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Abstract

Despite a re-oligotrophication program in place since 1972 and the associated decrease
by 80 % of the phosphorus concentrations since 1980, total phytoplankton biomass remained
surprisingly un-changed in Lake Geneva. The aim of this thesis was thus to better understand
the role of macro- and micro- nutrients, but also light and temperature, in the response of the
phytoplanktonic community of Lake Geneva. To do so, three complementary approaches were
used: (1) long-term trend statistical analyses, (2) in-depth monitoring and (3) seasonal nutrient

enrichment experiments.

The long-term changes (1980-2012) of phytoplankton biomass, dissolved phosphorus,
silicon and nitrogen and water temperature, in the first 30 m of the water column, revealed four
statistically distinct stages during which macro- nutrients differentially impacted
phytoplankton: (1) a silicate influence from 1980 to 1989, (2) a transition phase towards a
phosphorus influence, from 1989 to 1995/99, (3) a mild phosphorus influence, from 1995/99
to 2007 and (4) a period of strong phosphorus influence, from 2007 to 2012. In conjunction,
shifts in the phytoplankton community from species characteristic of eutrophic waters towards
those characteristic of meso- and oligotrophic waters were reported in the literature. Yet,
despite the phosphorus decrease and its potential capacity to limit the phytoplankton
community since 1995, phytoplankton biomass in Lake Geneva remained un-changed.
Consequently, it is hypothesized that the phytoplankton community is nowadays not only
controlled via direct bottom-up interactions in Lake Geneva but that other factors must be at
play. Our results indirectly supported this hypothesis as temperature was transiently identified
as a potential factor responsible of abnormally high summer phytoplankton biomass and
outburst of Mougeotia gracillima, during 1995/1999 to 2007.

This thesis reported concentrations of nickel and molybdenum similar to other lakes
worldwide while iron concentrations were comparable to those of the Laurentian Great Lakes
and lower than those of most other lakes worldwide. Furthermore, it was found that the ratio
of trace metal to phytoplankton biomass was 2 to 4 time lower than those of the Laurentian
Great Lakes, suggesting that less micro- nutrients were available for phytoplankton growth.
Yet, it appeared that micro- nutrients had not a critical role in Lake Geneva, possibly due to
low phytoplankton biological requirements or efficient recycling in the water column. Negative

correlations between nickel and both Chlorophyll a and cell density were nonetheless detected
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during 2014 and suggested the importance of this micro- nutrient in relation to urea assimilation
in Lake Geneva. However, these results were not confirmed by the seasonal incubation

experiments during 2015.

The in-depth study during 2014 highlighted the complexity of the vertical distribution of
chlorophyll a in Lake Geneva, mainly due to discrepancies in phytoplankton species
composition. Indeed, species with high light requirement were dominant in the upper lake
(large lake) and were aggregated around 10 m whereas species adapted to low light intensities
(Chlorophyceae and Cryptophyceae) dominated in the lower lake (small lake) and were found
up to 25 m. Therefore, cells with a lower light requirement, found deeper in the water column,
benefited from a greater nutrient supply. However, as the data analysis showed that the
optimum light for growth of the phytoplankton community was found at ca. 10 m in Lake
Geneva, cells in the small lake were thus transiently light limited. Yet, photosynthetic
capacities were maintained at 25 m in the small lake, which put forward the advantage of low
light requirement to overcome opposite gradients of light and nutrient. The phytoplanktonic
cells in the large lake were thus more likely seasonally nutrient limited and cells in the small
lake more likely seasonally transiently light and nutrient limited.

The outcomes of this thesis are expected to benefit Lake Geneva monitoring program.
Indeed, the actual sampling strategy is based on integrated samples over the following depth
range: 0 to 18 m in the large lake and 0 to 20 m in the small lake. Yet according to our results,
a great proportion of phytoplankton is seasonally found deeper. Accordingly, the sampling
depth should be extended up to 30 m to study the entire phytoplankton community of Lake
Geneva. Our results also put forward differences in term of light limitation, photosynthesis
capacities and nutrient concentrations between 0 m, 10 m and 25 m. Therefore, we would gain
insights in the phytoplankton dynamic of Lake Geneva by sampling discrete depths rather than

using integrated samples.
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Résumé

Malgré la mise en place d’un programme de restauration de la qualité de 1’eau en 1972
et une baisse des concentrations de phosphore de 80% depuis 1980, la biomasse
phytoplanctonique totale du lac Léman est restée stable. Le but de cette these était donc de
mieux comprendre le rdle des macro- et micro- nutriments, mais aussi de la lumiere et de la
température, dans la réponse de la communauté phytoplanctonique du lac Léman. Pour ce faire,
trois approches complémentaires ont été utilisées : (1) ’analyse de séries temporelles, (2)

I’étude a fine échelle du lac et (3) ’utilisation d’expériences d’incubation saisonnieres.

Les changements a long terme (1980-2012) de la biomasse phytoplanctonique, des
concentrations dissoutes de phosphore, d’azote et de silice mais aussi les changements de
température dans les 30 premiers metres de la colonne d’eau ont révélé quatre périodes
statistiquement distinctes durant lesquelles les macro- nutriments ont eu un impact sur le
phytoplancton : (1) une influence de la silice de 1980 a 1989, (2) une phase de transition de
1989 a 1995/99, (3) une influence modérée du phosphore de 1995/99 a 2007 et (4) une
influence marquée du phosphore de 2007 a 2012. Dans le méme temps, la communauté
phytoplanctonique a évolué d’especes caractéristiques de milieux eutrophes vers des espéces
meso- oligotrophes. Cependant, malgré la baisse du phosphore mesurée et I’identification de
sa capacité a limiter la communauté phytoplanctonique depuis 1995, la biomasse
phytoplanctonique est restée stable depuis 1980. En conséquence, il semblerait que la
communauté phytoplanctonique du lac Léman ne soit pas contrdlée uniquement par des
interactions bottom-up directes mais que d’autres facteurs entrent en jeu de nos jours. Les
résultats de cette thése étayent indirectement cette hypothése puisque la température a été
temporairement identifiée comme facteur potentiel responsable de biomasses
phytoplanctoniques anormalement hautes et de brefs mais intenses épisodes de prolifération de
Mougeotia gracillima, entre 1995/99 et 2007.

Des concentrations de nickel et molybdéne comparables aux autres lacs dans le monde
ont été mesurées. Si les concentrations de fer étaient similaires a celles des grands lacs
Laurentian, elles étaient en revanche inférieures a celles des autres lacs dans le monde. De plus,
cette eétude a mis en évidence des ratios de metaux traces par rapport a la biomasse
phytoplanctonique, 2 a 4 fois plus faibles que ceux des grands lacs Laurentian, suggérant une

biodisponibilité moindre de ces éléments pour la croissance du phytoplancton. Cependant, il
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est apparu que les micro- nutriments ne jouaient pas un réle critique dans le lac Léman,
potentiellement de par les faibles besoins biologiques du phytoplancton ou de par un recyclage
actif de ces ¢léments dans la colonne d’eau. Des corrélations négatives entre le nickel et a la
fois la chlorophylle a et la densité cellulaire ont été calculées en 2014, suggérant I’importance
de ce micro- nutriment en lien avec I’assimilation de 1’urée dans le lac Léman. Cependant, ces

résultats n’ont pas été confirmés par les incubations saisonnieres de 2015.

L’¢tude a fine échelle de 2014 a mis en évidence la complexité de la distribution verticale
de la chlorophylle a dans le lac Léman, principalement due a des différences de composition
de la communauté phytoplanctonique. En effet, des espéces de phytoplancton avec des besoins
élevés en lumiere étaient dominantes dans le grand lac et s’accumulaient autour de 10 m de
profondeur alors que des espéces adaptées aux faibles luminosités (Chlorophyceae et
Cryptophyceae) étaient majoritairement présentes dans le petit lac et ce jusque 25 m de
profondeur. De ce fait, les cellules adaptées aux faibles luminosités bénéficiaient d’une
disponibilité accrue en nutriments. Cependant, puisque 1’analyse des données a montré que la
lumiére optimale de croissance de la communauté phytoplanctonique se trouvait autour de 10
m de profondeur dans le lac Léman, les cellules du petit lac étaient donc transitoirement
limitées par la lumiere. Malgré tout, les capacités photosynthétiques du phytoplancton étaient
bonnes a 25 m de profondeur dans le petit lac, ce qui montre bien 1’avantage que représente la
tolérance aux faibles luminosités pour contrecarrer les gradients opposés de lumiére et de
nutriments. Les cellules phytoplanctoniques du grand lac étaient donc probablement
saisonniérement limitées en nutriments alors que celles du petit lac étaient en plus limitées par

la lumiére.

Les conclusions de cette thése contribueront a améliorer le programme de suivi & long
terme du lac Léman. En effet, la stratégie actuelle d’échantillonnage est basée sur I’utilisation
d’échantillons intégrés entre 0 et 18 m dans le grand lac et 0 et 20 m dans le petit lac. Cependant,
selon nos résultats, une grande proportion du phytoplancton est saisonnierement détectée plus
bas dans la colonne d’eau. De ce fait, la profondeur d’échantillonnage devrait étre étendue a
30 metres pour s’assurer d’étudier la communauté phytoplanctonique du lac Léman dans son
ensemble. Nos résultats ont également mis en évidence des différences de limitation en
lumiere, de capacité photosynthétique et de concentrations en nutriment entre 0, 10 et 25 m. Il
serait donc intéressant d’échantillonner la communauté phytoplanctonique a des profondeurs

discretes plutdt que par intégration, afin de mieux comprendre sa dynamique dans le lac Léman.
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Introduction






1. Lake ecosystems

1.1. Definition, classification and distribution

Lakes are defined as permanent lentic bodies of water with a minimum size of 0.02 km?
(Johnes et al. 1994). However, it is often emphasized that they need to be deep enough to allow
the separation into a littoral and pelagic zone and to create gradients of vertical ecological
characteristic (Lacroix 1991). Different systems are used worldwide to classify lakes. The most
common one is based on their origin and sub-divides them into 11 major types (e.g. glacial,
tectonic or dammed lakes; Pourriot and Meybeck 1995). In conjunction, lakes are also
frequently classified according to their thermal regime (e.g. amictic, monomictic or dimictic;
Hutchinson and Loffler 1956) or their trophic level (e.g. oligotrophic, mesotrophic or

eutrophic; Vollenweider and Kerekes 1982).

Lakes represent less than 2% (i.e. 2 to 2.8 x 10° km?) of Earth continental area but are
found worldwide (Downing et al. 2006). Extraordinary deep lakes, with high water volumes
exist (e.g. Lake Baikal with a maximum depth of 1741m for a volume of 23,000 km?; Kozhov
1963) but most lakes on Earth are small and shallow. Indeed, according to Herdendorf (1990),
only 253 lakes on the planet have a surface area greater than 500 km?.

1.2. Importance

Although they represent less than 0.05% of all water available on Earth, lakes contain
more than 90% of liquid surface freshwater (ILEC 2007). They represent therefore a key
reservoir of the earth global water cycle. Additionally, lakes are paramount for aquatic
biodiversity. They contain high levels of biodiversity from aquatic plants to animals. Balian et
al. (2008) and Dudgeon et al. (2006) estimated that 6% of all species on Earth are confined to
freshwater habitats. Human life is also tightly linked to lake ecosystems since they provide
numerous regional and international goods and resources, depending on their size. For instance,
lakes are used as drinking water supply, but also for navigation, hydropower production,

irrigation, waste disposal, leisure and commercial or recreational fishing (Beeton 2002).



2. Freshwater phytoplanktonic organisms

2.1. Definition and classification

The word phytoplankton comes from the Greek “phyto” that means plant and “plankton”
that designate free-floating organisms. This term encompasses photosynthetic eukaryotic and
prokaryotic photoautotrophic microscopic organisms (i.e. they use light energy, inorganic
nutrients, water and carbon dioxide (CO-) to produce sugar through photosynthesis) that are
highly diverse. As a consequence, phytoplankton is defined as: « a collective of photosynthetic
microorganisms adapted to live partly or continuously in open waters » (Reynolds 2006).

Freshwater algae are usually classified based on their origin and pigment composition.
The first photoautotrophs to appear on Earth were cyanobacteria approximately 3.4 billion
years ago. The Archaeplastida (primitive lineage), composed of glaucophytes, green and red
algae, were the first photosynthetic eukaryotes and they appeared after the engulfment of an
ancestral cyanobacterium by an heterotrophic eukaryote (i.e. an endosymbiosis). The green and
red lineages further evolved after a second endosymbiotic event, that gave green plastids to
Euglenoids, Chlorarachniophytes and green dinoflagellates and that gave red plastids to
Cryptophytes, Haptophytes, Heterokonts and dinoflagellates (Falkowski et al. 2004). All
phytoplanktonic cells possess chlorophyll (Chl) a and the composition of accessory pigments
varies greatly among groups according to their origin. The glaucophytes are characterized by
the use of phycobilisomes (PBS), the green lineage is united by the use of Chl b and the red
lineage by the use of Chl ¢ and PBS (Kirk 2011a). The thylakoid structure (i.e. the specialized
membrane containing pigments) also differs between groups. The cyanobacteria, glaucophytes
and the ancestors of the red lineage are characterized by un-stacked thylakoids whereas further
evolved phytoplankton have packed ones (Kirk 2011a). Accordingly, pigment composition and
thylakoids structure greatly differ between groups, thus conferring them different absorption

light properties which allow them to exploit a wide range of ecological niches.

2.2. Ecological and biochemical roles

As phytoplankton represent one of the main component of photosynthetic organisms in

lakes, they are involved in various mandatory processes and are warrant of lake ecosystem’s



health. As short-lived organisms they rapidly respond to subtle modifications in their physical,
chemical and biological environment. Consequently, phytoplankton biomass and taxonomic
composition are often used in environmental monitoring program to evaluate and or detect
changes in ecosystem’s health (Padisdk et al. 2006). Furthermore, numerous indices were
developed based on phytoplankton taxonomic composition (e.g. the Brettum index; Brettum

1989) to characterize lake trophic status (Bellinger and Sigee 2015).

In lakes, phytoplanktonic production is one of the main food sources for heterotrophs
and phytoplankton thus represent the first level of food chain (Arrigo 2005). Through O
production and carbon fixation, photosynthesis has far reaching implications. Indeed, it has
been reported that phytoplankton are responsible for ca. 50% of the O, world production (Field
1998). Water oxygenation is paramount for aerobic life in lakes as it enables organisms’
respiration (Pace and Prairie 2005) and influences the redox conditions of the water column
(Sondergaard 2010). Moreover, due to their capacities of carbon fixation, phytoplankton exert
a global scale influence on climate and significantly contribute to the CO2cycle in lakes. Indeed
CO: is incorporated in their constitutive macro-molecules and can either be transferred to
higher trophic levels via consumption, re-mineralized by bacteria in the microbial loop or long-

term sequestrated in the bottom of lakes after sedimentation of dead cells (Tranvik et al. 2009).

2.3. What controls phytoplankton distribution in lakes?

2.3.1. Abiotic control

Water temperature is of prime importance in lakes as it is responsible of the water column
stratification (i.e. the physical separation of water masses of different densities). The water
column of lakes, once stratified, is divided in three parts (Figure 1). The epilimnion floats above
the hypolimnion at the bottom. The metalimnion of intermediate density acts as a barrier
minimizing diffusion from the epi- to the hypolimnion. Additionally, lakes depending on their
thermal regime are subject to overturn during the year, i.e. complete mixing of water masses
due to the elimination of stratification (also named holomictic events; Jonas and Harleman
1969). In conjunction, there are two types of turbulent motion (i.e. mixing of waters) in lakes:
waves and current mainly due to wind at the air-water interface and heat exchange at surface
(Kalff 2002a). Both water column stability and mixing are paramount for phytoplanktonic life

in lakes. Indeed, phytoplanktonic cells have limited buoyancy capacities and most species are



heavier than water (Huisman et al. 2002). Consequently, in un-stratified and insufficiently

mixed waters non-motile cells sink (Kigrboe 1993).
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Figure 1: Gradients of nutrients, irradiance, temperature and Chlorophyll a in lakes during
stratification, according to depth (z). The yellow and grey boxes represent the euphotic and
aphotic zone, respectively. The blue dashed lines delimit the epi-, meta- and hypolimnion. Dots
represent phytoplanktonic cells and the color gradient the life state, from green to white for
alive to dead. The orange circle arrows illustrate the decrease of mixing intensities with depth.

Each lake has a specific underwater light climate, depending on scattering and absorption
processes that take place within the water column. Furthermore, downward irradiance
decreases in an exponential manner, resulting in a strong vertical light gradient through the
water column (Kirk 2011b) (Figure 1). According to this gradient, lake waters are traditionally
segregated in two parts: the euphotic and aphotic zones (Figure 1). The euphotic zone
represents the layer in which downward irradiance is greater than 1% of sub-surface values.
The aphotic zone extends from the euphotic zone to the bottom of the water column and is
characterized by downward irradiances smaller than 1% of sub-surface values. As
phytoplankton cells have an obligatory requirement for light, they need to remain in the
euphotic zone. In lakes where light penetrates until the bottom, cells are able to perform
photosynthesis in the full water column. However, in deep lakes where the depth of the
euphotic zone (Zey) is smaller than the depth of the water column, cells sink in the aphotic zone
where irradiance is insufficient for photosynthetic processes (Kirk 2011c). In such situation,
cells mainly rely on the stability of the water column to remain in well-illuminated layers in
lakes. Indeed, through the establishment of a thermocline, cells are usually confined in the
epilimnion. However, it is common for Ze, to be deeper than the epilimnion depth.

Consequently, in addition to water column stability, cells depend on surface mixing (and its



depth) to benefit from a sufficient amount of light. Interestingly, only intermediate mixing
intensities (Huisman et al. 2002), allow phytoplankton to actively perform photosynthesis and
thrive. While strong mixing intensities decreases the mean light capture by cells, intensities
lower than the turbulence windows lead to the sinking of cells outside the euphotic zone (Figure
1).

Nutrient concentrations in lakes generally increases with depth (Figure 1) due to
biological consumption in surface waters, re-mineralization along the water column and inputs
from sediment at the bottom of lakes (Shen et al. 2013). In conjunction with light,
phytoplankton growth requires inorganic nutrient. If it has long been recognized that cells
depend on macro- nutrients (i.e. C, silicon (Si), nitrogen (N) and phosphorus (P)), they also
require other elements to grow. The study of the internal composition of phytoplanktonic cells
has indeed revealed that major cations (K, Mg, Ca and Sr) and trace metals (Fe, Zn, Cu, Co,
Cd, Ni and Mo) are required (Ho et al. 2003). While macro- nutrients are components of the
main molecules of life such as proteins, lipids, DNA, RNA, etc. (Karl 2000; Rabalais 2002),
trace metals are required in the core composition of enzymes or as co-enzymatic factors in
photosynthesis and macro- nutrient assimilation (Morel and Price 2003). Nutrients and light
tend to have opposite gradients of vertical distribution in lakes (Figure 1). Accordingly, cells
are constantly under an ecological trade-off between light and nutrient availability and thus
tend to accumulate at the depth of equal limitation by nutrient and light when nutrients are
scarce (Klausmeier and Litchman 2001).

2.3.2. Biotic control

Biotic interactions exert a crucial role in freshwater ecosystems and can be direct via
chemical and or mechanical interferences or indirect through the competition for resources,
predation and parasitism (Lampert 1987). If they can be separated through their modality of
action, in reality they cannot be isolated from each other. Biotic interactions between
phytoplankton and heterotrophs are well documented in literature and are known to affect
primary production. Indeed, phytoplankton community structure is shaped by the competition
for nutrient resources (Bratbak and Thingstad 1985; Mindl et al. 2005), the predator-prey link
(Kalff 2002b) but also by parasitism (Hall et al. 2009); all three processes resulting in
phytoplanktonic cell loss. In this context, phytoplankton cell motility represents a major
advantage to avoid such interactions and allow the exploitation of different ecological niches.
Additionally, phytoplankton development usually persist as long as the competition for
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resources and the intensity of both grazing and parasitism are lower than phytoplankton growth
(Lampert 1987; Irigoien et al. 2005).

2.3.3. Effects on phytoplankton succession

Phytoplankton reproduce a seasonal pattern in lakes. Indeed, Sommer et al. (1986)
studied phytoplankton dynamics across European lakes and concluded that “events in the
phytoplankton are neither random nor chaotic [...] there is a seasonal development which is a

predictable consequences of previous events” (Figure 2).
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Figure 2: Seasonal biomass patterns in eutrophic (left) and oligotrophic (right) lakes from
winter to autumn. The thickness of the horizontal grey bars indicates the intensity of the
processes. The light-dark shading illustrates the phytoplankton community change from edible
to inedible for zooplankton (from Sommer et al. 2012). Values of mean total P, annual mean
phytoplankton biomass and maximum phytoplankton biomass refer to reference values for
trophic classification of lakes from Hakanson, 1980; Hakanson and Jansson, 1983 and
Meybeck et al. 1989.

Typically, physical factors limit phytoplankton development at the beginning and end of
the year (Figure 2). During these periods the lake water column is fully mixed, thus preventing
phytoplankton to remain in surface waters (Sommer et al. 1986). Additionally, irradiance is
often co-limiting phytoplankton growth due to seasonal minimum solar radiation (Kirk 2011c).
However, with the increase of water temperature and irradiance from spring until the end of

summer, physical conditions promote the development of phytoplankton in surface waters



(Sommer et al. 2012). Depending on the lake trophic status (defined by the P loading,
phytoplankton biomass and water transparency; Figure 2), one or two phytoplankton blooms
are typically registered each year: during spring and or autumn (Sommer et al. 1986). While
the first bloom is usually fueled by nutrients coming from deep water mixing (i.e. new
production), the second one strongly depends on re-mineralization by bacteria in the epilimnion
(i.e. regenerated production) (Dugdale and Goering 1967; Caraco et al. 1992). Indeed,
consumption processes of inorganic nutrients by autotrophs during the spring bloom rapidly
reduce nutrient concentrations to barely detectable levels. Consequently, nutrient
concentrations in surface water usually become a limiting factor later in the season (Tilman et
al. 1982). The productive period is typically interrupted by a period of lower phytoplankton
biomass (i.e. clear water phase) due to the increased intensity of grazing by zooplankters
(Lampert et al. 1986). Indeed, as the spring bloom of phytoplankton establish, it provides food
for grazers and thus allow their rapid development. While grazing is the main factor controlling
the termination of the spring bloom, the autumn bloom termination is dependent on the

temperature and light environments (Sommer et al. 2012).

3. Lake sensitivity and deviation from equilibrium conditions

Lake ecosystems are directly and indirectly inter-connected to terrestrial ecosystems via
their watershed (Gergel et al. 1999). Lakes are thus far from isolated and suffer from
perturbations occurring inside and or outside of their water body. Main threats are (1) over
exploitation (e.g. overfishing and associated fish stock and species decrease; Allan et al. 2005),
(2) water pollution (e.g. eutrophication of the Laurentian Great Lakes (Beeton 1965); formation
of harmful algal blooms leading to water crisis (Qin et al. 2010)), (3) habitat degradation (e.g.
degradation of littoral zones; Jennings et al. 2011), (4) flow modification (e.g. fluctuation of
water levels beyond natural amplitudes causing a turbidity increase; Zohary and Ostrovsky
2011), (5) introduction of non-native species (e.g. non-native species causing massive
extinction of native ones; Gurevitch and Padilla 2004) and (6) climate change (e.g. promote
the development of harmful algal bloom and mimic symptoms of eutrophication; Mooij et al.
2005). Consequently, lakes are nowadays listed among the most threatened ecosystems on
Earth (Abell et al. 2007; Williamson et al. 2009).



3.1. Eutrophication: definition and consequences

The term eutrophication refers to an input of inorganic nutrient (mainly N and P) to a
particular water body (Richardson and Jorgensen 1996). Additionally, according to Nixon
(1995), N and P are not the only contributors and he proposed that eutrophication refers to an
increase in the rate of supply of organic C to an ecosystem. Lakes naturally tend to accumulate
organic matter and detritus at their bottom, as part of a natural aging process. Consequently, it
increases the sediment thickness and thus decreases the height of the water column; ultimately
filling up the lake (Lacroix 1991). This process greatly varies in time across lakes as it is
dependent on lake productivity, supply matter from the watershed and efficiency of re-
mineralization (Bjork 2010). Through geological time, lakes may thus be transformed in
wetlands, overgrown by emergent vegetation. However, since the 1950s (and the beginning of
industrialization), human activity dangerously accelerated this process worldwide via the
excessive use of fertilizers and phosphate-based detergents (Smith 1998). Lake Trummen
(Sweden) illustrates this acceleration and highlights the role of nutrients. Indeed, a drastic
increase of sediment deposition rates (by 27-fold) and of the sediment height (by 2-fold) were
recorded following the increase of P inputs to the lake in the 1950s as compared to the

conditions up to 4500 years before present (Bjork 2010).

If the filling up of lakes is the ultimate effect of eutrophication, the succession of events
involved has dramatic consequences on water quality and ultimately aquatic ecosystem’s
health (Figure 3). Primary producers are the first to be affected by eutrophication. Indeed,
through higher nutrient supply phytoplankton, but also floating and submerged algae,
proliferate and decrease water transparency. This excess of organic matter ultimately sinks and
is re-mineralized in the microbial loop, causing an increase of bacterial O» consumption and
sedimentation rates. As a result, depending on the intensity of eutrophication and the intrinsic
characteristics of each lake, death of deep auto- and hetero- trophic organisms may occur and

impair the lake functioning (Figure 3).
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Figure 3: Cascade of reactions resulting from excessive nutrient inputs in lakes. OM: organic
matter.

Lake Washington is one of the most documented cases and will be used here as an
example of eutrophication and re-oligotrophication processes in lakes. It was the subject of
studies after but also before eutrophication (Edmondson 1969). It received increasing amounts
of nutrient (mainly P) through sewage effluent from 1941 to 1963. Consequently,
phytoplankton biomass increased from 10 pug L™ in 1950 to 40 pg L in 1964, blooms of
Planktothrix rubescens (a toxic cyanobacteria) progressively established and water
transparency decreased up to two fold (Edmondson 1969).

3.2. Re-oligotrophication

In the past 45 years, the scientific community and management programs put efforts into
the restoration of lakes. Due to phytoplankton sensitivity to nutrient concentrations,
investigations were carried out to identify which nutrients were responsible of bloom
formation. During the 1970s, Schindler (1974, 1977) demonstrated that phosphorus control
was essential to reduce bloom formation and that phosphorus was the upmost limiting element

in freshwaters. Consequently, bottom-up methods (Sas 1989) via the reduction of phosphorus
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inputs to lakes, and thus to phytoplankton, were widely applied. Concomitantly, bio-
manipulation (e.g. top-down manipulation of food webs; Benndorf 1990) and physico-
chemical (e.g. FeClz additions to precipitate P; Cooke et al. 1993) methods were used. These
methods successfully decreased P concentrations (Rohlich 1969), phytoplankton biomass and
increased water transparency in lakes (Kasprzak et al. 2002). Additionally, when applied in

conjunction with P loading reduction, greater effects were obtained (Meijer et al. 1999).

In general, lakes independently of their depth, significantly responded to phosphate
reduction implementation via the banishment of phosphate detergents and the dephosphatation
in wastewater treatment plants (WWTP). Indeed, according to the response of 35 sub-tropical
to temperate lakes covering a wide range of trophic status, Jeppesen et al. (2005) found that
total phosphorus concentration and phytoplankton biomass decreased while water transparency
increased, after 10 to 15 years. Lake Washington, after the construction of a diversion system
of effluent from 1963 to 1968, promptly responded with a decrease of nutrient concentrations
(P concentrations decreased by 72% in 6 years to reach 16 pg L™ in 1969), phytoplankton
biomass and the proportion of cyanobacteria. It was considered as recovered from
eutrophication by 1975, only 10 years after the implementation of P reductions (Edmondson
1970).

3.3. Determination of phytoplankton nutrient limitation

As previously mentioned (cf. section 2.3), phytoplankton dynamic is tightly controlled
by biotic and abiotic parameters and in the case of eutrophication, nutrients act as a critical
factor. In this context, it appears crucial to accurately determine nutrient limitation in lakes,
especially for water management practices. A number of techniques are used by the scientific
community to assess nutrient limitation in lakes, based on different time scale, methods and
parameters. As each technique has its caveat, they are usually used in combination to ascertain

results.

3.3.1. Long term monitoring and seasonal in-depth studies

While many studies are based on one or two year seasonal measurements, only a few are
based on long-term monitoring. Long-term monitoring represents a unique opportunity to
detect and evaluate changes in ecosystem structure and function, whether they are natural or

human-induced (e.g. eutrophication, re-oligotrophication or climate change) (Edmondson and
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Lehman 1981; Hampton et al. 2008; Mida et al. 2010; Stich and Brinker 2010). Indeed, through
their high resolution in time they allow for the detection of subtle modifications such as regime
shifts of the phytoplankton community (Jochimsen et al. 2013). Additionally, long-term
monitoring are often used as baselines of ecosystem to evaluate change and define targeted
levels in water management programs (e.g. Duarte et al. 2009). However, monitoring programs
are highly expensive and time consuming, thus only a limited number of lakes worldwide are
regularly sampled. Furthermore, for the same reasons, monitoring programs are often poorly
resolved in space, limiting the extrapolation of results for the whole lake ecosystem.

Contrary to long-term monitoring program, seasonal in-depth studies, allow to integrate
different study sites, thus better representing spatial heterogeneity (e.g. Guildford et al. 2005;
Jiang et al. 2014). Additionally, the vertical resolution is also typically better, which is a crucial
point when studying phytoplankton dynamic. Finally, more parameters are usually measured.
To conclude, both approaches provide different but valuable information on lake dynamics and
are complementary to understanding lake dynamic evolution. However, they can only point
towards key relationships between nutrients and phytoplankton and cannot identify limitation

per se as statistically significant relationships do not prove causal connections.

3.3.2. Approaches and indicators of nutrient stress

Independently of the time scale chosen, phytoplankton nutrient limitation is typically
assessed indirectly using nutrient indicators or directly through perturbation experiments. The
elemental composition of phytoplankton (i.e. particulate ratios) and the composition of the
water column in which they are growing (i.e. dissolved ratios) are potential index of nutrient
limitation (Hecky et al. 1993; Guildford and Hecky 2000; Teubner and Dokulil 2002). Indeed,
the phytoplanktonic internal stoichiometry of C:N:P approximates 106:16:1 mol:mol (i.e. the
Redfield ratio; Redfield 1958) and deviation from it reflects a differential C, N or P
assimilation, most likely due to a shortage of dissolved nutrients. Additionally, the comparison
of the dissolved versus particulate fraction of a nutrient can point towards a potential limitation.
Indeed, if particulate concentrations are greater than the dissolved ones, it suggests that the
supply of the nutrient studied is un-sufficient to sustain growth. If they are easily measurable,
the use of these ratios is limited as they greatly vary from lake to lake (Hecky et al. 1993) and
are prone to interference from debris and other microorganisms (Arrigo 2005). Additionally,
physiological limitation of phytoplankton growth may not occur until nutrient concentrations
are below the detection limit.
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Specific enzyme markers, such as the alkaline phosphatase (AP) extracellular production
in response to P limitation, are also often used. Indeed, under low inorganic P concentrations
in waters, phytoplankton are known to produce AP to hydrolyze organic phosphorus to
compensate for P deficiency (e.g. Strojsova et al. 2003). Many studies highlighted that AP
production correlated well with the depletion of inorganic P (e.g. (Strojsova et al. 2005;
Vandergucht et al. 2013). However, this technique has limits as AP is also produced by bacteria
(Liu et al. 2012) and the relationship between AP production and the depletion of inorganic P
is species-specific (Strojsova and Vrba 2006). It thus complicates the interpretation of results
obtained using this technique, especially when applied to natural communities, containing a

great diversity of phytoplankton and bacteria.

The photophysiological status of the cells can also point towards nutrient limitation, via
the measurement of the Chl fluorescence of photosystem Il (PSII; i.e. the first protein complex
in the light-dependent reactions of oxygenic photosynthesis). This method is based on the fate
of excitation energy absorbed within the PSII pigment matrix that can be lost through one of
these three competitive pathways: (1) re-emitted as fluorescence, (2) dissipated as heat (i.e.
non-photochemical quenching (NPQ)) and (3) used in photochemistry (Figure 4). Thus,

changes in fluorescence yield reflect changes in these complementary pathways.

Based on a light saturation pulse method, minimal (FO) and maximal (Fm) fluorescence
yields are measured. First, cells are dark-adapted, i.e. put in the dark to allow the opening of
all photosynthetic reaction centers. Under such conditions, the probability that electrons will
be used to drive photochemistry is maximal. Consequently, NPQ and Chl fluorescence are
minimal (FO) (Figure 4). Then, a pulse of high light intensity (i.e. saturating) is applied to close
photosynthetic reaction centers. Accordingly, photochemistry is reduced to zero and Chl
fluorescence maximal (Fm) (Figure 4). FO and Fm can then be used to calculate photosynthetic

parameters, which allow determining the photosynthetic status of cells.
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Figure 4: Schematic representation of a photosynthetic cell (green) and the three major energy
pathways relevant for photophysiological measurements, in dark conditions (left) and after a
light saturation pulse (right). Yellow, blue, red and brown arrows represent incident light and
its reflection at the cell surface, Chl fluorescence, energy dissipation as heat and
photochemistry. The thickness of arrows is proportional to the intensity of the process.
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One of the most frequently measured photosynthetic parameter is the dark-adapted
maximum quantum efficiency of PSII (Fv/Fm), which reflects the general photosynthetic

efficiency and can be calculated according to equation 1:
Fv/Fm = (Fm —FO) / Fm (1)

For eukaryotes, values of ca. 0.65 are indicative of optimal photosynthetic capacities (Suggett
2009) while Fv/Fm lower than 0.30 reflect a strong alteration of the photosynthetic capacities,
potentially due to a light and or nutrient limitation (Sakshaug et al. 1997). For prokaryotes,
optimal Fv/Fm are naturally lower as their photosynthetic apparatus contain phycobilisomes
(Campbell et al. 1998).

