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Abstract

Biomass dynamics in the marine lake are strongly dependent on seasonal variability in vertical
stratification, indicating rapid adaptation of phytoplankton to short-term changes in the water
column. A small marine lake (Rogoznica Lake, Croatia), which fluctuates between stably stratified
and holomictic euxinic conditions, was used as a model to study the phytoplankton responses to
environmental perturbations, in particular the anoxic stress, caused by periodic holomixia. The
epilimnion showed significant temporal and vertical variability with a chlorophyll a subsurface
maximum with the highest biomass near the chemocline. Fucoxanthin-containing biomass
(diatoms) dominated in the epilimnion in colder seasons and was first to recover after holomictic
euxinic events. The shift toward the smaller groups prevailed during highly stratified water column
conditions in warmer seasons. Results for the hypolimnion were more enigmatic, with high
concentrations of alloxanthin, zeaxanthin, and violaxanthin indicating the presence of a viable

small-size mixotrophic community under extreme conditions.

Keywords: phytoplankton, pigments, chlorophyll a, carotenoids, Rogoznica lake, anoxia,

holomixis, stratification



1. Introduction

Phytoplankton is an essential component of the marine food web and plays a crucial role in the
global carbon cycle (Jeffrey, 1997; Jeffrey et al. 1997, 2011; Reichle, 2020). Changing
environmental conditions caused by anthropogenic impacts and climate variability result in
significant changes in physico-chemical conditions in coastal water bodies, which in turn may
impact phytoplankton composition and abundance, often leading to undesirable phenomena such as
enhanced eutrophication and the development of hypoxia or anoxia in stratified waters (Aiken et al.
2009; Mikaelyan et al. 2013; Ciglenecki et al. 2015, 2017; Van de Vyver et al. 2019).

The light-harvesting and photoprotective pigments are essential components of photoautotrophic
production (Jeffrey, 1997, 2011; Lohr 2012) and therefore represent the most specific chemical
biomarkers to assess phytoplankton dynamics. While chlorophyll a (Chl a) is the most

important indicator of total phytoplankton biomass in the marine environment, the presence of other
chlorophylls and carotenoids and their degradation products can be used as chemotaxonomic
biomarkers to assess phytoplankton community composition and physiological status (Jefferey et
al., 1997, 2011). This approach has been successfully applied in different marine environments
(Malej et al. 1995; Ahel et al, 1996; Barlow et al. 2008; Wright and Jeffrey 2006; Aiken et al. 2009).
In addition, carotenoids can be used as excellent indicators of phytoplankton community
physiological conditions under various environmental and trophic conditions due to their
photosynthetic (PSC) and photoprotective (PPC) functions (Barlow et al. 2008; Jeffrey et al. 2011).
Various environmental stressors trigger carotenogenesis and lead to carotenoid accumulation as a
means of cellular defense response, such as predominant nutrient stress, high protective systems
against reactive oxygen species and free radicals, high light and UV exposure, anaerobiosis,
presence of free sulfide, variations in temperature, salinity, and pH (Jeffrey et al. 2011; Lohr
2012).Furthermore, due to their photosynthetic (PSC) and photoprotective (PPC) role, carotenoids
can be applied as excellent indicators of physiological status of the phytoplankton community under
various environmental and trophic conditions (Barlow et al. 2008; Jeffrey et al. 1997, 2011).

A number of previous literature studies have shown that phytoplankton dynamics and the resulting
ecological conditions are extremely vulnerable to changing environmental conditions in different
marine environments, including large anoxic basins like the Black Sea (Agirbas et al. 2017),
estuaries (Chai et al. 2016; Lee et al. 2020), and stratified lakes (Cosovi¢ et al. 2000; Camacho
2006; Reavie et al. 2016; Sendra et al. 2019), which often lead to disruptions of regular seasonal
biological and organic carbon cycles.

The Rogoznica lake (RL) is a small but complex, permanently stratified marine environment,
consisting of oxic epilimnion and euxinic hypolimnion separated by a thermohalocline.

Hydrographic conditions in RL fluctuate between stably stratified and holomictic euxinic



