse of the earlier
cryptophyte bloom. Our results demonstrated that green algal abundance was significantly
and linearly related to higher nitrogen availability. This supports the findings of Dunker et al.
(2016) that chlorophytes, including cryptophytes, are the classes of phytoplankton with the
highest nutrient requirements, while the fact that green algal dominance superseded that of
cryptophytes may have been due to the gradually increasing water temperature over the
course of the season. According to the results of the correlation analysis, low nutrient availa-
bility, in combination with increasing pH, and decreasing SD and DO under well-stratified
conditions with the progression of the season may result in the reduction of green algal
blooms. In addition, grazing pressure is also an important factor reducing the green algal pop-
ulation because of the occurrence of a clear-water phase from mid-May to early-June. Alt-
hough the nutrient-rich water during the late-summer and fall led to phosphorus and nitrogen
being abundant, the population biomass of green algae was repressed to a relatively low level

during this time, perhaps due to such other stress factors as low light conditions.
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Cyanobacteria

Cyanobacteria overgrewgreen algae and dominated in the summer with the maximum
biomass fraction (> 80% of the total Chl-a concentration) and duration (longer than 3 months)
observed in Lake Auensee because they can adapt to grow in conditions of higher phosphorus
supply, pH, and T, as well as lower SD and DO content (Dunker et al., 2016). Cyanoabcteria
are considered to have unique and highly adaptable eco-physiological traits, including: 1) a
high affinity for, and ability to store, phosphorus; 2) the ability to take up HCOz™ under
high-pH conditions (Price et al., 2008); 3) adaptation to higher temperatures (Paerl and Huis-
man, 2009); 4) light capture at low intensities and over a wide wavelength range due to their
possessing accessory pigments and due to the structural organization of their light-harvesting
antennae (e.g., Osborne and Raven, 1986); and 5) nitrogen fixation. Additionally, cyanobacte-
ria may also possess many other traits outside the scope of our work, such as buoyancy due to
the production of gas vesicles, toxin production, and grazing resistance (through changes in
the morphology of filaments and colonies). Dunker et al. (2016) summarized the data of three
German freshwater lakes including Lake Auensee and demonstrated that low P and N availa-
bility, together with high pH values and water temperature, are key conditions driving cyano-
bacterial dominance in these lakes. These specific adaptations may allow harmful cyanobacte-
rial blooms to occur with greater frequency and intensity in the future in combination with
climate changes, such as higher temperatures (Parry et al., 2007), stronger and longer periods

of stratification (Jeppesen et al., 2007), etc.

According to the Leibig’s law of the minimum, the growth rate of an algal cell is limited
by the factor or factors present in the lowest supply that is required for synthesizing the cellu-
lar constituents. In our study, the limiting factor for phytoplankton growth can be nutrient,
light, temperature, pH, DO, EC, or a complex of them; as well as other factors not be meas-
ured in this work like grazing, wind and toxin. The seasonal changes of environmental factors
have driven the phytoplankton succession in Lake Auensee, from a spring green algal bloom
to harmful cyanobacterial blooms in the summer. However, some of the environmental factors
did not show clear linear correlation with Chl-a concentration, probably because one hand,
combined effects of different environmental factors and interaction among them may influ-
ence the correlation. On the other hand, the lack of (or weak) correlations can be explained by
the unstable ratios of Chl-a to biomass, with Chl-a concentration strongly depending on light

and nutrient status (Yacobi and Zohary, 2010; Dunker et al., 2016). To this end, we attempted
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to explain the responses of algal growth to environmental changes from a molecular perspec-

tive of cellular traits.

4.2 Effects of seasonal environmental changes on C-allocation in algal cells

4.2.1 Macromolecular composition dynamics in response to nutrient limitation

In this study, the macromolecular composition of proteins, carbohydrates and lipids of
field phytoplankton cells was determined using a chemometric model. The model was based
on a reconstruction of a whole algal spectrum by the FTIR-spectra of these macromolecular
components with relative contribution (Wagner et al. 2010). These calculated relative contents
of major macromolecules reflected the allocation profile of photosynthetically yielded energy
and carbon in response to environmental changes. The main questions addressed in this anal-
ysis concerned whether the C-allocation stoichiometry could explain the influences of these
environmental changes on standing crop and seasonal succession of phytoplankton communi-

ties in this hypertrophic lake.