However, many more parameters are valuable to assess the photosynthetic status of cells
such as the absorption cross section of photosystem Il (opsii), the re-oxidation time of primary
Quinone-type acceptor Qa (t), the connectivity between PSIIs, NPQ or the electron transport
rate (ETR) (Figure 5). Additionally, instead of measuring each of those parameters at a single
light level, fluorescence light curve (FLC) can also be performed through repeated
measurements at increasing light steps (from dark up to supra-saturation levels). It thus

provides meaningful information on the capacity of cells to adapt to changing light levels.
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Figure 5: Schematic representation of the photophysiological parameters derived from Chl
fluorescence. The yellow, red and brown arrows represent incident light, energy dissipation as
heat and photochemistry. Green units represent photosystems Il (PSII) and I (PSI). LHCII/I:
Light harvesting complex of PSII/1. RCII/I: Reactive centers of PSII/I. PQ: Plastoquinone. PC:
Plastocyanin. Fv/Fm: Dark-adapted photosynthetic yield. opsii: Absorption cross-section of
PSII. t: Re-oxidation time of primary Quinone-type acceptor Qa. p: connectivity between PSII.
NPQ: Non-photochemical quenching. ETR: Electron transport rate.

This technique allows for a rapid, non-invasive determination of the phytoplanktonic cell
nutrient status. However, it is well documented that the photosynthetic efficiency of
phytoplanktonic cells is species specific and dependent on an array of parameters other than
nutrients such as pollutants, temperature, water pH, CO> availability and the light environment
(Behrenfeld et al. 2008; Kirk 2011d).

Perturbation experiments are used to study the response of phytoplankton after
modification of the natural nutrient concentrations. They can be performed at the scale of the
whole lake (e.g. Schindler 1974) but are usually conducted in closed bottles due to practical
feasibility. Perturbation experiments can be achieved through additions of a simple or a
combination of nutrients. An alternative consists in the addition of a mixture of nutrients and
the sequential removal of one nutrient at a time, in different experimental treatments. The
phytoplankton response can be measured through a variety of parameters such as the quantity
of Chl a, species diversity, particulate organic carbon concentration or cell density. Despite the
capacity of perturbation experiment to ascertain nutrient limitation, the physical enclosure of a
natural community modifies (1) the chemical environment due to the disconnection of the
phytoplankton community from potential inputs of nutrient by water movements, (2) the

physical environment through a modification of the light composition due to the use of artificial
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light sources that may not have a full natural spectra, the abrupt changes of light levels created
by the light:dark cycles of incubators and the absence of mixing and (3) the predator-prey link
that can be either reduced due to water filtration or virtually increased due to a higher
probability that predators and preys meet (Beardall et al. 2001). Such modifications thus

complicate the interpretation of results and are classically referred to as “bottle effect”.

4. Study site: Lake Geneva

4.1. Lake Geneva description

Lake Geneva is situated across France and Switzerland (Figure 6) and represents a highly
valuable resource for the region. It supports 53 professional fisheries
(http://www.asrpp.ch/lacs-et-pecheurs) and largely contributes to tourism. It also supplies ca.
900,000 persons with drinking water (CIPEL 2016). Additionally, two of the four biggest cities
of Switzerland (Geneva and Lausanne) are located on the shore of the lake and about 1,083,431

person live on its shores.

The lake is divided in two geographical units: the large and small lake. The large lake
spreads from the delta of the Rhone River, the main tributary of Lake Geneva, up to the city of
Yvoire. The small lake on the other hand, represents the area comprised between the cities of

Yvoire and Geneva (Figure 6).
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Figure 6: Map of Lake Geneva. The color gradation represents the bathymetry of the lake. The
two triangles represent the reference stations SHL2 (309m) and GE3 (70m), monitored by the
CIPEL program. Courtesy of Dr Jean-Luc Loizeau (University of Geneva).
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Lake Geneva has been monitored since 1957 by the Commission Internationale pour la
Protection des Eaux du Léman (CIPEL; Convention de création, 1962). In order to integrate
processes at the scale of the whole lake, the monitoring is based on the study of two reference
points: station SHL2 in the large lake and station GE3 in the small one. Consequently, Lake
Geneva is an ideal site of study to monitor a lake’s response to re-oligotrophication. Lake
Geneva is a deep (maximum depth of 309m), temperate monomictic lake. While a complete
mixing of the water column occurs every winter in the small lake, holomictic events have
occurred only 7 times since 1980 in the large lake (i.e. in 1981, 1984, 1985, 1986, 2005, 2006
and 2012). Moreover, the small and large lake largely differ in terms of water inputs, winds
and currents (Le Thi 2012). For instance, due to the strong heterogeneity of winds, bathymetry
and shorelines, currents create a large, stable counterclockwise gyre in the large lake and a
smaller, weaker clockwise gyre in the small lake. It thus appears that Lake Geneva displays a
pronounced spatial heterogeneity (Table 1). Although many studies reported Lake Geneva
phytoplankton dynamic in the large lake (Anneville 2000; Anneville et al. 2002a; b; Tadonleke
et al. 2009; Jacquet et al. 2014), none included their dynamics within the small lake. Thus,
results based on only one point of the lake are therefore likely biased because of the spatial

heterogeneity in this lake.

Table 1: Lake Geneva and its watershed morphometric characteristics. When available,
information is given separately for the whole, large and small lake.
Lake characteristic

Whole lake Large lake Small lake
Superficies (km?) 580.1 498.9 81.2
Volume (km?3) 89.0 86 3
Average depth (m) 152.7 172 41
Main tributary (% of input) Rhone river (86%) La Versoix (1.6%)
Residence time (yr?) 11.3

Watershed characteristic

Superficies (km?) 7419
Main surface use Agriculture 26%
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4.2. Eutrophication and re-oligotrophication of Lake Geneva

Due to the development of agriculture (and more particularly the use of fertilizers), the
use of phosphate-based detergents, urbanization and an insufficient network of WWTPs, Lake
Geneva was deeply impacted by eutrophication by the 1960s. In only 22 years, total P
concentrations increased by 900%, from 12.4 pug L™ in 1957 to 89.5 pug L™ in 1979 (mean
annual weighted concentrations; Blanc et al. 1992). In order to limit the deterioration of the
water quality, the CIPEL implemented phosphorus reduction policies in 1972. Additional
WWTP were created and dephosphatation was implemented. Furthermore, phosphate-based
detergents were banished and FeClz was added to domestic sewage to precipitate phosphorus
(Anneville et al. 2002a). However, by the time the P concentration started to decrease, the
ecosystem was already deeply impacted at different levels. O levels critically decreased in the
deep water and were on average inferior to 3 mg L™ until 2000, which barely allowed to support
aerobic metabolism and is inferior to the recommended level of 4 mg L (OEaux 1998).
Furthermore, the occurrence of phytoplankton blooms, especially during summer, increased
(Anneville et al. 2002a) and the mean annual water transparency decreased from 10.8 m in
1957 to 7.3 m in 1979 (Blanc et al. 1992). Additional effects were measured in the full water
column where higher trophic levels in the pelagic zone were affected. Zooplanktonic species
characteristic of eutrophic waters such as cyclopoids dominated the community during the
1980s (Anneville et al. 2007) and the proportion of whitefish and arctic char strongly decreased
in relation to the low O levels in the deep water (Gerdeaux 2004; CIPEL 2016). Furthermore,
benthic communities (both auto- and heterotrophs) suffered from the changes of water quality.
Submerged macrophytes, especially Characeae species regressed (Perfetta 2011) and the
oligochaete community evolved towards the dominance of eutrophic species such as
Potamothrix hammoniensis, P. heuscheri and Tubifex tubifex (Lang 1985).

Efforts to reduce phosphorus in Lake Geneva were however successful. In 2015, total P
concentrations were close to those measured before eutrophication (19 pg L, mean annual
weighed concentrations). Yet, P loading was still above the targeted level of 15 nug L™ fixed by
the CIPEL. This threshold is based on P concentrations prior to eutrophication and was chosen
to perennially limit phytoplankton growth in the surface water of Lake Geneva. Contrary to
what was expected, phytoplankton biomass remained high (Perga 2015) and water
transparency low (7.5 m in 2014; Barbier and Quetin 2016). These results suggest that the
phosphorus decrease had no significant effect on the autotrophic biomass of Lake Geneva,

however phytoplankton diversity did evolve. Indeed, the proportion of taxa characteristic of
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eutrophic waters such as Ceratium hirundinella or Cryptomonas spp. decreased and genus
representative of meso- oligotrophic waters appeared (e.g. Dinobryon and Peridinium).
Interestingly, higher trophic levels also responded and returned or are on the way to conditions
similar to those of pre-eutrophication (CIPEL 2016).

However, despite the recent studies published on Lake Geneva, only data up to 2010
were considered. Consequently, investigation using recent data is required to understand
whether phytoplankton biomass remained stable while virtually all components of the lake
responded to the phosphorus decline and the reason behind this.

5. Thesis objectives and chapters organization

The general objective of my thesis work was to better understand the role of macro- and
micro- nutrients in the response of the phytoplanktonic community of Lake Geneva during its
re-oligotrophication process. A particular attention was given to contemporary seasonal and
temporal variations of the phytoplankton community but also to past changes during the last
three decades. Indeed, | evaluated phytoplankton evolution and its link with nutrient
concentration, using long-term monitoring (1980-2012) data but also in-depth seasonal studies
(2014-2015). Additionally, a combination of enrichment assays and indicators of nutrient status
such as nutrient stoichiometry, algal bioreporters (see appendix 1), specific enzyme markers
(alkaline phosphatase activity, appendix 2), or fast repetition rate fluorometry were used to
ascertain conclusions and determine if P is the upmost limiting nutrient in Lake Geneva
nowadays or if other nutrients are to be considered. Furthermore, two of the main objectives of
my thesis were (1) to study the micro- nutrients (iron, nickel and molybdenum) distribution in
Lake Geneva for the first time, using trace metal clean procedures and (2) to include spatial
heterogeneity by comparing the two sub-basins of Lake Geneva, which is essential to
understand the phytoplankton dynamic at the whole lake scale. Results were put in perspective
with meteorological as well as limnological parameters of the water column relevant to
phytoplankton dynamics. To this end, this work will allow a comprehensive overview of the
phytoplanktonic response to re-oligotrophication of a large lake environment. In this context,
the specific objectives are schematized in Figure 7.
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Figure 7: Schematic representation of the three specific objectives of the thesis.

This thesis is based on scientific papers and is organized in five chapters followed by a
general conclusion that will synthesize the results and highlights key perspectives.

Chapter I: Introduction

Chapter 1I: Evolution of Lake Geneva autotrophic biomass from 1980 to 2012

This chapter is presented as a journal article: “S. A. M. Moisset, B. W. Ibelings, M. R.
Twiss, C. S. Hassler. Phytoplankton biomass spatial and temporal development in Lake Geneva
since 1980: a long term trend statistical analysis™. It is based on statistical analyses of past
records of Chl a levels in conjunction with nutrients and lake water temperature. For this
chapter, 1 was in charge of the coordination with the CIPEL monitoring program to get access
to its database. | performed the data quality control and treatment as well as the statistical

analyses. | wrote the manuscript with the help of co-authors.

Chapter Ill: Lake Geneva dynamic in 2014 and potential limiting nutrients of the

phytoplankton community

This chapter is presented as a journal article: “S. A. M. Moisset, S. Blanco-Ameijeiras,
D. J. E. Cabanes, C. S. Hassler. Exploration of the relationship between phytoplankton biomass
and related environmental variables in the two sub-basins of Lake Geneva (Switzerland)”. This
chapter reports a one-year monitoring of Lake Geneva dynamic from January through October
2014. Monthly field trips were performed at two distinct locations to integrate Lake Geneva
spatial heterogeneity. In this study, Christel Hassler and myself did the experimental design
and Lake Geneva was sampled with the help of co-authors. | coordinated all analyses and

prepared every fieldtrip (i.e. equipment and labware trace metal clean washing). | performed
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Chl a, particulate organic matter and alkaline phosphatase activity analyses. | measured cell
density with the help of Bastiaan Ibelings (University of Geneva, Switzerland) and dissolved
macro- nutrients with the help of Bruno Deflandre, Sabrina Bichon and Ludovic Pascal
(University of Bordeaux, France). Measurements of variable Chl fluorescence were done with
the help of Sonia Blanco-Ameijeiras (University of Geneva, Switzerland) and dissolved trace
metals with the help of Damien Cabanes (University of Geneva, Switzerland). Finally | wrote

the manuscript with the help of co-authors.

Chapter 1V: Validation of the work hypothesis using nutrient enrichment experiments.

This chapter is presented as a journal article: “S. A. M. Moisset, S. Blanco-Ameijeiras,
D. J. E. Cabanes, C. S. Hassler. Response of phytoplankton to macro- and micro- nutrients
amendments in Lake Geneva”. This chapter is based on enrichment assays of six macro- and
micro- nutrients to understand the seasonal response of the phytoplankton community (biomass
and photosynthetic efficiency) to nutrient amendments. For this chapter, my contribution was

similar to the one of chapter two.

Chapter V: Conclusions and perspectives

During my thesis | also contributed as a co-author in two scientific papers that are in

preparation:

The first one is based on the study of Fe speciation in Lake Geneva to compare Fe
chemistry with colored dissolved organic matter (CDOM), humics and Chl a. Humics and
CDOM were chosen as they represent important organic ligands for trace elements. Chl a was
chosen to determine whether phytoplankton are a biological source of Fe binding ligands or
whether Fe chemistry controls phytoplankton biomass. To do so, the lake was sampled monthly
during one year in 2014 and analyses performed on the full water column. | contributed to
sampling and performed Chl a, CDOM and humics analyses. The manuscript is entitled
“Relevance of iron speciation with respect to the distribution of humics and phytoplankton in
Lake Geneva”. The following authors are involved: D. J. E. Cabanes, S. A. M. Moisset, D.
Krishnamoorthy and C. S. Hassler.

The second paper is on the response of Synechococcus sp. PCC7002 facing chronic iron
limitation. The paper is entitled “Elemental stoichiometry and photophysiology of
Synechococcus sp. PCC7002 under increasing severity of chronic iron limitation” (see
appendix 3). The following authors are involved: S. Blanco-Ameijeiras, S. A. Moisset, S.
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Trimborn, J. Heiden and C. S. Hassler. | contributed by sampling for dissolved and particulate

trace metals and by analyzing particulate organic matter.
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Abstract

Times series analyses (1980-2012) describe changes in phytoplankton biomass in Lake
Geneva associated with constant phosphorus decrease from 90 to 19 pg L. Four statistically
distinct stages during which nutrients impacted phytoplankton were identified: (1) a silicate
influence from 1980 to 1989, (2) a transition phase towards phosphorus influence, from 1989
to 1995/99, (3) a mild phosphorus influence, from 1995/99 to 2007 and (4) a period of strong
phosphorus influence, from 2007 to 2012. Despite stable chlorophyll a concentrations, shifts
in the phytoplankton community from species characteristic of eutrophic waters towards those
characteristic of meso- and oligotrophic waters were detected. Both observations are linked to
the strengthening of the phosphorus influence, which will only tend to intensify in the future
and reflect an improvement of the water quality. Despite improvements, the bi-national water
quality management program of Lake Geneva should be continued, especially in light of the

impact of increased water temperature on lake water quality.
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1. Introduction

Large lakes provide crucial goods and services for society, like the provisioning of
drinking water and play an important role in regional economies (Beeton, 2002). Freshwater
ecosystems are hot spots for biodiversity through the highly diverse environments they provide
and contain ca. 6% of the species so far described on Earth (Dudgeon et al., 2006). However,
under ever-increasing environmental pressure from habitat loss, overfishing, invasion of non-
native species and water quality degradation, lakes are under threat (Geist, 2011). The two most
important drivers of change are considered to be eutrophication and climate change. There is
also an increasing worry that climate change may reinforce the symptoms of eutrophication,
referred to as an “allied attack™ (Moss et al., 2011; Rigosi et al., 2014).

Eutrophication, caused by an excess of nutrient inputs, modifies nutrient stoichiometry
in water and negatively impacts the ecosystem through the development of bloom forming
phytoplankton species, a decrease in water transparency and the formation of hypoxic and
anoxic zones (Carpenter et al., 1999). This process disrupts the ecological equilibrium of lakes
and leads to an increase of non-edible and or toxic phytoplankton species, a decrease in
abundance and diversity of benthic species and a decrease in fish recruitment (see Jeppesen et
al. 2005). Climate change, through an increase of surface water temperatures and ensuing
effects on lake physics (O’Reilly et al., 2015), also may have negative effects on lake
ecosystems. It increases the intensity and duration of the vertical mixing and stratification
(Livingstone, 2003; McCormick and Fahnenstiel, 1999) but also changes the thermocline depth
(Coats et al., 2006; Schindler et al., 1996). Consequently, biological and chemical processes
are impacted. Indeed, an earlier onset of phytoplanktonic spring bloom (Arhonditsis et al.,
2004; Peeters et al., 2007), an increase of primary productivity (Michelutti et al., 2005) and
community shifts (Huisman et al., 2004) have been reported. Furthermore, modifications of
oxygen (Jankowski et al., 2006; Wilhelm and Adrian, 2008) and nutrient (Winder and

Schindler, 2004) concentrations were also detected.

In this context, phytoplankton biomass appears as a major biological indicator for the
evaluation of water quality and health of lake ecosystems (Vollenweider and Kerekes, 1982).
Phytoplankton is especially important in deep lentic aquatic systems where carbon production
by macrophytes and periphyton is negligible. Indeed, here photoautotrophic phytoplankton
represents the basis of food web (Arrigo, 2005). As they are short-lived organisms they respond

quickly to subtle modifications in environmental conditions, and dynamic changes in
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abundance are therefore considered prime indicators of environmental changes (Adrian et al.,
2009). However, assessing and understanding phytoplankton long-term development can be
difficult, as it involves highly dynamic and interacting processes, which can only be accurately
tracked through adequate monitoring programs.

Lake Geneva has been monitored for physico-chemical, bacteriological and biological
variables since 1957 by the Commission Internationale pour la Protection des Eaux du Léman
(CIPEL). Classified as oligotrophic prior to 1960, it has suffered from the use of phosphate-
based detergents, increased use of fertilizers in agriculture and inadequate sewage treatment.
Nutrient enrichment caused the lake to shift to a eutrophic status in the early 1970s. The highest
levels of total phosphorus (TP) were reached in 1979 (Barbier and Quetin, 2016) and led to a
profound degradation of the water quality. Indeed, phytoplankton biomass significantly
increased (Anneville, 2000) and oxygen levels at the bottom dropped below 3 mg L (Barbier
and Quetin, 2016). Consequently, community shifts of fauna and flora, towards eutrophic
species occurred (Anneville et al., 2007; Gerdeaux, 2004; Lang, 1985; Perfetta, 2011). In 1972,
the CIPEL implemented phosphorus reduction policies that produced significant results: TP
concentrations fell from 89.5 ug L to 19.0 ug L in 36 years (mean annual weighted
concentrations) and higher trophic levels showed signs of recovery. However, contrary to what
was expected, due to the link between phosphorus and chlorophyll a (Schindler et al., 2008),
water transparency did not improve and phytoplankton biomass remained unresponsive
(Anneville et al., 2002a; Jacquet et al., 2014; Tadonleke et al., 2009).

Since 2011 (date of the last study on Lake Geneva dealing with phytoplankton), further
changes in nutrient concentrations and temperature occurred, possibly affecting phytoplankton
dynamics in the lake. Hence, we identified the need to re-assess the changes of phytoplankton
biomass in Lake Geneva, including horizontal spatial heterogeneity. Indeed, the potential
relevance of horizontal spatial heterogeneity was not addressed in earlier studies. According to
Le Thi (2012) currents vary greatly in Lake Geneva. Due to a strong heterogeneity of winds,
currents create a large, stable counterclockwise gyre in the north-eastern part of the lake and a
smaller, weaker clockwise gyre in the south-western part. It is well established that water
circulation is a major factor controlling the overall nutrient distribution in lakes and thus it
appears crucial to include in this study stations representing this horizontal spatial
heterogeneity. Furthermore, phytoplankton dynamics are highly variable in lakes and strongly
dependent on seasonality, making it challenging to efficiently detect trends in longer-term

changes. The use of time series analysis previously proved to be an appropriate tool to
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investigate phytoplankton biomass and long term trends of environmental variables spanning
decades (Hampton et al., 2008; Jeppesen et al., 2005; Pomati et al., 2012). Indeed, this
statistical approach allows distinguishing long-term trends from annual seasonality by

removing noise from seasonal and episodic events.

The purpose of this study is thus to assess the spatial and temporal trends in Lake Geneva
phytoplankton since 1980, in order to complement our knowledge on Lake Geneva’s
phytoplankton dynamics and provide meaningful information to lake managers to re-assess
their monitoring program. This study is based on the hypothesis that a threshold of phosphate
concentrations needs to be surpassed to overcome the system resilience and thus create a shift
towards lower biomass levels. Thus, the aims of this study are to assimilate historical and recent
data of marked changes in concentrations of chlorophyll a and dissolved nutrients as well as
temperature, spanning 1980 to 2012 and to analyze the long-term trends searching evidence

for the onset of nutrient limitation in Lake Geneva during the last decades.

2. Material and Methods

2.1. Study site

Lake Geneva (average depth 153 m) is located at 372 m above sea level on the Swiss
Plateau. With a maximum depth of 309 m, a surface area of 580 km? and a volume of 89 km?®
it is the largest western European peri-alpine lake and serves as a source of drinking water for
900,000 persons. The Rhone River is the main tributary (86% of the water inflow) of Lake
Geneva; it enters in the east and is the sole outlet of the lake, located at the city of Geneva
(south-west). Lake Geneva is comprised of two basins (Figure 1). The petit lac (small lake; 81
km?, average depth of 41 m) represents 14% of the lake surface area and is orientated northeast-
southwest. The grand lac (large lake) occupies the rest of Lake Geneva with an east-west
orientation, a surface area of 499 km? and an average depth of 172 m (http://www.cipel.org).

37


file:///C:/Users/Sophie%20Moisset/Documents/Rédaction%20Article/Redaction%20revue/Revue-LacLéman-28jan2016.docx

Lake Geneva

Figure 1: Bathymetric map of Lake Geneva and location of study sites, SHL2 and GE3.
2.2. Sampling

Two laboratories, mandated by the bi-national CIPEL (CH, FR), monitor Lake Geneva
(continually since 1957), at two reference stations: (1) the Institut National de la Recherche
Agronomique (INRA) of Thonon-les-Bains (FR) at station SHL2 (depth of 309 m), station
situated in the grand lac and (2) the Service de I’ECOlogie de [’Eau (SECOE) of Geneva (CH)
at station GE3 (depth of 70 m), station situated in the petit lac. The data analyzed in this study
were obtained from the “Alpine Lakes Observatory” platform for station SHL2 and generously
given by the SECOE for station GE3. Chlorophyll a and nutrient concentration as well as water
temperature were measured in integrated samples taken over the depth ranges 0-18 m and 0-
20 m for stations SHL2 and GE3, respectively. The CIPEL monitoring program chose these
depths to represent the proportion of the water column containing most of the lake
photosynthetic production. Additionally, according to monthly sampling performed during
2014 (data not shown), the depth of the thermocline was constantly deeper than 30 m, at both
stations. Consequently, the integrated samples used in this study are representative of

conditions of the epilimnion in Lake Geneva.

2.3. Data preparation

For this analysis, five variables were chosen: chlorophyll a (Chl @), reactive silica (SiO),
nitrate (N-NO3’), soluble reactive phosphorus (SRP) concentrations and water temperature (T).
Additionally, SRP to reactive silica (P:Si) and nitrate to SRP ratios (N:P) were calculated by
weight (g:g). N-NOs and SRP were used instead of TN and TP as these variables were not
available. Methodological details concerning measurements and analyses of the variables can

be found in the CIPEL reports (http://www.cipel.org). Criteria for selection included: (1)
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relevance as potential forcing factors in trends of Chl a concentrations, (2) data availability for
both stations from 1980 to 2011, and (3) information redundancy (to avoid co-variance in

statistical analyses).

2.4. Statistical analysis

Analyses were performed independently at the two stations. Results are given as average
+ standard deviation. Data analysis was performed using R (www.r-project.org) and SigmaPlot
Version 11.0 (Systat Software, Inc., San Jose California USA) software.

2.4.1. Detection of long term changes

Our aim was to focus on changes spanning 30 years. For this purpose, data were regulated
in order to have fixed intervals between each observation. Using the regul function
implemented in the R package PASTECS 1.2-0, the best parameters for the regulation were
defined as follow: 14 and 28 day intervals for stations SHL2 and GE3, respectively. Differences
of interval stem from the frequency of sampling at each station (cf. section 2.2). Additionally,
to suppress seasonal variation and facilitate visual identification of potential long-term trend,
data were filtered by applying a one-year moving window. Herein, data including seasonality

are designated as “regulated” and the ones without as “filtered”.

The hydrological variables in this study were auto-correlated. In order to account for this
common phenomenon, the modified Mann-Kendall test (MMK; Hamed and Rao, 1998), was
applied. The advantage of the MMK is that it provides the results before and after correction
of autocorrelation. The MMK is frequently used in hydrologic studies, e.g. Hamed (2008).
Using the function mkTrend included in the R package fume, slopes and level of significance
of long-term change of Chl a, SiO2, N-NOsz", SRP, P:Si, N:P and T were assessed for regulated
and filtered data.

2.4.2. Analysis of filtered Chl a patterns

Ascending hierarchical classification (AHC) were used in this study to build a partition
of the Chl a into homogeneous clusters (low within-variability), which are different one from
the other (high between-variability). AHC were performed on Chl a concentrations to
investigate patterns of Chl a during the three decades studied, i.e. period of high or low Chl a.

Clustering via the Ward distance was applied and groups of Chl a were determined using the

39


http://www.r-project.org/

best.cutree function implemented in the R packages devtools and JLutils. This function

automatically chooses where to cut the tree according to the cut height.

2.4.3. Relationship between filtered Chl a and filtered environmental variables

Forward multiple regression analysis was conducted to identify variables with the highest
explanatory power of the Chl a concentrations (criteria for selection was set at oo = 0.001). Chl
a concentration was introduced as the dependent variable and the environmental ones as
independent variables. The data were checked for the occurrence of multi-co-linearity, a
possible bias in linear model analysis. Indeed, it may cause incorrect estimations of parameter
estimates and increase the likelihood of performing alpha errors (Lin, 2008). If two or more
variables were found to be co-linear, one or more were removed depending on ecological
relevance for the purpose of this study. The variance inflation factor (VIF) was used as an
estimation of multi-co-linearity among independent variables. Multiple regressions with VIF
factors < 5 were considered satisfactory (Marquardt, 1980). Relationship between Chl a and
environmental variables were reviewed and an equation of Chl a concentrations as a function

of environmental variables is provided for each period identified via the AHC.

3. Results

3.1. General changes (1980-2012)

Over the 30 years of monitoring, Chl a concentrations showed strong seasonal variations,

ranging from 0.1 to 34.7 ug L™ (Figure 2).

35 . b
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Figure 2: Time series of Chl a concentrations at stations SHL2 (a) and GE3 (b). Crosses
represent the regulated data while the dark line represents the filtered data.
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Average concentrations of regulated data, i.e. those containing seasonal variation, over
the 30 years were similar between Station SHL2 (4.5 + 3.8 pg L) and Station GE3 (4.7 + 3.8
ug LY). Statistical analyses revealed no significant monotonic changes of Chl a concentrations
(regulated or filtered) from 1980/81 to 2012, at both stations (Table 1).

Table 1: Trend exploration of Chl a, SiO2, N-NOs", SRP, P:Si, N:P and T at stations SHL2 and
GE3. The relationship between the investigated variable and time was investigated using the
modified Mann-Kendall test. MMK test was performed on regulated and filtered data
independently. Results are given as the slopes of linear trend according to Sen test taking into
account autocorrelation. Levels of significances are given into brackets. p values before
correction for autocorrelation are also provided for comparison. Significant results are
highlighted in bold.

Stations Variables n Regulated data Uncorrected p values Filtered data Uncorrected p values
Chla 885  +1.00x10%* (p>0.05) p>0.05 -4.70x10™* (p>0.05) p<0.05
SiO, 885  -5.00x10% (p<0.05) p<0.05 -5.00x10 (p<0.05) p<0.05
N-NO; 885  +9.40x10 (p>0.05) p>0.05 +2.33x10% (p>0.05) p<0.05
SHL2 SRP 885  -2.95x10% (p<0.05) p<0.05 -3.30x10% (p<0.05) p<0.05
P:Si 885 -2.00 x10% (p<0.05) p<0.05 -2.00 x10% (p<0.05) p<0.05
N:P 885  +8.50x10%? (p<0.05) p<0.05 +7.80x102 (p<0.05) p<0.05
T 885  +1.20x10% (p<0.05) p<0.05 +1.30x10 (p<0.05) p<0.05
Chla 403 -1.50x10% (p>0.05) p>0.05 -4.30x10°% (p>0.05) p<0.05
Sio, 403 -4.00x10% (p>0.05) p<0.05 -3.00x10"% (p>0.05) p<0.05
N-NO; 403 +3.30x10% (p>0.05) p>0.05 +8.30x10™% (p>0.05) p<0.05
GE3 SRP 403 -8.10x10% (p<0.05) p<0.05 -8.70x10°% (p<0.05) p<0.05
P:Si 403  -4.00x10 (p<0.05) p<0.05 -4.00x10 (p<0.05) p<0.05
N:P 403 +2.35x10™ (p<0.05) p<0.05 +2.46x10" (p<0.05) p<0.05
T 403 +2.00x10% (p<0.05) p>0.05 +2.00x10°% (p<0.05) p<0.05

SRP concentrations significantly decreased from 1980/81 to 2012 at both stations (Figure
3a, b) (Table 1). SiO2 concentrations also decreased from 1980/81 to 2012, however the
downward trend was significant only at station SHL2 (Figure 3c, d; Table 1). Overall, SRP and
SiO; filtered concentrations decreased by 88% and 50%, respectively (Table 3). Despite a
calculated increase by 11% at station SHL2 and 23% at station GE3 (Figure 3e, f; Table 3),
statistical analyses revealed that these increase were not significant (Table 1). The P:Si ratio
significantly decreased from 1980/81 to 2012, by 70% and 77% at station SHL2 and station
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GE3, respectively (Figure 4a, b; Table 1). On the contrary, N:P ratios significantly increased
by 7.5-fold at station SHL2 and 11.2-fold at station GE3, during this period (Figure 4c, d; Table
1). Ratio sometimes as high as 465 and 489 were calculated, at stations SHL2 and GES3,
respectively (Table 3). Surface water temperature in Lake Geneva rose significantly between
1980 and 2012 (Figure 5; Table 1). On average, an increase of 19% (i.e. 1.9 °C) and 10% (i.e.
1.1 °C) was recorded for stations SHL2 and GE3, respectively (Table 3). Surface temperature
mainly increased between 1987 and 1989, during these two years, temperature rose of 1.2 and
1.0°C at station SHL2 and station GE3, respectively.
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3.2. Periodic changes

The AHC on filtered data, i.e. where seasonality was removed, yielded two groups of
Chl a during the three decades studied (Table 2). The first group included the periods from
1980 to 1989 (thereafter referred to as period 1) as well as the late 1990s to 2007 (thereafter
referred to as period 3), during which Chl a levels were high. Indeed, maxima events defined
arbitrarily as Chl a > 15 pg L in regulated data, were frequently recorded (Figure 2). The
second group included the period from 1989 to the late 1990s (thereafter referred to as period
2) and 2007-2012 (thereafter referred to as period 4), during which Chl a concentrations were

low and almost no maxima events were detected (Figure 2).

Table 2: Ascending hierarchical classification (AHC) of Chl a concentrations at stations SHL2
and GE3. Results of AHC highlighted two groups of Chl a and a posteriori chronological
sorting revealed four periods. The AHC was performed independently at the two stations, with
a level of significance set at 0=0.05.

Chl a level Date Period Station SHL2 Station GE3
. 1980 — 1989 1 4 1
High Late1990s-2007 3 49419 L S48HgL
1989-1ate1990s 2 1 1
Low 2007-2012 4 3.9 ug L 3.88ugL

Accordingly, it was essential to explore separately the possible relationships between
biomass and environmental descriptors in those four periods. The following sections describe
the evolution of physico-chemical variables for each period separately (Table 3). A regression
equation between Chl a and statistically significant relevant environmental variables is
presented for each period (p < 0.001) (Table 4).

45



Table 3: Changes of SRP, SiO2, N-NOsz", P:Si and N:P ratios and T at stations SHL2 and GE3.
For each period, mean + standard deviation, of regulated data, are given for the overall period
and for the first and last year of the period.

SRP SiO, N-NO3 P :Si N:P T
(mg LY (mg LY (mg LY (9:9) (9:9) Q)
1980  0.046+0.002 142+0.03 0.41+002 0.033£0.005 900+0.20 9.98 +0.29

Period1 1989  0.024+0.002 093+0.02 043+000 0017+0.008 1830+120 10.34+0.14
80-89 0.036+0.006 120+021 041+003 00280004 1760+260 10.08+0.71
1990 0.020+0.001 094+001 044+000 0013+0.006 2230+110 10.71+0.07
Period2 1995 0.011+0.000 0924003 046+000 0010+£0.006 4280+020 10.31+0.01
90-95 0.015+0.003 1.07+0.12 044+003 0011£0001 3110+630 10.42+0.86

Stations Periods

ShL2 1996  0.010+0.000 0.88+0.02 046+000 0013+0.006 4401+058 10.35+0.04
Period3 2007 0.007+0.000 097+001 043+001 00070004 6515+216 10.72+0.04

96-07 0.009+0.002 0.89+0.14 044+003 0011+£0.001 4930+10.70 10.57+0.60

2008  0.006+0.000 094+002 041+001 00070003 §620+1.30 10.91+0.10

Period4 2012 0.005+0.000 0.66+004 046+002 0010+0.005 g760+6.10 11.88+0.27

08-12 0.006+0001 0.79+0.10 0.40+004 00080001 §750+11.80 11.18+1.00

1980  0.052+0.001 146+003 039+001 0037£0.008 7504+0.00 10.15 +0.34

Period1 1989  0.018+0.001 0.66+001 043+000 0026+£0.015 2390+190 10.82+0.11

80-89 0.039+0.011 098+027 041+004 0042£0007 1150+4.90 10.28+1.02

1990 0.015+0.001 0.73+0.06 045+002 0019+0014 2940+140 10.90+0.18

Period2 1999 0.008+0.001 098+0.07 038+000 0014+0019 4500+270 10.73+0.18

GE3 90-99 001140004 081+0.10 044+006 0013£0.005 4400+12.90 10.82+0.98

2000 0.008+0.001 1.32+0.18 0.39+000 0005+0006 4890+560  10.67+0.05
Period3 2007 0.007+0.000 1.05+004 042+001 0008+0.003 6380+1.40 11.11+0.10
00-07 0.006+0.001 099+025 039+005 0007+0.002 7040+17.30 10.89+1.09
2008  0.006+0.000 1.00+003 045+001 00060003 7200+240 11.09+0.31
Period4 2012 0.006+0000 0.75+002 047+000 0008+0.004 g450+210 11.15+0.12
08-12 0.006+0001 081+0.15 046+006 00080001 8400+12.80 11.10+1.43
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Table 4: Regression equations between Chl a and statistically significant relevant environmental variables, at stations SHL2 and GE3. A regression
equation is provided for each period, at the two stations. The level of significance for environmental variable to be included was set at 0=0.001.
For each period, the number of observations (n) and the variance inflation factor (VIF) are given. The VIF factor is used here to examine the degree
of multi-collinearity among independent variables. We considered multiple regressions with VIF factors < 5 to be satisfactory.