conditions. Given the small size of the system, it provides an excellent opportunity to study the
effects of various environmental factors on phytoplankton communities, particularly the interplay
between the epilimnion and hypolimnon, and the influence of holomictic anoxia on the
phytoplankton succession (Ciglenecki et al. 2005, 2015, 2017; Buric et al. 2009; Pjevac et al. 2015,
2019; Cankovi¢ et al. 2019, 2020, 2021). The lake has been shown to be strongly influenced by
atmospheric and climatic flactuations (Ciglenecki et al. 2015, 2017), resulting in a very dynamic
ecosystem. These short-term perturbations create an environment in which microorganisms have to
adapt to constant changes in physico-chemical parameters,which represent a stress for the current
biocenosis (Ciglenecki et al. 2015, 2017; Cankovi¢ et al. 2019). Extreme weather events as the main
effect of climate variability have contributed to the increased frequency of holomictic events in RL
in the last decade (Ciglenecki et al. 2015, 2017; Margus et al. 2015; Cankovi¢ et al. 2020). The lack
of oxygen during holomictic events leads to mass mortality and has catastrophic effects on the
overall functioning of this lake ecosystem (Krsini¢ et al. 2000). So far, most of the studies regarding
characterization of phytoplankton biomass in RL were based on the classical microscopic methods
and focused on the microplankton fraction (Buri¢ et al. 2009; Ciglenecki et al. 2015; MaleSevic et
al. 2015). It was shown that the microplankton community was composed mainly of diatoms (up to
97%) and dinoflagellates (3%) and included about 40 different taxa with the periodic recurrence of
dense populations of Chaetoceros curvisetus, Thalassionema nitzschioides, Cyclotella
choctawhatcheeana, and Dactyliosolen fragilissimus (MaleSevi¢ et al. 2015), Prorocentrum
arcuatum Issel (Buri¢ et al. 2009) and Ceratium furca (Svensen et al., 2008). The diatom
composition was characterized by low species diversity and high single species abundance (up to
107 cells L-1). It was observed that strong phytoplankton blooms lead occasionally to extreme
values of water column oxygen saturation (200%—-300%) (Ciglenecki et al., 2005; Cosovi¢ et al.,
2000; Mifka et al. 2022) and some studies suggested that, besides diatoms, nano- and picoplankton
biomass could be an important contributor to the observed oxygen hypersaturation (Cosovi¢ et al.,
2000). More recently, several studies addressed the problem of picoplankton fraction using 16S
rRNA amplicon sequencing and revealed the possible importance of cyanobacteria in RL (Cankovié

et al., 2019).

The objective of this work is to investigate the seasonal changes in phytoplankton biomass and
community composition in the RL water column as reflected in diagnostic pigment analyses, in
order to achieve a better insight into the taxonomic variability and contributions of different size
fractions. A special emphasis was on the periods of restoration of the viable phytoplankton
community preceded by euxinic holomixis. The study provides insight into phytoplankton response
to the propagation of oxygen-depleted conditions into the epilimnion driven by rapidly changing

meteorological conditions. In addition, the seasonal distribution of pigments in the euxinic



hypolimnion will provide new insights into the persistence of sinking photosynthetic biomass and
changes of the phytoplankton composition in such extreme environments, which are expected to

expand globally due to ongoing climate change and increasing anthropogenic pressures.

2. Materials and methods

2.1 Study site

Lake Rogoznica (Zmajevo oko) is a small karstified marine lake on the eastern Adriatic coast of
Croatia (43°32" N, 15°58" E) with a maximum depth of 14 meters. It is located near the sea and has
limited water exchange with the surrounding coastal waters through the porous limestone. The only
supply of fresh water to the lake is atmospheric precipitation. The water column of the lake is
highly stratified throughout the year into an epilimnion (oxic surface layer) and a hypolimnion
(euxinic bottom water layer). These two distinct water layers are separated by a well-defined
chemocline that limits solute diffusion between the two layers. The depth of the chemocline
changes throughout the year depending on the position of the thermocline and halocline, which
generally coincide in depth (Ciglenecki et al. 2005; Margus et al. 2015). The comparatively
nutrient-poor euphotic epilimnion is saturated with dissolved oxygen, while the hypolimnion is
strongly anoxic and characterized by relatively high levels of free sulfide, organic matter, and
nutrients under prevailing aphotic conditions (Ciglenecki et al. 2015; Cankovi¢ et al. 2019). The
epilimnion is strongly influenced by atmospheric conditions, while the hypolimnion is relatively
isolated with minimal variations in temperature and salinity. The strength of lake stratification
varies throughout the year, resulting in partial mixing of the water column (Ciglenecki et al. 2005,
2015). In a typical seasonal cycle, water column mixing is enhanced in the autumn due to seasonal
atmospheric changes impacting the stability of the stratification. However, the most dramatic effect
on RL system is the rapid dissipation of the chemocline due to extreme atmospheric conditions.
The overturning of the water column causes vertical mixing and a uniform distribution of physico-

chemical parameters with the subsequent onset of anoxic conditions in the entire water column.
2.2. Sample collection and analysis

Water samples for DP pigment analysis and supporting hydrographic chemical analyzes were
collected seasonally in the central part of the lake from November 2011 to September 2014.
Samples were collected at 10 depths (0, 2, 5, 7, 8, 9, 10, 11, 12, and 13 m) using 5-liter Niskin
bottles. Physicochemical parameters: temperature (T, °C), salinity (S), dissolved oxygen (DO,
mg/L), and pH were measured in situ during sampling using an HQ40d multimeter probe (Hach
Lange, Germany).

Samples for reduced sulfur species (RSS) analysis were collected without exposure to oxygen and



analyzed within 24 hours. Total reduced sulfur species (RSS1) were analyzed by electrochemical
methods as previously described (Bura-Naki¢ et al. 2009; Margus et al. 2015). Samples for
dissolved (DOC) and particulate (POC) organic carbon analysis were filtered through 0.7 pm GF/F
glass fiber filters in all-glass filter holders to separate two fractions prior to analysis. The DOC and
POC were analyzed using a TOC-Vcph analyzer (Schimadzu, Japan). Samples for nutrient
measurements were stored at -20 °C prior to analysis. Nitrate (NO5’), nitrite (NO,"), ammonium
(NH,"), orthophosphate (PO,*), and silicate (SiO4*) were analyzed in unfiltered samples, so the
results include the dissolved and particulate inorganic fraction according to Strickland and Parsons
(1972) as already explained (Ciglenecki et al. 2015).