Effects of nitrogen limitation on the C-allocation of green algae

Under conditions of low N content and N:P ratios, green algae showed declines in their
Chl-a concentrations, cellular protein content, and protein:storage ratios, while their carbohy-
drate content increased (Table 11). These results demonstrated that the algal cells adapted to
N-limited conditions by switching their metabolic balance from a state of high biosynthesis
with active cell division and C being allocated mainly into proteins, to one of low biosynthe-
sis and minimal biomass increase with C allocated mainly into storage pools (Stehfest et al.,
2005; Beardall et al., 2001a; Dean et al., 2012). The linear dependence of biochemical com-
position on nitrogen availability confirmed the C-allocation hypothesis (see Section 1.4.2).
Accordingly, the CAH can explain the C-allocation strategies of green algae responding to

N-stresses not only for lab-cultured cells, but also for natural samples.

Furthermore, our results confirmed that expressing the composition of cellular proteins,
carbohydrates, and lipids as a carbon allocation profile can mirror the changes in growth pat-
terns that occur in response to variations in abiotic factors and nutrient conditions (Rhee, 1978;
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Goldman et al., 1986: Palmucci et al., 2011; Vrede et al., 2004; Flynn et al., 2010; Jebsen et
al., 2012). Therefore, macromolecular stoichiometry can be used as a marker to reflect the
physiological status of phytoplankton in a given ecological niche.

Effects of nitrogen limitation on the C-allocation of cyanobacteria

According to the results of correlation analysis, lower N content and N:P ratios in the
epilimnion can also influence the macromolecular composition of cyanobacterial cells, simi-
larly to their impacts on the metabolic reactions in green algae. The field cyanobacteria re-
sponded to conditions with lower DIN content and DIN:TP ratios in the epilimnion by in-
creasing cellular carbohydrate contents, as well as decreasing protein contents and pro-
tein:storage ratios (Table 12).

These metabolic reactions with decreases in protein pools may be attributed one hand to
the degradation of phycobilinprotein (PBP) and chlorophyll under N-limitations (Allen and
Smith, 1969; Wood and Haselkorn, 1980; Stevens et al., 1981; EImorjani and Herdman, 1987;
Foulds and Carr, 1977; Richaud et al., 2001). PBP, as an essential component of the
light-harvesting antennae in the photosystems of cyanobacteria, constitutes up to 50% of the
total cellular protein, and also acts as a nitrogen store. Under N-limitations, PBP can be pro-
gressively, rapidly, and almost completely degraded and release N for new polypeptide syn-
thesis to maintain growth (Allen and Smith, 1969; Richaud et al., 2001). On the other hand,
diazotrophic cyanobacteria shift their C-allocation pathways from protein synthesis to energy
storage, when the nitrogen uptake strategy switching from assimilating NH4* and NOs™ under
N-sufficient conditions to N»-fixing under N-deficiency (Molot, 2017). It is detected that dia-
zotrophs accumulate photosynthetic energy in forms of lipids and carbohydrates for dark
No-fixation (Molot, 2017), because the Na-fixing processes require more energy. This phe-
nomenon has been observed by some laboratory cultures growing under conditions with N> as
the sole source of extracellular nitrogen, including species of Anabaena (Sanz et al., 1995)
and Nostoc (Bagchi et al., 1985; Vargas et al., 1998).