Stations Periods Equations n VIF Equation number
1 Chl asyie = 6.0 - 0.2*N-NOs™ + 1.2* SiO, -0.3*T 221 <2.572 (1)
2 Chlasu2=75-12*Si0,—0.2*T 176 <2.079 3)
Shke 3 Chl a shiz = 25.8 — 15.3* N-NOs™ + 124.8*SRP — 1.2*SiO; — 0.6*T 350 <3.745 (5)
4 Chl a sh2 = 12.1 — 8.5* N-NOs™ + 694.8*SRP — 0.7* SiO> 138 <3.461 (7)
1 Chl a ges= 14.9 — 23.4* N-NO3™ + 0.39* SiO; 110 <2.219 (2)
GE3 2 Chlaces=2.2—-7.3* N-NOs" + 37.2*SRP + 0.4*T 128 <3.088 4
3 Chl a ges = 11.3 + 39.9*SRP + 0.4* SiO, — 0.6*T 104 <1.268 (6)
4 Chl a g3 = 13.7 + 18.9*SRP 60 <1.225 (8)

47



3.2.1. Period 1: 1980 — 1989

SRP decreased by 48% and 65% at stations SHL2 and GE3, respectively. SiOz levels
were the highest of the three decades and started to decline in 1982 at station SHL2 and 1981
at station GE3. P:Si ratios were maximal during period 1 at both stations, with values constantly
above 0.03 (g:g). At the opposite, N-NOs™ and N:P ratios were minimal and started to increase.
Surface water temperature was stable during this decade (Table 3). The multiple regression
showed that N-NOs, SiO; and T at station SHL2 (Eq. 1, adjusted (adj.) R?>= 0.19) and N-NO3z"
and SiO; at station GE3 (Eq. 2, adj. R?=0.81) had a significant relationship with Chl a. At both

stations, SiO2 was positively correlated to Chl a (Table 4).

3.2.2. Period 2: 1989 — 1995/99

SRP concentrations decreased by 54% at both stations to reach 0.011 and 0.008 mg L
at stations SHL2 and GE3, respectively. SRP concentrations were always lower during warm
periods (< 0.015 mg L%). SiO; levels stabilized at 1.07 + 0.12 mg L at station SHL2 and 0.81
+ 0.10 mg L at station GE3. N-NOs also remained constant with similar concentrations
between stations. While P:Si ratios drastically decrease, by 61% and 69% at stations SHL2 and
GE3 (and were below 0.03), N:P ratios kept increasing with average values of 31 + 6.3 and 44
+ 13, for stations SHL2 and GE3, respectively. Surface water temperature (Table 3) increased
by 3.4% (station SHL2) and 5.3% (station GE3). Equations of regression 3 (adj. R?=0.19) and
4 (adj. R?>= 0.35) revealed weaker correlations of SiO,, T, N-NOs™ and SRP compared to the
period of 1980 to 1989. No positive correlation between nutrient and or temperature and Chl a
was detected at station SHL2. On the contrary, SRP was positively linked to Chl a at station
GE3. The overall adjusted R? of regressions 3 and 4 were the lowest of the four periods (Table
4).

3.2.3. Period 3: 1995/99 — 2007

SRP levels further decreased, with average values of 0.007 + 0.002 mg L. SiO; levels
fluctuated at station SHL2 but decreased compared to period 2. At station GE3, a SiO. peak
was recorded from 1999 to 2002, reaching concentrations of 1.5 mg L%, leading to an increase
of the average and standard deviation during this period. N-NOs" levels remained comparable

with the previous period. P:Si ratios decreased and N:P ratios further increased, at both stations.
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Additionally, peaks of high N:P ratios were recorded during warm period. Surface water
temperature continued to increase (Table 3). During this period, Chl a levels were positively
correlated with SRP at both stations (Eq. 5, adj. R?>=0.34 and Eq.6, adj. R?=0.41) (Table 4).

3.2.4. Period 4: 2007 — 2012

SRP concentrations were the lowest since 1980 with average value of 0.006 = 0.001 mg
L1, SiO; levels were reduced by 30% (station SHL2) and 24% (station GE3). Regarding N-
NOs", levels increased and reached 0.46 + 0.02 and 0.47 + 0.00 mg L at stations SHL2 and
GE3, respectively. P:Si ratio were minimal while N:P ratio reached its maximum levels.
Compared to the third period, average ratios were higher but peaks’ intensities decreased.
Surface water temperature during this period was the highest of the time serie (Table 3). During
the last period SRP, with regression coefficients of +695 and +19 at stations SHL2 and GE3,
respectively, was the variable most correlated with Chl a (Eg. 7, adj. R?=0.47 and Eq. 8, adj.
R?=0.68); explaining a significant fraction of the observed Chl a variability (Table 4).

4. Discussion

Long-term datasets offer valuable opportunities to track and understand temporal and
spatial changes. By providing meaningful information on background rates and direction of
change in ecological systems, they are useful to describe and understand the effects of features
such as re-oligotrophication and climate change. Combined with statistical analyses of time
series, they are major tools for researchers and decision makers. The present study is based on
statistical analyses of extensive field data and uses potential indices of nutrient limitation (e.g.
nutrient concentrations and ratios) to search for links between phytoplankton biomass and
environmental variables. This is the first time that time series analysis of the long-term
monitoring data of Lake Geneva has been performed. We found that Chl a concentrations were
stable, despite a clear decrease in phosphorus concentrations between 1980 and 2012, at the
two study sites. The temporal patterns observed and the possible mechanisms driving
phytoplankton Chl a changes in Lake Geneva are related to numerous factors, as discussed

below.
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4.1. Nutrient and temperature influence on Chl a

Our results for the first period suggest that the phytoplankton biomass (using Chl a as a
proxy) was influenced by SiO> concentrations at both stations. Indeed, the multiple regressions
show that SiO. was the only significant variable to have a positive correlation with Chl a.
Moreover, P:Si ratios were above the threshold of potential silicon limitation of 0.03 (g:g),
defined by Teubner and Dokulil (2002), suggesting that silicon limited phytoplankton growth
prior to phosphorus from 1980/81 to 1989. However, silicon concentrations remained high
during this period (1.20 + 0.21 mg/L and 0.98 + 0.27 mg/L on average at stations SHL2 and
GE3, respectively), at levels most likely non-limiting for diatom growth. Our results for this
period differ from those of Tadonleke (2009). Indeed, the latter study highlighted that
phytoplankton production was N-NOs™ limited from 1970 to 1988. However, as the study
conducted by Tadonleke in (2009) included both the eutrophication (1957-1980) and re-
oligotrophication (1980-nowadays) periods, results and interpretation are not directly
comparable. Additionally, our study put forward the hypothesis that SRP exerted reduced
influence on Chl a concentrations during this period and it may explain why the drastic
decrease of SRP during this period had no effect on Chl a levels, which remained high. SRP
concentrations were constantly above 0.02 mg L™, concentrations too high to limit
phytoplankton growth. Indeed, as the relationship between SRP and Chl a in lake waters is not
linear but rather sigmoidal (McCauley et al., 1989), stronger changes in phosphorus content
were needed to decrease Chl a. Besides, four holomictic events occurred during this period that
enabled nutrient replenishment of surface waters from the deep hypolimnion (see Figure 4a in
Anneville et al. 2013). Indeed, the SRP content of Lake Geneva’s deep waters is high as ferric
chloride (FeCls) was added to domestic sewage from 1972 in order to sequester SRP in the
sediment (Anneville et al. 2002b). However, due to the low oxygen levels, reductions of FeCls-
SRP complexes lead to a SRP build-up in the deep-water layers. Indeed, SRP concentrations at
309 m ranged from 0.18 mg L in 1980 to 0.08 mg Lt in 1989 (Barbier and Quetin, 2016).

A shift of Chl a from higher to lower levels was recorded between period 1 and 2 and is
suggested to be the consequence of a change in the nutrient influence from SiO, towards SRP.
At station GE3, SRP was the nutrient positively correlated with Chl a during this period
whereas at station SHL2 the multiple regressions poorly explained the variance observed and
struggled to designate a prominent nutrient explaining Chl a levels. Additionally, both the
intermediate N:P ratios and the P:Si ratios lower than 0.03 implied a potential co-limitation of

N-NOs™ and SRP (Guildford and Hecky, 2000) and the lower influence of silicon as compared

50



to phosphorus (Teubner and Dokulil, 2002), during this period. The shift of nutrient influence
was clearly linked to the SRP decrease. Indeed, during the decade 1990-1999, averaged
concentrations fell below 0.02 mg L. Yet, according to Sas (1989) these concentrations are
still above the threshold of potential SRP limitation. However, during spring, summer and
autumn, concentrations of SRP were lower than 0.015 mg L™ and this may have created a
seasonal mild SRP control of phytoplankton growth in the productive layers of Lake Geneva.
Ratios of N:P support this fact, with greater ratios during the warm season. The low seasonal
SRP levels had direct repercussions on Chl a levels. By preventing large blooms of
phytoplankton through nutrient control, it allowed a decrease of seasonably averaged
phytoplankton biomass. Other effects of phosphorus limitation on phytoplankton have been
reported in the literature for Lake Geneva, such as changes of the phytoplankton community
towards larger and better adapted cells to lower SRP conditions, modification of vertical
distribution in the water column, with cells colonizing deeper waters to overcome the
impoverishment of surface waters (Anneville et al. 2002). Interestingly, the increase of ca. 1.1
°C of surface water temperature that occurred between period 1 and 2 (from 1987 to 1989) did
not significantly control biomass at station SHL2 (negative regression coefficient) and had only
small positive contributions at station GE3. Moreover, it did not prevent phytoplankton
biomass to decrease, this suggests a minor influence of surface water temperature during this

period, compared to that of phosphorus.

After a transition period, the phytoplankton community became influenced by SRP
during the third and fourth periods as SRP concentrations fell below 0.015 mg L™
Additionally, the SRP control over Chl a strengthened between periods 3 and 4, especially at
station SHL2. It thus highlights a transition from a mild to a strong SRP influence. Moreover,
the N:P ratios suggest that SRP control over phytoplankton biomass standing crop extended all
year long during period 4 and not only during warmer seasons. Yet, despite the SRP decrease
and its expected control of Chl a levels, biomass returned to high levels during period 3,
presumably due to extreme episodic periods of high temperature. Indeed, two heat waves (in
2003 and 2007) struck Europe and five of the hottest summers of the three decades studied,
occurred between 1995/99 and 2007 (Barbier and Quetin 2016). Consequently, these
abnormally hot summer seasons favored the mass development of populations of large
filamentous cells such as Mougeotia gracillima (e.g. in 1997, 2001 and 2007; Tapolczai et al.,
2014), which were responsible for the highest biomass ever recorded in Lake Geneva (Druart

et al., 2002). Combined with summer blooms of extremely high intensities due to high water
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temperature, this may account for the high Chl a levels recorded during the third period.
However, the statistical analyses performed here, did not allow for a direct detection of the link
between water temperature and phytoplankton biomass during period 3. This is most likely due
to the indirect effect that water temperature exerts on phytoplankton biomass. In fact, what is
critical for phytoplankton growth is not only the absolute water temperature but also the water
column stability. Therefore, to ascertain the impact of increased water temperature on
phytoplankton biomass, water column stability in Lake Geneva should have been included in
this study. Unfortunately, these data were not available. As compared to the drastic increase of
water temperature that occurred between 1987 and 1989, which had no effect on phytoplankton
biomass, water temperature most likely influenced phytoplankton biomass during period 3. It
may thus reflect that the effect of climate change out weighted those of re-oligotrophication
from 1995/99 to 2007. Consequently, studies to disentangle the effect and the interaction of re-
oligotrophication and climate change need to be conducted in Lake Geneva. However, the
widely used approach, such that of Rigosi et al. (2014), would not be suitable here as temporal

auto-correlation must be accounted for in long-term time series.

4.2. Important consequences for the ecosystem of Lake Geneva

4.2.1. Alteration of nutrient stoichiometry

Modification of the nutrient limitation pattern is a standard consequence of the re-
oligotrophication process and a common phenomenon in aquatic ecosystems. A study
conducted by Lewis and Wurtsbaugh (2008) highlights that multiple resource control over time
is the rule rather than the exception in large lakes; it follows that in most cases phytoplankton

is not regulated solely by phosphorus at all times.

Since 1980, SRP concentrations significantly decreased in Lake Geneva. As a
consequence, the nutrient stoichiometry in Lake Geneva was dramatically altered, as is the case
for many lakes during re-oligotrophication (Jeppesen et al., 2005). The present study highlights
that since 2007 (Period 4), SRP concentration can be identified as the main controlling factor
of phytoplankton biomass. Furthermore, due to the phosphorus control policies implemented
by the CIPEL in 1972, and the only 7 holomictic events that occurred in the water column since
1979 (Anneville et al., 2013), SRP inputs to surface waters continuously decreased. Future

SRP levels will depend more and more on external inputs and on the depth of mixing during
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winter as water column stability will continue to increase due to climate change (Tadonleke et
al., 2009). As a result, SRP influence and thus N:P ratios may only tend to increase in Lake

Geneva, increasing the phosphorus limitation.

4.2.2. Phytoplankton biomass and species shifts

Our study showed that Chl a levels were constant between 1980 and 2012. Indeed,
despite the clear environmental changes that occurred during the 30 years, this study found
similar results to those described by Tadonleke (2009) and Jacquet (2014), which span from
1972 to 2005.

The phytoplanktonic community structure of Lake Geneva changed during the three
decades of study (1980-2012). Species characteristic of eutrophic water (e.g., Ceratium
hirundinella and Cryptomonas spp.) were replaced by those characteristic of mesotrophic and
oligotrophic waters (e.g., Dinobryon spp., Mallomonas spp., Peridinium spp. and
Merismopedia spp.), with a turning point around 1995/99. Additionally, an increase in the
proportion of diatoms and of microplankton (taxon length > 20 um and biovolume > 10000
um?) versus nanoplankton (taxon length < 20 pm and biovolume < 10000 pm?®) phytoplankton
was recorded at both stations (Rimet, 2014). These results are coherent with the observed
changes in nutrient control patterns, described here. Indeed, before 1995/99 (period 1 and 2),
the phytoplankton community was either under a SiO> influence or in transition towards a SRP
control, with low N:P ratios. After 1995/99 (Periods 3 and 4), Lake Geneva was clearly SRP
controlled, with much higher N:P ratios. Studies based on marine and freshwater species show
that optimum cellular ratios for phytoplankton, due to the relatively constant composition of
the cellular functional machinery, varied from 8.2 to 45, depending on parameters such as light,
nutrients, growth rates and species. Deviation from this range creates competition and thus
shifts among species, due to their differences in the use and efficiency to access these two
elements (Klausmeier et al., 2008).

Changes in the composition of phytoplankton assemblages have repercussions on
phytoplanktonic nutrient requirements and cause changes in food quality for phytoplanktonic
consumers. The depletion of SiO, detected in this study at station SHL2 (1980-2012) is a good
example to illustrate changes in nutrient requirements. The ever-decreasing concentrations of
SiO; clearly highlighted a phenomenon of silica depletion in Lake Geneva. Indeed, higher
diatom biomass led to a higher biological demand of SiO and an increase in the conversion of

dissolved silica to biogenic silica by diatoms. Thus, as diatom biomass increased but not all of
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the production was recycled (due to the slow epilimnetic cycle of silica compared to the short-
term cycles of SRP and N-NOs (Sommer, 1988), it led to an increase of sedimentation and thus
SiO2 depletion in surface water (Dugdale et al., 1995). If the decrease was to reach the point of
SiO limitation by diatoms it may lead to drastic changes of the phytoplankton community as
reviewed by Conley et al. (1993) and observed in Lake Michigan (Schelske and Stoermer,
1971).

Changes in food quality and repercussions on higher trophic levels have also been
reported for Lake Geneva. Long-term changes in the copepod community were reported with
a switch from cyclopoids towards calanoids, a common phenomenon during oligotrophication
in lakes (Anneville et al., 2007). Indeed, due to its higher tolerance facing a downgrade of food
quality (increase of diatoms and inedible algae), the calanoid community was favored
(Anneville et al., 2007). The turn over from cyclopoids towards calanoids occurred around
2001, matching the transition from a SiO> to a SRP controls and the resulting phytoplanktonic

species shifts.

4.3. Proposed revision of the water quality monitoring program for Lake Geneva

Our study revealed that both basins of Lake Geneva followed a similar general evolution
of water quality changes, which suggests a redundancy in the information collected. In order
to avoid such overlapping, it could be interesting to rethink the structure of the monitoring
program by prioritizing vertical rather than spatial resolution at one station. Automated water
column profiling sampling platforms are promising tools in this field as they are capable of
high frequency measurements at different depths, providing high resolution data on parameters
from which phytoplankton dynamics can be derived. Indeed, with a measurement capacity up
to two profiles per day, such instruments can better capture the highly dynamic variations of
phytoplankton, which can reach bloom conditions and disappear within a week. Such tools
(e.g., as applied in Lake Lugano, Switzerland) provide promising results since they identify

key events that can be missed by traditional monitoring protocols (Pomati et al., 2011).
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Abstract

Since 1972, control of the nutrient input in Lake Geneva (Switzerland) lowered
orthophosphate concentrations by 80% but had no effect on chlorophyll a levels. In order to
verify whether the phytoplankton community was controlled by phosphorus or whether other
factors were of importance, two reference stations of Lake Geneva (SHL2 and GE3) were
monitored from January through October 2014. Concentration of macro- nutrients (POs, SiO»,
NOs) and trace elements (Fe, Ni, Mo), temperature, irradiance, as well as phytoplankton
biomass and species composition were determined monthly. Dissolved (dNO3:dSiOg,
dP04:dSiO2 and dNOs:dPO4) and dissolved to particulate (dPO4:POP) ratios both indicated a
potential seasonal phosphorus and silicon limitation of phytoplankton growth in Lake Geneva
during 2014. Additionally, strong correlations between nickel, Chlorophyll a and cell density
were detected, suggesting the importance of this micro- nutrient in relation to urea assimilation
in Lake Geneva. During productive periods Bacillariophyceae were dominant at station SHL2
whereas Chlorophyceae and Cryptophyceae (low light requirement) dominated at station GE3.
Differences in species composition led to biomass vertical distribution discrepancies between
the two stations. Indeed, it appeared that phytoplankton cells at station SHL2 were more likely

seasonally nutrient limited and cells at station GE3 more likely transiently light limited.

Key words

Phytoplankton, Community structure, Nutrient status, Deep lakes, Limitation.
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1. Introduction

Phytoplankton activity in lakes contributes to a major share of primary production
(Reynolds, 2006). It is therefore a key component of aquatic food webs (Straile, 2005) and is
essential to support healthy aquatic ecosystems. In lakes, vertical and horizontal development
of phytoplankton is controlled by a set of environmental variables. Among those, physical
parameters such as the thermal regime, water column stability (WCS) and irradiance strongly
constrain phytoplankton vertical distribution (Sommer et al., 2012). In fact, most
phytoplanktonic cells are non-motile and thus depend on water temperature stratification and
surface mixing to remain in the upper layers where light is available for photosynthetic
processes (Estrada and Berdalet, 1996). In addition, macro- nutrients, especially nitrogen (N)
and phosphorus (P), are key components of the main molecules of life (Karl, 2000; Rabalais,
2002) and have long been identified as major factors controlling phytoplankton growth (Liebig
and Playfair, 1840). More recently, attention has been drawn to micro- nutrients (i.e. trace
metals) in lakes. Often neglected, these scarce elements are required in key enzymatic reactions
of macro- nutrients assimilation (Butler, 1998; Morel and Price, 2003). Therefore, seasonal
changes in the physico-chemical conditions in lakes have the potential to affect the vertical and
horizontal distribution of phytoplankton (Neill, 1994).

Since the last decades, lake ecosystems are suffering from ever-increasing environmental
pressures (Abell et al., 2007). Among them, eutrophication was identified as the main threat of
aquatic ecosystems worldwide (Carpenter et al., 1999). Caused by an excessive input of
nutrients to aquatic ecosystems (mainly N and P), eutrophication has major consequences on
the phytoplankton community. Eutrophication increases phytoplankton biomass during bloom
periods but also during the rest of the year (Smith, 1998) and promotes the development of
phytoplankton bloom forming species, some of which might be toxic or harmful (Anderson et
al.,, 2002). Consequently, lake systems drift from equilibrium conditions and negative

cascading effects on overall ecosystem functioning follow (Smith, 2003).

Lake Geneva was impacted by eutrophication since the 1960s. P levels increased from
0.13 uM (1957) to 0.94 uM (1979) and induced a trophic shift in the lake from oligotrophic to
eutrophic in the early 1970s (Savoye et al., 2014). Thereby, Lake Geneva water quality
deteriorated due to a strong increase of phytoplankton biomass (Anneville, 2000). In 1972, P
reduction policies were implemented mainly through the banishment of P-based detergents and

the development of dephosphatation in wastewater treatment plants. As a result, surface P
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concentrations decreased to 0.20 uM in 2015, almost reaching the targeted threshold (0.16 uM)
to limit phytoplankton development in surface waters fixed by the monitoring program of Lake
Geneva (CIPEL, 2016). It was expected that phytoplankton biomass would decrease along with
P (Jeppesen et al., 2005), yet chlorophyll a levels remained stable since 1980 (Rimet, 2015).
This unexpected situation is still poorly understood despite all the attention given to Lake
Geneva phytoplankton community evolution (Anneville, 2000; Anneville et al., 2002a, 2002b;
Jacquet et al., 2014; Tadonleke et al., 2009). To date, all studies are based on one reference
station at the deepest point of the lake, yet Lake Geneva is divided in two sub-basins in which
water inputs, winds and currents greatly vary (Le Thi, 2012) and the potential relevance of
horizontal spatial heterogeneity has thus never been addressed. Results based on only one point
of the lake could therefore be biased as they fail to represent spatial heterogeneity within the
lake. Furthermore, the present study is the first to address iron, molybdenum and nickel
distribution in Lake Geneva, employing trace metal clean procedures (known to reliably and
accurately quantify trace elements as compared to classical ones). Thus, it also contributes to
better understand the link between trace metals, macro- nutrients and phytoplankton in large
lakes. The aims of this study were to (1) determine patterns of evolution of phytoplankton and
environmental variables at the seasonal scale and (2) identify the variables responsible of the

observed patterns by comparing the lake dynamics in the two sub-basins of Lake Geneva.

2. Materials and Methods

2.1. Study site

Lake Geneva is located at 372 m above sea level on the Swiss Plateau, with a maximum
depth of 309 m (average depth 152.7 m), a surface area of 580 km?and a volume of 89 km?.
Lake Geneva is divided in two sub-basins. The “petit lac (small lake)” with 81 km? represents
14% of the lake surface area and is orientated northeast-southwest; it is narrow with an average
depth of 41 m. The “grand lac (large lake)” occupies the rest of Lake Geneva with an east-west
orientation, a surface area of 499 km? and an average depth of 172 m. In order to understand
the relationship between phytoplankton and environmental variables, two stations were chosen:
SHL?2 in the “grand lac (large lake)” and GE3 in the “petit lac (small lake)”, which correspond
to the reference stations for the water quality survey of Lake Geneva conducted by the

“Commission International pour la Protection des Eaux du Léman” (CIPEL).
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@ Referenced stations

Figure 1: Bathymetric map of Lake Geneva. Samples were taken at two referenced sites,
stations SHL2 and GES3.

2.2. Sampling methods and measured parameters

Water samples were collected monthly from January to October 2014 on board R/V La
Licorne. At each station, water column was characterized using a conductivity temperature
depth sensor (CTD; Ocean seven 316Plus, Idronaut, Milan, Italy) equipped with an underwater
spherical quantum sensor for photosynthetically active radiations (PAR; LI-192, LI-COR
biosciences, Lincoln, USA) and a TriLux Multi-parameter algae sensor for measurements of in
vivo chlorophyll a (Chl a; Chelsea Technologies group Ltd, Molesey, UK). All sampling and
water collection occurred respectively between 11:00 h and 13:00 h and 9:30 h and 11:30 h
(CEST) at stations SHL2 and GE3, respectively (e.g., two and four hours minimum after sun
rise). Water samples were taken using acid cleaned Teflon coated Niskin X bottles (General
Oceanics, Miami, USA) deployed in sequence using a non-contaminating Dyneema line at the
following depths: 0 m, 10 m, 25 m, 60 m, 100 m, 150 m, 200 m, 270 m at station SHL2 and
every 10 meters from surface to 60 m at station GE3. Surface samples were acquired 200 m
upstream from the boat on a plastic kayak, to avoid contamination from ship hull. Bottles were
stored in the dark in a cooler and filtration was done back in the laboratory (at the most four
hours after collection). Sampling procedure varied with season due to the build-up of
phytoplanktonic cells around 10 m. According to CTD profiles, when a distinct Chl a maximum
was present, the bottle at the closest depth was adjusted to sample it. Water samples were
collected in low-density polyethylene, acid washed bottles. Before sampling, each bottle was
further rinsed three times with water from the sampling depth. The Niskin X bottles were racked

on a non-contaminating set-up on the rear deck of the ship, and all sampling was done under a
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plastic cover to minimize potential contaminations. Unfiltered and in-line filtered (trace metal
cleaned Supor Acropak 200, 0.2 um, PALL) samples were immediately collected and stored in

the dark at 4°C until returned to the laboratory for analyses.
2.3. Analytical methods

2.3.1. Biology

Chl a measurements were done freshly on-board, in triplicates and determined
fluorometrically at 665 nm on a 2 mL unfiltered water sample on a Trilogy Laboratory
Fluorometer (Turner Design, San Jose, USA). Cell density was measured on 2 mL water
samples previously fixed with glutaraldehyde (final concentration of 0.4 %, Sigma-Aldrich)
and stored in sterile cryovials at -80 °C until analysis using a scanning flow cytometer
(CytoSense, Cytobuoy, Woerden, Netherland). Water was pumped at 3.01 pL s in order to
measure more than 100,000 particles and a minimum volume of 950 pL per samples. Water
sample for particulate organic matter (POM) were filtrated onto pre-combusted GF/F filters (5
hours at 550°C; Fisherbrand). Analyses of POC and PON were done with an elemental analyzer
(2400 serie 1 CHNS/O Elemental Analysis, PerkinElmer, Waltham, USA), after acid digestion
(Sharp, 1974). POP filters were digested using the potassium peroxodisulfate containing
substance Oxisolv (Merck-1129360030). Filters were placed in 50 mL glass bottles, with 40
mL of deionized water and 1 spoon of Oxisolv. Bottles were then cooked for 30 min at the
highest valve mark in a household pressure cooker (ca. 100 kPa). After cooling down to room
temperature, 1.2 mL of ascorbic acid (70 g/L), 1.2 mL of reagent solution (200 mL of 4.5 M
sulfuric acid, 45 mL of ammonium heptamolybdate (95 g/L) and 5 mL of potassium
antimonyltartrate (32.5 g/L)) were added. After 10 min equilibration, bottles were centrifuged
10 min at 3000 rpm and an aliquot was measured with a spectrophotometer at 880 nm (DR-
3800, Hach, Loveland, USA).

Photophysiological measurements were performed using a fast repetition rate
fluorometer (FRRf) FastOcean PTX coupled to a FastAct base unit (Chelsea Technologies
group Ltd). Measurements were performed from May until October at 0 m, 10 m and 25/20 m.
The instrument was configured to generate single turnover flashes of a sequence of 100
excitation flashlets on a 2 ps pitch and a relaxation phase comprising 40 flashlets on a 50 ps

pitch. Data were acquired and processed with the software FastPro8 GUI, to determine
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minimum (Fo) and maximum (Fm) photosystem Il (PSII) fluorescence yields. The maximum

photochemical yield of PSII in the dark (Fv/Fm) was calculated according to equation 1.

Fu/Fm = (Fm-Fo) / Fm (1)

Fluorescence light curves (FLC) were performed at 0 m, 10 m and 25/20 m, exposing
phytoplanktonic cells to a set of increasing irradiance levels (0, 8, 53, 98, 201, 300 and 605
umol photons m2 s1) at 5 min intervals. Using the beta phase fitted curve of the absolute PSII
electron transfer rates (ETR) against PAR levels (Webb et al., 1974), the light saturation
thresholds (k) were determined. The comparison of Ik values with in situ light intensities was

used to assess occurrence of light limitation.

Phytoplankton community composition data were obtained from the “Alpine Lakes
Observatory” platform for station SHL2 and provided by the SECOE for station GE3. Each
platform estimated the species biovolume in integrated samples, taken over the following depth
range: 0-18 m and 0-20 m for stations SHL2 and GE3, respectively. Sampling performed by
the CIPEL laboratories for phytoplankton identification and counting occurred within the same
week as the ones for this study throughout the year. At each station, percentages of abundance
of each major phytoplanktonic group were calculated and species responsible for less than 1%

of total biomass were excluded.

2.3.2. Chemistry

Concentrations of dNOs, dPO4 and dSiO2 were measured on 0.2 um filtered water using
a continuous segmented flow analyzer (QuAAtro for dNOs and AutoAnalyzer 3 HR for dPO4
and dSiO2, SEAL Analytical, Norderstedt, Germany; Aminot and Kérouel, 2007). dNOz and
dPO4 samples were frozen and kept at -20°C whereas dSiO, samples were kept at 4°C until
analyses.

Samples for dTM were preserved by 1% acidification with quartz distilled HCI. Samples
to measure total pTM were filtered through 0.2 um polycarbonate filters (PC; Cyclopore Track
Etched Membrane, Whatman) and rinsed with trace metal-free freshwater algal culture medium
(Fraquil; Morel et al., 1975). To differentiate between total and intracellular pTM, we used
chemical extraction (Hassler et al., 2004). Samples for intracellular pTM were thus obtained
using an additional washing step. Samples were incubated for 12 min in a solution of 100 mM
oxalate, 50 mM citrate, 50 mM EDTA before rinsing. Filters for total and intracellular pTM
were then kept frozen until digestion with trace metal clean hydrochloric acid (qHCI; 37%,
VWR) and nitric acid (QHNO3; 65%, VWR), both prepared by quartz sub-boiling distillation,
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and ultrapure hydrofluoric acid (HF; 48%; Merck) (see appendix 4). dTM and pTM samples
were analyzed by ICP-MS (7700, Agilent, Santa Clara, USA). ). Standard solutions for ICP
(Sigma) were used for the calibrations. The blank averages in counts per second for dTM were
6237 (°°Fe), 68 (°°Ni) and 225 (**Mo). Each measurement was performed once and accuracy
(103.3 £ 5.2%, n=10) was assured with NW-TMDA-51.4 certified reference waters (National
Water Research Institute, Environment Canada). The blank averages for pTM are given in

appendix 4.

Alkaline phosphatase activities (APA) were determined on un-filtered 2-mL natural
water samples (preserved at -20°C) using a modified procedure from Vandergucht et al. (2013).
APA was measured using the analogous fluorescent substrate 4-metylumbelliferryl-phosphate
(MU-P, Sigma-Aldrich). Samples (0.5 mL) were supplemented with 2 mL of a mixture of 0.1
M Trizma-HCI buffer (Sigma-Aldrich) and 20 uM MU-P. APA was measured fluorometrically
on a Trilogy Laboratory Fluorometer (Turner Design, San Jose, USA), with an excitation and
an emission wavelength set at 364 and 445 nm, respectively. The hydrolysis kinetic of MU-P
into MU was linear up to 2 hours after the addition of MU-P substrate and measurements of
natural samples were recorded at 0 and 22 min after the addition of MU-P substrate. As
differences in fluorescence readings were measured between calibrations in autoclaved lake
water and MQ water, it highlighted the presence of a potential matrix effect (see appendix 2 —
Figure 1). Consequently, standard additions of MU were performed on un-filtered 10-mL
natural water samples to account for it. For every sample measured, standard additions were
carried out in synchrony (see appendix 2 — Figure 2), by additions of MU at the following final
concentrations: 0.005, 0.015, 0.045 and 0.135 uM. Autoclaved lake water was used as a blank
and subtracted from all measurements (stable values through time of 752 + 7 RFU; n=10).

2.3.3. Data treatment

Temperature, Chl a and PAR profiles were obtained from CTD casts. Using the PAR
profiles, the euphotic depth (Zey) was calculated as the depth of 1% surface irradiance (Kirk,
2011a). The mixed layer depth (Zmix) was defined as the depth 1°C cooler than the surface
temperature (Mellard et al., 2011) and the lower epilimnion depth (Zepi) was inferred from the
temperature gradient (Hamilton et al., 2010). Zmix and Zepi were both determined from the

temperature profiles. Chl a data obtained fluorometrically were highly correlated with the ones
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from CTD profiles (Table 1). The light extinction coefficient (k) was calculated according to
equation 2 (Kirk, 2011b).

k=(nls—Inlp)*1/D (2

where Is represents the light intensity at surface, Ip the light intensity at depth and D the depth.

2.4. Statistical analyses

Results are given as average * standard deviation. Correlation analyses were performed
applying the Pearson product-moment correlation coefficient. Analyses were conducted
independently at the two stations and then compared. Data analysis was performed using
SigmaPlot Version 11.0 (Systat Software Inc., San Jose, USA) software.

3. Results

3.1. Physical processes

3.1.1. Water temperature stratification

Temperature stratification began in March at station SHL2 and in April at station GE3;
reaching strongest points during summer months, from July until September at station SHL2
and from June until October at station GE3 (Figure 2a, ¢). Zmix Was constant throughout the
year, with an average depth of 7.0 £ 4.8 m and 10.8 = 7.9 m at stations SHL2 and GE3,
respectively (Figure 2a, c). Exceptions to this pattern were detected in May at both stations
(with increased Zmix to 13.3 m and 20.7 m at stations SHL2 and GES3, respectively) and in
September (Zmix = 21.33 m) at station GE3. This increase was related to strong winds recorded
during these months (Savoye et al., 2015). Minimum Zey was registered during early
stratification at both stations (March and April) with an average depth of 29.3 £ 0.6 m. It
increased to its maxima, from May until October 2014, reaching 37.5 £ 2.6 m (Figure 1). In
May at station GE3, Zepi reached 43.2 m.
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a Station SHL2 Temperature [°C]

Depth [m]

b Chl a [ug/L]

Depth [m]

Mar Apr May Jun Jul Aug Sep Oct

c Station GE3 Temperature [°C]

Depth [m]

Q.