For the determination of photosynthetic pigments, one liter of water was filtered at low vacuum
onto glass fiber filters (0.7 pm GF/F) and stored at -80 °C until analysis. The filters were extracted
ultrasonically in 4 mL of cold 90% acetone, followed by centrifugation to clarify the extracts.
Chlorophylls and carotenoids were analyzed by reversed-phase HPLC according to Barlow et al.
(1997). Briefly, extracts were mixed with 1 M ammonium acetate (1:1; v/v) and injected into an
HPLC system consisting of a gradient solvent delivery system (Varian Star 9010), an injector
(Rheodyne, Model 7125), a Hypersil™ MOS -2 C8 HPLC column (150 x 4.6 mm, Thermo
Scientific), and serially coupled spectrophotometric and spectrofluorimetric detectors. A binary
linear gradient was used to separate the pigments. Solvent A was a mixture of methanol / 1 M
ammonium acetate (70/30), while solvent B was methanol. Chlorophylls and carotenoids were
detected by absorbance at 440 nm (Spectra Physics UV 2000), while phaeopigments were detected
by fluorescence (Spectra Physics FL 3000) with excitation at 420 nm and emission at 672 nm. Data
were acquired and processed using Varian Star 4.0 software. Qualitative and quantitative analyzes
of each pigment were performed by external standard calibration using authentic pigment standards

(VKI, Denmark).
2.3 Phytoplankton size fractions determination and chemotaxonomy

The derived size-equivalent pigment indices proposed by Uitz et al. (2006) were used to examine
the seasonal variation of phytoplankton fractions in the RL water column. Chase et al. (2020)
summarized the pigment weight (W) values and showed variability among studies, but also
indicated that applying different W values did not significantly change the results. In interpreting
the diagnostic pigments, we decided to use pigment weights (Table S1) previously used for
chemotaxonomic analysis of a particular phytoplankton group in the Adriatic Sea (Ahel and Terzic,
1998; Terzic et al. 1998). The calculated weighted sum of diagnostic pigments (DPw)

corresponding to each of DPs was used and the proportions of the three size classes were calculated:



DP,, = 1.2 [Fuco] + 1.5 [Perid] + 1.1 [Hex] + 1.6 [But] + 1.85 [Allo] + 0.9 [TChl b] + 1.7 [Zea] (1)

fmico = (1.2 [Fuco] + 1.5 [Perid]) / DP,, 2
frano = (1.1 [Hex] + 1.6 [But] + 1.85 [Allo]) / DP,, 3)
fpico = (0.9 [TChl b] + 1.7 [Zea])/ DP,, 4)

The relative contribution of a particular phytoplankton group to chlorophyll a biomass was assessed
and the details of chemotaxonomic analysis are given in Supporting Material (SM) Table S1 and

Fig. S1.
2.4 Statistical analysis

Principal component analysis (PCA) was used to summarize the patterns of phytoplankton pigments
(ancillary variables) in relation to the studied environmental factors (response variables) in the
collected samples and was performed in Canoco5 (Smilauer and Leps, 2014). Prior to analysis data

were Hellinger transformed.

3. Results

3.1 Hydrographic and physico-chemical features of RL

The fluctuations of the key environmental parameters governing phytoplankton responses in the RL
water column (T, S, DO, or and RSS) are shown in Fig. 1, while nutrient (TIN = NO, + NO;™ +
NH,*, PO,* and SiO,*), DOC and POC concentrations are shown in SM (Fig. S2). The stratification
of the water column was maintained throughout the study period (November 2011 to October
2014). However, it should be emphasized that the study period was preceded by a holomictic event
recorded on October 10, 2011, which was characterized by a uniform distribution of the main
physico-chemical parameters and euxinic conditions throughout the water column (Ciglenecki et al.
2015; Margus et al. 2015). Stratification was restored after two weeks, but with a chemocline much
higher in the water column than usual (about 2 m depth, Fig. 1). During the study, T and S in the
epilimnion varied significantly between 8.3°C and 32.9°C and 18.3 and 38, respectively, while the
corresponding T and S values in the hypolimnion were much more stable, ranging between 18°C
and 23.6°C and 33.5 and 38, respectively. These hydrographic features provided favorable
conditions for stable stratification, although the position of the chemocline in the water column
varied between 4 and 9 m (Fig. 1d). T-increase or S-decrease in the hypolimnion was noted only

occasionally and may be associated with limited vertical mixing due to weakening of stratification



(Fig. 1a, b, e). Epilimnion in RL is generally saturated with DO and sharply separated from the
anoxic hypolimnion, which contains high RSS values up to 5x10° mol/L (Fig. 1e). The layer where
DO saturation reaches the subsurface maximum coincides with the subsurface maximum of Chl a
(Fig. 1a and Fig. 2). Interestingly, a T subsurface maximum is usually observed in the discrete layer
underlying the Chl a and DO subsurface maximum (Fig. 1c). The lower part of the epilimnion (5 - 8
m; depending on the season) may occasionally become hypoxic (usually after the holomictic event
or during partial mixing near the chemocline). As a result of high phytoplankton activity, the
epilimnion is generally nutrient-poor, in contrast to the hypolimnion, where N, P, and Si accumulate

in high concentrations (Fig. S2).