Our results supported the above findings that field cyanobacteria adapted to nutrient
stresses in terms of photosynthetic carbon/energy allocation shifts from protein to storage
pools. Nevertheless, they were able to maintain growth rate and population dominance under
N-deficiency conditions, which did not match the CAH.
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One possible reason is that the growth response of cyanobacterial species is more varia-
ble and species-specific (Stehfest et al., 2005; Molot, 2017). For example, N»-fixing cyano-
bacteria do not significantly change their biomass productivity when grown under diazo-
trophic conditions (Vargas et al., 1998). This may be attributed to: first, the N-fixation rates
may not be able to support very high cellular growth rates, although N-fixation can meet the
N requirements of most metabolic processes in cyanobacteria (Kenesi et al., 2009; Molot et al.,
2017). Second, No-fixing cyanobacteria can store nitrogen as cyanophycin, a polypeptide
which is not ribosomally synthesized. Cyanophycin is measured in the FTIR spectroscopy as
a protein, although they are storage and do not contribute to growth. Third, cyanobacteria can
store polyphosphates and therefore realize high growth rates even with low P supply. In such
situations, diazotrophs respond to N deficiency with less change in their growth rate. Some
bench top studies found that heterocystous N»-fixing cyanobacteria can exhibit very modest
changes in growth rates under N-starvation conditions (Vargas et al., 1998; Allen and Arnon,
1955; Kenesi et al., 2009).

By contrast, non-N»-fixing cyanobacteria grow faster under sufficient nutrient, whereas
decrease growth rates and accumulate carbohydrates and storage lipids when N or P is limited,
observed by i.e. lab-cultured Microcystis aeruginosa (Stehfest et al., 2005; Jebsen et al., 2012).
Moreover, comparisons between experiments have demonstrated that the kinetics and ampli-
tudes of changes in the macromolecular composition under N depletion differ significantly
among different species of cyanobacteria, as previously determined using FTIR spectroscopy
(Stehfest et al., 2005). Therefore, the species-specific dependence of growth patterns on bio-
chemical responses to nutrient changes (Stehfest et al., 2005; Molot, 2017) may complicate
the establishment of growth models for the whole cyanobacterial subcommunity based on

their taxonomic FTIR spectra.

Another finding of this study was that increased lipid content was correlated with de-
creased protein content in cyanobacterial cells, whereas this relationship was not obvious in
green algal cells. This fact can be attributed to the fact that lipid analysis is only focused on
the determination of the content of neutral lipids because the quantification model was based
on the reference FTIR spectrum of a neutral lipid (palmitic acid), thus, the contents of other
lipid components such as polar lipids would be ignored. Generally, when algal growth slows
under N-deficiency, the requirement for the synthesis of new cell membrane compounds is

also decreased. As a consequence, the cells convert and deposit polar lipids (e.g., phospholip-
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ids) into neutral lipids (Sharma et al., 2012; Widjaja et al., 2009). Since cyanobacteria contain
higher concentrations of polar lipids (Sallal et al., 1990), an obvious accumulation of neutral
lipids deposited from the polar lipids under N-limited conditions can be observed. By contrast,
green algal cells usually have fewer polar lipids and a higher fraction of neutral lipids (Choi et
al., 1987), and thus the C-allocation response to N-deficiency with increased lipid content in
them may not be clearly detected by FTIR spectral analysis. Therefore, cyanobacteria appear
to react to environmental stress with increases in their energy/carbon storage in both the lipid
and carbohydrate pools, whereas green algae appear to restore energy/carbon levels, mainly in

the form of carbohydrates, under stressful conditions.

Effects of pH and water temperature on C-allocation

Higher pH and T values were correlated with increased carbohydrate and decreased pro-
tein content, which confirmed the results of previous studies (Taraldsvik and Myklestad, 2000;
Al-Safaar et al., 2016; Touloupakis et al., 2016). A major portion of metabolic regulation can
be attributed to the influences of pH and T on the activity of enzymes involved in C fixation
and membrane transport processes (Raven, 1993; Taraldsvik and Myklestad, 2000; Davidson,
1991; Fanesi et al., 2016; Wagner et al., 2016). For example, higher pH may affect the bio-
synthesis of amino acids and sugars, which would change the macromolecular composition of
a cell (Taraldsvik and Myklestad, 2000; Al-Safar et al., 2016; Touloupakis et al., 2016). High-
er T may decrease cellular quotas of ribosomes (Toseland et al., 2013; Yvon-Durocher et al.,

2015; Yvon-Durocher et al., 2017), potentially leading to decreased protein levels.