Depth [m]
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Figure 2: Chlorophyll a and water temperature during 2014 at the two sampling sites. Data
obtained from the CTD profiles. Chlorophyll a changes at stations SHL2 (a) and GE3 (c). Note
the change of scale in Chlorophyll a due to lower biomass at station GE3. Water temperature
changes at stations SHL2 (b) and GE3 (d), respectively. The black, blue and red lines represent
the lower limit of the euphotic zone (Zeu) the mixing depth (Zmix) and the lower epilimnion
depth (Zepi), respectively.
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3.1.2. Light availability, euphotic depth and light extinction coefficient

The Zey oscillated between 10 and 30 m at both stations throughout the year (Figure 2b,
d). At station SHL2, Ze, remained constant (19.9 + 2.6 m) with exception of September, where
it decreased to 12.6 m. At station GE3, Ze, (20.6 £ 4.7 m) showed higher fluctuation than at
station SHL2, with a period of shallower Zey from July to September (15.9 + 1.8 m). Light
rapidly decreased with depth at both stations. At 10 m, average light levels were 88 + 55 umol
photons m2 s (representing 15% of surface incident irradiance) and 65 + 47 pumol photons m-
2 s (representing 9% of surface incident irradiance) at stations SHL2 and GE3, respectively,
while at 25/20 m, light levels dropped to 2.7 + 2.9 umol photons m? s (representing 0.6% of
surface incident irradiance) and 3.9 + 4.4 umol photons m2 s (representing 0.8% of surface
incident irradiance) at stations SHL2 and GE3, respectively (Figure 3a, b). The light extinction
coefficient (k) varied between 0.17 and 0.25 station SHL2 and between 0.14 and 0.31 at station
GE3.

3.2. Algal descriptors

3.2.1. Chl a, cell density and particulate organic matter

Minimum Chl a levels were observed during winter with average concentrations of 3.2
+0.9 ug L't and 3.0 + 0.3 pg L at stations SHL2 and GE3, respectively. Interestingly, similar
low levels were also measured from May to July at station SHL2 and in June at station GE3.
Two phases of high Chl a levels were detected in surface water at both stations. The first,
defined as « spring bloom », occurred from March to April (9.1 + 1.0 ug L) and April to May
(6.2 = 1.6 pug L), at stations SHL2 and GE3, respectively. The second, defined as « late
summer bloom », occurred in September at 10m (12.3 + 2.3 pug L) at station GE3 and from
July to August (6.8 + 1.2 pg L) at station SHL2 (Figure 2D, d). At station SHL2, Chl a vertical
distribution, during blooms, resulted in a clearly defined peak occurring at 10 m, whereas at
station GE3 its distribution was uniform, with high values recorded from 0 to 30 m (Figure 2b,
d). At both stations, Chl a maximum were always measured below Zmix (Figure 2). At station
SHL2, maximum Chl a levels were constantly above Zey, while at station GE3, maximum Chl
a was typically comprised between Ze, and Zepi, with an exception in April when the maximum
Chl a was found above Ze,. Positive correlation between PAR and Chl a were reported for both
stations (+0.77, p value <0.01 and +0.21, p value <0.01, at station SHL2 and GES3,
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respectively). Chlorophyll a levels, cell density and POC evolved in synchrony during 2014,

especially in surface water (from 0 to 25 m) (Table 1) (see appendix 5).

Station SHL2 Station GE3
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Figure 3: Photophysiological changes during 2014, according to depth, at the two sampling
sites. The left panel represents Ik and PAR levels (a) and Fv/Fm (c) at station SHL2 while the
right one represents Ik and PAR levels (b) and Fv/Fm (d) at station GE3. Results are given as
the average + standard deviation (May until October). Ik and PAR levels axes were scaled
logarithmically for visual clarity.
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Table 1: Relationship between biological and chemical variables, at the two sampling sites. Spearman coefficient correlations were calculated for
stations SHL2 (a) and GE3 (b). Significant results are highlighted in bold (o = 0.05).

(a) Station SHL22 Chl a (Turner) Cell density POC PON POP dPOs dSiO, dNOs dFe dNi dMo

Chla (CTD) +0.98 +0.66 +0.71 +0.75 +055 -046 -054 -045 -0.00 -053 -0.13
Chl a (Turner) +0.66 +084 +084 +053 -049 -055 -037 +003 -042 -0.05
Cell density +0.66 +061 +014 -068 -0.71 -040 +031 -041 +0.02
POC +093 +056 -052 -083 -056 +0.01 -0.33 +0.08
PON +056 -055 -0.74 -056 -0.17 -047 -0.00
POP +0.06 -035 -0.26 -0.17 -0.10 -0.30
dPOq +090 +0.26 -021 +0.25 +0.00
dSiO: +039 -031 +0.30 +0.12
dNOs -0.12 +0.21 -0.00

dFe +0.17 -0.07

dNi +0.42

(b) Station GE3 ~ Chl a (Turner) Cell density POC PON POP dPO; dSiO> dNOs dFe dNi dMo
Chla (CTD) +0.53 +0.02 +056 +040 +050 +0.09 -037 -029 +026 -0.05 +0.11
Chl a (Turner) +0.22 +0.60 +050 +065 -0.12 -061 -046 +031 -0.62 +0.18
Cell density +038 +050 +0.14 -042 -051 -0.26 +0.05 -0.66 +0.12
POC +094 +063 -037 -080 -067 +0.22 -057 +0.08
PON +054 -043 -073 -060 +0.14 -0.60 +0.18
POP -003 -0.71 -057 +036 -0.24 -0.05
dPO. +0.38 +0.05 +028 +0.39 -0.13
dSiO; +065 -0.26 +0.55 +0.05
dNOs -0.21 +050 +0.10

dFe +0.05 +0.07

dNi +0.32
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3.2.2. Phytoplankton community

During 2014, species of phytoplankton belonged mainly to Bacillariophyceae (58% and
31% at stations SHL2 and GE3, respectively), Chlorophyceae (7% and 22% at stations SHL2
and GE3, respectively) and Dinophyceae (16% and 20% at stations SHL2 and GES3,
respectively). At station SHL2, the phytoplankton community was dominated by Ceratium
hirundinella (27%), Ulnaria acus (13%), Aulacoseira islandica (12%), Puncticulata radiosa
(10%) and Cyclotella costei (5%) (Figure 4a). During winter and spring, diatoms were the main
group of phytoplankton cells with Aulacoseira islandica, Stephanodiscus neoastraea,
Cyclotella costei and Tabellaria flocculosa. During summer, they were replaced by Ceratium
hirundinella (Dinophyceae) and then by Ulnaria acus (Bacillariophyceae). Finally, during fall,

the community was mainly dominated by Cyanophyceae (Aphanothece clathrata).

At station GE3, Ceratium hirundinella (26%), Cryptomonas sp. (21%), Rhodomonas
minuta (8%) and Fragilaria crotonensis (7%) were the dominant species (in order of
proportion; Figure 4b). During winter, Aulacoseira islandica (Bacillariophyceae) was
dominating the phytoplankton community in association with Pandorina morum
(Chlorophyceae). Later during 2014, diatoms proportion declined but remained high. From
April until August, Chlorophyceae took over, with the development of Chlamydomonas sp.
From June until September, Ceratium hirundinella (Dinophyceae) bloomed. Finally, as for
station SHL2, the community was mainly composed of Cyanophyceae (Aphanizomenon flos-
aquae) during October.
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Figure 4 : Phytoplankton species composition at stations SHL2 (a) and GE3 (b). Only species responsible for more than 1% of total biomass were
included. Cyanophyceae: Aphanizomenon flos-aquae, Aphanothece clathrata. Bacillariophyceae: Aulacoseira islandica, Cyclotella costel,
Fragilaria crotonensis, Puncticulata radiosa, Stephanodiscus neoastraea, Ulnaria acus. Chlorophyceae: Chlamydomonas conica, Pandorina
morum. Dinophyceae: Ceratium hirundinella. Cryptophyceae: Cryptomonas sp, Plagioselmis lacustris, Rhodomonas minuta. Results are expressed
as the percentage of the abundance of each species according to total biomass, per month. (a) station SHL2. (b) station GE3.
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3.3. Photophysiology

The overall pattern of evolution of Ik and PAR was similar between stations (Figure 3a,
b). At surface (0 m), Ik values were largely inferior to the PAR levels whereas at 10 m,
comparable values of Ik and PAR were measured. At 25/20 m, Ik values were superior to the
PAR levels. Ik values at 0 m and 10 m were similar at station SHL2 and GE3. However, Ik
values at 25/20 m were significantly lower at station SHL2 (87 + 0.0 pmol photons m s?)
compared to station GE3 (144 + 20 pmol photons m s) while PAR levels were similar (2.7
+ 2.9 pmol photons m? st and 3.9 + 4.4 pmol photons m? s at stations SHL2 and GE3,
respectively). Fv/Fm varied between 0.31 and 0.41, in the first 25 m of the lake, with minimal
values recorded in surface waters (Figure 3c, d). At depth, Fv/Fm was lower at station SHL2
(0.37 £0.06 and 0.35 + 0.02 at 10 m and 25 m, respectively) than the ones at station GE3 (0.41
+ 0.02 and 0.40 + 0.02 at 10 m and 20 m, respectively).

3.4. Nutrients distribution

3.4.1. Phosphate, reactive silica and nitrate

Surface concentrations of dPO4 and dSiO, showed similar patterns of evolution at both
stations (Figure 5; Table 1). During winter months, concentrations of dPO4 and dSiO, were
maximal: dPO4 was 0.15 + 0.04 uM and 0.21 + 0.06 pM at stations SHL2 and GE3,
respectively; and dSiO2 was 26.0 £ 0.2 uM and 25.5 + 0.3 uM at stations SHL2 and GE3,
respectively. These concentrations dropped to a lower level in March at station SHL2 (dPOa:
0.08 = 0.03 uM; dSiO2: 13.8 £ 7.5 uM) and in April at station GE3 (dPO4: 0.06 = 0.00 uM;
dSiO2: 14.6 + 3.5 uM), and remained low until the end of the year. A further decrease of
concentrations was observed in September, for both elements at both stations, reaching almost

undetectable levels (Figure 5a, b, c, d).

No significant link between dPO4 concentrations and APA was detected during 2014 (see

appendix 2 — Table 1 and Figure 3).
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Figure 5: Macro- nutrients concentrations during 2014, according to depth, at the two sampling
sites. The left panel represents dPO4 (a), dSiO (c) and dNOg (e) at station SHL2. The right
panel represents dPO4 (b), dSiO2 (d) and dNOs (f) at station GE3.
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dNOs surface concentrations were also maximum during winter (9.1 £ 0.6 uM and 9.5 +
0.1 uM at station SHL2 and GE3, respectively). Two episodes of dNO3 depletion were
observed during 2014, one in March and the other from June onwards (Figure 5e, f). All three
macro- nutrients were negatively correlated to Chl a, with dSiO. showing the strongest
correlation (Table 1). An exception to this pattern was observed at station GE3 for dPO4 and
Chl a. This result can be explained by the sudden shift of dPO4 concentrations that might
prevent the detection of potential correlations. Negative correlations between macro- nutrients
and cell density and POM were also measured (Tablel).

3.4.2. Iron, Molybdenum and Nickel

Micro- nutrients in Lake Geneva were detected in low concentrations ranging from 0.9
to 68.2 nM for dFe, 5.8 to 11.9 nM for dNi and 9.6 to 13.1 nM for dMo, respectively (Figure
6). Variations of dFe, dNi and dMo with depth were small during 2014 with exception of dFe
at station SHL2, where concentrations fluctuated greatly between surface, intermediate and
bottom waters (Figure 6a). Surface concentrations of dNi slightly increased from February to
April at station SHL2 (from 9.4 + 0.3 to 11.1 + 0.7 nM) and then remained stable (10.9 £ 0.6
nM). dMo surface concentrations also increased from February to September (from 9.8 £ 0.1
to 12.4 £ 0.2 nM). At station GE3, surface concentrations decreased from 19.7 £ 5.4 to 12.5 +
7.2 nM for dFe, from 8.2 £ 0.3 t0 6.1 + 0.5 nM for dNi and from 12.0 + 0.1 to 11.5 £ 0.2 nM
for dMo towards the end of the year. Correlation coefficients highlighted a negative
relationship, between dNi and algal descriptors. However, no link was found between dFe,
dMo and Chl a, at both stations (Table 1). Ratios of dFe:Chl a (mol:mol) were on average of
2.42 and 2.35 at stations SHL2 and GE3, respectively.
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Figure 6: Micro- nutrients concentrations during 2014, according to depth, at the two sampling
sites. The left panel represents dFe (a), dNi (c) and dMo (e) at station SHL2.The right panel
represents dFe (b), dNi (d) and dMo (f) at station GE3.
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3.5. Phytoplankton nutrient status

3.5.1. Dissolved macro-nutrient ratios

Dissolved macro- nutrient ratios (mol:mol) were relatively constant during 2014 except
in September, when ratios drastically increased in surface water (Figure 7). Additionally, the
macro-nutrient ratios were similar in the two sampling sites. Averaged dNO3:dSiO; ratios of
0.10 £ 0.07, dPO4:dSiO- ratios of 0.009 £ 0.011 and dNOs:dPOg ratios of 26.0 + 22.6 were
measured. In September, ratios as high as 3.23 for dNO3:dSiO2, 0.053 for dPO4:dSiO2 and 109
for dNO3:dPO4 were measured. Throughout the year, surface water ratios were slightly higher

than intermediate ones.

3.5.2. Seston ratios

Elemental ratios of macro- nutrients (mol:mol) in seston in surface waters were higher
than in intermediate and bottom waters for both stations (Figure 8). Higher ratios were also
detected during phytoplankton productive period compared to winter. Ratios in seston were
constantly lower than 129:1 for POC:POP, 8:1 for POC:PON and 22:1 PON:POP, which

represent potential thresholds of limitation (Healey and Hendzel, 1980).

Results concerning the measurements of particulate micro-nutrients (Fe, Ni and Mo)
are given in appendix 4, as data could not be exploited given that the results from the digestion

of certified BCR samples was not satisfactory.
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Figure 7: Dissolved macro- nutrient ratios (mol:mol) during 2014, according to depth, at the
two sampling sites. The left panel represents dNO3:dSiO:z (a), dPO4:dSiO> (c) and dNO3z:dPO4
(e) at station SHL2. The right panel represents dNO3:dSiO2 (b), dPO4:dSiO. (d) and
dNO3:dPOq (f) at station GE3. The solid lines correspond to the P, N and Si limiting threshold
defined in Teubner and Dokulil (2002) and the dashed lines in (e) and (f) are the ratio from
Guildford and Hecky (2000) above which P is considered limiting.
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Figure 8: POM ratios during 2014, according to depth, at the two sampling sites. The left panel
represents POC:POP (a), POC:PON (c) and PON:POP (e) at station SHL2. The right panel
represents POC:POP (b), POC:PON (d) and PON:POP (f) at station GE3. The solid lines
correspond to the P and N limiting threshold defined in Healey and Hendzel (1980).




3.5.3. Comparison between dissolved and particulate ratios of macro- nutrients

The ratio of dPO4 (normalized by POC) to POP (normalized by POC) was constantly
below the 1:1 line (Figure 9), which schematized an ideal situation where 1 dissolved molecule
contributes to the formation of 1 particulate molecule. Normalized dPOg4 levels were 4 to 100
times lower than those of normalized POP. At the opposite, the ratio of dNOz (normalized by
POC) to PON (normalized by POC) was constantly above the 1:1 line (Figure 9). Normalized

dNOs levels were 1 to 15 times greater than those of normalized PON.
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Figure 9: Comparison between dissolved and particulate elemental stoichiometry, at the two
sampling sites. Phosphorus (circles) and nitrogen (triangles) particulate ratio normalized by
POC plotted against dissolved ratio normalized by POC, at stations SHL2 (black) and GE3
(dark grey). Elements above the 1:1 line are in excess in water compared to their particulate
form whereas those on below the 1:1 line are depleted in water compared to their particulate
form and are thus potentially limiting. Axes were scaled logarithmically for visual clarity.
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4, Discussion

During 2014, the horizontal and vertical distribution of phytoplankton in Lake Geneva
reflected influences of environmental parameters such as the availability of nutrients and light,
wind induced mixing and thermal stratification; results are thus discussed accordingly.

4.1. Role of nutrients

Macro- nutrient concentrations were all correlated to Chl a as autotrophic organisms, via
elemental assimilation, link biomass accrual with nutrient depletion. According to the
dissolved ratios measured during 2014, there was an imbalance between macro- nutrients in
Lake Geneva throughout the year. The imbalance between dNOs; and dPQOs yielded high
dNO3:dPOq ratios, ca. 2-fold higher than dissolved optimum ratios reported for freshwater
phytoplankton by Teubner and Dokulil (2002) and Guildford and Hecky (2000) (Figure 7).
Moreover, high dNO3:dSiO; ratios were calculated during September, ca. 30-fold higher than
optimum ones (Teubner and Dokulil, 2002). Additionally, the lower dissolved surface ratios
suggested a stronger depletion of dSiO> in surface water as compared to dPO4 and dNOs, as
well as a higher depletion of dPOj relative to dNOz. Accordingly, it can be hypothesized that
phosphorus and reactive silica might have seasonally controlled phytoplankton growth in Lake

Geneva during 2014,

However, it is important to notice that no link between APA and dPOs was detected
during 2014, suggesting that phosphorus was not limiting phytoplankton growth. These results
are opposed to those given by the other indicators of nutrient status and are further discussed

in appendix 2.

Seston ratios were however constantly lower than the reported optimum ratios for
particulate matter for central Canadian lakes (Healey and Hendzel, 1980). Such a phenomenon
is common since N and P cell quotas naturally vary greatly among phytoplankton. Indeed, a
study based on lakes from the Experimental Lakes Area (ELA, Canada) reported POC, PON
and POP variations from 10.2 to 39.2 uM, 2.78 to 10.92 uM and 0.10 to 0.23 puM, respectively
(Hecky et al. 1993). As a consequence, it is possible that the phytoplankton community of Lake
Geneva was composed of cells with naturally low ratios of elemental content in seston.
Moreover, the presence of P-rich bacteria may have biased results. Indeed, the seston is

composed of a mixture of algae, detritus and P-rich bacteria (Arrigo, 2005). According to
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Parvathi et al (2014) and Personnic et al (2009) the picoplankton (i.e. cell size comprise
between 0.2 - 3 um) in Lake Geneva is dominated by heterotrophic bacteria. As such, bacteria
represent an appreciable fraction of total seston in Lake Geneva and may have significantly
contributed to POM concentrations.

The comparison between dissolved and particulate concentrations revealed that dNOs
was always in excess in water compared to its particulate form whereas dPOs was strongly
depleted. It thus corroborates the fact that phosphorus was potentially limiting phytoplankton
growth during 2014. Unfortunately, since biogenic silica was not measured here, we cannot
further support the fact that silica might also have seasonally limited phytoplankton growth. It
would be interesting to further study the elemental cellular composition of the dominant algae
of Lake Geneva to predict when specific species would be affected by the re-oligotrophication
process and seasonal dynamics.

Dissolved Ni and Mo concentrations were comparable to other lakes worldwide (Borg,
1987; Nriagu et al., 1996; Skjelkvale et al., 2001). Dissolved Fe levels were similar to the ones
of the Great Lakes (Nriagu et al., 1996) but several times lower than concentrations reported
for most other lakes (Borg, 1987; Chale, 2002; Markert et al., 1997; Skjelkvale et al., 2001).
No relationship was detected between dFe, dMo and algal biomass descriptors, suggesting that
these elements were not directly related to the phytoplankton dynamic in Lake Geneva. These
results, especially for dFe, are quite surprising as studies detected phytoplankton growth
limitation in presence of similar concentrations of dFe in the Great Lakes (Sterner et al., 2004;
Twiss et al., 2000). Furthermore, ratios of dFe:Chl a were substantially lower in Lake Geneva
(2.4 mol:mol) as compared to the Great Lakes (5.3, 8.4 and 9.0 mol:mol for Lake Superior,
Erie and Ontario, respectively; Dove, 2009; Nriagu et al., 1996; Sterner et al., 2004; Twiss et
al., 2000), which could be attributed to less Fe available for growth or lower Fe requirements
of the phytoplankton community in Lake Geneva. However, a potential all year limitation by
dFe and dMo cannot be excluded as such a phenomenon would be missed using a simple
correlation approach. To further understand their link with biology in Lake Geneva, particulate
measurements of these elements would be required (see appendix 4).

In contrast, dNi showed a clear link with Chl a and cell density. Ni is required in the urea
metabolism of phytoplanktonic cells, and its assimilation is mediated by the Ni-dependent
urease enzyme (Dupont et al., 2010). In view of the dNi drawdown observed, it can be

hypothesize that urea must account for a significant share of the nitrogen sources for
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phytoplankton, in Lake Geneva. This idea is reinforced by the stronger negative correlation
coefficients between dNi and algal descriptors (i.e. Chl a and cell density) versus dNOz and
algal descriptors. Urea is an important source of nitrogen. Although ammonium is
preferentially used as a nitrogen source by phytoplankton community (Présing et al., 2008), it
was reported that urea could represent more than 50% of nitrogen uptake by phytoplankton
(Berman and Bronk, 2003). However, to our knowledge, urea has never been measured in Lake

Geneva and thus it appears substantial to do so, in conjunction with Ni concentrations.

4.2. Phytoplankton seasonal succession

Phytoplankton development in Lake Geneva was tightly linked to environmental
parameters during 2014, following the widely accepted Plankton Ecology Group model (PEG
model; Sommer et al., 1986). During winter, the low temperature, low water column stability
and the low light availability (i.e. PAR < Ik) limited phytoplankton biomass build up as shown
by low Chl a levels. Moreover, taxa found at both stations (i.e. Aulacoseira islandica and
Stephanodiscus neoastraea) were characteristic of Si-rich waters (Barbiero et al., 2006) and
adapted to growth under low light levels (Rimet, 2015).

The spring bloom occurred as light levels, water temperature, and thus WCS, increased.
Moreover, epilimnion waters were nutrient-replete from the winter mixing. However, lower
levels of dSiO> during the pre-spring bloom period were measured at station GE3 as compared
to station SHL2. It is especially visible in the dPO4:dSiO; ratio in March. Accordingly, at
station SHL2, taxa with high nutrient requirements and higher growth rates (Kilham et al.,
1986; Van Donk and Kilham, 1990), such as the diatoms Aulacoseira islandica and
Stephanodiscus neoastraea dominated whereas the typical diatom development may have been
impaired at station GE3. At this station, the phytoplankton community was indeed dominated
by taxa belonging to other phytoplanktonic groups such as Chlamydomonas conica and
Rhodomonas minuta, known as strong phosphorus consumers (Sommer et al., 1986). This
atypical composition at this time of the year (Sommer et al., 1986) had strong repercussions on
phosphorus concentrations, which fell to extremely low levels (< 0.10 uM).

Progressively, a switch from a physical to a bio-chemical control of the phytoplankton
community occurred. Indeed, zooplankton biomass increased from mid-April until mid-August
(Laine and Perga, 2015). Meanwhile, nutrient concentrations decreased due to autotrophic
consumption. Excessing grazing by meta-zooplankton and nutrient limitation are known to

strongly constrain phytoplankton biomass (Balvay et al., 1990) and thus Chl a levels drastically
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decreased. During the clear water phase, Ceratium hirundinella dominated at both stations.
This species, belonging to the class of Dinophyceae, is known to be a poor food source for
copepods due to its large size and shape (Hargrave and Geen, 1970; Nielsen, 1991). While the
CWP was pronounced at station SHL2 (with Chl a levels similar to the winter ones), at station
GE3 it was almost undetectable. The absence of CWP is not un-common when there is a
decoupling between phytoplankton and zooplankton, due to an early development of inedible
and fast growing algae (e.g. Ceratium hirundinella; Deneke and Nixdorf, 1999; Talling, 2003).
It may thus explain the lower intensity of the CWP at station GE3 as compared to station SHL2.

After the CWP, WCS and stratification were at their maximum, but nutrients
concentrations were extremely low. Additionally, exceptional climatic events due to intense
events of floods were recorded and led to a strong decrease of water transparency (i.e. only 2m;
Perga, 2015) at station SHL2. The water column was thus characterized by high rates of
flushing and turbid waters. The development of Ulnaria acus during August and September at
this station, was promoted as it is a highly resistant taxa to flushing and turbid waters (Yilmaz
and Gulecal, 2012). At station GE3, the community composition was somewhat similar to the
one of the spring bloom. Indeed, Chlamydomonas conica and Rhodomonas minuta were the
dominant taxa. However, Ceratium hirundinella was also found in a significant proportion,

most likely due to a lingering of this alga from the CWP.

4.3. Species composition and Chl a vertical distribution

The lower limit of Chl a vertical distribution differed between the two sites. At station
SHL2, cells constantly developed within the euphotic zone whereas at station GE3, algae were
regularly detected deeper in the water column, often below the euphotic zone. Stronger positive
correlations between PAR and Chl a were calculated at station SHL2 as compared to station
GE3. Phytoplankton distribution thus closely followed the light attenuation at station SHL2
whereas at station GE3, cells were mainly found in darker layers of the lake, where almost no
light was measured. Differences in Chl a maximum were also detected. At station SHL2, Chl
a maxima distribution corresponded to a distinct peak in fluorescence at around 10 m (sensu
Hamilton (2010); i.e. always 50% higher than the depth-averaged values). At station GE3, Chl
a maxima were, on the contrary, more diffuse and resulted in a uniform distribution (sensu

Hamilton (2010)) in the water column from 0 to 30 m.
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These variations most likely originated from the discrepancies in species composition
between the two sites. Indeed, nutrient concentrations and light attenuation were similar
between stations and species adapted to grow at low light intensities mainly dominated the
phytoplankton community at station GE3. Due to the strong nutrient consumption observed in
Lake Geneva surface water, these cells benefited from a greater nutrient availability compared
to those constrained to surface water. Nutrient consumption in deeper waters by cells adapted
to grow at low light intensities can be perceived through dPO4 and dSiO> drawdown in bottom
water at station GE3. Indeed, dPO4 concentrations in bottom water of station GE3 were similar
to the surface ones during 2014, phenomenon even more pronounced after the spring bloom,
suggesting a phosphorus depletion of the full water column due to biological consumption. On
the contrary, at station SHL2, dPOs concentrations of intermediate water (60 m) were
constantly higher than the ones of surface water (except during July and September). dSiO>
variations in intermediate and bottom water of each station corroborated this hypothesis.
Indeed, dSiO> concentrations of bottom and surface water at station GE3 evolved in synchrony
whereas at station SHL2, dSiO: levels of intermediate water were consistently higher than
those from the surface.

Additionally, photophysiological measurements revealed that the depth at which light
was optimum for growth, defined as the depth where Ik values and PAR levels are equals, was
about 10 m for both stations. Consequently, phytoplanktonic cells were photoinhibited in
surface (minimal Fv/Fm at 0 m; Sylvan et al., 2007), while they were light limited at 25/20 m
(Ik > PAR levels). However, phytoplankton was still clearly active at this depth as illustrated
by the consistent Fv/Fm measured. While species adapted to grow at low light intensities
benefited from a higher nutrient supply in deeper waters, they were light limited at 25/20 m.
Yet, this ecological trade-off between nutrient and light supply had a beneficial effect as cells
at 20 m at station GE3 maintained higher Fv/Fm as compared to cells at 10 m at station SHL2.
Consequently, it appears that phytoplankton cells at station SHL2 were more likely seasonally

nutrient limited and cells at station GE3 more likely transiently light and nutrient limited.

5. Conclusion

To conclude, our results suggest that the phytoplankton community of Lake Geneva
experienced different temporal and spatial limitation of macro- nutrient and light during 2014.
The use of nutrient deficiency indicators (i.e. dissolved and particulate ratios) in this study put
forward the potential of phytoplankton growth limitation by dSiO, and dPO4. However, further
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investigation through incubation experiments is required to ascertain our results. Micro-
nutrients were not related to Chl a in Lake Geneva, excepted for Ni. Exploration of the link
between this trace element, urea assimilation and phytoplankton in the lake would be valuable
to complement our understanding of the phytoplankton dynamic in Lake Geneva. Indeed, the
ratio dNO3:PON suggested that nitrogen is at the edge of being limiting and that urea might
thus play a critical role. Discrepancies in species composition between the two stations
highlighted a spatial heterogeneity in this large lake and led to differential vertical limitation
of the phytoplankton community. To accurately understand phytoplankton distribution in Lake
Geneva, this study put forward the importance to use phytoplankton taxonomic composition
rather than total Chl a levels. Finally, dPO4 levels at the bottom of the lake are still above 0.60
uM. Consequently, it appears crucial to further control phosphorus inputs to the lake to avoid
resuspension of high quantities of dPO4 during complete lake overturn and thus prevent

potential stimulation of phytoplankton development.
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Abstract

In bottle enclosed experiments we enriched lake water with specific nutrients to identify the
nutrient limitation of the phytoplankton community in Lake Geneva. Phosphate (+P), nitrate
(+N), reactive silica (+Si), Iron (+Fe), Nickel (+Ni) and Molybdenum (+Mo) were added to
surface water collected between 9 and 12 m, during seasonal fieldtrips to Lake Geneva in 2015.
Macro- and micro- nutrients dissolved concentrations, temperature and irradiance as well as
chlorophyll a (Chl a) levels, Chl a:POC ratios, POP:POC ratios and Chl a variable fluorescence
parameters were quantified. The rapid phosphorus consumption, elevated inorganic nitrogen
to phosphorus ratios and increased Chl a, Chl a:POC and POP:POC, in response to P additions,
all indicated a phosphorus limitation in phytoplankton. Moreover, none of the measured
parameters differed significantly from the control in the other treatments. These results were
also confirmed by the response of Chl a variable fluorescence. The effective photosystem I
quantum yield in ambient light, the absolute electron transfer rate and the connectivity under
constant illumination at 53 pmol photons m2 s? significantly increased while the non-
photochemical quenching decreased in the +P treatment. Phytoplankton cells supplemented
with phosphate were thus more efficient to capture photons and to drive them into
photochemistry at light levels close to in situ levels. This is the first study to demonstrate a
phosphorus limitation in Lake Geneva, pointing towards the success of its re-oligotrophication

process.

Key words

Nutrient limitation, Phytoplankton biomass, Variable chlorophyll a fluorescence, Peri-alpine

lake.
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1. Introduction

It is well accepted that physical (e.g. temperature and light), chemical (e.g. pH, carbon
dioxide and nutrient concentration) and biological (e.g. grazing and competition for resources)
parameters are critical to control phytoplankton biomass, biodiversity and distribution in lakes
(Reynolds, 2006). Among them, nutrients are paramount to autotrophic organisms, especially
in the context of a re-oligotrophication phase, which is nowadays a common situation in many
lakes worldwide (Jeppesen et al., 2005). Nutrients are required in the constitutive molecules of
phytoplankton (Hecky et al., 1993; Ho et al., 2003; Steinhart et al., 2002). Macro- nutrients are
implicated in the biosynthesis of the main molecules of life (e.g. proteins, carbohydrates, lipids;
Karl, 2000; Rabalais, 2002) whereas micro- nutrients, also known as trace metals, are
implicated in key enzymatic reactions (Butler, 1998) and are often required for the assimilation
of macro- nutrients. For example, iron (Fe), molybdenum (Mo) and nickel (Ni) are implicated
in nitrogen assimilation (Howarth et al., 1988; Price and Morel, 1991; Romero et al., 2013). Fe
also plays a major role in chlorophyll synthesis (Spiller et al., 1982) and photosynthetic and
respiratory electron transport (Geider and La Roche, 1994). Consequently, phytoplankton
carbon fixation and the associated production of organic carbon products interconnect the
geochemical cycles of macro- and micro- nutrients.

There is a paucity of information on micro- nutrients in freshwaters. Indeed, while macro-
nutrients are frequently measured in lake survey nowadays, such is not the case for micro-
nutrients, as it is time consuming and requires the use of specific sampling procedures (Nriagu
et al., 1993). However, due to efficient removal mechanisms such as high productivities and
sedimentation rates, it is not un-common for large lakes to be depleted of trace metals (e.g.
Nriagu et al., 1996). Additionally, increasing evidence suggests that trace metals can
periodically co-limit algal growth (sensu Saito et al., 2008), despite the overall importance of
phosphorus to control phytoplankton growth in freshwaters (Schindler, 1977). For example, it
was found that Lake Erie phytoplankton productivity was overall controlled by phosphorus
levels but periodically influenced by trace metal such as Fe (Twiss et al., 2000; Twiss et al.,
2005). Similar results were obtained in Lake Superior (Sterner et al., 2004).

Lake Geneva has been closely monitored since 1957 by the Commission Internationale
pour la Protection des Eaux du Léman (CIPEL) and is presently experiencing re-
oligotrophication. Indeed, phosphorus levels decreased by 80% since 1980 and are nowadays
(<19 pg Lt in 2015; Barbier and Quetin, 2016) close to the one corresponding to the pre-
eutrophication period (i.e. 13 pg L% Blanc et al., 1992). Several studies suggest that
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phosphorus is the main potential limiting nutrient in Lake Geneva (Anneville, 2000; Jacquet et
al., 2014) since 2007 (Moisset et al., in preparation-2017a). However, average trace metal
concentrations are low in Lake Geneva (Moisset et al., in preparation-2017b) and similar to
those in the Laurentian Great Lakes (e.g. Fe in Lake Erie range from 0.06 to 5.03 ug L*; Ni
average in Lake Erie: 0.87 + 0.21 pg L) (Nriagu et al., 1996) suggesting that the
phytoplankton community in Lake Geneva may experience similar growth limitation.