3.2 Spatiotemporal dynamics of phytoplankton size fractions and community composition as

reflected by phytoplankton pigments

The distribution of Chl a in the water column shows great vertical and temporal variability, with
lower values during warm summer periods and higher values in spring, autumn and winter.
However, there was no regular predictable seasonal pattern (Fig. 2). The lowest (114 ng/L) and the
highest (10343 ng/L) Chl a concentrations were measured during winter season, February 2013 and
February 2014, respectively. Interestingly, the highest Chl a concentrations were not found in the
upper layers of the epilimnion, but rather formed a subsurface Chl a maximum (SCM) at depth
depending on the position of the chemocline. Chl a concentrations in the underlying anoxic
hypolimnion were much lower, although in some cases a second, smaller, maximum was observed

at the water-sediment interface (Fig. 2).

Figures 3a - 3g show the seasonal variability in the vertical distribution of the seven most prominent
carotenoids (Fuco, Perid, Allo, Hex, But, Zea, and Viola) used as diagnostic pigments (DPs) of the
specific phytoplankton groups (Table S1), with the exception of Viola, which is not used as DP. As
expected, the concentrations of DPs varied considerably, reflecting the complex responses of the
phytoplankton community to changing physico-chemical conditions in the water column, which are
mainly influenced by meteorological conditions. The concentrations of the most abundant DPs,
Fuco, Allo, and Viola, reached quite high values of up to 4869 ng/L, 4891 ng/L, and 6875 ng/L,
respectively. The variations in the ratio of these three prominent DPs to Chl a are shown in Fig. 4,
while Fig. 5 illustrates the seasonal changes in the vertical distribution of phytoplankton size
fractions determined using Eqs. 1- 4. The figures show clear spatiotemporal changes in
phytoplankton biomass in RL with respect to chemotaxonomic features and predominant size

fractions.



These changes revealed a rather complex dynamics of phytoplankton composition, however some
regularities shed light on the main mechanisms governing the ecology in the lake. The main
dynamics of fyi 0ccurs in the epilimnion (Fig. 5), with recurrent maxima in the surface layers, in
response to the conditions which favoured its development (lower T, sufficient light, increased
nutrient supply). The fyio accounted for 40 to > 80% of the total phytoplankton biomass. The
prevalence of fyi«o is particularly pronounced in the colder seasons. In warmer seasons (e.g. in the
summers of 2012 and 2014), the importance of fyi in the epilimnion decreases, and the prevalence
regularly shifts towards the smaller phytoplankton fractions. In these seasons, fpi, reached the
largest contribution to the total biomass, exceeding 60% in the upper layers of the epilimnion. The
most interesting interplay between the three size fractions occurs at the chemocline, as a
consequence of different stratification conditions that selectively promote the bloom of the different
phytoplankton groups in its vicinity. The October 2011 holomictic event created the conditions that
promoted the development of fyi, which dominated the entire water column and accounted for
more than 70% of the biomass in November 2011. In March 2012, f.ic Still dominated the surface
layer, but f,., predominated in the hypolimnetic assemblage by 80 to 95% and this dominance
persisted throughout most of the investigated period, except in February 2014.

Regarding the taxonomic composition of phytoplankton size fractions, our study allows only
limited insight into this topic due to the inherent limitations of the chemotaxonomic approach using
pigments as diagnostic biomarkers. The seasonal and vertical dynamics of changes in
phytoplankton composition in RL are illustrated in Fig. S1, which shows the chemotaxonomic
features based on the characteristic DPs and Chl a/ DP ratio (W) (SM Table S1 and Eq. S1). The
data clearly show that phytoplankton dynamics in RL was determined by an interplay of diatom
microplankton dominating in epilimnion, and Allo-, Hex-, and Viola-containing nanoplankton
(composed mainly of prymensiophytes, cryptophytes, and green algae, respectively), and Zea-
containing picoplankton (cyanobacteria) with a strong impact of holomictic events on their

successions.

3.3 The POC / Chl a ratio as an indicator of ecological and physiological conditions of
phytoplankton communities in RL

The POC concentrations in RL ranged from 0.094 mg/L to 8.189 mg/L (Fig. S2e), with higher
values measured in the hypolimnion (0.439 mg/L to 8.189 mg/L) than in the epilimnion (0.094
mg/L to 6.260 mg/L). However, after the anoxic holomictic event, POC concentrations were much
higher in the epilimnion (1.440 mg/L) than in the hypolimnion (0.553 mg/L). The highest POC
were most frequently observed near the chemocline, which coincided with the maximum of Chl a.

In addition, the stable chemocline slows down the flux of sinking particles and promotes POC



accumulation in this layer.

As a consequence of these processes, the POC/Chl a ratio was also highly variable (Fig. 6), both in
the epilimnion (51 to 3366; average value 525 + 627) and hypolimnion (278 to 4473; average value
1420 £ 941), indicating a large variability in the composition of POC. The lowest POC/Chl a of 51
was observed during the intense diatom bloom in December 2012, suggesting that the POC
consisted mainly of live diatom cells. Such a low POC/Chl a is consistent with similar POC/Chl a
ratio values (< 100) observed during the winter season. Much higher POC/Chl a ratios were
observed during warmer seasons when picoplankton and nanoplankton strongly dominated the
phytoplankton assemblage. However, the highest ratios were determined in the anoxic hypolimnion,

indicating a large contribution of detrital organic matter.