The green algae and cyanobacteria in the lake similarly reacted to higher pH and T varia-
tions with changes in their C allocation from protein to storage pools. However, they showed
opposite growth responses: there was a strong restriction of green algal growth, but increased
cyanobacterial abundance, in the summer. These differences in their methods of physiological
adaptation may be attributed to taxon-specific metabolic features, such as cyanobacteria hav-
ing the ability to sustain their growth rates with low energy requirements at high T (Fanesi et
al., 2016) and being strong competitors for CO> under higher pH conditions (Price et al.,
2008).
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Effects of light, electric conductivity, and dissolved oxygen on C-allocation

Light conditions, together with temperature and nutrient levels, play key roles in driving
seasonal algal succession. However, no direct effects of light on the macromolecular compo-
sition of either algal group were found in the correlation analysis performed (Table 11 and 12).
Some possible reasons include: 1) the effects of fluctuating light regimes on the photosynthe-
sis and growth rates of microalgae are highly variable, depending on species-specific physio-
logical adaptations (Elliott et al., 2001; Fietz and Nicklisch 2002; Wagner et al., 2006); and/or
2) the effects of light on metabolism can be weakened or superimposed by other environmen-
tal factors in the aquatic environment. For example, the decreased content of storage carbo-
hydrates and lipids under light limitation may be offset by the increases in these storage pools
caused by N-deficiency (Jebsen et al., 2012) when both environmental stressors co-occur in
the system. Thus, strong fluctuations in light levels in combination with variations in nutrients,

temperature, etc. may alter the metabolic performance of algae in a complex manner.

Similar to the light conditions, the electric conductivity and dissolved oxygen supply also
showed no/weak linear correlations with the macromolecular composition of phytoplankton
cells. Nevertheless, we surmise that these environmental factors must have direct or indirect
influences on metabolism, as they may change the nutrient supply in the environment, or that
their influences are usually interfered with by other environmental factors. The interaction and
combination of environmental factors may complicate the monitoring of environmental

changes using cellular C-allocation traits.

4.2.2 Cellular C:N ratio as an indicator of algal growth under N-limitations

The FTIR-based C:N prediction model is a partial least squares regression model built
for species from six phytoplankton speices from among different phylogenetic groups under
different nitrogen supply conditions (Wagner et al., 2019). This multi-species model is useful
to analyse cellular traits as the mean value of a group of interest to minimize taxon-specific

differences in C-allocation dynamics.

C:N ratio reflects how energy is allocated to carbohydrates and to RubisCo; in other
words, C:N ratio is connected to the “nitrogen-use efficiency” (Vitousek, 1982). Both green

algae and cyanobacteria in Lake Auensee showed stronger correlations between increases in
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the C:N ratio in cells and decreases in the nitrogen availability in the epilimnion, which indi-
cated that the cellular N pool is dependent on the external N availability (Droop, 1973; Cap-
eron and Meyer, 1972). Similar to macromolecular traits, the C:N ratio can also reflect the
shift in C-allocation from the N-rich protein pool to the storage pools (carbohydrates and li-
pids) when N is limiting. As a cellular trait of the N quota, the C:N ratio provides evidence
that the green algae have a higher sensitivity to and requirement for nitrogen than the cyano-
bacteria (Dunker et al., 2016). For example, the first occurrence of a C:N above the Redfield
ratio of 6.6 in the green algal cells was observed early, on 10" May, when the nitrogen con-
centration was above the critical value for N limitation (0.1 mg N I}, Gophen et al., 1999). In
comparison, a C:N > 6.6 first occurred in the cyanobacterial cells on 18" July, when the ni-
trogen concentration was below 0.05 mg N I, which is much lower than the critical N con-
centration. The higher level of biochemical homeostasis in cyanobacteria indicates that they

have a higher tolerance to N-deficient conditions than the green algae do.