In order to provide meaningful information on how freshwater phytoplankton respond to
re-oligotrophication, enrichment experiments were performed using single nutrient additions
of N, P, Si, Fe, Ni and Mo. In addition to chlorophyll a (Chl a), particulate organic carbon
(POC) and particulate organic phosphorus (POP), the photosynthetic functioning of the
phytoplankton community was also assessed. Indeed, according to Sakshaug et al. (1997)
photophysiological parameters are sensitive to changes in light, temperature and nutrient
concentrations. However, only a limited number of studies reported the use of variable Chl a
fluorescence on lakes natural assemblages and more specifically for the study of nutrient
limitation. This work provides a first attempt to identify nutrient limitation in Lake Geneva,

using both enrichment experiments and photophysiology.
2. Material and Methods

2.1. Study site

Lake Geneva is a large (580 km?), deep (average and maximum depths of 152.7 and 309
m, respectively) monomictic lake in the Alps. The lake contains 89 km?3 of water, has a
residence time of about 11 years and does not freeze. It is divided into two geographical units:
the lower or “small lake” and the upper or “large lake”. The small lake represents 14% of the
lake surface area. Reference stations from the CIPEL monitoring program were chosen in each
basin. Station GE3 in the small lake is situated outside Geneva Bay (average depth: 41 m)
whereas station SHL2 lies in the middle of the large lake (average depth: 172 m). If complete
holomictic events occur yearly in the small lake, mixing does not often affect the entire water

column in the large lake.

2.2. Water column sampling

Sampling was performed on board research vessel La Licorne and was planned to

coincide with organism life cycles (Sommer, 1986). At each station, water temperature (T),
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photosynthetically active radiations (PAR; LI1-192, LI-COR biosciences, Lincoln, USA) and in
vivo chlorophyll a (Chl a; Chelsea Technologies group Ltd, Molesey, UK) levels were
determined using a conductivity-temperature-depth sonde (CTD; Ocean seven 316Plus,
Idronaut, Milan, Italy).

Water column profiles were performed using acid cleaned Teflon coated Niskin X bottles
(General Oceanics, Miami, USA) deployed in sequence using a non-contaminating Dyneema
line. At station SHL2, water was taken at 0, 10, 25, 60, 100, 150, 200, 270 m while at station
GES3, the water column was sampled every 10 meters from surface to 60 m. Special attention
was given to avoid contamination of surface samples by the ship hull. Consequently, surface
samples were acquired on a plastic kayak, 200 m upstream from the boat. Bottles were stored
in the dark in a cooler and filtrations were done back in the laboratory (at the most four hours
after collection).

For enrichment assays, water was collected between 9 and 12 m, using a 12 meter long
acid washed polyethylene tubing connected to a peristaltic pump. Prior to sampling, water was
pumped for at least 20 minutes to allow a thorough rinsing of the tubing system. Sixty liters of
water were collected and passed through a 150-um nylon mesh to remove large zooplankton.
Depending on the station and the time of the year, filtration at 150 um decreased Chl a levels
from 0% to 22% (see appendix 6). The 60 liters were stored in an opaque polyethylene acid

washed carboy (Nalgene) upon return to the laboratory.

2.3. Enrichment assays

Seven treatments were tested in triplicate, in 2L acid cleaned polycarbonate (PC) bottles.
In order to avoid settlement of particles, the carboy was shaken gently between sub-sampling
for every two PC bottles. Treatments consisted in addition of either nitrate (NaNOs; +N
treatment), phosphate (NaH2PQOj4; +P treatment), reactive silica (NaSiOs; +Si treatment), iron
(FeCly; +Fe treatment), nickel (NiClz; +Ni treatment) or molybdenum (Na;MoOs; +Mo
treatment). Concentrations (Table 1) were chosen to be ca. 5-fold greater than the average
concentrations of each nutrient at 10 m in Lake Geneva during 2014 (Moisset et al., In
preparation-2017b). Enrichments were made adding stock solutions either of macro- nutrients
passed through an ion-exchange resin (Chelex-100, BioRad®) or certified trace metals (Fluka,
ICP-MS standard).
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Table 1: Nutrient enrichment in the experiments conducted in Lake Geneva in 2015.

Treatment Notation Chemical form Final concentration

Nitrogen +N NaNOs 13.0mg L?
Phosphorus ~ +P NaH2PO4 0.066 mg L
Silicon +Si NaSiOs 8mgL?
Iron +Fe FeCl, 8.99 ug Lt
Nickel +Ni NiCl, 3.00 ug L
Molybdenum +Mo Na;MoO4 490 pg L

Initial dissolved nutrient concentration, particulate organic carbon (POC), nitrogen
(PON), phosphate (POP) and the photo-physiological status of cells were determined using
water from the 60L carboy. In order to account for initial variability, each 2L PC bottle was
further sampled prior to amendment of nutrients, using trace metal clean techniques, for initial
measurements of Chl a. Bottles were sealed with parafilm to avoid trace metal contaminations
and were immediately placed in an incubator (RUMED 34001, Laatzen, Germany) equipped
with Daylight fluorescent tubes (Rubarth Apperate GmbH, Laatzen, Germany) and maintained
at ambient sampling-water temperature and light level to reproduce in situ conditions
(determined according to the CTD profiles). A dark:light cycle was applied to reproduce
seasonal natural conditions. Incubations were run during 63 and 66 hours at stations SHL2 and
GE3, respectively. During this time, each bottle was gently homogenized three times per day.

At the end of incubation, all parameters were measured again.

2.4, Dilution assays

Dilution assays (Landry and Hassett, 1982) were used to measure growth and grazing
rates of phytoplankton during incubations (see appendix 7). On board, water was filtered
through a 0.2 um pore size cartridge filter and mixed with 150 um filtered fraction to achieve
a series of four/five dilutions (100%, 80%, 60%, 40% and 20% lake water) in 250 mL glass
bottles. All dilutions were conducted in triplicates. Chl a concentrations were determined in
each bottle at the beginning and at the end of the assay. Bottles were incubated in the same
incubator and conditions as the enrichment assay. Chl a growth rates (1) were calculated in

each dilution according to equation 1.

_ ln[Chl a]end—ln[Chl a]slart

W= 1)

t
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where In[Chl a] is the natural logarithm of the Chl a concentration at the start and end of the
incubation and t the duration of the incubation. The phytoplankton growth rate was determined
as the intercept with the ordinate of the linear least squares regression of growth rates in each
dilution versus the respective dilution factor; grazing rate of micro-zooplankton (m) was

determined as the slope of this regression (Landry and Hassett, 1982).
2.5. Analytical methods

2.5.1. Chlorophyll a, cell density, elemental composition and main phytoplankton groups

Extracted chlorophyll a measurements were performed following the method described
by Welschmeyer (1994). A volume of lake water comprised between 400 and 1000 mL was
filtered onto 47 mm GF/F filters (Fisherbrand, Hampton, USA) which were then snap-frozen
in liquid nitrogen and stored at -80°C until analyses. Pigments contained in the filters were
extracted in methanol with the aid of vortexing, two 10-min sonication steps on ice water and
18 hours at 4°C to ensure thorough extraction of the chlorophyll a. Following a centrifugation
step at 4°C, the extracted Chl a was then determined fluorometrically on the supernatant using
a Trilogy Laboratory Fluorometer (Turner Design, San Jose, USA) equipped with appropriate
filters (Aex = 436/10 nm broadband, Aem = 685/10 nm broadband).

Cell density measurements were performed on 2 mL fixed samples (0.4% of
glutaraldehyde, Sigma) using a scanning flow cytometer (CytoSense, Cytobuoy, Woerden,
Netherland). Water was pumped at 3.01 pL s in order to measure more than 100,000 particles

and a minimum volume of 950 pL per samples.

POC and PON concentrations were quantified by filtering 400 mL of water from each
2L PC bottle onto pre-combusted (5 hours at 550 °C) 47 mm GF/F (Fisherbrand, Hampton,
USA) filters which were then folded in two and packed in pre-combusted aluminum foil and
stored frozen at -20°C until analyses. Filters were then dried in a desiccator, acid fumed (47%
HCI for 24 h) and analyzed on an elemental analyzer (2400 serie II CHNS/O Elemental
Analysis, PerkinElmer, Waltham, USA) according to Sharp methodology (1974). Internal
calibration was performed using cystine (N241-0324, Perkin Elmer). POP filters were digested
using the potassium peroxodisulfate containing substance Oxisolv (Merck-1129360030).
Filters were digested adding 1 spoon of Oxisolv and 40 mL of deionized water. Bottles were
placed in a household pressure cooker and cooked for 30 min at the highest valve mark. 1.2

mL of ascorbic acid (70 g L™*) and 1.2 mL of reagent solution (200 mL of 4.5 M sulfuric acid,
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45 mL of ammonium heptamolybdate (95 g L) and 5 mL of potassium antimonyltartrate (32.5
g L)) were added, after cooling down to room temperature. Bottles were then equilibrated for
10 min and centrifuged 10 min at 3000 rpm and an aliquot of the supernatant was measured
with a spectrophotometer at 880 nm (DR-3800, Hach, Loveland, USA).

An estimation of the proportion between Chlorophyceae, Cyanophyceae,
Bacillariophyceae/Dinophyceae and Cryptophyceae was performed using a FluoroProbe
(FP2303, bbe moldaenke, Schwentinental, Germany) during early and late summer.
Measurements were done using the bench-top set up, on 25 mL samples. The automatic yellow
substance correction function, included in the FluoroProbe operating software, was used to
measure fluorescing substances that are not algae (i.e. yellow substances) and to correct Chl a
estimates. Results obtained by the FluoroProbe were used in a qualitative rather than a
quantitative way as factory settings were used (the instrument was not calibrated using the

dominating strains of phytoplankton of Lake Geneva).

2.5.2. Variable Chl a fluorescence

Photophysiological characteristics, based on photosystem 11 (PSIl) variable Chl a
fluorescence, were measured using a Fast Repetition Rate fluorometer (FRRf) FastOcean PTX
coupled to a FastAct base unit (Chelsea Technologies, West Molesey, UK). Measurements
were performed on 10-fold pre-concentrated natural samples, using a filtration unitand 0.2 um
pore-size polycarbonate filters (Fisherbrand, Hampton, USA). Samples (100 mL) were slowly
passed through the filter while being continuously re-suspended to prevent cellular aggregation
on the filter. This step was done to insure the detection of a sufficient signal. It did not alter
total Chl a or cellular integrity (microscopic observation). The excitation wavelengths of the
fluorometer light-emitting diodes (LEDs) were 450 nm, 530 nm and 624 nm. The FRRf was
used in single turnover mode, with a saturation phase comprising 100 flashlets on a 2 s pitch
and a relaxation phase comprising 40 flashlets on a 50 us pitch. The minimal (FO) and maximal
(Fm) fluorescence of PSIlI were measured on 45 minutes dark-adapted samples and the
photosynthetic yield of PSII (Fv/Fm) was calculated according to equation 2. Fv/Fm was used
to infer the general photophysiological state of the phytoplankton community.

Fv/Fm = (Fm —FQ0) / Fm 2

Fluorescence light curve (FLC) were performed exposing phytoplanktonic cells to a set
of increasing irradiance levels (0, 8, 53, 98, 201, 300 and 605 pumol photons m2 s?) at 5 min

intervals. Curves were run in duplicates for each treatment and measurements were conducted
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in a temperature-controlled chamber adjusted to match seasonal water temperatures. At the
PAR step 53 pmol photons m s (which is the closest to in situ and incubations light levels
during 2015; Table 2), the minimum (F’s3) and maximum (F’ms3) PSII fluorescence and the
degree of connectivity between PSII reaction centers (p’s3; a greater connectivity suggests a
better use of incoming electrons) were determined. The effective PSII quantum vyield in
ambient light (Fq’/Fm’s3) was calculated following equation 3.

Fq’ /Fm’s3 = (FM’s3- F’s3) / FM’s3 (3)

Non-photochemical quenching of Chl a fluorescence (NPQs3; which reflects the
proportion of excitation energy that does not go in photochemistry) at the PAR level 53 pmol
photons m? st was calculated using the normalized Stern-Volmer following equation 4
(McKew et al., 2013; Oxborough, 2014).

NPQssz = (Fq’/Fm’s3) — 1 4)

Absolute PSII electron transfer rates at the PAR level 53 pmol photons m? s (ETRs3)

was calculated according to equation 5 (Suggett et al., 2006).

ETRss (e PSI ) = opiss x ((Fq°/FM’s3) / (Fv/Fm)) x PARs3 (5)

2.5.3. Nutrient concentrations

A continuous segmented flow analyzer (QuAAtro for NOs and AutoAnalyzer 3 HR for
PO4 and SiO., SEAL Analytical, Norderstedt, Germany) was used to measure macro- nutrients
concentrations on 0.2-um filtered water (Aminot and Kérouel, 2007). Until analyses, SiO>
samples were kept in the fridge at 4°C while NO3z and PO4 samples were frozen at -20°C.
Samples for dissolved trace metals were preserved by 1% acidification with quartz distilled
hydrochloric acid and analyzed by ICP-MS (7700, Agilent, Santa Clara, USA). Each
measurement was performed once and accuracy (103.3 £ 5.2%, n=10) was assured with NW-
TMDA-51.4 certified reference waters (National Water Research Institute, Environment
Canada).

To account for bottle effect, phosphorus drawdown per unit of Chl a increase was
calculated according to equation 6, by comparing the P stock between the control and the +P
treatment at the end of incubations. [Nut +P] represents the nutrient concentration in the +P
treatment, [Nut control] represents the nutrient concentration in the control treatment, [Chl a
+P] represents the Chl a concentration in the +P treatment, [Chl a control] represents the Chl

a concentration in the control treatment.
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Phosphorus drawdown = ([Nut +P] — [Nut control]) / ([Chl a +P] — [Chl a control]) (6)

2.6. General precautions to avoid contamination

In order to avoid contamination by trace metals, all the material used in this study was
washed according to the following procedure: items were (1) soaked for one night in 0.01%
Citranox detergent (Alconox, White Plains, USA) and rinsed 3 times with Milli-Q water (18.2
mQ), (2) soaked for one week in 10% HCI and rinsed seven-fold with Milli-Q water and (3)
dried in a HEPA-filtered laminar flow hood. Items were then stored triple-bagged to prevent
contamination during storage and transport to the field. Additionally, all manipulation and

sampling of the 2L PC bottles were performed under a HEPA-filtered laminar flow hood.

2.7. Statistical analysis

Differences in Chl a, Chl a:POC ratio, POP:POC ratios and photosynthetic parameters
between nutrient treatments and seasons were assessed using a two-way ANOVA on the means
(n = 3 per nutrient treatment). Whenever appropriate, a posteriori multiple comparison t tests
corrected using the Holm-Sidak procedure were used to assess differences among nutrient
treatments and seasons. The link between Fq’/Fm’s3, ETRs3, p’s3 and NPQs3 was studied
through linear regression. All statistical analyses were performed using the software SigmaPlot
11.0. If the response of the phytoplankton community to nutrient addition was found to be
statistically greater than the one in control treatments, the result was considered as indicative

of limitation by that nutrient.

3. Results

3.1. In situ conditions at the beginning of incubation

A holomictic event occurred during winter, before the first enrichment assay, at both
stations. While the mixing of water masses was complete at station GE3 (Lavigne and Nirel,
2016), it occurred only in the first 140 m of the water column at station SHL2 (Barbier and
Quetin, 2016). Water column stratification progressively established from spring to late
summer as reflected by the increase of surface temperature from 12.7 to 22.0 °C and 10.1 to
22.3 °C at stations SHL2 and GE3, respectively. Surface water temperature then decreased to
12.7 and 9.2 °C in winter, at stations SHL2 and GE3, respectively. A build-up of phytoplankton
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biomass was measured during spring, early and late summer at both study sites (Figure 1). Chl
a vertical distribution differed seasonally as illustrated by the variation of the depth of
maximum Chl a, oscillating between 12m-17m and 10m-14m at stations SHL2 and GE3,
respectively (Figure 1).
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Station SHL2 Station GE3

Depth (m)

0 5 10 15 20 25 0 5 10 15 20 25

Chl a (ng/L) and Temperature (°C) Chl a (ug/L) and Temperature (°C)

Figure 1: Vertical profiles of water temperature, chlorophyll a (Chl a) and dissolved
phosphorus (PO4) from surface to 30m, at the two sampling sites. The continuous dark line
represents water temperature whereas the dashed horizontal line represents the euphotic depth.
The continuous green line represents Chl a concentrations and blue triangles represent PO4
concentrations. Left panel: Station SHL2, (A) Spring, (C) Early summer, (E) Late summer, (G)
Winter. Right panel: Station GE3, (B) Spring, (D) Early summer, (F) Late summer, (H) Winter.
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The maximum of Chl a was always measured in the euphotic zone, except at station
SHL2 in late summer (Figure 1E). Water sampling always occurred in the euphotic zone or at
the limit of it as the percentage of surface incident irradiance was comprised between 1.7% to
27.8% (i.e. > 1%; Table 2). Overall, P levels decreased throughout the year at both stations
(Table 2, Figure 1). P concentrations started to decrease during late summer and early summer
at station SHL2 and GE3, respectively (Table 2, Figure 1). At station SHL2, the P decrease
was only measured at 0 m and 10 m while at station GE3 it extended up to 30 m (Table 2,
Figure 1). While NO3 and SiO- concentrations also decreased during 2015, trace metals did not

vary considerably and no distinct seasonal pattern was observed.

Table 2: Physical and chemical properties of lake water prior to enrichment assays. Depth refers
to the depth from which samples were taken. Light levels are given as pmol photons m? s’
and as percentage of surface incident irradiance in parentheses. Temperature and light were
determined from CTD casts. All other parameters were measured from the 60L carboy. n.d. =
not determined.

Station gg{gp"”g Depth T  Light NO: PO, SO, Fe Ni Mo
2
m oC ;Si_gnol photons m mg L ug L

27.04.15 10 7.7 53.2(21.2%) 0.39 0.017 1.09 069 056 1.34

SHLy 150615 11 115 25.3(3.3%) 0.21 0.016 100 nd. 057 1.79
03.08.15 12 16.6 80.5(5.1%) 0.07 0.012 0.84 128 044 161
16.11.15 10 12,5 25.9 (4.4%) 0.18 0.007 0.76 0.86 0.45 149
22.04.15 10 9.2 31L1(1.7%) 0.21 0.017 0.63 1.14 056 1.36

GE3 22.06.15 115 16.3 58.4 (5.0%) 0.22 0.013 0.33 137 046 134
10.08.15 9 18.1 49.7 (27.8%) 0.07 0.009 046 095 0.44 166
07.12.15 10 9.1 9.8(6.1%) 0.28 0.008 1.70 0.96 0.48 149

3.2. Enrichment assays

3.2.1. Initial conditions versus control treatments

Phytoplankton response during incubation with no amendment varied between

experiments (Table 3).
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Table 3: Physiological parameters in the treatment control at the beginning (initial) and end (control) of incubations. Chl a= Chlorophyll a. Chl
a:POC= Chlorophyll a to particulate organic carbon ratio. POP:POC= particulate organic phosphorus to particulate organic carbon ratio. Results
are given as average + standard deviation (n=3). Significantly different values between initial and control are highlighted in bold. Statistical
analysis were not performed on POP:POC ratios as no replicate was available for the initial.

Station Date Depth Chl a Chl a:POC POP:POC
m pg Lt Hegipg Hgipg
Initial Control Initial Control Initial Control
27.04.15 10 83+0.9 145+0.7 0.025 + 0.003 88(2)2 + 0.123 0.035 + 0.008
15.06.15 1 129+11 156 +0.8 0.096 + 0.005 883}1 + 0.357 0.033 + 0.005
SHL2 .
03.08.15 12 38+02 5.6 +0.3 0.020 + 0.004 8882 + 0.206 0.026 + 0.006
16.11.15 10 56+ 0.4 2.3+0.2 0.037 £ 0.005 0.003 + 0.243 0.031 + 0.007
0.001
22 04.15 10 6.8 + 0.2 14.0+0.9 0.011 + 0.002 883}1 + 0.048 0.037 + 0.004
22 06.15 115 185+11 240+ 2.7 0.044 + 0.005 88(2)2 + 0.112 0.021 + 0.007
GE3 :
10.08.15 9 86+07 9.7+0.7 0.021 £ 0.005 8882 + 0.122 0.021 + 0.003
07.12.15 10 27402 27+0.3 0.057 + 0.003 8882 + 0.701 0.035 + 0.004
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Chl a levels significantly increased in the treatments control during 2015, except during
late summer at station GE3 and during winter at both stations. Chl a:POC ratios were
systematically lower at the end of incubation. Decrease ranged between 55% and 92% at station
SHL2 and between 41% and 90% at station GE3, depending on the season. POP:POC ratios
drastically decreased in the treatments control between the beginning and end of incubation.
At station SHL2, a decrease by 84% was measured on average during the four incubations. At
station GE3, a decreased by 23% was recorded in spring while during the other seasons,
POP:POC decreased on average by 86%.

No clear pattern of changes of the photophysiological response emerged, except during
winter and late summer at station GE3 (Table 4). During these incubations marked decrease of
Fq’/Fm’s3 (31 £ 1%), ETRs3 (24 + 12%) and p’s3 (40 £ 30%) were measured while NPQs3
increased (75 + 38%). The light saturation threshold (lk) did not show a specific pattern of
evolution between the initial and the control. Interestingly, Ik values measured were constantly

higher than the PAR level during incubation.
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Table 4: Photochemistry parameters at the beginning (initial) and end (control) of incubations. Photophysiological measurements, at growth light
(53 umol photons m2 sty of PSII photochemical quantum efficiency (Fq’/Fm’ s3), absolute electron transport rate (ETR s3), connectivity (p’ s3),
non-photochemical quenching (NPQ s3). ETR curves against PAR levels were fitted using the beta phase (Webb et al., 1974) to determine the light
saturation thresholds (lk). Results are express as mean (n=2). Statistical analyses were not performed as no replicate was available for the initial.

Station Date Fq’/Fm’ 53 ETR 53 p’ 53 NPQ 53 o Ik ETR max
Initial Control Initial Control Initial Control Initial Control Initial Control Initial Control Initial Control
04.15 0.44 0.41 5.9 5.1 0.38 0.25 1.21 1.23 0.13 0.12 199 111 26 13
06.15 0.47 0.47 5.4 5.1 0.40 0.37 1.27 1.42 0.12 0.11 268 246 31 27

SHL2  4e'5 036 037 50 64 031 035 206 180 041 013 239 274 26 37
1115 031 029 36 39 036 030 160 229 008 008 176 234 15 19
0415 036 037 43 37 020 020 152 118 010 009 92 101 10 9
ces 0615 049 045 52 51 039 036 116 158 011 011 216 207 24 23

08.15 0.40 0.28 7.7 52 0.34 0.28 1.49 2.21 0.16 0.11 202 269 34 30
12.15 031 0.21 6.7 5.7 0.36 0.14 1.60 3.24 0.15 0.13 207 129 31 16
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3.2.2. Nutrient amendments effects versus control treatments

3.2.2.1 Effects of nutrient enrichment on phytoplankton physiology

Significant differences among final Chl a levels, Chl a:POC ratio and POP:POC ratio,
were only observed following P amendments (Figure 2; see appendix 8). Furthermore, effects
were only measured during spring and early summer at both stations and during late summer
at station SHL2. Addition of 0.066 mg L™ of PO, yielded Chl a increase between 25 to 107%
and 14 to 38%, at stations SHL2 and GE3, respectively (Figure 2A, 2B). Chl a:POC ratios also
increased in the +P treatment (27 to 62% and 28%, at stations SHL2 and GE3, respectively)
(Figure 2C, 2D). Finally POP:POC ratios were significantly higher in the +P treatment (52 to
90% and 73 to 77%, at stations SHL2 and GES3, respectively) (Figure 2E, 2F). No significant
differences among final cell densities were measured (data not shown, p value greater than 0.12
and 0.24 at stations SHL2 and GE3, respectively). According to the FluoroProbe, during early
and late summer, the proportion of the four main groups of algae was similar in situ and at the

end of incubation in all treatments (see appendix 9).
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Figure 2: Changes in Chl a, Chl a:POC and POP:POC, in response to nutrient enrichments, at
the two sampling sites. Results are expressed as the percentage compared to the control
treatment. The dotted line represents control treatments, set at 100%. p values refer to the
interaction between treatments and seasons, using a two-way ANOVA tests. Lower case letters
refer to a posteriori multiple comparison t tests corrected using the Holm-Sidak procedure of
the interaction between treatments and seasons.
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3.2.2.2 Effects of nutrient enrichment on phytoplankton variable fluorescence

Significant differences among final Fq’/Fm’s3, ETRs3, p’s3 and NPQs3 were measured
only in the +P treatment (Figure 3). As compared to the effect of nutrients on physiology,
effects on variable Chl a fluorescence were only measured during spring and early summer at
both stations and during late summer at station SHL2. Increase of Fq’/Fm’s3 (13 £ 7% and 22
+ 14%, at station SHL2 and GES3, respectively), ETRs3 (12 + 4% and 34 + 21%, at station SHL2
and GE3, respectively) and p’s3 (52% and 35 + 22%, at station SHL2 and GE3, respectively)
were measured (Figure 3A, 3B, 3C, 3D). Contrastingly, a decrease of 20 + 11% and 21 + 11%
of NPQs3 was detected, at station SHL2 and GE3, respectively (Figure 3E, 3F). No significant
difference among Fv/Fm at the end of incubations was detected (data not shown, p values
greater than 0.19 and 0.07 at stations SHL2 and GE3, respectively).
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Figure 3: Changes in ETR s3, p’ 53 and NPQ s3 according to Fq’/Fm’ s3, in response to P
enrichments, at the two sampling sites. ETR s3, p’ 53, NPQ s3 and Fq’/Fm’ s3 represent absolute
electron transport rate, connectivity, non-photochemical quenching and photosystem quantum
yield at growth light (53 pmol photons m? s?). As statistical differences were only found
between the control and the +P treatment, other treatments (+N, +Si, +Fe, +Ni and +Mo) are
not represented (see appendix 10). White symbols: Control. Black symbols: +P treatment.
Ellipses highlight significant difference between the control and the +P treatment, according

to each season.
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3.2.3. Nutrient concentration

For all enrichment assays performed, nutrient amendments at the end of incubation were
still detectable, as illustrated by significantly higher concentrations compared to the control
ones (see appendix 11). A clear exception to this pattern was detected in the +P treatments,
where concentrations at the end of incubation were similar to the initial ones, suggesting a

complete consumption of this element over the duration of incubation.

Phosphorus drawdown per unit of Chl a increase was calculated in the +P treatment as
compared to the control treatment for each season, as an index of nutrient requirement per unit
of phytoplankton biomass. The phosphorus drawdown per unit of Chl a increase was similar
during spring, early and late summer at station SHL2 (0.27 + 0.07 pgP pgChl a, p value <
0.01) and station GE3 (0.23 +0.12 ugP pgChl a2, p value < 0.02). However, winter phosphorus
drawdowns per unit of Chl a increase were significantly lower at station SHL2 (0.025 + 0.005
ugP pgChl al, p value < 0.01) and station GE3 (0.003 + 0.005 pgP pgChl al, p value < 0.01)

compared to the rest of the year.

4. Discussion

The phytoplankton succession in Lake Geneva during 2015 was characterized by an
absence of clear water phase (CWP) (Rimet, 2016). Instead, a long bloom lingered from June
through September. Besides being un-usual for Lake Geneva (Anneville, 2000; Moisset et al.,
In preparation-2017Db), the absence of CWP may have strongly impaired organic matter re-
mineralization (Sommer et al., 1986). Additionally, the absence of CWP disrupted the schedule
of sampling. As a consequence, both enrichment assays of June and August reflect the
conditions of Lake Geneva phytoplankton during the beginning and the end of the summer
bloom. The response of phytoplankton during the CWP was thus not assessed. Additionally,
the fact that Ik value was 3 to 7-fold greater than both in situ and incubation light, suggests that

light might have been sub-optimal for growth, in all the dates sampled during 2015.

All enrichment assays were performed while the water was stratified, with the exception
of winter incubation at station GE3. Consequently, water exchange between the epilimnion and
the nutrient-rich meta- and hypolimnion was strongly diminished. Macronutrient
concentrations decreased through the year, most likely due to autotrophic consumption.
However, levels of nitrate and silicate in surface waters remained high whereas phosphate

concentrations decreased up to 7 pg Lt Dissolved NO3:POy4 ratios were continuously higher
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than 12.3:1 (g:g) in 2015 and were thus above the Redfield ones of 7.2:1 (g:g), suggesting that
P would limit phytoplankton growth prior to N. Similar results were found during 2014
(Moisset et al., In preparation-2017b).

Moreover, this study was based on bottle assays of a natural phytoplankton community
and many parameters showed signs of a community stress (e.g. Chl a:POC, Fq’/Fm’s3) when
comparing initial conditions to the control treatment. Such response between the beginning and
the end of an enrichment assay is not un-common (Beardall et al., 2001) and might reflect the
grazing activity of micro zooplankton (that passed through the 150 um mesh) or might stem
from the isolation of an already nutrient limited water mass, with no new sources of available

nutrients.

4.1. Effect of nutrient amendments on phytoplankton physiology

In the +P treatments, nutrient addition yielded a significant response of the phytoplankton
community during each season, except in late summer at station GE3 and in winter at both
stations. Chl a levels significantly increased in spring, early and late summer at station SHL2
and in spring and early summer at station GE3. These increase allowed Chl a levels to largely
surpass the initial ones.

Over the course of the incubations, cell density and POC responses to nutrient additions
were not detected, yet Chl a:POC ratio did significantly increase in the +P treatment, indicating
an increase of Chl a per cell due to P additions. It is common for plants in general, including
phytoplankton, to exhibit a decrease in Chl a during nutrient deficiency (Shelly et al., 2011;
Terry and Rao, 1991; Theodorou et al., 1991) due to a decrease of protein synthesis (Ganf et
al., 1986; Geider et al., 1998). Consequently, the increase in Chl a observed in the +P treatment
may not reflect a growth increase but rather a stimulation of Chl a synthesis. As Chl a is a key
component of the photosynthetic apparatus, impacts on the photophysiology were observed
(see section 4.2). Cell stoichiometry was strongly impacted as the POP content was
significantly greater in the +P treatment. However, POC and PON content were similar among
all treatments. Consequently, seston POP:POC ratios were significantly greater in the +P
treatment, due to a significant incorporation of phosphorus-rich compounds within cells. Under
P limitation, it is generally reported that cells not only decrease their protein content but also
all P-rich compounds synthesis such as DNA, RNA, phospholipids and polyphosphates, known
to represent a large share of total cellular P (Rattan, 2009; Theodorou et al., 1991). It is
important to notice, however, that contribution of heterotrophic bacterial biomass and
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particulate detritus is unavoidably taken into account in seston ratios (Arrigo, 2005). Yet, as
the changes of Chl a:POC ratio closely follow that of Chl a, it suggests that the additional
phosphorus indeed benefited the autotrophic community. We can thus assume that changes in
stoichiometry reflect metabolic changes of P-deprived cells following P additions.

In general, the response to P addition increased from spring to late summer, suggesting
a seasonal increase of the phosphorus limitation at both stations. Reasons for the large response
to P addition may have included a greater in situ algal biomass (Table 3), lower initial PO4
concentrations (Table 2) and or slightly higher temperature facilitating rapid growth (Eppley,
1972; Goldman and Carpenter, 1974). During winter, P addition had no effect at both stations.
Changes in the phytoplankton community composition, towards species with low phosphorus
requirements may explain this phenomenon. According to Rimet (2016), Peridinium willei
dominated during winter at station SHL2. This dinoflagellate has low phosphorus requirements
(<9 pgPO4 LY Lindstrom, 1991) and was thus most likely not P-limited. The lower nutrient
drawdown per unit of Chl a increase during winter observed here, at both stations, corroborate
this hypothesis. In conjunction with the low phosphorus biological demand of cells at station
GES3, a winter mixing did occur, increasing the flux of dissolved nutrients to surface water.
Therefore, it is likely that P additions had no effect because the community was likely not P-
limited in early winter.

During late summer at station GE3, the in situ phytoplankton community was strongly
stressed compared to other incubations. Additionally, P addition did not allow Chl a increase
or improvement of the photosynthetic capacities. Since this incubation was performed at the
end of the late summer bloom (Lavigne and Nirel, 2016), phytoplanktonic cells may have been
senescent. It may also be hypothesized that co-limitation by micro- nutrients occurred in situ,
as observed for several of the Laurentian Great Lakes (Sterner et al., 2004; Twiss et al., 2005,
North et al., 2007).

4.2. Effect of nutrient amendments on photophysiology

Phosphorus additions also increased the photosynthetic efficiency of cells at the PAR
level 53 (i.e. growth light), allowing them to maintain their initial physiological status or reach
higher ones. Indeed, cells had higher Fq’/Fm’s3, ETRss, p’ss and lower NQPs3, in the +P
treatment. A response to P addition was observed during spring, early summer and winter at
station GE3 while only during spring at station SHL2. Additionally, according to Ik values,
which were constantly greater than the PAR levels, the phytoplankton community at 10 m was
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potentially in situ light limited, but also during incubations. Indeed, as growth light was
adjusted to mimic in situ conditions, the effects observed on photophysiology in the +P
treatment are mainly attributed to the relief of P limitation and not to a change of the light
limitation.

As previously mentioned, P additions may have stimulated Chl a synthesis in Lake
Geneva. It can thus be hypothesized that P additions restored or facilitated overall pigments
synthesis, including the ones constituting reaction centers (RCs) of photosystem Il (PSII).
Therefore, light harvesting capacities and the proportion of functional reactive centers of PSII
(RCIIs) may have increased and could explain the higher Fq’/Fm’s3 measured in the +P
treatments. Harrison and Smith (2013) and Rattan (2009) found similar results with an increase
of Fq’/Fm’ of the phytoplankton community of lakes Ontario, Erie and Dorset following P
additions. It could however be hypothesized that the Fg’/Fm’s3 increased in the +P treatments
was due to changes of the community composition, as it is species-specific (Suggett, 2009).
While we did not perform species level identifications of the phytoplankton community in this
study, the use of a FluoroProbe showed that no significant community changes occurred
between the initial conditions and control or in any treatment during early and late summer
incubations (no data were available for spring and winter incubations). As a consequence,
increased Fq’/Fm’s3 in the +P treatment might reflect physiological variations due to nutrient
replenishment and not just taxon-based constitutive differences. The seasonal phytoplankton
community structure however did evolve (Rimet, 2016) and changes of Fq’/Fm’s3 should be
interpreted with caution. Both ETRs3 and p’s3 increased concomitantly in the +P treatments
and could have allowed for a better use of incoming light energy. Indeed, increased ETR and
p’ generally reflect a better linear transport of electrons and an increased probability for energy
to be passed between RClIs (Ralph et al., 2011). Similar results were found by Sylvan et al.

(2007) in the Mississippi River Plume, after 24h incubation in P-supplemented water.