3.3 Statistical analysis of pigments in relation to environmental conditions

The PCA of phytoplankton pigments in relation to the key environmental variables (Fig. 7) in the
epilimnion and hypolimnion indicated that most of the variance can be explained, by the first two
principal components. For the oxic epilimnion layer (Fig. 7a) the first two components cumulatively
explained 76.70% of the total variation. Among parameters contributing to the first component,
SiO4* showed the highest positive correlation (F = 0.94), followed by POC (F = 0.79), NH," (F =
0.75), depth (F = 0.70), and PO,> (F = 0.69). Interestingly, a strong negative loading on the first axis
was observed for DO (F = -0.70). These correlations help explain specific links between the level
of photosynthetic pigments and various environmental factors. For example, Fuco was strongly
positively correlated with SiO4* (p = 3.8 x 10), Lut with POC (p = 2.37 x 10™°), Chl b with NH,"
(p = 1.88 x 10®), Zea with depth (p = 1.74 x 10™), and Viola with PO,* (p = 5.15 x 10™°). On the
second axis, the most significant factors were NO; (F = 0.91), which was correlated with Zea (p =
4.5 x 10?), and Chl a (F = -0.79), which was significantly correlated with T (p = 3.64 x 107).

For the anoxic hypolimnion layer, the first two principal components cumulatively explained
76.84% of the total variance (Fig. 7b). In contrast to the oxic part, the first component was
characterized by strong negative values of some key phytoplankton drivers such as TIN (F = -0.95),
NH,*(F = -0.95), PO,* (F = -0.83), SiO,* (F = 0.65) as well as depth (F = -0.8). Significant positive
loading on the second axis was found only for NO5™ (F = 0.6) and to a lesser extent S and T. All the
parameters contributing to PC1 showed the strong positive correlation with Zea (TIN (p = 0.035),
NH4" (p = 0.03), depth (p = 1.7 x 10™*) and SiO,* (p = 0.005). The most prominent parameters of the
PC2 were NO3 and S and they were positively correlated with Viola (p = 0.016) (for detailed
correlation coefficients and p-values, see see SM Table S2).

Overall, PCA shows that the observed phytoplankton variations in the oxic layer were mainly



determined by variations of the regenerated nutrients (SiO,*, PO,* and NH,") supplied from the
underlying anoxic layers and these variations were reflected in corresponding variations of POC.
These variations largely depended on stratification conditions in the water column, which
determined the position of the chemocline, making depth an important determinant. The same
regenerated nutrients can be inferred as the key drivers that explain variability of phytobiomass in

the hypolimnion, but with an increased role of reduced nitrogen species (NHy").

4. Discussion

4.1 The influence of environmental conditions on phytoplankton biomass dynamics

Despite its relatively small size, the RL showed a considerable spatiotemporal dynamic of Chl a
biomass and phytoplankton composition, reflecting different responses of individual phytoplankton
groups to changing physico-chemical conditions in the water column (Figs. 2 and 3). The
chemotaxonomic characterization indicated diatoms, cryptophytes, prymnesiophytes, green algae
and cyanobacteria as the dominant players in phytoplankton dynamics (Fig. S1).

The stability of stratification is one of the key factors for phytoplankton dynamics in RL.
Weakening of stratification leads to partial mixing, which triggers development of intensive
phytoplankton blooms in the epilimnion near the chemocline. Chemocline represents apparently the
optimal niche for autotrophic activity in RL, by providing an optimal trade-off between the light
and nutrient availability. The SCM development in seasonally stratified waters is often reported in
the literature to occur alongside the DO maximum during warmer seasons (Camacho 2006;
Callbeck et al. 2021). The concentration and composition of phytoplankton around the chemocline
of RL vary significantly depending on the physico-chemical conditions triggered by atmospheric
events, including air T fluctuations and precipitation. In this context, it is also interesting to note
that the T-profile often shows a small but distinct subsurface maximum most probably due to
intense phytoplankton activity that limits heat dissipation. These conditions may trigger blooms of
certain phytoplankton groups earlier than usual in the winter season. It could also be speculated that
the T rise on the long-term scale observed in the RL (for entire water column 1.31°C/10 years)
(Ciglenecki et al. 2015; Cankovi¢ et al. 2019) may also have a significant impact on phytoplankton
successions.

Despite the fact that the limited light conditions in the hypolimnion of RL are far from optimal to
support intensive primary production, Chl a was present in measurable concentrations in the
hypolimnion, too. Therefore, there is a question of whether Chl a was produced in situ in the
hypolimnion or if it was originally produced in the epilimnion and transported to the hypolimnion
by sinking particles. The SCM is generally situated at the chemocline (7-8 m) and the path to the

bottom is very short (about 6 m). Therefore, it can be assumed that most of the Chl a in the



hypolimnion probably originated from the sinking phytoplankton from the epilimnion layers, and
that it was partially reduced by degradation under euxinic conditions. More importantly, autotrophic
production of Chl a in the hypolimnion is not likely to be significant due to the aforementioned
extremely limited light availability and increased levels of reduced sulfur compounds, despite the
high availability of regenerated nutrients. These conditions open a favorable ecological niche for
mixotrophic and heterotrophic nano- and picophytoplankton, which have a completely different
pigment composition. It has been shown that heterotrophic production and synthesis of
bacteriochlorophylls (BChl) predominates under such conditions (Pjevac et al. 2019). However,
partial vertical mixing can create the short-term conditions for Chl a production in the hypolimnion.
A small secondary Chl a maximum occasionally observed at the water-sediment interface can likely
be explained by the presence of active cyanobacteria that can contribute to Chl a synthesis
(Cankovic et al., 2019).