Our study showed for the first time that the regulatory mechanisms found under
lab-conditions can be also identified in the field. Although the same mechanisms can be found
in the field, other factors should also be considered, e.g. the use of the Redfield C:N ratio as a
criterion to determine the N-limited growth conditions for algal cells in Lake Auensee. The
analysis demonstrated that when the cellular C:N ratio was far above the Redfield ratio, both
of green algae and cyanobacteria in the lake decreased their population biomass (determined
as Chl-a concentration) significantly, or restricted their growth to a low level. Therefore, the
Redfield C:N level may be able to indicate the growth restriction of phytoplankton under
N-depletion. Interestingly, the cyanobacteria often proliferated when the C:N ratio was be-
tween 4.5 and 6, slightly lower than the Redfield C:N ratio. This phenomenon provides a pos-
sibility that the non-N»-fixing cyanobacteria benefit from fixed nitrogen supplied by diazo-
trophic cyanobacteria. Thus, at this nitrogen level, the species interaction between diazo-
trohphic and non-N»-fixing cyanobacteria is transformed from competition into facilitation

that eventually cause outbreak of cyanobacterial blooms (Agawin et al., 2007).

However, the critical C:N ratio should be used with caution because the optimal C:N
ratios of cells are usually species-specific (Rhee and Gotham, 1980; Hecky and Kilham, 1988;
Geider and La Roche, 2002), and highly variable depending on growth rates (Vrede et al.,
2004; Klausmeier and Litchman, 2004). Previous studies demonstrated that the average C:N

ratio of nutrient-replete marine phytoplankton cultures has a typical value greater than the
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Redfield ratio (Geider and La Roche, 2002). Healey (1975) provided evidence that freshwater
microalgal cultures are moderately N-deficient (20-50% of maximum growth rate) at 8.3 <
C:N < 14.6, extremely N-deficient (less than 20% of maximum growth rate) at C:N > 14.6,
and have no N deficiency at C:N < 8.3. However, for field phytoplankton cells, the C:N ratio
can be constrained to values lower than the Redfield ratio, especially in cyanobacteria. Sever-
al studies found cyanobacteria (Anabaena and Microcystis) that grew in highly eutrophic
lakes had low average C:N ratios around the Redfield ratio (Aizaki and Otsuki, 1987; Tezuka,
1989). Therefore, the ability of algal growth responses to nutrient status in natural environ-
ments to be predicted solely by macromolecular and C:N stoichiometry is limited, so these
critical C allocation traits should be combined with other criteria, such as absolute nutrient
concentrations, algal affinity for nutrients, TN:TP ratios, etc.

Although a linear relationship between C:N ratios and growth rates has been found in
algal cultures (Vrede et al., 2004), this does not necessarily hold true in field algal samples;
for instance, no overall correlation was found in this study between the C:N and Chl-a of both
green algae and cyanobacteria in Lake Auensee (Figure 27 B and D). Because the actual con-
ditions in situ are more complex, this relationship is influenced by a combination of environ-
mental factors. The use of solely nutrient-based models clearly cannot adequately interpret the
relationship between algal biochemical stoichiometry and growth rates in an ecological con-
text. Nevertheless, focusing on the biological basis of macromolecular and elemental stoi-
chiometry may provide possibility to mechanically link growth and C-allocation strategies of
biota to major ecological consequences.

4.3 Prediction of phytoplankton growth using FTIR spectroscopy

We tested the applicability of PLSR models (according to Jebsen et al., 2012) for moni-
toring the phytoplankton succession in Lake Auensee. Our results demonstrated that the
growth prediction model, which has been established with a monocultured algal species, was
applicable to determine the growth development of field green algae because the predicted
algal growth potential, |4 has a moderate and significant relationship with the population bi-
omass determined using HPLC.

The s able to predict growth due to its strong correlation with the cellular protein con-
tent (Figure 29). The protein abundance reflects protein synthesis rate of a ribosome. Ribo-
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somes consist mainly of P-rich ribosomal RNA and structural proteins. The GRH suggests
that growth rate depends on the protein-synthesis rate and the number of ribosomes (Sterner
and Elser, 2002; Vrede et al., 2004; Flynn et al., 2010). Since the FTIR-based growth model
defines a j1as depending on a relative absorption in protein (amide | and I1) and phosphate
ester bands, pLcan explain the growth rate. The growth prediction was particularly applicable
to describe the growth tendency of green algae in response to N-limitation in the lake. Due to
the strong dependence of cellular N pool on the external N source, the decrease in N supply in

water can affect the protein synthesis rate, leading to jLdecrease.