5. Conclusion

This work demonstrated that the deep layer of Chl a in Lake Genevaiis likely light limited
but that surface layer of Chl a, comprising most of the phytoplankton, is mostly limited by P.
This work provides the first field measurement of nutrient limitation in the two sub-basins of
Lake Geneva. Several lines of evidence showed that the phytoplankton community of Lake
Geneva was seasonally phosphorus limited in 2015. Indeed, P additions increased significantly
Chl a, Chl a:POC and POP:POC ratios. The analysis of photo-physiological parameters
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(F’q/F’mss3, ETRs3, p’ss and NPQsz) supported these findings; thereby providing an
understanding of how the community responds to changes in phosphorus availability.
However, further work is required to fully understand nutrient limitation in Lake Geneva.
Indeed, phosphorus additions were consumed during the 65 hours of incubations, suggesting
that limitations may not have been fully relieved and that the phytoplankton response may have
been tempered. Additionally, as effects were only measured on the chlorophyll a content and
as no biomass increase was detected following P additions, it would be interesting to reproduce
the experiments on a longer time period. Notwithstanding the finding that P is the upmost
limiting nutrient in Lake Geneva and that winter mixing most likely relieved phosphorus
limitation, efforts to decrease P concentration should be maintained as deep waters still have
high P levels. Deep waters thus represent a significant pool of P for surface waters during deep
winter mixing. However, during late summer at station GE3, data suggest that the P limitation
stress of the in situ phytoplankton community could not be relieved by P additions, pointing
towards a potential co-limitation such as P*Fe, as previously observed in the Laurentian Great
Lakes.
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1. General discussion and conclusions

The aim of this study was to better understand the phytoplankton community response
during the re-oligotrophication process of Lake Geneva. This thesis investigates different aspect
overlooked until now in Lake Geneva such as seasonal changes in micro- nutrients, in Chl a
vertical distribution and in light limitation, including the spatial heterogeneity between the two
sub-basins of the lake. Additionally, it is the only study to provide a direct measurement of the
nutrient limitation in Lake Geneva. My work combined studies on (1) long-term changes of the
phytoplankton community with (2) seasonally highly resolved vertical and horizontal
phytoplankton dynamic during one year and (3) the ascertainment of the role of macro- and
micro- nutrients in Lake Geneva through seasonal enrichment experiments. The following
findings should give useful advice and insights to water management authorities by helping to

adapt the monitoring program of Lake Geneva (Figure 1).

1.1. Implementation of a phosphorus limitation since 1995

The main results of my thesis clearly indicated that phosphorus is nowadays the most
limiting nutrient in Lake Geneva (Figure 1). It is most likely moderately limiting the
phytoplankton community since 1995 (10 + 1 pug SRP L) and strongly since 2007 (7 + 1 g
SRP L) (chapter Il). Results from the seasonal study and the perturbation experiments
corroborate this hypothesis as severe surface (<5 pg SRP L) and deep (up to 60m, SRP <7 ug
L) depletion of P were measured (chapter 111). In conjunction, strong increase of chlorophyll
a (between 46 and 157 %) and photosynthetic capacity at in situ growth light levels, after
phosphorus addition (chapter IV) were registered.

This study put forward the importance of the multi-time scale approach (annual versus
seasonal) as it was found that phosphorus importance in Lake Geneva varied depending on year
to year phosphorus loading (through re-suspension of phosphorus from deep-rich waters during
winter mixing) and seasonal autotrophic consumption. Indeed, while inter-annual phosphorus
levels controlled maximum phytoplankton biomass (chapter 1), the seasonal bioavailability of
phosphorus conditioned both biomass and species succession during the year (chapters 111 and
V).
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A- Changes mn phytoplankton diversity
Evolution from eutrophic towards meso-oligotrophic species
Linked to nutrient changes

B- Changes in phytoplankton biomass
Evolution in four phases with alternating higher and lower levels
Linked to nutrient control modification and water temperature increase
Overall, phytoplankton biomass stable since 1980

C- Importance of phosphorus
Limited importance from 1980 to ca. 1995
Increasing importance from 1995 until 2015

D- Inter-annual spatial homogeneity

Chapter II— Long term dynamic

A- Importance of phosphorus and silicon
Severe seasonal water depletion
B- Changes in phytoplankton biomass and diversity
Classical pattern following the PEG model
Linked mainly to phosphorus, silicon and thermal properties (water T and WCS)
C- Minor importance of iron and molybdenum
No direct link with phytoplankton community
D- Potential role of nickel and its link with urea assimilation
Link between chlorophylla, cell density and nickel
To be further studied to determine its exact implication
Seasonal versus inter-annual importance ?
E- Importance of light
Photoinhibition in surface waters
Light limitation below 10 m
F- Seasonal spatial heterogeneity
Lower chlorophyll @ concentration in the small lake
Greater proportion of motile cells in the small lake
Differences of ecological trade-off between light and nutrients between stations
Phytoplankton community nutrient limited in the large lake
Phytoplankton community light limited in the small lake

Chapter TV - Seasonal nutrient limitation

A- Phosphorus limitation of the phytoplankton community
At both stations
All year long, except in winter
B- Phosphorus addition beneficial for
Phytoplankton physiology
Phytoplankton photosynthetic capacities
C- No apparent limitation by other nutrients

Figure 1: Main results of the thesis according to each chapter.

This thesis also highlighted the potential importance of seasonal silicon (chapter I11)
despite the overall influence of phosphorus in Lake Geneva (chapters 11, 111 and 1V; Figure 1).
Indeed, the severe depletion of SiO, from epilimnetic waters (<0.1 mg SiO2 L) most likely
influenced to the seasonal phytoplankton succession through the replacement of diatoms by
non-siliceous species (chapter Il1; Figure 1). However, SiO, was not identified as a limiting
nutrient of the phytoplankton growth during perturbation experiments (chapter V). Its role thus
appears as secondary, after phosphorus. While phosphorus and silicon were identified as main
factors influencing phytoplankton growth, nitrogen was not (chapters Il, 111 and 1V, Figure 1).
This result is coherent with the ever increasing NO3 concentrations since 1980 (by 21 % and 16

% in the large and small lake, respectively), in Lake Geneva.
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1.2. Vertical distribution in Lake Geneva

The vertical distribution of chlorophyll a varied both spatially and intra-annually
(chapters Il and IV) in Lake Geneva. According to this thesis results, the spatial discrepancies
stem mainly from differential phosphorus concentrations in surface waters between the large
and small lake. In the small lake, greater autotrophic consumption in surface water led to a
decrease of phosphorus availability and thus to community changes towards species adapted to
low light levels (e.g. Ceratium hirundinella, Rhodomonas minuta and Chlamydomonas sp;
chapter 111). These species had a competitive advantage, as they were found deeper in the water
column as compared to those with high light requirement thus confined to surface waters.
Photosynthetically active phytoplankton cells were thus measured deeper in the water column

(up to 30 m) where higher nutrient concentrations were measured (chapter I11).

1.3. Role of light

The importance of light between 0 m and 25 m was assessed through the use of variable
chlorophyll fluorescence, for the first time in Lake Geneva. The optimum light growth-depth
of the phytoplankton community was estimated at ca. 10 m as light levels were similar to the
light saturation threshold (lk; chapters 111 and 1V). Indeed, the ambient light levels at 10 m were
neither saturating nor insufficient. Consequently, in surface waters (0 m), phytoplanktonic cells
were photo-inhibited (low Fv/Fm) whereas they were light-limited around 20-25 m (light levels
< lk; chapters Il and 1V). Overall photosynthetic capacities were maximal at 10 m in the large
(Fv/Fm = 0.37 £ 0.06) and small (Fv/Fm = 0.41 £ 0.02) lake. Surprisingly, in the small lake
photosynthetic capacities were also maximal at 20 m (Fv/Fm = 0.40 £ 0.02), i.e. under light
limiting conditions (chapter I11). Such results are most likely related to the presence of species
with low light requirement at this site. Indeed, despite the apparent light limitation at 20 m,
cells benefited from a greater nutrient availability, which allowed them to maintain consistent

photosynthetic capacities (chapter 1V).

1.4, Role of micro- nutrients

This thesis reports the first measurements of micro- nutrients in Lake Geneva, using
“trace metal clean” techniques. Results indicated that nickel (0.53 + 0.06 pg Ni L) and
molybdenum (1.09 + 0.07 pg Mo L) concentrations in Lake Geneva were similar to other

lakes worldwide (chapters Il and 1V). Iron concentrations (0.92 + 0.51 pg Fe L) were
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comparable to those of the Laurentian Great Lakes but were 50 % to 600 % lower than those of
most other lakes worldwide. Furthermore, it was found that the ratio of trace metal to
phytoplankton biomass is 2 to 4 time lower than those of the Laurentian Great Lakes (chapter
I11), suggesting that less micro- nutrients were available for phytoplankton growth.
Accordingly, it was hypothesized that phytoplankton biomass may be limited by micro-
nutrients. Yet, results highlighted that micro- nutrients were not directly linked to
phytoplankton biomass (chapters Il and IV; Figure 1). An exception was found during the
high-resolution seasonal study, as nickel was negatively correlated to cell density (-0.41 and -
0.66 in the large and small lake, respectively) and chlorophyll a concentrations (-0.42 in the
large lake and -0.62 in the small lake) (chapter I1I; Figure 1). Given that nickel is required in
the urea assimilation, it highlights the potential importance of this nitrogen form in Lake
Geneva. However, perturbation experiments did not corroborate these findings as no changes
of phytoplankton biomass or photosynthetic capacities were measured following nickel
addition (chapter IV; Figure 1). Despite low concentrations, it appears that micro- nutrients may
not have a critical role in Lake Geneva, possibly due to a low biological requirements or

efficient recycling.

1.5. Phytoplankton biomass apparent stability

Despite a phosphorus decrease by 80 % since 1979 (chapter 11) and its potential capacity
to limit the phytoplankton community since 1995 (chapters 111 and IV), phytoplankton biomass
in Lake Geneva is at similar levels nowadays (3.6 + 2.1 pug L'*and 4.4 + 2.8 ug L in the large
and small lake, respectively) as compared to 1980 (5.3 + 3.5 pg Lt in the large lake and 6.9 +
5.7 ug L in the small one) (chapter I1; Figure 1). If phytoplankton biomass remained stable,
species composition however did evolve from species characteristic of eutrophic lakes
(Ceratium hirundinella and Cryptomonas sp.) towards genus representing meso-oligotrophic
conditions (Dinobryon and Peridinium) (chapter 1) and was related to the changes of potential

nutrient limitation through time (chapter Il; Figure 1).

Such findings are counterintuitive as it would be expected that the phytoplankton
community would respond to the implementation of a phosphorus limitation through both a
change of species composition and a decrease of biomass levels. Consequently, it can be
hypothesized that the phytoplankton community is not only controlled via bottom-up
interactions in Lake Geneva. As surface water temperature increased of ca. 1.6 °C (i.e. by 16

%) since 1980 (chapter Il), climate change may be a potential candidate for abiotic control of
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the phytoplankton community. Indeed, according to Adrian et al. (2009) and Moss et al. (2011),
symptoms of eutrophication are increased by climate change (viz., warming). Warmer surface
water in lakes may stimulate phytoplankton production (and thus biomass) and mask the
effective decrease caused by re-oligotrophication. However, distinguishing between the two

processes is extremely complex and requires more powerful statistical analyses.

1.6. The importance of spatial heterogeneity

While the long-term study revealed a similar evolution through time of phytoplankton
biomass, macro- nutrients concentrations and surface water temperature in the small and large
lake (chapter II; Figure 1), the high-resolution seasonal study put forward discrepancies in
phytoplankton biomass, diversity, vertical distribution and light use, and macro- nutrients
concentration between the two study sites (chapter Ill; Figure 1). Such findings may seem
contradictory but are actually the result of differential statistical analyses and experimental
design. Indeed, in chapter Il, data were smoothed applying an annual moving average and
statistical analysis performed on ca. 30 years. It thus minimized the weight of each year and
emphasized inter-annual changes. At the opposite, the experimental design of chapter I11 was
based on a high temporal (monthly sampling) and vertical (7/8 depths sampling of the water
column) resolution during one year. It was thus designed to study seasonal change. Combined
together, these results highlight a similar inter-annual path of evolution during oligotrophication
with seasonal site-specific changes. Consequently, depending on the aim of study, the inclusion

of spatial heterogeneity may or may not be crucial.

2. Perspectives

Because the concentrations of P in the hypolimnion of the large lake are still extremely
high (ca. 60 pg SRP L) compared to that in the epilimnion, a complete winter mixing event
may thus stimulate phytoplankton growth. However, after the last complete mixing event of
2012, phosphorus concentrations in surface waters (17 pug SRP L*; Lazzarotto et al., 2013) and
phytoplankton biomass (Rimet, 2013) remained comparable to those of years following in-
complete mixings, most likely due a dilution effect. Indeed, the hypolimnetic volume of water

is much lower as compared to the epilimnion.

As phosphorus was clearly identified as the most limiting nutrient in Lake Geneva

nowadays and as phosphorus concentrations are currently decreasing, it can be expected that
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the phytoplankton community resilience will soon be outweighed, as observed in many studies
(e.g. Jeppesen et al., 2005). In such case, major changes are expected throughout the complete
food web. Indeed as phytoplankton biomass will decrease, changes in higher trophic levels will
occur (e.g. lower fish biomass; Jeppesen et al., 2005) leading to a general modification of the
trophic relationship, that will in turn impact other natural species depending on lake resources
such as birds but also the economy at large that is associated to Lake Geneva ecosystem. Efforts
to further decrease phosphorus concentrations are highly expensive to the CIPEL monitoring
program, as Lake Geneva phosphorus concentrations are nowadays low. For all the above
reasons, it might be wiser to put effort to maintain rather than further decreasing phosphorus

concentrations.

Due to the need for more data concerning freshwater micro- nutrients concentrations and
their implication in phytoplankton dynamic, it would be interesting to continue their
measurements in Lake Geneva. Moreover, the effect of micro- nutrients was studied through
single nutrient addition (i.e. no combination), however micro- nutrients are required in macro-
nutrient assimilation and they may thus act as co-limiting elements rather than direct limiting
factors. Indeed, perturbation experiments conducted in the Laurentian Great Lakes highlighted
transient co-limitation of phosphorus and Fe. Moreover, the results of this thesis suggested that
such co-limitation may have occurred during late summer in 2015. Hence, it would be
interesting to study the effect of micro- nutrients combined to macro- nutrients (e.g. Fe*P, etc.)
on the phytoplankton community of Lake Geneva. However, the implementation of systematic
micro- nutrient measurements in the CIPEL monitoring program would be expensive and time-
consuming. Thus rather than systematic measurements, it would be interesting to measure
micro- nutrients and their link with phytoplankton at regular intervals (e.g. every 5 years)
through perturbation experiments. To minimize costs, this could be performed by students from
both universities of Geneva (Switzerland) and Savoie Mont Blanc (France), as part of their
master internship. It would allow the scientific community to detect changes in their
concentrations but also of their influence on the phytoplankton community. Additionally,
despite the detection of a link between nickel, chlorophyll a and cell density only in 2014
(chapter I11), the role of nickel and thus urea needs to be further studied, as it was never
measured in Lake Geneva. Indeed, urea may represent a significant share of nitrogen sources

to the phytoplankton community in Lake Geneva (as in other lakes worldwide; chapter I11).
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This study put forward that the low particulate organic matter of cells in Lake Geneva as
compared to the ones defined as optimal (chapter I11). It could thus be interesting to study the
composition of the dominant phytoplankton species of Lake Geneva, to be able to predict when
biomass would response to the decrease of phosphorus. Indeed, by comparing the particulate
content of cells with the dissolved concentrations, potential limitation could be inferred.
Moreover, if potential limitations were already measured, it would re-inforce the idea that
additional factors, other than nutrients, are nowadays controlling phytoplankton biomass in

Lake Geneva.

The results of this thesis represent useful findings to the CIPEL monitoring program.
Indeed, one of the main outcomes was that phytoplankton vertical distribution extended deeper
than 30m nowadays. In conjunction with the on-going decreasing concentrations of phosphorus,
and thus its depletion from epilimnetic waters, cells will tend to prosper at deeper depths to take
advantage of greater concentrations of nutrients (as long as they can survive the light limitation)
in the future. However, the CIPEL sampling depth only extends up to 18 m and 20 m, at station
SHL2 and GE3, respectively. Consequently, we recommend its extension up to 30 m, to ensure

a complete comprehensive understanding of the phytoplankton community changes.

Furthermore, phytoplankton counts and species identification are performed on integrated
samples (0 to 18 m in the large lake and 0 to 20 m in the small one). Yet, our results indicated
strong differences in term of phytoplankton biomass, light limitation, photosynthesis capacities
and nutrient concentrations between 0 m, 10 m and 30 m. It thus appears crucial to study the
dynamic of phytoplankton at discrete depth and we recommend an adaptation of the CIPEL
sampling strategy accordingly. While nitrogen was not identified as a key limiting element of
phytoplankton growth in this thesis, the ever-increasing concentrations (detected since 1980)
are alarming. Measures to stabilize or decrease nitrogen inputs to Lake Geneva should be

considered in the future.

Currently, both referenced stations are in the center of the lake, in the main gyres and are
thus weakly representative of zones under stronger anthropogenic influences (such as coastal
areas and zones influenced by river inflow). It would be interesting to increase the spatial
resolution by adding new stations at key locations within the lake such as the convergence area
of the two main gyres, where most of phytoplankton biomass is detected or in coastal up-welling

regions. To conclude, the future installation of the automated platform LEXPLORE in the large
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lake will allow collecting data in real time and in three dimensions at various spatial scales,

thus completely modifying the present monitoring program.
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Appendix 1. Algal bioreporter optimization

Algal bioreporters are sensors of nutrient availability from the perspective of a living cell.
Indeed, they are defined by Bullerjahn et al. (2010) as “cells designed to produce a quantifiable
signal in response to a specific change in the environment of that cell”. Together with dissolved
nutrient concentrations, algal bioreporters have been described as promising tools to interpret

the seasonal phytoplankton dynamics (Bullerjahn et al., 2010).

Algal bioreporters are usually genetically modified cyanobacteria in which a dependant
promoter is fused to a reporter gene, which once activated is transcribed and translated to a
reporter protein that emits a bioluminescent signal. Figure 1 illustrates the construction of an
iron cyanobacterial bioreporter, in which an iron dependant promoter is fused to the reporter
gene luxAB (bacterial luciferase from Vibrio harveyi). In the case of the use of luxAB as a

reporter gene, the luminescence production requires a substrate.

Cyanobacteria) —————— > LR==] ] Insertion in the
Isolation of an iron- P —l pAM1414 plasmid

ti
dependant promoter SZHE‘:I?CE; nete
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Insertion of
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y Antibiotic resistance (spec) nmmm
amplification
PCR
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ol N

Reinsertion of the modified iron-dependant
promoter in a silent or non-essential gene
of the chromosome (desB gene)

Figure 1. Genetic construction of an iron cyanobacterial bioreporter (from Hassler et al., 2012,
book chapter).

Depending on the regulation of the promoter used, bioreporters are divided into two
classes: (1) “Light on” bioreporters emits light when exposed to a targeted chemical whereas
(2) “Light off” bioreporters continuously emit light. A measured decrease in light intensity after
chemical exposure indicates that the chemical’s interaction with the bioreporter has caused

cellular damage or disrupted general metabolism. Figure 2 illustrates the luminescence
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production of an iron cyanobacterial bioreporter. Under limited iron conditions, a high
bioluminescence production is recorded. As iron bioavailability increases, the bioluminescence

production decreases.
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Figure 2. Luminescence production of a “light off” iron cyanobacterial bioreporter (from
Hassler et al., 2012, book chapter).

In this thesis, we tried to optimize the use of cyanobacterial bioreporters as a routine
tool to measure nutrients availability in Lake Geneva (Table 1). To do so, two “light off”
cyanobacterial bioreporters were chosen for iron (Synechococcus PCC7942; KAS) and
phosphorus (Synechococcus PCC7942; APL). A “light on” cyanobacterial bioreporter was
chosen for nitrogen (Synechocystis PCC6803; AND). The three cyanobacterial bioreporters
were constructed with the Vibrio harveyi luxAB luciferase genes and thus the organic substrate

“decanal” was used.

Table 1: Characteristic of the bioreporters used in this thesis.

Host cells Promoters Reporter gene

Bioreporter Synechococcus isSiAB (chlorophyll binding

KAS PCC7942 protein & flavodoxin)
Bioreporter Synechococcus ) luxAB

phoA (alkaline phosphatase)

APL PCC7942
Bioreporter Synechocystis _ o

AND PCCE803 nirA (nitrite reductase) & LUxAB

Materials and Methods
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The three bioreporters chosen were previously optimized by Hassler et al. (2006) for
KAS, Gillor et al. (2010) for APL and Ivanikova et al. (2005) for AND. However, before to use
them, determination of the optimum conditions of use and definition of limits for its application

in Lake Geneva were required.

The luminescence produced by the bioreporters was measured using a Femtomaster FB14
luminometer (Zylux Corp., TN, USA) after 30 seconds of the luxAB substrate, also named
“decanal”, addition. Chlorophyll a concentrations were measured fluorometrically at 665 nm
on a 2 mL unfiltered water sample on a Trilogy Laboratory Fluorometer (Turner Design, San
Jose, USA). Cyanobacterial growth rate (1) were calculated according to equation 1, where AN
represents the changes in cell number during the exponential phase and At the duration of the

exponential phase.
n=1In AN/ At (1)

Fv/Fm were measured using a fast repetition rate fluorometer (FRRf) FastOcean PTX
coupled to a FastAct base unit (Chelsea Technologies group Ltd). The instrument was
configured to generate single turnover flashes of a sequence of 100 excitation flashlets on a 2
ps pitch and a relaxation phase comprising 40 flashlets on a 50 ps pitch. Data were acquired
and processed with the software FastPro8 GUI, to determine minimum (FO) and maximum (Fm)
photosystem Il (PSII) fluorescence yields. The maximum photochemical yield of PSII in the

dark (Fv/Fm) was calculated according to equation 2.

Fv/Fm = (Fm-F0) / Fm (2)

Table 2: Fe, P and N concentrations in each culture media and Lake Geneva.

Rich Intermediate Poor Lake Geneva

Iron (LM) 45.8 16.3 2.90 0.0009 - 0.062
Phosphorus (uM) 230 84.0 46.0 0.06 - 0.21

Nitrogen (mM) 17.6 5.95 2.30 0.004 - 0.009

The three bioreporters were grown routinely in (1) a rich medium (BG11-SUm), (2) an
intermediate medium (a mixture of 2/3 BG11-SUm and 1/3 Fraquil with 1.5 uM of iron) and
(3) a poor medium (intermediate medium with reduced concentration of the element of interest

for each bioreporter) (Table 2). The concentrations in the poor medium were chosen to be
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similar to the ones in which each bioreporter was optimized, yet they were still considerably
higher than those reported for Lake Geneva (Table 2).

The optimization procedure was conducted in three phases, following the same procedure
of initial optimization by Gillor et al. (2010), Hassler et al. (2006) and Ivanikova et al. (2005):

(1) Construction of growth curves, for the three cyanobacterial bioreporters, to estimate
the analytical window to use them. Growth curves were constructed in synchrony in rich and
poor media and a daily monitoring of luminescence and chlorophyll a concentration was

performed.

(2) Determination of the solvent, the concentration of substrate “decanal” and the dark-
acclimation time before measurements to increase the amplitude and intensity of the
bioluminescent signal. Cells were used in the exponential growth phase and exposed in
synchrony to rich and poor media, for 14 hours (KAS; Hassler et al., 2006), 24 hours (APL;
Gillor et al., 2010) and 5 hours (AND; Ivanikova et al., 2005), after which luminescence and

chlorophyll a concentration were measured.

(3) Construction of calibration curves, for the three cyanobacterial bioreporters, to

convert luminescence into nutrient bioavailability.

Results

Cyanobacterial growth curves, Fv/Fm and luminescence production

Growth curves for KAS and APL were similar, with the beginning of exponential phase
after 18 hours (until 66 hours) in rich medium and after 22 hours (until 73 hours) in poor
medium. The similarity between KAS and APL growth curves stem from the similarity of
strains. AND exponential growth phase started later in rich medium, after 66 hours and
extended up to 118 hours. In poor medium, exponential growth phase lasted from 0 to 79 hours
(Figure 3).

144



8
U oen = 0318 KAS K ich = 0.319 APL W oen = 0281 AND
M poor = 0.284 M poor = 0294 I poor = 0-300
—~ 6
w™
-
SE
g5 4
= [F]
TR
3t
2 1
—@— Rich
—O— Poor
0 T " . . . T T : . . . T . . . . .
0 24 48 72 96 120 144 0 24 48 72 96 120 144 0 24 48 72 96 120 144
Time (hours) Time (hours) Time (hours)

Figure 3: Growth curves based on cell density, for KAS, APL and AND (n=3). Growth rate are
in cell mL™* h't. Bioreporters were grown at 28°C and 43 pmol photons m2 s,

For KAS and APL, the Fv/Fm measured in the rich medium were stable during the first
two days and then drastically decreased until day 8. In the poor medium however, the decrease
was progressive. For AND, the Fv/Fm measured in the rich medium increased until day 4 and

then decreased. In the poor medium, as for KAS and APL, the decrease was progressive (Figure

4).
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Figure 4: Changes in Fv/Fm during the growth curves, for KAS, APL and AND (n=3).

Overall, luminescence production was maximal during the exponential phase for KAS,
APL and AND. For KAS, highest luminescence production occurred during the 2" day and
was similar between the rich and poor medium. For APL, luminescence was maximal until 48
hours and then dropped. Luminescence in the rich media was higher than in the poor media,
this difference was significant only at 48 hours. Finally, luminescence production by AND was

variable between medium. At 24 hours, luminescence in the poor medium was greater than in
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the rich medium. However, from 48 hours to 120 hours, luminescence in the poor medium was

lower than in the rich medium (Figure 5).
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Figure 5: Changes in luminescence normalized by cell density, during growth curves, for KAS,
APL and AND (n=3).

It thus appeared that the luminescence production was not as expected based on the
bioreporter genomic constructions and targeted gene expression relative to nutrient
concentration (Figure 5). Indeed, for KAS and APL a greater luminescence signal was expected
in the poor medium compared to the rich one as they are « light off » bioreporters. Inversely,
for AND a greater luminescence signal was expected the rich medium compared to the poor

one as it is a « light on » bioreporter.

Based on these results, we decided to use the bioreporters in their exponential growth
phase to perform optimization steps 2 and 3. Indeed, it was where the highest Fv/Fm were
measured (thus suggesting their better physiological state) but also where the amplitude

(between the two media) and the intensity of the luminescence signal were the greatest.

Solvent, decanal concentration and dark acclimation

In the literature, different solvents (methanol and MQ-water) and different concentrations
of decanal (from 0.02 mM to 0.27 mM) were used to induce luminescence production,
depending on the bioreporter. Therefore, we chose to test three solvents in which to dilute the
decanal: (1) 100 % methanol, (2) 100 % MQ-water and (3) a mixture of 25 % methanol and 75
% MQ-water. We also chose to test three concentrations of decanal addition: 0.06, 0.12 and
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0.27 mM (Figure 6, left panel). Thereafter, this test is referred to as test A. Additionally; we
performed tests to determine the optimum dark-acclimation period, once cells were harvested,
before to measure luminescence. We tested dark-acclimation periods of: 5, 20 and 35 min
(Figure 6, right panel). Thereafter, this test is referred to as test B. Tests A and B were conducted
at two days interval, in the same conditions, i.e. using similar media, batch of bioreporters and
growth conditions. Each test was run in triplicates and results were normalized by chlorophyli

a concentrations.

The aim of these two tests was to increase the amplitude (between the two media) and
the intensity of the bioluminescent signal, by defining the optimum settings of use of each
bioreporter. Furthermore, given the problem of luminescence production detected during the
construction of the growth curves, we also wanted to ascertain that the luminescence production

was properly functioning.

According to the test A, each bioreporter had specific optimum solvent and decanal
concentrations. Indeed, the greatest amplitude of the luminescent signal was measured using
0.06 mM of decanal diluted in MQ water for KAS, 0.12 mM of decanal diluted in MQ water
for APL and 0.27 mM of decanal diluted in methanol for AND (Figure 6). These results were
similar to those of the literature. Additionally, the luminescence production was properly
functioning during this test as a higher signal was measured in the poor medium as compared
to the rich one for KAS and APL and the opposite for AND.

The test B was not conclusive as the luminescence production was similar between the
two medium, suggesting again an un-reproducible luminescence production. Moreover, after
comparison of test A and B (Figure 6), it appeared that the luminescence strongly varied for
APL and AND. Indeed, the intensity of the signal was ca. 10-fold greater during test B.
However, as test A and B were performed at two days interval and in similar conditions, such
variation in the luminescence signal intensity should not be observed. Tests A and B were
repeated and confirmed the un-reproducible production of luminescence.
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Unfortunately, given the difficulty that we had to obtain a functional and reproducible

luminescence production, we did not perform any calibration curves.

Conclusions and perspectives

According to our results, the initial optimization of the three cyanobacterial bioreporters
(from the literature) is not valid anymore. This is not surprising as KAS, APL and AND were
optimized 11, 7 and 12 years ago, respectively. Therefore, the strains had time to further evolve.
Moreover, all optimization tests performed in this study were done in similar conditions.
Consequently, we should not have these major changes in luminescence production. It clearly
highlights that the signal is not reproducible from an experiment to another, which is a pre-
requisite for the use of bioreporters and that the signal depends on factors other than nutrient

concentration alone.

It was also found that, contrary to what was expected, the luminescence signal was most
of the time not significantly different between the rich and poor medium. This may stem from
the concentrations used in the poor medium which may be too high to induce a limitation and
thus the production of luminescence. We did try to grow the bioreporters at concentrations
lower than those of the poor medium, to decrease nutrient concentrations but also to get closer
to Lake Geneva in situ nutrient concentrations. However, no growth was observed (data not

shown).

The aim was to use the bioreporter in Lake Geneva as a routine tool, yet the bioreporters
used in this thesis are cyanobacterial one and thus are far from representing one of the dominant
group of phytoplankton of Lake Geneva (chapters Il and IV). Consequently, the potential
information obtained using these bioreporters will only provide information concerning
cyanobacterial limitation. However, each species has specific growth requirements and not all
species may be limited by similar concentrations of nutrient as cyanobacteria. As diatoms are
one of the dominating groups of the phytoplankton community in Lake Geneva, it would be
more accurate to use a diatom bioreporter. Unfortunately, genetically transformed diatoms do
not exist yet, probably due to limited genomic sequencing and difficulties to genetically

transform them.
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Appendix 2. APA measurements
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Figure 1: Calibration curves for APA measurements, in autoclaved lake water (circles) and
MQ water (triangles).
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Figure 2: Example of the standard additions performed in May 2014, at station GE3 in surface
water and the associated determination of the sample concentration. Circles represent standard
additions at 0 min (black) and 20 min (white) while triangles represent the sample
measurements at 0 min (black) and 20 min (white).The dotted arrows illustrate the conversion
from RFU to uM of MU, using the standard addition curves. RFU: raw fluorescence unit.
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Table 1: Spearman coefficient correlations. Significant results are highlighted in bold (threshold
of significance set at 0.05).

APA/Chl a APA /POC APA / Cell number
Station SHL2 ~ POa <0.2um +0.32 (0.03) +0.16 (0.49) +0.07 (0.63)
Station GE3 PO4 <0.2um -0.21 (0.14) -0.20 (0.17) -0.22 (0.13)

Results

APA was normalized against chlorophyll a (Chl a), POC and cell density. Results were
similar between the two sampling sites (Figure 3). Moreover, normalization by Chl a and POC
yielded similar patterns of vertical distribution. Indeed, rates of APA increased with depth,
below 100 m. Normalization by cell density, however, did not revealed a clear pattern of

evolution due to highly heterogeneous vertical profiles (Figure 3E and F).

The Spearman coefficient correlations between the different APA normalized and
dissolved phosphorus concentrations (PO4 <0.2um) Were not significant, except at station SHL2
for APA normalized by Chl a and PO4 <02um Where a significant positive relationship was
detected (Table 1). Additionally, as the APA increases with depth, we also calculated Spearman
coefficients for surface water (i.e. between 0 and 30 m). However, no significant relationship

was detected.

Conclusions and perspectives

Alkaline phosphatase activity was mainly detected at depth, below 100 m. It clearly
suggests that its production was not related to the phytoplankton community, which is restricted
to the well-illuminated layers of water (i.e. in the euphotic zone). Consequently, in Lake
Geneva, APA seems to be related to the bacterial rather than the phytoplankton community. It
is well documented that APA can also be produced by bacteria, as illustrated by Baneras et al.
(2010), Cao et al. (2010 and 2009) and Liu et al. (2012). It means that normalization against
Chl a, POC or cell density is not appropriate. Instead, APA in Lake Geneva should be
normalized by bacterial abundance. Unfortunately, bacterial counts were not monitored during

2014. To disentangle the phytoplanktonic from the bacterial APA, measurements of APA could
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also be performed on different fraction of the water such as (1) the total (no filtration), (2) the
coarser (>3.0 um), (3) the finer (0.2 — 3 um) and (4) the dissolved (<0.2 pm) fractions.

Moreover, alkaline phosphatase activity was not related to POs <0.2um during 2014. Indeed,
no correlation was measured, which indicate either no link between APA and phosphorus or an
increase of APA with increasing phosphorus concentrations. In both cases, it did not allow to
detect potential phosphorus limitation. Indeed, whatever the normalization, we did not obtain a
significantly negative relationship with PO4 <0.2um. Reasons for this decoupling could be that (1)
PO4 <0.2um during 2014 stayed above the induction threshold of alkaline phosphatase, (2) the
dominant species of Lake Geneva are not active producers of alkaline phosphatase and (3) the
bacterial signal masked the phytoplankton response. Indeed, alkaline phosphatase production
is species dependant (Keenan and Auer, 1974; Strojsova and Vrba, 2006). To summarize,
alkaline phosphatase does not appear as a suitable phosphorus deficiency indicator in Lake
Geneva, as in many other lakes (Cao et al., 2009, 2010 and references therein) and was thus not

used in publications.
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Abstract

Iron is an essential co-factor for many metabolic enzymes of photoautotrophs. Although iron
limits phytoplankton productivity in broad extensions of the ocean, phytoplankton have adapted
their metabolism and growth to survive in these conditions. Using the cyanobacterium
Synechococcus sp. PCC7002 we investigated the physiological responses to long-term
acclimation to four levels of Fe availability representative of the contemporary ocean (36.7,
3.83, 0.47 and 0.047 pM Fe’). With increasing severity of Fe limitation, Synechococcus sp.
PCC7002 cells gradually decreased their volume and growth while increased their energy
allocation into carbon and nitrogen cellular pools. Furthermore, total concentration of pigments
decreased. Additionally, the intertwined responses observed in photosystem Il functional cross-
section, non-photochemical quenching and re-oxidation time of the primary acceptor QA,
highlighted activation of alternative electron flow in detriment of linear electron flow and
increased energy dissipation mechanisms associated to the different degrees of Fe limitation.
Under mild and strong Fe limitation light state transitions were incomplete becoming
increasingly inefficient, which impairs the dissipation of excess light energy. Thus, alternative
photoprotection mechanisms enter at play. Contrastingly, under severe Fe limitation dominance
of alternative electron flow cycling around PSII connected to an oxidase was supported by the
maximum absolute electron transfer rate around PSIl (ERTmax). The recovery of maximum PSII
photochemical efficiency increased with Fe limitation illustrating the highly efficient
mechanisms dissipating energy, as well as minimizing oxidative stress associated with high
irradiances. Overall, our results establish the sequence of physiological strategies differentially
regulated under increasing severity of chronic Fe limitation, which are relevant to modern ocean

biogeochemistry.