Regarding phytoplankton succession, diatoms appear to play a central role in initiating a new cycle
of phytoplankton development in RL, especially after holomictic events. Fuco concentration
showed a significant positive correlation with Chl a (R= 0.7564, p < 0.05), while diatoms were the
largest contributor to total phytoplankton biomass in several seasons. Previously, diatoms were
reported to dominate in RL with high abundance and low species diversity. They accounted for up
to 97% of phytoplankton assemblages, especially in winter, as determined by inverted microscopy
(Krsinic et al. 2013; Ciglenecki et al. 2015; MaleSevic et al. 2015).

Winter diatom blooms have been frequently observed in other stratified freshwater lakes (Zohary
2004; Reavie et al. 2016), the Black Sea (Mikaelyan et al. 2015), estuaries (Arapov et al. 2020), and
the Adriatic Sea (Buri€ et al. 2008; Batisti¢ et al. 2019). In addition, occasional weakening of
stratification in spring and summer (e.g. in 2014), enhances vertical mixing and creates conditions
under which opportunistic diatoms (Eunotia sp.) can respond rapidly to nutrient enrichment or adapt
to the absence of DO, the presence of RSS, and lower light intensities (Kamp et al. 2011, 2013;
Veuger and van Oevelen 2011; Ciglenecki et al. 2015; MaleSevic¢ et al. 2015).

Diatom blooms lead to a rapid depletion of nutrients in the upper parts of the water column, which
increases the competitiveness of nano- and picoplanktonic species and opens the possibility of a
community shift towards the dominance of the smaller groups in the epilimnion (Fig. 5, Fig. S1). As
a consequence, in the warmer seasons, especially during summer stratification, smaller size
fractions strongly dominate the phytoplankton composition (Fig. 5 and Fig. S1).

The vertical distribution of Fuco revealed a low abundance of diatoms in the hypolimnion. Low
concentrations of Fuco could also be a consequence of its rapid degradation under euxinic
conditions when diatoms are degraded by heterotrophs (Zakharova et al. 2013).

As opportunistic species, diatoms certainly benefited from water column conditions following the



holomictic event. According to our results, diatoms were the first phytoplankton group to emerge
after the phytoplankton community collapse, indicating their superior resilience to environmental
stress. PCA analysis (Fig. 7a) for the epilimnion confirms the strong dependence of diatoms on the
availability of regenerated silica from the underlying hypolimnion and their high contribution to
POC (Fig. S2e). As for the factors leading to the decline of diatom blooms, the effects of
zooplankton grazing in the post-anoxic period might be important (Ciglenecki et al. 2005, 2015;
Margus et al. 2015). Acartia italica, the only planktonic copepod species in the lake, has been
shown to adapt rapidly to extremely variable environmental conditions (Krsinic et al. 2000, 2013).
Following the euxinic holomixis in October 2011 and the conditions under which Thalassionema
nitzschioides thrived, strong feeding pressure by A. italica led to its disappearance from the water
column (Ciglenecki et al. 2015). As a result, the abundance of diatoms and Fuco decreased.
Diatoms began to recover only in spring 2012, with Dactyliosolen fragilissimus and Cyclotella
choctawhatcheeana dominating the assemblage (Ciglenecki et al. 2015; MaleSevic et al. 2015), as
evidenced by increasing Fuco concentrations (Fig. 3a).

In contrast to the periodically recurring Fuco-containing phytoplankton, the Perid-containing
plankton appears to occur only sporadically in appreciable concentrations (up to 769 ng/L). The
favorable conditions that create an ecological niche for dinoflagellates were typically found in the
summer season when competition with diatoms was minimal. The decrease in nutrients in the
epilimnion during summer (Ciglenecki et al. 2015; Cankovi¢ et al. 2019, 2020) could explain this
shift in the microplankton assemblage and reflects general features found in different areas of the
Adriatic Sea (Batisti¢ et al. 2019; Arapov et al. 2020). Similar findings were made for the largest
euxinic environment in the world, the Black Sea (Agirbas et al. 2017). The maximum concentration
of Perid in RL near the chemocline suggests that these large phytoplankton species (mainly
represented by Prorocentum arcuatum and Hermesinum adriaticum, Buri¢ et al. 2009) likely benefit
from the density gradient and lower radiation intensity (Lee et al. 2020; Sendra et al. 2019). Mixing
events, either partial or throughout the water column, promote dinoflagellate growth alongside
diatoms due to increased nutrient availability.