The cyanobacteria had higher |1(0.30-0.75) than the green algae (0.15-0.35), which may
be attributed to that cyanobacteria (e.g., colonial species) have smaller cell size than green
algae. Smaller cells have higher surface-to-volume ratio, and hence, presumably the light ab-
sorption and rate of nutrient uptake per cell volume per time than larger cells. Many studies
demonstrate that growth rate is negatively correlated with cell size that smaller species grow
faster than larger cells under continuous illumination (Fogg, 1975; Banse, 1976; Foy et al.,
1976; Foy. 1980). Although cyanobacteria showed a higher ptin the spring, their abundance
was in fact much lower than that of the green algal bloom. This suggested that pican only re-
flect the relative variation in trends in growth and development, but cannot determine the ab-
solute growth rates of these algae. This may be attributed to that in field studies, the standing
crop of biomass is often underestimated due to other factors such as grazing and sinking.

However, these factors do not play roles in lab-studies.

In a previous study, Jebsen et al. (2012) indicated that there was a very strong correlation
between the predicted and the actual species-specific growth rates of Microcystis aeruginosa.
However, the predicted growth potential had no linear correlation with the cyanobacterial
abundance in water samples from Lake Auensee. Furthermore, the puwas negatively related to
the cellular protein pool, and positively related to the C:N ratio, which was inconsistent with
the results of the previous studies by Jebsen et al. (2012) and Fanesi et al. (2017). Some pos-

sible reasons for this discrepancy may be the following:

1) The specific tolerances and abilities of cyanobacteria (e.g., N fixation) can complicate the
interpretation of their metabolic strategies, leading to deviations from the predictions of
the C-allocation hypothesis. The mismatch between the predicted and actual growth may
be attributed to the lack of a relationship between the macromolecular composition and
cyanobacterial growth in the field, as discussed in Section 4.2.1.
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2) Another important potential reason that cannot be ruled out is the interaction among cya-
nobacterial species. Agawin et al. (2007) performed competition experiments with a
mixed culture of simultaneously growing No-fixing and non-N»-fixing cyanobacterial spe-
cies. That experiment showed that: 1) non-N2-fixers dominated at high nitrate input con-
centrations, whereas the two species coexisted at low nitrate input concentrations; 2) the
release of fixed nitrogen by diazotrophs facilitated their competitors (non-N»-fixers), and
thereby changed their interaction from competition to facilitation; 3) non-Na-fixers
showed distinctly different growth rates in monoculture and mixed cultures (i.e.,
non-No-fixers reached a population with four times higher density than their correspond-
ing population density in monoculture). Therefore, the interactions between N2-fixing and
non-N»-fixing cyanobacterial species may shift the nature of the predicted relationship
between growth patterns and nutrient supply (as well as other environmental factors) and
increase the difficulty of establishing a taxon-specific growth model for field studies.

3) The filtration of samples in the preparation process may lead to losses of large amounts of
filamentous and large colonial cyanobacteria. Consequently, the predicted growth poten-
tial may deviate from the actual growth rates.

4) Cyanobacterial growth can benefit from their other physiological traits, such as buoyancy
control and grazing resistance, the relationships of which to C-allocation traits are still un-

clear.