Keywords

Cyanobacteria, iron limitation, photophysiology, photoprotection, non-photochemical

quenching, state transition, marine
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Introduction

Photoautotrophs use light to fix inorganic carbon into organic molecules through
photosynthesis. Cyanobacteria were the first to appear about 3.4 billion years ago. Their
evolution under reductive conditions of ancient oceans favored the ‘luxurious’ use of free
iron (Fe*") in chlorophyll a (Chla) and many redox catalysts involved in several cellular
processes such as respiration, macronutrient assimilation and detoxification of reactive
oxygen species (Raven et al., 1999; Sunda, 1989; Sunda and Huntsman, 1995). However, in
the oxidative conditions of the modern ocean the low solubility of Fe3* leads to low iron (Fe)
availability. Indeed, more than 30% of the world’s oceans have low phytoplankton biomass
despite perennially high concentration of macronutrients due to Fe limitation (Boyd and
Ellwood, 2010; Pitchford and Brindley, 1999). In these regions, coined as high-nutrient low-
chlorophyll (HNLC), the role of Fe as limiting nutrient has been well established in the
Subarctic North and Equatorial Pacific, as well as the Southern Ocean (Behrenfeld et al.,
2006; Martin and Fitzwater, 1988; Tsuda et al., 2003). Furthermore, Fe can co-limit primary
productivity in other regions of the Pacific, Atlantic and Indian Oceans (Moore et al., 2013),

where Synechococcus sp. cyanobacteria form prominent blooms (Flombaum et al., 2013).

In cyanobacteria, photosynthesis and respiration share several protein complexes
connecting photosynthetic responses associated to Fe stress with other principal metabolic
pathways (Campbell et al., n.d.; Scherer et al., 1982). In order to mitigate the effects of Fe
depletion, cyanobacteria typically decrease their Fe requirements and enhance Fe uptake
(Jiang et al., 2015; Wilhelm et al., 1998), which is usually accompanied by lowered
photosynthetic performance (Fraser et al., 2013; Liu and Qiu, 2012). The vast majority of
studies investigating the effects of Fe dearth on cyanobacteria are focused on responses under
Fe starvation (no Fe addition in the culture) versus Fe replete conditions (Ludwig and Bryant,
2012; Ryan-Keogh et al., 2012; Sandstrom et al., 2002). Given that, chronic Fe limitation is
widespread in the contemporary ocean (Moore et al., 2013), acclimation to gradual increase
in Fe limitation is essential to decipher the role of different processes participating to Fe
homeostasis. Few works such as (Liu and Qiu, 2012; Mackey et al., 2015; Thompson et al.,
2011) have thus claimed that acclimation to the stress provides a better mechanistic
understanding on the phytoplankton homeostasis. In this respect, transcriptomic analysis
demonstrated that Synechoccocus sp. PCC 7002 under chronic Fe limitation showed

dramatically different homeostasis mechanisms than under Fe starvation. For instance, Fe
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limited Synechoccocus sp. PCC 7002 decreased their sugar catabolism, through
downregulation of enzymes participating in the oxidative pentose phosphate pathway
(Blanco-Ameijeiras et al., 2017), while almost no changes in carbon (C) metabolism were

reported Fe starved Synechoccocus sp. PCC 7002 (Ludwig and Bryant, 2012).

In cyanobacteria, the metabolic strategies to cope with Fe dearth include a decrease in
cellular growth rates (Wilhelm et al., 1996) and re-allocation in carbon:nitrogen:phosphorus
(C:N:P) stoichiometry (Geider and Roche, 2002). These changes reflect the differential
allocation of resources amongst different macromolecular pools (Halsey and Jones, 2015;
Wagner et al., 2006). Even though the C:N:P stoichiometry has been largely investigated in
cyanobacteria under nutrient replete conditions and N limitation (Finkel et al., 2016; Geider
and Roche, 2002; Ho et al., 2003), information on elemental stoichiometry for Fe limited non-
diazotrophic cyanobacteria is yet lacking. Typically, cellular growth rate and macromolecular
composition greatly affect the degree of reduction of its biomass, being directly related to the
number of electrons needed to synthetize 1 mol of C biomass (Kroon and Thoms, 2006). For
example, the biosynthesis of lipids and proteins requires more reduced nicotinamide adenine
dinucleotide phosphate (NADPH) than the buildup of carbohydrates, resulting therefore in a
more reduced intracellular environment and hence increased reduction of the soluble electron
carriers of the plastoquinone pool (PQ) (Guerra et al., 2013; Jakob et al., 2007). Different
studies demonstrated that the redox state of the PQ pool plays an important role in the regulation
of: (i) expression of nuclear genes involved in photosynthesis and C metabolism (Durnford and
Falkowski, 1997; Escoubas et al., 1995), (ii) phycobilisomes (PBS) mobility (Ma et al., 2010),
and (iii) transition states (energy redistribution between photosystem Il (PSI1I) and photosystem
I (PSI; (Mao et al., 2002)).

In this study we investigate how Fe limitation modulates growth and elemental
stoichiometry as well as their subsequent effects on the redox state of the PQ pool and the
electron transport chain (ETC) in the non-diazotrophic Synechococcus sp. PCC7002. To this
end, we grew this strain under four contrasting levels of Fe availability representative of the
modern ocean. Using variable chlorophyll a fluorescence methods, the acclimation mechanisms
regulating photosynthetic electron transfer and energy dissipation were investigated. These
results were supported by previous transcriptomic analysis of this strain under the same

experimental conditions (Blanco-Ameijeiras et al., 2017). We provide thus a global perspective
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on energy balance and dissipation mechanisms associated with cell growth and macromolecular
composition in response to increasing severity of chronic Fe limitation. Our results highlighted
specific shifts in the photoprotection mechanisms at play associated to the severity of Fe

limitation.

Material and Methods

Culture conditions

Synechococcus sp. PCC7002 was grown in chemically characterized synthetic oceanic
seawater (Hassler et al., 2011), which was chelexed (Chelex-100, BioRad, (Price et al.,
1989), enriched with macronutrients (also chelexed), trace metals and vitamins (Table 1) and
finally filter-sterilized (0.2 um polycarbonate membrane, Whatman). Culture medium was
amended with different concentrations of dissolved Fe (Table 1), resulting in four dissolved
inorganic Fe (Fe’) concentrations (33.67, 3.83, 0.47 and 0.047 pM Fe’), calculated with
MINEQL+ 4.6 (Schecher and McAvoy, 1994). Chosen Fe concentrations represent estuarine
and coastal (Mahmood et al., 2015), oceanic upwelled Fe-rich (Bruland et al., 2001; Buck et
al., 2015) and oceanic low Fe (Buck et al., 2015; Fitzsimmons et al., 2013) regions,
respectively. Hereafter, the different Fe treatments used will be referred to as Fe replete
(33.67 pM Fe’), mild Fe limitation (3.83 pM Fe’), strong Fe limitation (0.47 pM Fe’) and
severe Fe limitation (0.047 pM Fe”). Manipulations were conducted in a trace metal-clean
AirClean Systems (AC600 Series PCR Workstation, STAR LAB, Creedmoor, NC, USA).
All labware and material used were treated to remove any trace metal background
contamination through 1 week soaking in 0.01% citranox (ALCONOX, White Plains, NY,
USA) and Milli-Q rinsing, followed by 1 week soaking in 1.2 M HCI prior to extensive
rinsing with ultrapure water (18.2 mQ) obtained from Milli-Q Direct System (Merk
Millipore, Darmstadt, Germany). Unless otherwise specified, all solutions used in this study
were prepared using analytical grade chemicals (Sigma-Aldrich, Buchs, Switzerland) and
Milli-Q water. Cultures of Synechococcus sp. PCC7002 were grown in semi-continuous
batch cultures at 22 °C in a RUMED 34001 Light thermostat equipped with Daylight
fluorescent tubes (Rubarth Apperate GmbH, Laatzen, Germany), where photosynthetic
active radiation (PAR) was 50 umol photons m? s under a 12:12h light:dark cycle. The

cultures were acclimated to the selected Fe’ concentrations for at least 22 generations before
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start of the main experiment. To this end, 0.5 ng Chla I" of the respective acclimated cultures
was then inoculated in three biological replicates in 2 L polycarbonate bottles. The cells were

harvested after 4 days of incubation.

Table 1. Concentrations of macronutrients, trace metals and vitamins added to the synthetic
oceanic seawater.

) Concentration
Macronutrients

(mol L)
NaNO3 3.00E-04
NaH2PO4 * 2H,0 1.00E-05
Na>SiO3 * 5H,0 1.00E-04
Trace metals
ZnCl; 6.00E-07
CoCl; 1.00E-07
MnCl» 1.35E-07
Na2MoOg4 1.00E-08
NiCl2 6.00E-08
Na,EDTA 6.00E-05
CuCl; 1.20E-08
Na>SeO3 1.00E-09
Vitamins
Thiamine HCI 2.96E-07
Biotin 2.05E-09
Vitamin B12 3.69E-10
Fe treatments used
FeCls (Fe replete treatment) 2.00E-07
FeClz (mild Fe limitation treatment) 2.00E-08
FeCls (strong Fe limitation treatment) 2.00E-09
FeCls (severe Fe limitation treatment) 0.00E+00

All the elements except vitamins were prepared from ICP-MS standard solutions (Fluka).

Cell size and growth rate

Cell size and cell concentration was determined in vivo using the cell counter and analyzer
system CASY Model TTC (Roche Innovartis, Reutlingen, Germany) with a 45 um capillary.
Based on the cell density, growth rate (u1) was calculated according to equation 1.

M= (Lnci—Lnco)/At Q)
Where co and c; are the cell concentrations at the beginning and at the sampling day of the

experiment, respectively, and At is the period of incubation in days.
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Particulate organic carbon (POC) and nitrogen (PON) content

Aliquots of 100-250 mL of culture were concentrated through filtration on pre-
combusted GF/F filters (47 mm, Whatman) and stored at -20 °C. Before analysis, the filters
were fumed with 37% hydrochloric acid for 24 h (Verardo et al., 1990) to remove particulate
inorganic carbon. After drying at 60 °C for 24 h, the filters were packaged in pre-combusted
aluminum foil (Hilton et al., 1986) and analyzed on a Perking Elmer 2400 Series Il CHNS/O
Elemental Analyzer (Perking Elmer, Llantrisant, UK) using an organic analytical standard
of cystine (PerkinElmer, Shelton, USA). POC and PON content were corrected for blank
measurements and normalized to total cell densities to calculate cellular quotas (POCcq and
PONcg). POC and POC production rates (POCprod and PONprod) Were calculated multiplying

the cellular quota by p. Results were expressed in mol C or N cell™* d, accordingly.

Particulate Organic Phosphate (POP) content

Organic phosphorus compounds were digested in presence of the oxidizing
decomposition reagent Oxisolv (Merck Millipore, Darmstadt, Germany) under high
temperature (~ 121 °C) and pressure (~ 100 kPa) to obtain dissolved orthophosphate. After
addition of ascorbic acid (39.6 mM final concentration (Fisher Scientific UK, Leics, UK) and
a 10% v/v of a solution (3.6 M sulfuric acid, 13.8 mM ammonium heptamolybdate and 1.95
mM potassium antimonyl tartrate) the orthophosphate formed a blue heteropoly acid that was
determined by spectrophotometric analysis (Hansen and Korolef, 1983). A calibration series,
ranging from 0 to 500 pg I"* was prepared with known amounts of HsPO4 in H2O Titrisol (Merck
Millipore, Darmstadt, Germany). POP cell quota (POP¢q) and POP production rate (POPprod)

were calculated as described before for POC and PON.

Pigment content

Aliquots of 100-250 mL of culture were concentrated through filtration on 47 mm GF/F
filters, snap frozen with liquid nitrogen and stored at -80 °C until analysis. Pigments were
extracted in 90:10 acetone:water manually homogenized for 24 h at 4 °C in the dark and
filtered (4 mm nylon syringe filters, 0.45 um pore size) prior to analysis. Analyses were
performed using a Hitachi LaChromElite® high-performance-liquid-chromatography
(HPLC) system equipped with a temperature controlled auto-sampler L-2200, a DAD
detector L-2450 (Hitachi High Technologies Inc., Schaumburg, IL, USA) and a Spherisorb
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ODS-2 column (25 cm x 4.6 mm, 5 um particle size; Waters Corp., Milford, MA, USA).
Pigments separation was achieved using a LiChrospher® 100 RP-18 guard cartridge (Merck
KGaA, Darmstadt, Germany). Peaks detected at 440 nm were identified and quantified via
co-chromatography of pigment standards obtained from DHI Lab Products (ORT, Denmark)
using the software EZChrom Elite ver. 3.1.3 following (Wright et al., 1991).

Variable Chla fluorescence

Chla fluorescence measurements were performed using the fast repetition rate
fluorometer (FRRf) FastOcean PTX coupled to a FastAct base unit (Chelsea Technologies
Group Ltd, West Molesey, UK) that circulated Milli-Q water at 22 °C around the sample to
keep the temperature constant during measurements. Three biological replicates were measured
for each Fe treatment during the light phase. Photophysiological measurements were performed
at least 3 h after the onset of incubation light and after 1h dark acclimation prior analysis. Single
turnover fluorescence induction (FRR-ST) curves consisted of a saturation phase comprising
100 flashlets on a 2 ps pitch and a relaxation phase comprising 40 flashlets on a 50 ps pitch.
Excitation light was produced by a block of 450 (preferentially absorbed by chlorophyll), 530
and 624 nm (preferentially absorbed by the PBS) light-emitting diodes (LEDs) with intensities
of 0.66 x 10%, 0.40 x 10?% and 1.49 x 10% photons m s, respectively. Twelve induction
curves, spaced by 120 ms, were averaged using the software FastPro8 GUI (Chelsea
Technologies Group Ltd.) into a single induction curve. This was repeated 6 times with an
interval of 3 seconds per irradiance level. During the single-turnover flash sequence,
fluorescence initially raised linearly with flash number as the PSII became progressively
oxidized, or closed. Using FastPro8 GUI, the acquisitions were fitted to the biophysical model
(Kolber et al., 1998) to determine dark-adapted minimum (Fo) and maximum (Fm) photosystem
I1 (PS) fluorescence yields, PSII functional absorption cross-section (cpsn), re-oxidation time
of primary quinone-type acceptor Qa (t) and degree of connectivity between PSII reaction
centers (p). The concentration of functional reaction centers per cell ([RCII] cellt) was
calculated following equation 2 (Oxborough, 2014b) where Ka denotes an constant instrument

specific.
[RCII cell’! = (Ka x (Folapn))/cell density (2)

The maximum PSII photochemical yield in the dark (F./Fm) was calculated following equation
3.
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Fu/lFm = (Fm'FO) [ Fm (3)

In cyanobacteria, the values of Fv/Fm must be interpreted with caution because they are
influenced by baseline fluorescence (Fv) from phycobilisomes (PBS) and PSI that can chiefly
contribute to the Fo signal (Campbell et al., n.d.; Simis et al., 2012). Under Fe limitation, an
increase of the non-variable component of the fluorescence yield per unit of Chla was
associated to the expression product of isiA and accumulation of energetically detached light
harvesting complexes (edLHCs) in the cyanobacterium Synechocystis sp. PCC6803 (lhalainen
et al., 2005; Schrader et al., 2011). This phenomenon represented almost 50% of the pigment
content in the phytoplankton cells present in HNLC regions and waters of the Fe-limited
subpolar North Atlantic (Behrenfeld et al., 2006; Macey et al., 2014). In this context, thermal
dissipation by excitation of IsiA was reported to contribute up to 38% of non-photochemical
guenching (NPQ) in Synechocystis sp. PCC6803 under Fe starvation (Cadonet et al., n.d.). In
order to account for Fy, associated to edLHCs, all acquisitions were corrected for the Fy
according to equation 4 (Oxborough, 2014b):

Fo = Fm — Fv / (Fe replete Fu/Fm) 4)

where for the Fe replete F./Fn 0.455, determined in nutrient replete cultures, was used. In fact,
the ‘true Fv/Fn’ from PSII alone is expected to be in the range of 0.75 (Campbell et al., n.d.). In
addition, for comparison purposes, all photophysiological parameters were also corrected by Fo
of filtered seawater (fsw; Fsw), where the correction factor was independently determined for
each sample as Fo on 0.2 um filtered growth media. The corrections were performed using the
blank correction option of the FastPro8 GUI software. Only those parameters that consider Fo
in their calculation (FW/Fm, [RCIH] cellt and NPQ) were significantly affected by the Fp
correction. After identifying the major differences induced by Fy, regarding Fsw, in this study
only the results F, corrected will be use for the discussion, in order to account for effects of

edLHCs on Chla fluorescence.

In cyanobacteria, NPQ encompasses (1) thermal energy dissipation and (2) fast state
transitions (distribution of electrons between PSII and PSI) (Campbell et al., n.d.). NPQ was
calculated using the normalized Stern-Volmer following equation 5 (McKew et al., 2013;
Oxborough, 2014b).

NPQ (as NSV) = (Fn/Fy) - 1 = FolFy (5)
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Fluorescence light curves (FLC) were conducted exposing each treatment to a set of
increasing irradiance levels (8, 23, 53, 128, 239, 465, 856 umol photons m2 st) at 5 min
intervals. At each PAR step, the minimum (F’) and maximum (Fn’) PSII fluorescence, PSII
functional absorption cross-section (opsi’), re-oxidation time of primary quinone-type acceptor
QA (1°) and degree of connectivity between PSII reaction centres (p”) were determined. The two
baseline corrections Fy and Frsw above presented were applied for each measurement again. The
effective PSII quantum yield in ambient light (Fq’/Fm’) was calculated following equation 6:

Fq'/Fm’ = (Fn’- F*) / Fi’ (6)

After the FLC, the samples were acclimated to dark for 10 min and a final measurement
was performed to determine the recovery capacity after exposition to high light intensities. The
recovery yield was calculated as the percentage of variation respect to the dark acclimated

samples measured before the FLC.

NPQ for each PAR was calculated using the normalized Stern-Volmer following equation
7 (McKew et al., 2013; Oxborough, 2014b).
NPQ (as NSV) = 1/(F/’/Fn’) - L = Fo’lF’ (7)

Absolute PSII electron transfer rates (ETR) at each PAR were calculated according to
equation 8 (Suggett et al., 2009, 2006). The ETR curve was fitted using the model from (Ralph
and Gademann, 2005) with the beta phase fit. From the fitted curve, maximum ETR (ETRmax),
maximum light use efficiency (a) and the light saturation threshold (Ex) were determined.

ETR (e PSII™ s = opy x ((Fg’/Fm’) / (FulFm)) x PAR (8)

The relationship between NPQ and ) was used as indicative for the changes of state
transition in response to increasing instantaneous light intensities in cells acclimated to different
Fe availability according to (Misumi et al., 2015). Thus, inflexion in any of the two parameters

with increasing irradiances would suggest a change in the state transition.

Statistical analysis

All data were given as the means of the three biological replicates and its standard
deviation. Significant differences between the treatments were tested using one-way ANOVA

followed by post hoc (Holm-Sidak method) tests. The significance level was set to 0.05.
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Correlation between pairs of variables was tested using Pearson product moment correlation
with the significance level set to 0.05. Statistical analyses were performed using SigmaPlot
(SysStat Software Inc., San Jose, CA, USA).

Results

Cellular growth and composition under increasing chronic Fe limitation

Growth rate (u) of Synechococcus sp. PCC7002 decreased by 64% with increasing
severity of Fe limitation (from 36.7 nM to 0.047 nM Fe’; Fig. 1). Concomitantly, the
concentration of Fe’ (representing the availability of Fe in the growth medium) correlated
positively with cellular volume (r = 0.845; P <0.001), which diminished by 26% under 0.047
pM Fe’ (Fig. 1). The POCcq Was 52% higher under 0.047 pM Fe’ than under 36.7 pM Fe’, while
the PONcq Was 64% higher (Fig. 1). Contrary, the POP¢ was 80% lower under 0.047 than under
36.7 pM Fe’, respectively (Fig. 1). The Chla per cell was 90% lower under 0.047 than under
36.7 pM Fe’, while accessory pigments per cell, B-carotene (B-Carot) and Zeaxanthin (Zea),
also decreased 78 and 81%, respectively, between Fe replete and severe Fe limitation (Fig. 1).
Pigment ratios of Chlorophyll a:Zeaxanthin:3-Carotene (Chla:Zea:3-Carot) decreased with
decreasing concentrations of Fe’. The POCprog did not show a linear relationship with Fe
availability. Compared with the Fe replete treatment, POCproq Was decreased by 44% under mild
Fe limitation treatment, but only by 30 and 25% in the strong and severe Fe limitation
treatments, respectively (Fig. 1). Similarly, the PONprod and POPproq rates declined between Fe
replete and mild Fe limitation by 41% and 63%, respectively, while between mild and severe

Fe limitation these rates increased by 37% and 50%, respectively (Fig. 1).
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Cellular content

; /
(fM cell-") g !
B Chlorophyll a
p—carotene
Zeaxanthin

|

m POC,

m PON, b

Bl POPcq

Treatment Severe Fe limitation Strong Fe limitation Mild Fe limitation Fe replete
Available iron (pM Fe’) 0.047 0.47 3.83 36.7
Cell volume (fl) 7.10 £0.132 7.07 £+0.192 8.27 +0.18° 9.58 +1.08°
Growth rate (d-') 0.29 £0.012 0.44 +0.04° 0.71 £0.05¢ 0.80 +0.04¢
POC,,o4 (fmol cell-" d-') 14.11 £1.382 13.13 +0.912 10.55 +1.012 18.7 £0.74¢
PON,,,o4 (fmol cell-" d-') 4.11 £0.4323b 3.60 £0.16° 2.59 +0.11¢ 4.41 £0.31¢
POP,,4 (fmol cell* d-') 0.50 £0.012 0.65 £0.01¢ 0.25 +0.07° 0.68 £0.01°¢
C:N:P 283:90:1 200:55:1 42:10:1 28:7:1
Chla:Zea:B-Carot 3:2: 4:2:1 6:3:1 8:2:1

Figure 1. Cellular volume, growth, production rates and stoichiometry of the cyanobacterium
Synechococcus sp. PCC7002 under different levels of dissolved inorganic iron (Fe’). The
values in the pie charts represent the cellular concentration (fM cell!) of the three major
elements in the particulate organic matter (carbon (POCc), nitrogen (PONc) and
phosphate(POP)), as well as of three pigments (Chlorophyll a (Chla), Zeaxanthin (Zea) and
[-carotene (B-Carot)). The size of the pies is a proportional representation of the cell volume.
Different superscripted italic letters indicate that differences among the Fe treatments are
statistically significant (P < 0.001).

The cellular stoichiometric composition was tightly linked to growth with increasing Fe
limitation (Fig. 2). In this respect, the C:N ratio showed a linear positive correlation with growth
rate concomitantly with increasing Fe availability (Fig. 2A). Meanwhile, the C:P and N:P ratios
were negatively correlated with growth rate (Fig. 2B). In comparison, the Chla:C ratio
exponentially increased with increasing growth rate, concomitant with the increase in Fe
availability (Fig. 2.D).
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Figure 2. Relationship between cellular stoichiometry and growth rate under different Fe
availability. Panels show correlation of the elemental molar ratios: (A) Carbon:Nitrogen (C:N);
(B) Carbon:Phosphorus (C:P); (C) Nitrogen:Phosphorus (N:P) and (D) Chlorophyll a:Carbon
(Chla:C) with growth rate under different Fe availability. Error bars indicate standard deviations
between three biological replicates. Different superscripted italic letters indicate that
differences among the Fe treatments are statistically significant (P < 0.001). Continuous black
lines represent the trend line, grey dotted lines represent the 95% confidence bands and grey
continuous lines represent the average elemental ratios under nutrient replete conditions
summarized from the literature according to (Geider and La Roche, 1994).

Biophysical properties of PSII under increasing chronic Fe limitation

The Fv/Fm corrected by the baseline fluorescence (Fv/Fmrb), brought the uncorrected Fv/Frm
obtained for 36.7 pM Fe’ (0.43) to values close to Fe repletion (0.45). Fu/Fm r Was similar

among the Fe replete, mild and strong Fe limitation treatment (Fig. 3.A). Only under severe Fe
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limitation, Fu/Fm rp (0.39 +£0.03) was significantly lower than mild Fe-limitation (0.44 +0.02; P
<0.001). These results contrasted with F./Fm corrected by Fssw (Fv/Fm rtsw) Which showed a
gradual decrease, from 0.38 to 0.24 with increasing severity of Fe limitation (Fig. 3.A), as
previously reported for Fe starved cyanobacterium Synechocystis sp. PCC6803 (Ryan-Keogh
et al., 2012). The [RCII] cell* corrected by Frw and Fy declined similarly between Fe replete
and strong Fe limitation, by 54 and 66%, respectively (Fig. 3.B). However, under severe Fe
limitation while the [RCII] cell™! F, remained similar to that reported under strong Fe limitation
(34.68 zmol cell?), the [RCII] cell? Frsy raised to values close to those observed under mild Fe
limitation. The NPQrrsw Was significantly higher than NPQr, correction for all the Fe
treatments, with the largest magnitude of difference (47%) observed under severe Fe limitation
(Fig. 3.C). Despite differences in magnitude associated to the correction method, NPQ under

severe Fe limitation was significantly higher than under Fe replete conditions.
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Figure 3. Photophysiological parameters determined in Synechococcus sp. PCC7002
acclimated to different levels of Fe availability. (A) Maximum photosystem Il (PSII)
photosynthetic yield (Fv/Fm); (B) concentration of functional photosystem |1 reaction centres
per cell ([RCII] cellt), and (C) non-photochemical quenching (NPQ) corrected by Fy and by Fo
rsw. Filled bars show the results from correction by F, and empty bars shoe the results from
correction by Forsw. Error bars indicate standard deviation between three biological replicates.
Different superscripted italic letters indicate that differences among the Fe treatments are
statistically significant (P < 0.001).
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The opsi was significantly higher under Fe replete and severe Fe limitation treatments
than in mild and strong Fe limited treatments (Table 2). Despite their large opsii, severely Fe
limited cells showed significantly lower p than in the other treatments with higher Fe
availability (Table 2). Meanwhile, T showed no differences between Fe limited treatments, but

was significantly shorter under Fe replete conditions (Table 2).

Table 2. Photophysiological parameters under different concentrations of dissolved inorganic
iron (Fe’). Superscripted italic letters indicate statistical differences (P<0.001) amongst the iron
treatments. The photosystem 11 (PSII) functional absorption cross-section (opsn), degree of
conectivity between PSII reaction centers (p) and re-oxidation time of the primary acceptor Qa
(t) were devired form measurements in dark acclimated samples. The maximum absolute
electron transfer rate (ETRmax; € PSII s?), absolute electron transfer rate under growth PAR
(ETRss; e PSII 1), maximum light-use efficiency (o; dimensionless), and light saturation
threshold (Ex; pmol photons m2 s™) were derived from fluorescence light curve (FLC) analysis.
FuW/Fm recovery representds the recovery of maximum PSIII photochemical yield after
performance of FLC relative to F./Fm measured right after dark acclimation (%).

Fe' (pM) 0.047 0.47 3.83 33.67
opsn (NM?PSIIY) 2.09 + 0.06% 195 + 0.01° 193 =+ 006° 218 =+ 0.022
p 019 + 004* 026 =+ 003" 027 * 0.02° 027 =+ 0.01°
m 604.53 + 9.06% 656.36 + 6.95% 600.08 + 11.91* 564.85 + 2.03°
ETRs3 o 1150 + 0.392 11.44 + 0.66* 1087 + 057% 1348 =+ 0.14°
ETRmax Fb 11494 + 22.13* 66.89 + 9.54° 6442 + 258" 7637 + 3.14°
OFb 024 + 001* 026 =+ 002* 024 =+ 0.01* 029 =+ 0.01°
Ekro 472.29 + 93.14% 260.23 + 21.85" 266.24 + 3.68° 264.97 + 8.01°
Fu/Fmeo recovery 21.16 + 11.92 -1542 + 7.63 -29.23 + 3.17 -30.39 + 4.84

Photosynthetic performance under chronic Fe limitation

Short-term exposure to increasing light was investigated in all Fe treatments (Fig. 4.A;
Table 2). The ETR under growth PAR (ETRs3 rp) was significantly higher under Fe replete
conditions than under Fe limitation (Table 2), but no significant differences were observed
amongst any Fe limited treatments. Under severe Fe limitation ETRmax rb and Ex rn Were 34%
and 45% higher than other treatments (Table 2; Fig. 4.A), whereas orp Was significantly higher
under Fe replete conditions than for Fe limited treatments (Table 2). After short-term exposures
to increasing light (FLC measurements), the strongest effect on NPQr, was observed under
severe Fe limitation, where NPQr, increased up to 6 when cells were exposed to 856 pmol
photons m? s (Fig. 4.B). Contrastingly, in the treatments with higher Fe availability, the
NPQrp ranged between 1.19 and 1.51 at low PAR and only slightly increased at high PARS
(Fig. 4.B). In order to determine efficiency of photoprotective mechanisms at play under Fe
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limited conditions, we determined the  Fu/Fm o before and after the FLC (Fu/Fm recovery,
Table 2). Under Fe replete conditions, the Fv/Fm o determined after the FLC was 30% lower
than the initial Fv/Fm ro, indicating a low Fv/Fm rp recovery. The potential for Fv/Fm rp recovery
gradually increased with increasing Fe limitation. Under severe Fe limitation, the Fu/Fm o

determined after FLC was 20% higher than its initial value.
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Figure 4. Absolute electron transport rate (ETR; A) and non-photochemical quenching (NPQ;
B) in relation to increasing irradinances from 0 to 856 pmol photons m2 s™in Synechococcus
sp. PCC7002 acclimated to different Fe availability. Continuous lines represent the curve fitted
for each Fe concentration according to (Webb et al., 1974) using the beta phase fit. Error bars
indicate standard deviation between three biological replicates.

Relationship between photophysiological parameters and state transitions

Under Fe replete conditions, the overall relationship between 1’ and NPQr, showed a V-
shape with increasing irradiances (Fig. 5.A). There was a sharp decrease in NPQ reaching a
minimum between darkness and the light onset (8 umol photons m2 s), and for increasing
light up to 128 umol photons m2 s, NPQ and t remained unchanged. After exposition to higher

irradiances (from 239 up to 856 umol photons m2 s, the increase in NPQ was accompanied
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by a decrease of t’. Under mild and strong Fe limitation, the overall relationship between NPQ
and 1’ presented three main sections (Fig. 5.B and 5.C). In the first section, between darkness
and 8 umol photons m? s, NPQ remained similar while 1’ increased. In the second section,
between 8 and 128 umol photons m? s, NPQ decreased while t> declined. Over the third
section, at irradiances above 128 pmol photons m2 s, NPQ increased again while 1 further
decreased, as previously observed for the Fe replete treatment. The main difference between
mild and strong Fe limitation was the lower slope of the second section and greater NPQ value
at 0.47 pM Fe’. Finally, for cells acclimated to severe Fe limitation, the large error bars observed
between 0 and 239 pmol photons m s prevent the extrapolation of a convincing pattern, but
for higher light intensities NPQ increased as for the other experimental treatments (Fig. 5.D).
We have observed that these changes in NPQ and t’ (merged in NPQ*t’) were inversely
correlated with opsi” for each Fe treatment (R? = [0.67, 0.95]; n=7; Supplemental Fig. S3.A).
Under Fe replete conditions, opsi’ reached the highest values at low to medium irradiance levels
(8 to 53 pumol photons m? s1) and decreased with increasing irradiance (Supplemental Fig.
S1.D). Whereas, under any Fe limitation treatments opsii’ gradually increased up to a maximum

at 128 umol photons m2 s and decreased at higher light levels.
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Figure 5. Relationship between nonphotochemical quenching (NPQ) and the re-oxidation time
of the primary acceptor Qa (t') in Synechococcus sp. PCC7002 acclimated to different Fe
availability (panel A to D) and under different irradiances from 0 up to 856 umol photons m-
s’t. Numbers in brackets indicate the PAR (umol photons m2 s™) to which the cells were
exposed for 5 minutes during the fluorescence light curve(FLC). *I and *Il and *1&II indicate
the state transition 1, 2, and incomplete strate transition, respectively. Error bars indicate
standard deviation between three biological replicates.
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Discussion

Macromolecular allocation under Fe limitation

It line with results previously reported (Sandstrom et al., 2002; Wilhelm et al., 1996), Fe
limited Synechococcus sp. PCC7002 showed a reduction in cell volume and growth rate, along
with an increase in specific cell surface. Under nutrient starvation (N, P) different
phytoplanktonic groups have increased lipids and carbohydrates storage, while cellular protein
contents either remain constant or decreased (Bertilsson et al., n.d.; Halsey et al., 2010; Jakob
et al., 2007; Wagner et al., 2006). In Synechococcus sp. PCC7002 Fe limitation also resulted in
an increased allocation of organic C into lipids and carbohydrates (as suggested by the increase
in POCcq), but the increased PONcq pointed towards an increased biosynthesis of proteins and
nucleotides. The general increase of gene expression along with the increasing severity of Fe
limitation in Synechococcus sp. PCC7002 (1084, 1345,1613 genes under mild, strong and
severe Fe limitation respect to Fe replete treatment, respectively) indeed supports the hypothesis
of increasing protein biosynthesis (Blanco-Ameijeiras et al., 2017). Similarly, expression of
genes specificatly involved in the amino acid biosynthesis pathway was enhanced with

increasing Fe limitation (Blanco-Ameijeiras et al., 2017).