The detailed vertical distribution of nanoplanktonic groups containing Allo and Hex, characteristic
DPs of cryptophytes and prymnesiophytes, respectively, indicated their intense blooms near the
chemocline, typically in the layer immediately below the layer dominated by diatoms (Figs. 3a, 3¢
and 3d). This means that these phytoplankton taxa are better adapted to low-light conditions and
wavelengths reaching the chemocline (Lee et al. 2020), and show a greater tolerance to hypoxic
conditions and the presence of sulfide (Klaveness 2007). It is interesting to note that Allo was much
higher in the hypolimnion than in the epilimnion, suggesting that this phytoplankton group can

thrive under strongly hypoxic and euxinic conditions. This was also confirmed by PCA, which



showed a strong negative association of Allo with DO (Table S2). Cryptomonas spp. can adapt to
anaerobic conditions and coexist in the same layer as ciliates and purple sulfur bacteria, which
usually peak in an extremely narrow zone above and in the zone of the poorly illuminated and
sulfide-enriched chemocline layer (Khromechek et al. 2010). The hypolimnetic cryptophyte
community is reported to co-occur with ciliates as major grazers, suggesting that Cryptomonas may
migrate into the anoxic/euxinic hypolimnion to reduce grazing pressure (Wylezich and Jiirgens
2011; Krasnova et al. 2014; Sendra et al. 2019; Van de Vyver et al. 2019). A high population of the
ciliate A. italica in RL and the observed high concentrations of Allo and Hex, as well as the high
Allo/Chl a ratios, could support a similar scenario with a dense population of cryptophytes and
pymnesiophytes (haptophytes) at the chemocline. There, in stark contrast to the epilimnion, the Allo
concentration was twice as high as the Chl a concentration. The increased concentration of Allo in
the hypolimnion is probably related to its slow removal from sinking particles under euxinic
conditions. The alternative interpretation would argue for the existence of mixotrophic cryptophytes
and pymnesiophytes, which may have a migratory character and may be adapted to hypolimnetic
conditions. The Hex-containing Haptophyceae were detected along with Chlorophyceae as
representatives of active pigmented eukaryotes in the permanent anoxic zone of Lake Pavin (Lepére
et al. 2016). Interestingly, Chl b, a DP for Chlorophyceae, was detected in the RL only
occassionally and in rather modest concentrations (e.g. May 2012). A sharp decline in the
concentrations of Allo and Hex, observed in November 2011, after the holomictic event, indicated
that in such situations diatoms strongly outcompeted most of the other phytoplankton groups.
However, it is interesting to note that But-containing phytoplankton followed the dynamics of
diatoms after the holomictic event in October 2011, although at much lower concentrations. This
can be explained by the effect of availability of regenerated nutrients, in particular of silicate
throughout the water column (from 13 to 97 pmol/L) (Margus et al. 2015). In a normal seasonal
sequence, dynamics of But-containing phytoplankton shows higher concentrations in spring and late
summer, reflecting the typical annual cycle in the Adriatic region (Ahel and Terzi¢ 1998). It was
also shown that silicoflagellates, may be well represented in sinking particles and laminated anoxic
sediments (Malinverno et al. 2019) and therefore could be an important source of But in RL after
the holomictic event.

Picoplankton represents a significant percentage of the total biomass in RL. The observed seasonal
pattern of Zea, a specific DP of cyanobacteria, is consistent with observations from previous studies
(Pjevac et al. 2015; Cankovic¢ et al. 2019), which reported maximum cyanobacterial concentrations
in the warmer part of the year and minimum in winter. The vertical Zea profiles in different seasons
showed the presence of a highly active cyanobacterial community in both the epilimnion and

hypolimnion with the lowest concentrations observed after the holomictic event (Fig. 3f). In the



epilimnion, conspicuous concentrations of cyanobacteria were observed only in spring and summer
(March - September), while they were practically absent in winter. This is in agreement with some
other studies which showed that increased water T and a decrease in available CO, during the
warmer season promoted the development of cyanobacteria (Bartosiewicz et al. 2019). However,
high level of Zea-containing phytoplankton was found in the hypolimnion (up to 2470 ng/L).
Although such a discovery was initially unexpected, it appears that euxinic circumstances are not an
obstacle for cyanobacteria to thrive. Indeed, a previous report showed that they could be very active
under low-oxygen conditions (Cankovi¢ et al. 2021). Cyanobacteria can switch between oxygenic
and oxygen-deficient photosynthesis in response to ambient sulfide concentrations (Klatt et al.
2015). It is well documented that they can survive in the dark under oxygenated conditions and
maintain active heterotrophic growth based on glucose (Miyatake et al. 2013) or obtain energy
through fermentation under anoxic conditions (Stal and Moezelaar 1997). The presence of
Synechococcus cells have been convincingly proven to be the cause of "deep red fluorescence" due
to their ability to survive in the hard circumstances of the mesopelagic waters of the Black Sea
(Callieri et al. 2019). Increasing concentrations of RSS, PO,*, and NH," in the vertical profiles of
the Black Sea create conditions that are viable when fermentation and other anoxygenic pathways
are activated (Callieri et al. 2019). We assume that similar mechanisms promoted Synechococcus
growth in the hypolimnion of RL.

As confirmed by PCA (Fig. 7b), a strong positive correlation between Zea and NH," (and
consequently TIN) (Table S2) in the hypolimnion indicates that a reducing nutrient-rich conditions
in the hypolimnion were favorable for cyanobacteria development.