In conclusion, our model and experiments demonstrated that the FTIR model can be used
to predict the growth potential of green algae under seasonal environmental changes, whereas
the growth potential of cyanobacteria cannot be accurately predicted by this model. The spe-
cific physiological traits of cyanobacteria (e.g., nitrogen fixation) may complicate the predic-
tion of their metabolic strategies. Thus, as a next step, the use of species-specific models for
some major bloom-forming species (e.g., Microcystis and Anabaena) may be more suitable
for use in water monitoring and early warning for the occurrence of HABs. These spe-
cies-specific predictions can be achieved by using microscopy coupled with FTIR spectros-
copy. Dean et al. (2012) used synchrotron-based FTIR micro-spectroscopy to selectively ana-
lyse target species within mixed populations. The combination of synchrotron-based-FTIR
spectroscopy and the PLSR model of the whole-cell spectra is very promising for use in future

water monitoring.
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4.4 Technique advantages and limitations
4.4.1 Flow cytometry-coupled FTIR spectroscopy for phytoplankton monitoring

The use of flow cytometry in combination with FTIR spectroscopy stands out for its high
accuracy, sensitivity, and rapid speed (Rutten et al., 2005; Hofstraat et al., 1994; Cellamare,
2010) when used to select (or sort) cells of interest from natural water samples. This com-
bined method supports the measurement of FTIR spectra from target functional algal species
or groups in natural phytoplankton communities. The identification and separation of algal
groups were addressed based on the combination of information on the characteristics of cells,
such as FSC (cell size), SSC (granularity or internal complexity), and fluorescence emission
from such pigments as phycocyanin, phycoerythrin, fucoxanthin, and chlorophyll. Four major
phytoplankton groups forming well-defined clusters were identified in Lake Auensee, includ-
ing cryptophytes, cyanobacteria, diatoms, and green algae, by comparing these against each

other in terms of their fluorescence and light-scattering signatures.

Since algae are sensitive to changing environments, a rapid separation method is partic-
ularly essential to avoid extra physiological changes in cells after sample collection. Com-
pared to conventional methods (e.g., selection under the microscope), this combined method
allows a delay of less than 12 hours between sample collection and analysis that minimizes
the impact of post-collection conditions on phytoplankton. In these processes, cells were only
ice-cooled in the dark and persevered without fixation with paraformaldehyde (Marie et al.,
2001) or with techniques targeting them with specific dyes (Eschbach et al., 2001) because all
forms of aldehyde preservation may cause artificial changes to cell structure and interference
with the chemicals used in FTIR spectroscopy. These operations are beneficial to keep algal
cells in a physiological state as close to their “original” state in the natural environment as

possible, which will be characterized by the FTIR spectra.

Flow cytometric analysis allowed the phytoplankton community structure to be closely
studied, and illustrated the detailed population development throughout the observation period.
This approach indicated that the bloom patterns and seasonal succession of phytoplankton
were dependent on seasonal environmental changes. For example, FCM demonstrated that the
spring bloom biomass was dominated by green algae, whereas after the clear-water phase cy-
anobacteria succeeded green algae and dominated the community in the summer. This con-

firmed the determination of phytoplankton bloom dynamics by HPLC pigment fingerprinting.
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According to the signature distribution of algal groups on the FCM cytogram, the green algal
population was distinctly reduced and cyanobacteria became more abundant, forming larger
aggregates, after the clear-water phase. This confirmed the shift in the phytoplankton species
composition (Sommer et al., 1986) from being dominated by small species (i.e., cryptophytes,
chlorophytes, and diatoms) to grazing-resistant summer species (i.e., filamentous/colonial

cyanobacteria).
However, there are some limitations to the combined technique used, including:

1) Shearing forces can break large single cells/aggregates (> 130 pm nozzle) and wall-less
cells, such as cryptomonads or dinoflagellates; therefore, samples have to be
size-fractionated filtrated to prevent plugging the stream flow (Wagner et al., 2012; Cel-
lamare et al.,, 2009; Rutten et al., 2005). Consequently, large cells can be un-
der-represented, so that the FTIR spectra obtained were only contributed to by the
small-sized components of algal subcommunities. The lack of large-sized species may be
one of the reasons for the inconsistency in seasonal variations detected between the
FTIR-predicted growth potential and the Chl-a concentration.

2) Chlorophytes can only be isolated together with euglenophytes and other groups because
of similar pigmentation or light-scattering features. Thus, the sorted green algal subcom-
munity was a mixture of these groups.