Increasing POCcq and PONcq with increasing severity of Fe limitation reflect profound
shifts in the cellular macromolecular composition (Finkel et al., 2016; Geider and Roche, 2002),
which come along with variation in energy demands, hence, the cellular reductive state (Kroon
and Thoms, 2006). For example, the biosynthesis of proteins requires more electrons per mol
C assimilated than carbohydrates biosynthesis (Kroon and Thoms, 2006; Penning de Vries et
al., 1974). Thus, increasing the allocation of N into biomass under increasing Fe limitation
would also increase, the cellular demand for electron, resulting in a more reduced cellular status.
Intracellular redox state of soluble electron carriers such as PQ pool (Mao et al., 2002;
Mullineaux and Allen, 1986; Wagner et al., 2006) plays an important role the electron transport
and hence the carbon fixation via photosynthesis. Thus, additional energy requirement for
protein build up might impair growth (Vrede et al., 2004). Indeed, we observed a significant
correlation between elemental stoichiometries (C:N, C:P and N:P) and growth with increasing
Fe limitation, proving that these parameters remained closely linked under Fe limitation. The
low C:N determined in this study for Fe replete Synechococcus sp. PCC7002 (4.25 mol mol™)
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compared well with the lower range of the previously reported values of C:N for cyanobacteria,
ranging between 3.6 and 7.8 mol mol™* under nutrient replete conditions (Bertilsson et al., n.d.;
Finkel et al., 2016; Kretz et al., 2015). With increasing severity of Fe limitation the C:N ratio
of Synechococcus sp. PCC7002 decreased, contrasting with the responses typically observed in
cyanobacteria and other phytoplankton groups under nutrient starvation (Bertilsson et al., n.d.;
Halsey et al., 2010; Jakob et al., 2007). This decrease in C:N with increasing severity of Fe
limitation was attributed to a larger increase in PON¢q than in POCcq, which was further
accompanied by an increased N:P (mainly resulting from the POPq decrease). Given that P is
mostly required for RNA synthesis and phospholipids (Geider and Roche, 2002), and that RNA
expression was found to increase with increasing severity of Fe limitation in the same strain
(Blanco-Ameijeiras et al., 2017), the decrease in POP¢q could be attributed to a decrease in
phosphoglycerides. One of the main demand of such a compounds comes from the thylakoid
membranes, which in Fe starved cells of Synechococcus sp. PCC7002 have been reported to
largely decrease its abundace (Hardie et al., 1983; Sherman and Sherman, 1983).

Photophysiological parameters in dark acclimated cells

Our photophysiological results pointed towards a transition between two main responses
according to severity of Fe limitation. The first type was observed under mild and strong Fe
limitation, where a decrease in [RCII] cell* and opsi Will respect to Fe replete conditions in
dark acclimated Synechococcus sp. PCC7002 indicated that the cells underwent important
adjustments in their ETC at the PSII level. Furthermore, the increase of t observed under mild
and strong Fe limitation relative to Fe replete conditions indicated that the Qa pool was more
reduced and thereby slower electron transport. These observations were in good agreement with
the increase in the reduced state of the biomass as indicated the C:N. Mild and strong Fe
limitation in Synechococcus sp. RCC7002 resulted in up-regulation of the gene isiA up to
maximum levels, which remained unchanged with increasing severity of Fe limitation (Blanco-
Ameijeiras et al., 2017). This induction of isiA supports a decrease in linear electron transport
from PSII to PSI (LET). Indeed, IsiA protein forms a ring complex around the PSI, increasing
the effective cross-section of PSI (Ryan-Keogh et al., 2012) and the electron flux trough the
PSI (Sun and Golbeck, 2015) under Fe limitation. In this context, the significantly lower values
of opsii’ observed under Fe mild and strong limitation could be associated to the increase of
IsiA, which competes with the PSII to form complexes with PBS disconnected form the PSII

as previously proposed (Joshua et al., 2005; Wilson et al., 2007). Thus, the separation of PBS
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from PSII could prevent the over-oxidation of reaction centers. Finally, p remained similar
under mild and strong Fe limitation as well as Fe replete conditions, suggesting that the rapid
transmission of excitons to other open RCII could act as a protective mechanism minimizing
RCII over-oxidation (Liu and Qiu, 2012), thereby allowing Fv/Fmr and NPQr, to remain

similar.

The second type of response was observed under severe Fe limitation, where cpsii was
significantly enhanced up to values similar to those registered under Fe replete treatments,
suggesting a switch in the electron flow through towards alternative electron pathways. In this
case, PBS would re-associate (like under Fe replete conditions) to PSII and electrons would
flow from PSII to intermediate/terminal oxidase utilizing O2 as the terminal electron acceptor
(required in the cells for night respiration). Indeed we have observed that under severe Fe
limitation Synechococcus sp. PCC7002 up-regulated the gene ctaEll, encoding for the
respiratory terminal oxidase cytochrome oxidase I, whereas components of the ETC with high
Fe demands, such as PSI were down-regulated ((Blanco-Ameijeiras et al., 2017). Thus, the pool
of PSII remained highly oxidized but the LET decrease. Such mechanism was reported in the
literature for different cyanobacteria and natural communities under Fe limitation (Bailey et al.,
2008; Ermakova et al., 2016; Mackey et al., 2008). The NPQgrp increase under severe Fe
limitation, reflected a significant enhancement of photoprotection mechanisms through thermal
dissipation. In this context, a fraction of the IsiA in excess could form IsiA-PSII complexes,
where IsiA does not contribute to the PSII light-harvesting but has a protective role for
dissipation of excitation energy excess (lvanov et al., 2006; Park et al., 1999; Sandstrém et al.,
2001). Although formation of IsiA-PBS complexes (disconnected from the photosystems)
which also act as a energy dissipation mechanism could be at play (lvanov et al., 2006; Joshua
et al., 2005). However, the Fy, correction would have removed such effect in our dataset. The
dual function of IsiA as PSII light harvesting antenna under mild and strong Fe limitation, and
energy dissipating mechanism under severe Fe limitation condition is in line with previous work
from (Yeremenko et al., 2004).

Tolerance to short-term exposure to high PARs under chronic Fe limitation

The different trends of ETRs3 rp and ETRmax ro 0Observed in Synechococcus sp. PCC7002
with increasing severity of Fe limitation highlight significant changes in photochemical electron

flow and photoprotective mechanisms with increasing PAR levels. Here the “V” shape of the
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relationship between NPQ and t" of Fe replete Synechococcus sp. PCC7002 in response to
increasing PARs was in good agreement with observations in other cyanobacteria species also
Fe replete (D. Campbell et al., 1998; Misumi et al., 2015; Mullineaux and Allen, 1986). In the
dark, the respiratory electron transport typically drives Fe replete cells into state 2, where cyclic
electron flow around PSI takes place (D. Campbell et al., 1998; Huang et al., 2003; Mullineaux
and Allen, 1990). The decrease in NPQ observed upon onset of illumination in Fe replete
Synechococcus (Fig. 5.A) was in agreement with previous studies reporting that the oxidized
PQ pool induced transition to state 1 where the electron flow was redirected through PSII
(Campbell and Oquist, 1996; Misumi et al., 2015). Typically the maximum values of opsi’’
during the short-term exposure to increasing irradiance corresponds to state 1, when the PBS
are connected to PSII (D. Campbell et al., 1998), as shown in Supplementary Fig. S2. In line
with this, the product of NPQ and t', used as proxy to investigate state transitions, was inversely
correlated with opsi” in response to increasing PARs in all our Fe treatment (Supplementary
Fig. S3). The highest opsi’ corresponded well with the state 1, which was maintained between

8 and 239 umol photons m s under Fe replete conditions.

Under mild and strong Fe limitation the transition to state 1 was only achieved at 128
umol photons m s'rather than at about the growth irradiance (53 umol photons m?2 s?),
suggesting that Fe limitation hampers state transitions. In this regard, (Ma et al., 2010, 2007)
showed that over-oxidation and over-reduction of Qa limit PBS mobility leading thereby to
inefficient state transitions. Decreasing NADH dehydrogenase and respiration activity have
been suggested as primary drivers to decrease the electron transfer to the soluble electron
carriers, resulting in an oxidized PQ pool in the dark (Huang et al., 2003; Ma et al., 2007).
Indeed Fq’/Fm’ determined here at the onset of illumination in Fe limited Synechococcus sp.
PCC7002 remained unchanged with respect to dark conditions (Supplementary Fig. S2),
indicating that the Qa pool remained largely oxidized in the dark. Furthermore, Fe limited
Synechococcus sp. PCC7002 have shown a significant down-regulation of the genes ndhD and
ndhF (encoding for different subunits of NADH: dehydrogenase) (Blanco-Ameijeiras et al.,
2017), where ndhF is required for the transition to state 2 in the dark (Huang et al., 2003; Ivanov
et al., 2006). Finally, this hypothesis of inefficient state transitions under mild and strong Fe
limitation is in good agreement with previous studies reporting increasing half-time of the state
2 transition (transition from state 1 to state 2) in Fe starved Synechococcus sp. PCC7942 and
Synechocystis sp. PCC6803 (lvanov et al., 2006; Mullineaux and Allen, 1986).
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Under severe Fe limitation the extreme values of t observed with increasing irradiance,
suggest that both over-oxidation and over-reduction of the Qa pool (Ma et al., 2010) could be
severely hampering complete state transitions. Hence, alternative electron pathways such as
pseudo-cyclic electron transport (Bailey et al., 2008; Grossman et al., 2010), cyclic electron
transport through PSII (Feikema et al., 2006; Prasil et al., 1996) and electron transport to a
midstream plastoquinol oxidase such as CtaEll as discussed above, could be at play providing
additional photoprotective mechanisms and an alternative source of ATP under short-term high
PAR exposure. Indeed, the significantly higher ETRmax reported under severe Fe limitation
further supports this hypothesis. Similar mechanism was previously reported under Fe-limiting
conditions and short-term exposure to high irradiance for natural phytoplankton communities
from the Pacific Ocean (Mackey et al., 2008; Schuback et al., 2015) as well as monoclonal
cultures of the diatom Thalassiosira oceanica and the prymnesiophyte Chrysochromulina
polylepis (Schuback et al., 2015). The significant enhancement of POCc in Fe limited
Synechococcus sp. PCC7002 compared to Fe replete conditions suggests that this alternative

electron flows are efficient to produce required ATP to sustain C fixation in Fe limited cells.

Under high irradiance levels the inflexion between NPQ and t°, together with the low
opsi Observed after exposure to 465 umol photons m st under Fe replete conditions and after
239 umol photons m st under strong and severe Fe limitation, suggests the activation of an
additional energy dissipation mechanisms. Moreover, severely Fe limited Synechococcus sp.
PCC7002 showed the highest capacity of F./Fm ro recovery (Table 2), highlighting the high
efficiency of their photoprotective mechanisms, as reflected by the significant increase in NPQ
with increasing short-term exposure to high PARs (Fig. 5B). We have observed that the
homologous gene encoding orange carotenoid protein (OCP), reported as a key cyanobacteria
dissipating mechanism (Kirilovsky, 2007; Sedoud et al., 2014; Thurotte et al., 2015), was
constitutively expressed under all the Fe treatments tested in Synechococcus sp. PCC7002. The
OCP has the potential to largely the increase of NPQ under high irradiances as reported for Fe
starved Synechocystis sp. PCC6803 (Wilson et al., 2007).
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Conclusion

Our results establish a sequence in physiological strategies to respond to mild and severe
Fe limitation. Severity of chronic Fe limitation induced profound alterations in the physiology
of Synechococcus sp. PCC7002. With increasing Fe limitation, the cells gradually decreased
their volume and growth, while their elemental stoichiometry dramatically shifted, indicating
an increasing energy allocation into proteins, carbohydrates and lipids synthesis. Thus, the
redox state of the biomass became more reduced affecting the redox state of soluble electron
carriers as well as photosynthetic and respiratory electron transport. Photophysiological
analysis, in combination with previous transcriptomic analysis of Synechococcus sp. PCC7002
under identical environmental conditions, revealed a shift in the photophysiological response
between mild and strong Fe limitation, and severe limitation. Under mild and strong Fe
limitation a decrease in LET, likely in favor of cyclic electron flow around PSI, was
accompanied by increasingly inefficiency in state transitions. Under severe Fe limitation, state
transitions seemed to be largely replaced by alternative electron cycling around PSI1I connected
to an oxidase. In addition, highly efficient mechanisms to dissipating energy excess and
minimize oxidative stress associated with high irradiances increased with increasing severity of

Fe limitation as suggested the increase of Fu/Fm ro recovery.
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Appendix 4. Particulate micro- nutrients

measurements.

Three runs of digestion were performed (Table 1) based on the methods used by Michael
Ellwood (personal communication; run 1), Christel Hassler (personal communication; run 2)

and the Geotraces cruises (run 3).

Table 1: Digestion protocols. Volumes are given in pL, duration in hours and temperature in
degree Celsius.

Final Digestio  Digestion  Evaporatio
volum qTC qHé\IO HF MQ n temperatur n
e duration e temperature

Ellwood 2100 500 500 100 180 12 90
D'gels“o” 1500 360 360 70 700 12 120 140
Hassler 1250 250 750 250 O 12 95
D'gezs“on 2000 400 1200 400 O 24 130 150
Geo;race 2000 50%  10% 4 130 130
D'ge?f“o” 2000 200 1000 200 600 4 130 150

For run 1, a specific washing procedure of the vials was performed as described in Bowie
et al. (2010) and digestions were performed in 4 mL Teflon PFA vials, on whole filters by
refluxing on a Teflon coated hotplate. The filters were partially immerged and partially digested
during this digestion. Remaining of filters were trace metal clean, manually removed. These
digestions were performed on a shared hotplate due to common and restricted laboratory space

for HF manipulation.

For run 2, digestions were performed in 15 mL Teflon PFA vials, which allowed for a
cleaner insertion of filters in the vials compared to digestion 1. Prior digestions, vials were
sequentially soaked 24 h and heated at 140 °C in (1) phosphate-free detergent (Citranox,
Alconox), (2) 50% HCI (VWR), (3) 50% HNOs (batch 1, VWR), (4) 50% HNOs (batch 2,
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VWR) and (5,6,7) MQ-water. Filters were not directly in contact with the acid mixture and
were digested by refluxing on a Teflon coated hotplate. The duration of digestion was double
to try to improve recovery of standard material. These digestions were performed in a hood

dedicated only for that purpose, which had been thoroughly cleaned before use.

For run 3, the same tubes and cleaning procedures were used as compared to digestion 2.
As the proportions of acids used here were close to those of aqua regia, the duration of digestion
was strongly reduced compared to digestion 1 and 2. This procedure completely digested filters.

As for run 2, an independent hood was used.

Whatever the run, samples were then evaporated to dryness and re-suspended in 1%
gHNOs (10mL final volume) and the BCR-414 (Trace elements in plankton, Community
Bureau of Reference, Institute for Reference Materials and Measurements, Belgium) was used
as certified reference material. pTM concentrations were measured by ICP-MS (7700,Agilent,
Santa Clara, USA) by Damien Cabanes (University of Geneva).

Results

Results, from the first run of digestions, showed that the blanks were extremely high and
that the overall recovery of the certified material was inferior to 65 % (Table 2). These results

were thus unsatisfactory.

Table 2: ICP-MS analysis performance of digestion 1. DL: detection limit.
Fe (g L™) Ni(ugL™)  Mo(ugL™
Procedural blanks and DL

Acid mixture + 0.2 um PC filter (n=3)  102.65 + 50.96 30.17 +4.20 0.274 + 0.062

DL 152.88 12.60 0.186

gHCI (n=3) 109.92 +27.27 34.89+1.43  0.150 £ 0.005
DL 81.81 4.29 0.015
Analysis of certified material BCR-414

Certified 93.1+35 0.95 +0.04 0.068 + 0.003
Measured (n=3) 37.84+1459 0.059+0.03  0.038£0.003
Recovery (%) 40+ 15 63+5 56 + 6
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In the second run of digestions, the metal content of the MQ-water used was measured to
verify that it was not a significant source of trace metals. Blanks were greatly inferior to those
of digestion 1 and the MQ-water quality was satisfactory. However, the recovery of the certified
material strongly varied. Indeed recoveries were either extremely low (e.g. iron) or almost at
100% (e.g. nickel) (Table 3).

Table 3: ICP-MS analysis performance of digestion 2. DL: detection limit.
Fe (ug L) Ni(ugL?) Mo (ugL™)

Procedural blanks and DL

MQ water (n=7) 0.86 + 0.02 0.069 £ 0.016 0.028 + 0.003
DL 0.06 0.048 0.009

gqHCI (n=6) 0.94 + 0.07 0.075+£0.012 0.027 +0.001
DL 0.21 0.036 0.003

Acid mixture (n=2) 3.86 + 1.87 2.215+0.236  0.032 £0.001
DL 5.61 0.708 0.003

Acid mixture + 0.2 um PC filter (n=4) 1.94+1.22 3.454+0.698 0.039 +£0.014
DL 3.66 2.094 0.042
Analysis of certified material BCR-414

Certified 185+0.9 0.19 £ 0.00 0.014 + 0.000
Measured (n=2) 1.28+0.54 0.19 £ 0.00 0.005 £ 0.001
Recovery (%) 73 99+ 2 38+8

The blanks of the third digestions were much higher than those of digestion 2 but lower
than those of digestion 1. The recovery was unsatisfactory for iron and molybdenum (< 50%)
but superior to 75% for nickel (Table 4). Additionally, the averaged concentrations (from
different depths and months) of iron and molybdenum were below the detection limit (Table
4).
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Table 4: ICP-MS analysis performance of run 3. DL: detection limit.

Fe(ugL™®)  Ni(ugL™h Mo (ug L)

Procedural blanks and DL

qHCI (n=6) 347+£0.91 0.037+£0.005 0.083+0.038
DL 2.73 0.015 0.114
Analysis of certified material BCR-414

Certified 1875+13.7 191x0.14 0.14£0.01
Measured (n=4) 89.4+94 1.50+0.15 0.06 £ 0.01
Recovery (%) 48 £ 3 795 406

Lake Geneva samples

Station SHL2 (n=32) 1.60+1.60 0.04+0.03 0.001 + 0.002
Station GE3 (n=26) 1.35+1.29 0.05+0.03 0.001 + 0.002

Results concerning particulate nickel were plotted in Figure 1 and 2, as the blanks and

the percentage of recovery were satisfactory.

3.0
Station SHL2 Station GE3
2.5 1@ Surface water (0-25 m) ®  Surface water (0-20 m) _
P v Intermediate water (60 m) v Bottom water (30-60 m)
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Figure 1: Distribution of particulate nickel at the two sampling site, during 2014.
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Figure 2: Comparison between dissolved and particulate nickel during 2014.

The distribution of particulate Ni did not vary much during 2014 (Figure 1). Additionally,
the ratio of dissolved Ni (normalized by POC) to particulate Ni (normalized by POC) was
constantly above the 1:1 line, i.e. dissolved nickel was always in excess in water as compared

to its particulate form (Figure 1).

Conclusions and perspectives

According to our results, the changing in digestion procedure between the first run and
the two other did improve the quality of blanks. It can thus be hypothesized that the
contamination during digestion 1 stem from cross contamination on the hotplate (by the
sediment digestion that occurred simultaneously). However, the blanks during run 3 were much
higher than those of run 2, thus highlighting a source of contamination other than the trace
element released by the MQ water or the acids. Indeed, the same material and chemicals were

used during run 2 and 3.

Moreover, the percentage of recovery of BCR-414 certified material was unsatisfactory
in the three runs, except for nickel in runs 2 and 3. It suggests that the digestion procedure is

not strong enough or that a matrix effect occurs in our samples. As we still have 5 mL of volume
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left of the run 3, we will measure again the lake and BCR samples, using an internal standard
to detect a potential matrix effect and determine the pTM content of BCR-414 using internal
standard additions. If the recovery significantly increase and that blanks are satisfactory, these

data will be included in chapter I1I.

Despite the intermediate recovery of nickel (i.e. 79 £ 5%), we plotted the seston form
versus the dissolved form of this element, to infer a potential limitation. Indeed, according to
chapter 111, nickel was strongly linked to both chlorophyll a and cell density during 2014, which
suggested the importance of nickel and or urea in Lake Geneva. Yet, according to the
stoichiometry of nickel, it was not in limiting proportion, as the dissolved form was always in
greater proportion compared to the particulate one. It thus implies that urea rather than nickel

may have influenced the phytoplankton community in Lake Geneva in 2014.
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Appendix 5. Chl a, cell density and POC

concentrations
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Chlorophyll a (Chl a), cell density and particulate organic carbon (POC) concentrations during
2014, according to depth, at the two sampling sites. The left panel represents Chl a (a), cell
density (c) and POC (e) at station SHL2. The right panel represents Chl a (b), cell density (d)
and POC (f) at station GE3.
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Appendix 6. Filtration impact on Chl a levels

Filtration impact on Chl a levels. Water was filtered using nylon mesh and the fraction below
150 pum was used for incubation. Results are given as average + standard deviation (n=3).

Station Sampling date Depth Chla
m pg Lt
Unfiltered <150 um 0.2 -0.4 ym
04.15 10 94+11 92+03 0.3+0.0
SHL? 06.15 11 139+14 12105 0.3+£0.0
08.15 12 70+14 6912 0.2+0.0
11.15 10 6.6+02 6.7+0.8 0.2+0.0
04.15 10 13.4+0.7 104+04 04+£0.1
GE3 06.15 115 302+15 287148 0.2+0.0
08.15 9 19.8+0.7 16.3+19 0.3+£0.0
12.15 10 66+10 53+06 0.3+0.0
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Appendix 7. Dilution assays results

Estimation of phytoplankton growth rates (1) and grazing impact of micro-zooplankton
communities (m) at the depth of sampling. Estimation of y and m based on linear least squares
regressions. r? reflects the quality of fit. p value reflects the significance of the linear fit slope.

Significant estimate are highlighted in bold.

Station Sampling date Depth Duration L m r’  pvalue

m h day?
04.15 10 72 0.34 0.34 0.81 0.002
SHL2 06.15 11 24 0.86 0.78 0.67 <0.001
08.15 12 24 0.40 0.38 0.22 0.505
11.15 10 24 -0.03 0.11 0.10 0.209
04.15 10 72 0.11 0.05 0.07 0.488
GE3 06.15 11.5 24 0.44 0.09 0.08 0.715
08.15 9 24 0.21 0.14 0.20 0.008
12.15 10 24 056 059 0.79 <0.001

197



198



Appendix 8. Effect of treatments on Chl a, Chl

a:POC ratio and POP:POC ratio

Effect of treatments on Chl a, Chl a:POC ratio and POP:POC ratio, at the two sampling sites.
Chl a = Chlorophyll a (ng L). Chl a:POC = Chlorophyll a normalized by particulate organic
carbon (ug:pg). POP:POC = Particulate organic phosphorus to particulate organic carbon ratio
(ug:ng). Results are given as average + standard deviation (n=3). Treatments average

significantly greater than control are highlighted in bold.

Station SHL2

Date Treatment Chl a Chl a:POC POP:POC

C 145+0.7 0.025 + 0.006 0.035 + 0.008

N 145+0.8 0.027 + 0.005 0.045 + 0.007

P 18.1+1.8 0.031 +0.004 0.067 + 0.005

27.04.15 Si 157+15 0.028 + 0.004 0.036 + 0.003
Fe 15.0+1.1 0.024 + 0.002 0.030 + 0.001

Ni 16.6+1.0 0.030 + 0.003 0.034 + 0.003

Mo 16.2+0.8 0.026 + 0.005 0.025 + 0.002

C 15.6 £0.8 0.021 + 0.004 0.033 £ 0.005

N 16.6 £ 0.5 0.024 + 0.007 0.044 + 0.013

P 204 +2.3 0.028 + 0.002 0.065 + 0.006

15.06.15 Si 16.8+1.3 0.024 +0.003 0.039 + 0.006
Fe 159+1.4 0.021 + 0.004 0.034 £ 0.002

Ni 165+2.0 0.020 + 0.002 0.034 + 0.003

Mo 169+1.1 0.023 + 0.004 0.038 + 0.007

C 5.6+0.3 0.009 + 0.003 0.026 + 0.006

N 54+0.7 0.009 + 0.002 0.024 + 0.002

P 11.7+1.3 0.014 +0.002 0.039 + 0.002

03.08.15 Si 57+13 0.008 + 0.004 0.025 + 0.004
Fe 6.4+0.4 0.009 + 0.003 0.024 + 0.004

Ni 5.6+0.8 0.008 + 0.004 0.022 + 0.002

Mo 7.0 0.011 +0.002 0.035 + 0.003

C 23+0.2 0.003 + 0.001 0.031 + 0.007

N 24+0.1 0.003 + 0.000 0.035+0.011

P 25+0.2 0.003 + 0.001 0.043 £ 0.004

16.11.15 Si 24+0.2 0.003 + 0.000 0.032 £ 0.004
Fe 25+0.2 0.004 + 0.000 0.034 + 0.002

Ni 2.7+0.2 0.003 + 0.000 0.026 + 0.005

Mo 25+0.2 0.004 + 0.001 0.032 + 0.006
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Station GE3

Date Treatment Chl a Chl a:POC POP:POC

C 14.0+0.9 0.021 £ 0.004 0.037 + 0.004

N 13.3+0.8 0.018 £ 0.003 0.032 + 0.005

P 19.3+2.8 0.027 = 0.007 0.065 + 0.003

22.04.15 Si 11.6+05 0.014 +0.003 0.037 + 0.005
Fe 13.4+£0.2 0.016 + 0.002 0.035 + 0.008

Ni 13.8+0.7 0.017 £ 0.003 0.032 + 0.004

Mo 13.8+1.1 0.018 £ 0.003 0.029 + 0.006

C 240+ 2.7 0.026 + 0.002 0.021 + 0.007

N 24.7+2.8 0.028 + 0.007 0.027 + 0.001

P 32.8+4.3 0.025 + 0.005 0.036 + 0.006

22.06.15 Si 205+1.9 0.019 + 0.002 0.020 + 0.001
Fe 219+14 0.019 £ 0.001 0.022 + 0.004

Ni 22.0+5.1 0.022 +0.003 0.021 +0.001

Mo 245+5.0 0.022 + 0.005 0.019 + 0.003

C 9.7+0.7 0.009 + 0.002 0.021 +0.003

N 95+05 0.009 + 0.002 0.023 + 0.003

P 11.1+1.7 0.010 = 0.003 0.023 + 0.003

10.08.15 Si 9.2+0.3 0.010 £ 0.005 0.022 + 0.004
Fe 99+14 0.010 £ 0.002 0.018 + 0.001

Ni 8.4+0.1 0.008 + 0.003 0.024 + 0.007

Mo 8.9 0.009 + 0.002 0.022 + 0.002

C 2.7+0.3 0.006 = 0.002 0.035 + 0.004

N 2.6 +£0.6 0.005 = 0.001 0.039 + 0.007

P 26+04 0.005 + 0.003 0.038 + 0.004

07.12.15 Si 22+0.2 0.004 £ 0.004 0.038 + 0.014
Fe 23104 0.004 + 0.003 0.035 + 0.004

Ni 24+0.1 0.004 + 0.002 0.032 + 0.002

Mo 24+04 0.004 + 0.001 0.033 + 0.002
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Appendix 9. FluoroProbe measurements

Station SHL2 Station GE3
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Estimation of the proportion of Chlorophyceae, Cyanophyceae,

Bacillariophyceae/Dinophyceae and Cryptophyceae, at the two sampling site. Results are given
as percentages of the total chlorophyll a concentration during early (A and B) and late summer
(C and D). Left panel: Station SHL2. Right panel: Station GE3.
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Appendix 10. Photophysiological parameters at

the end of incubations

Photophysiological parameters at the end of incubations, at the two sampling sites. Fq’/Fm’s3,
ETRss, p’s3 and NPQs3 represent photosystem quantum yield, absolute electron transport rate,
connectivity and non-photochemical quenching at growth light (53 pmol photons/m/s

1).Results are given as the average (n=2). n.d. = not determined.

Station SHL2

Date Treatment Fq’/Fm’53 ETRs3 p’53 NPQ53
C 041 5.1 0.25 1.23
N 0.43 5.1 0.24 1.13
P 0.50 5.8 0.38 0.89
27.04.15 Si 0.46 5.2 0.28 1.08
Fe 0.43 5.1 0.26 1.17
Ni n.d. 4.6 0.18 1.01
Mo 041 4.4 0.22 1.16
C 0.47 5.1 0.37 1.42
N 0.44 54 0.31 2.24
P 0.48 4.9 0.37 1.25
15.06.15 Si 0.48 5.3 0.36 1.29
Fe 0.45 5.3 0.35 1.68
Ni 0.46 5.4 0.34 1.59
Mo 0.48 5.4 0.37 1.33
C 0.37 6.4 0.35 1.80
N 0.37 6.3 0.34 1.95
P 0.41 6.4 0.36 1.70
03.08.15 Si 0.36 6.2 0.34 1.94
Fe 0.35 6.5 0.34 1.88
Ni 0.40 6.6 0.35 1.54
Mo 0.38 6.7 0.36 1.83
C 0.29 3.9 0.30 1.85
N 0.28 3.8 0.29 1.88
P 0.31 4.3 0.32 1.75
16.11.15 Si 0.28 3.8 0.29 1.82
Fe 0.26 3.4 0.27 2.15
Ni n.d. 3.9 0.30 1.88
Mo 0.26 3.5 0.26 1.90
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Station GE3

Date Treatment Fq/Fm’s3 ETRs3 p’s3 NPQss3
C 0.37 3.7 0.20 1.18

N 0.40 4.6 0.27 1.25

P 0.42 4.5 0.27 1.06

22.04.15 Si 0.36 3.9 0.20 1.40
Fe 0.41 4.8 0.31 1.33

Ni 0.36 4.0 0.24 1.37

Mo 0.38 4.2 0.23 1.25

C 0.45 52 0.36 1.58

N 0.42 4.9 0.32 1.74

P 0.51 5.0 0.41 1.21

22.06.15 Si 0.44 4.8 0.35 1.69
Fe 0.45 4.9 0.35 1.74

Ni 0.44 5.1 0.37 2.00

Mo 0.42 4.7 0.33 1.80

C 0.28 5.3 0.28 2.21

N 0.28 5.4 0.28 231

P 0.28 5.5 0.29 2.15

10.08.15 Si 0.24 4.4 0.25 2.68
Fe 0.29 5.2 0.30 2.01

Ni 0.31 55 0.32 1.86

Mo 0.26 4.6 0.27 2.62

C 0.21 5.7 0.14 3.24

N 0.19 4.1 0.14 4.89

P 0.29 8.6 0.22 2.25

07.12.15 Si 0.20 4.0 0.15 3.55
Fe 0.19 4.1 0.14 4.08

Ni 0.23 7.2 0.16 3.24

Mo 0.18 4.6 0.16 3.85
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Appendix 11. Macronutrients concentrations at

the end of incubations

Macronutrients concentrations at the end of incubations, at the two sampling sites. Results are
given as average + standard deviation (n=3). Treatments average significantly greater than

control are highlighted in bold.

Station SHL2

Date Treatment NaH:PO, NaNO3 NaSiOs;

C 11.9+0.3 34+03 0.9+0.01

N 99+1.2 16.1+0.6 0.9+£0.01

P 12.7+1.0 35+0.2 0.8 £0.03

27.04.15 Si 135+1.2 3.3+0.2 4.8 +0.07
Fe 147+1.8 34+0.0 0.9+0.01

Ni 8.1+23 3.2+0.7 0.9+0.02

Mo 6.6 + 3.0 3.4+00 0.9 +0.02

C 125+0.4 3.9+0.8 0.9 +0.02

N 143+1.3 195+ 3.6 0.9+0.01

P 11.8+2.1 46+0.2 0.9+0.01

15.06.15 Si 11.3+2.0 46+0.4 5.1+0.27
Fe 11.7+0.1 48+11 0.9+0.00

Ni 139+28 3.9+0.6 0.9+0.02

Mo 144+12 42+19 0.9+0.02

C 16.4+1.3 1.8+0.1 0.7 £0.08

N 11.0+4.9 10.7+0.4 0.6 £0.06

P 54+1.2 1.5+£0.0 0.6+0.01

03.08.15 Si 7.8+0.5 1.7+0.1 4.7 +0.04
Fe 13.4+22 1.9+0.0 0.6 +0.12

Ni 6.5+55 19+0.1 0.7+0.01

Mo 26+1.6 1.7+£0.0 0.7 £0.01

C 9.4+05 0.7+0.0 0.6 £0.03

N 10.3+1.9 51+0.1 0.5+0.01

P 124+1.1 0.7+0.0 0.5+0.04

16.11.15 Si 12.0+0.8 0.7+0.0 42+0.28
Fe 139+29 0.8+0.0 0.6 £0.02

Ni 154 +0.6 0.7+0.0 0.6 £0.02

Mo 11.9+3.0 0.7+0.0 0.5+0.01
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Station GE3

Date Treatment NaH;PO, NaNO3 NaSiOs;

C 17.7+0.6 5.2+0.2 0.4+0.01

N 18.6+0.2 221+19 0.4+0.01

P 15.3+1.6 3.7+0.6 0.3+0.06

22.04.15 Si 17.7+2.0 42+0.2 4.1+0.15
Fe 15.2+8.8 43+0.3 0.4+0.01

Ni 46+1.3 35+0.2 0.4 £0.00

Mo 7.0+1.2 29+0.1 0.4 +£0.02

C 21.8+5.3 3.0+1.6 0.3+£0.02

N 21.8+4.4 221+94 0.3+0.01

P 20.1+4.1 22+1.2 0.3+0.02

22.06.15 Si 229+4.0 26+1.6 45+0.08
Fe 15.2+04 1.9+0.0 0.3+0.01

Ni 20.2+7.0 26+14 0.3+0.00

Mo 12.7+1.9 1.8+0.0 0.3+0.00

C 12.2+0.9 1.3+0.0 0.2 £0.02

N 13.1+0.8 10.3+04 0.2 £0.02

P 12.1+0.1 1.0+0.1 0.1+0.02

10.08.15 Si 11.8+0.3 1.1+0.3 41+0.11
Fe 99+24 1.3+0.2 0.2 +£0.03

Ni 8.6+27 1.3+0.0 0.2 £0.02

Mo 155+2.2 11+0.1 0.2 +£0.01

C 102+1.1 1.1+0.0 1.6 £0.03

N 13.8+6.2 5.2+0.0 1.6 +£0.08

P 37.7+49 1.1+£0.0 1.4 +0.08

07.12.15 Si 15.7+1.9 1.1+£0.0 51+£0.16
Fe 15.2+3.9 1.2+0.0 1. +£0.06

Ni 10.9+0.7 1.1+0.0 1.2+0.01

Mo 106 +1.6 1.1+0.0 1.2+0.01
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