3) The isolation of green algae is not always successful if the population fraction is very
small. For example, from late- to end-August, the green algal fraction was much smaller
compared to that of the dominant fucoxanthin-containing diatoms and haptophytes in the
non-phycobilin-containing cluster. Because green algae have similar cell sizes to those of
diatoms, this increased the possibility of errors in separating diatoms from green algae
based on the FCM cytogram. The silicate shell of diatoms may also have a serious impact
on the FTIR spectra, especially by resulting in overestimation of the carbohydrate content
by macromolecular quantification (Jungandreas et al., 2012).

Therefore, it was suggested that taxonomic identification based solely on light-scattering
and fluorescence data may not be feasible with FCM alone (GG &Ges et al., 2018). There have
been some studies that used flow cytometry coupled with additional microscopic image anal-
ysis (Leroux et al., 2018) or enhanced with some form of imaging technique (Olson and Sosik,
2007; Thyssen et al., 2015). The imaging of flow cytometry allows phytoplankton to be iden-
tified from high-quality images, and has the advantages of being high-throughput, with a very
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large dynamic range in terms of the object size that can be examined, from microns to several
hundreds of microns, and this approach is also relatively inexpensive (GG'Gs et al., 2018).
Therefore, despite the fact that at present the method has some limitations, the combination of
FCM and FTIR spectroscopy provides the prospects to monitor physiological changes in tar-
get phytoplankton groups/species, as well as to study or predict the processes controlling
changes in phytoplankton growth and community composition in response to environmental
changes.

4.4.2 FTIR spectroscopy for freshwater phytoplankton monitoring

FTIR spectroscopy has striking advantages that overcome the limitations of traditional
biochemical methods due to its high sensitivity, reliability, reproducibility, and the speed of
the measurement procedure. The method is fast, only requiring the measurement of a single
infrared spectrum (< 2 min), allows high-throughput measurements of many algal probes, and
only requires a small amount of dry matter, which is typically all that is available for
small-volume cultures or phytoplankton field samples. Our study also showed that FTIR
spectroscopy combined with flow cytometry can be used to study macromolecular and ele-
mental composition in natural populations of phytoplankton, allowing the taxon-level deter-
mination of shifting carbon allocation in cells, which is difficult or impossible to quantify

with conventional biochemical methods.

However, FTIR spectrometry has some limitations. Wagner et al. (2010) pointed out that
the sample thickness is a crucial parameter that influences the spectral quality. In sample
preparation, algal cells in the suspension drop can collapse to form a thin film of biomolecules
on the microtiter plate throughout the drying procedure. If the partial particle size is equal to
or larger than the wavelength of infrared radiation entering the sample, this can lead to non-
linear deviations from Beer’s law by light scattering. Wagner et al. (2010) suggested that de-
viations due to attenuation artefacts can be minimized by applying limited cell numbers,
forming a sample film which yields a maximum absorption value of 0.1-0.2. If the range of
cell amounts analysed is restricted to this absorption range, then Beer-Lambert’s law is valid
for the FTIR spectra of microalgal cells, and the influence of “package effects” on the spectra
is negligible. However, for natural phytoplankton samples, the sample thickness is particularly

difficult to control. Because these cells have very different biovolumes within and among
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taxonomic groups, the dilution of a concentrated cell suspension can be highly variable.
Therefore, the amount of probe material used has to be kept within a narrow range and han-
dled with care.

In addition, the use of FTIR spectroscopy is restricted for diatoms, since diatoms have
siliceous walls. Silica usually forms bands with high absorption signatures that overlap with
the absorption bands for quantification of carbohydrates (Wagner et al., 2010). Thus, the
macromolecular quantification of diatom composition could not be accurately addressed when
diatoms were involved in the FACS sorting fractions of green algae during mid- and
end-August. Some studies have proposed a combination of FTIR spectral analysis and meas-
urements of the elemental composition of the algae, such as the C:N (Su et al., 2012) and Si:C
ratios (Jungandreas et al., 2012), to quantify the content of carbohydrates, proteins, and lipids
in diatoms without the use of the Si and carbohydrate absorbance bands. However, these

methods have not been tested on natural phytoplankton groups including diatoms.
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