The Viola-containing phytoplankton is one of the most enigmatic groups in RL, which plays an
important role in total biomass. Viola is not considered to be a highly specific DP. It is abundant in
Chl b-containing classes of the green algae lineage and several Chl c-containing classes of the red
algal lineage (Wright and Jeffrey 2006), as well as in several groups of stramenopiles, such as the
brown algae (Phaeophyceae) (Lohr 2012). Interestingly, the concentration of Viola was generally
rather low in the upper parts of the epilimnion, while Viola increased dramatically at the
chemocline. There, Viola was among the most prominent individual carotenoids measured in this
study, reaching up to 6875 ng/L. After the October 2011 holomixis, Viola disappeared from the
water column and residual levels were detected only at the sediment-water interface (44 ng/L).
After a slow recovery, during 2012 Viola became one of the dominant accessory pigments in R,
reaching rather high Viola/Chl a ratios (0.57 to 2.39), which persisted until February 2014 (Fig. 4).
Since Viola is a photoprotective pigment of the xanthophyll cycle, it could lead to an increase in its
counterpart Zea by de-epoxidation under high high-light conditions (Lohr 2012; Fernandez-Marin

et al. 2011). However, no such correlation was observed in the epilimnion of RL. Contrary to the



expected photoprotective role of Viola, very high concentrations of Viola were found in the aphotic
hypolimnion, indicating the existence of an active producer of Viola in this layer. In this context, it
should be emphasized that the reverse conversion of Zea to Viola is highly unlikely under light-
limited conditions. A comparison of pigment signatures of phytoplankton groups that might contain
Viola revealed Eustigmatophyta as a possible source (Jeffrey et al. 1997, 2011; Stoyneva-Gaertner
et al., 2019). This is supported by the absence of Chl b and prasinoxanthin in the samples with high
Viola content. Such pigment signatures have been described for unicellular small green algal
species of the genus Nannochloropsis that occur in both marine and freshwater systems (Whittle

and Casselton 1975).

4.2 Assessment of the contribution of phytoplankton biomass to POC

POC is produced by phytoplankton, but also includes the contribution of heterotrophs such as
zooplankton, bacteria, and detritus or terrestrial sources. According to the available literature, the
POC/Chl a ratio in fresh phytoplankton ranges from 33 to 200, while a value greater than 200 is
characteristic of detrital or degraded material (Cifuentes et al. 1988). Bentaleb et al. (1998) assumed
that a POC/Chl a limit of 200 distinguishes autotrophic (< 200) from mixed/heterotrophic (>200)
dominance. In regions where the primary production does not contribute significantly to POC, this
ratio may reach 2500 (Cifuentes et al. 1996). In RL, the POC/Chl a ratios < 200 were measured
only under conditions of intense blooms and were restricted to the narrow zone of SCM near the
chemocline. In other layers of the epilimnion, the determined high values of POC/Chl a ratio
indicate a significant contribution to the POC fraction from detritus (Svensen et al. 2008) and
possible allochtonous sources. Since a large terrestrial input to RL is not expected, as this karst lake
receives allochthonous POC only via surface runoff and inputs from the atmosphere (Mifka et al.,
2022), settling detritus and resuspended sediment in the deepest part of the hypolimnion appear to
be the most likely contributors to the POC fraction. This is particularly evident from the
hypolimnion data, which show an average POC/Chl a value greater than 800. In contrast, during
major phytoplankton blooms at the chemocline (e.g. February 2014; Fig. 2), the POC/Chl a ratio
(Fig. 6) drops to much lower values (70.9). It is interesting to note that the ratio rapidly increases in
the layers situated immediately below (POC/Chl a ratio of 3209). This indicates a significant
accumulation of non-living detrital particles (up to 8.189 mg/L POC, Fig. S2e). The high POC/Chl
a value in the hypolimnion could be also an indicator of a significant contribution of heterotrophic
organisms to POC. It is likely that POC is degraded more slowly than Chl a in the euxinic
hypolimnion, as indicated by analysis of the percentage of chlorophyll degradation products in total

Chl a (Fig. S3). The contribution of phaeophytin a and phaeophorbide a to the total chlorophyll a in



the hypolimnion increased up to 80%. Moreover, a strong predominance of phaeophytin a in the
total Chl a concentration could be an indicator of intensive zooplankton feeding (Svensen et al.
2008). In addition, increased heterotrophic production and significant presence of cyanobacteria

(Pjevac et al., 2015; Cankovi¢ et al., 2019) may also be associated with the high POC/Chl a ratios.

Conclusion

Highly stratified marine lakes are excellent model systems to study possible impact of changing
environmental conditions on the dynamics of phytoplankton and consequently to related
phenomena such as increased eutrophication and development of bottom hypoxia or anoxia. The
fluctuations between the stratified and holomictic conditions in such systems allow a systematic
approach to assess the possible consequences of globally expanding anoxia in coastal waters due to
ongoing climate change and increasing anthropogenic pressures. This study shows how the
interplay between oxic and anoxic compartments of the water column can function as a major driver
of the biological processes in the marine environment with a possible impact on the long-term
ecosystem stability. The results in this study show that such systems could be particularly
vulnerable to climate variability, especially due to the water temperature increase and increased

frequency of strong meteorological events that enhance vertical mixing of the water column.
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Fig. 1. Distribution of the RL water column physico-chemical characteristics (a) temperature (T/°C), (b) salinity
(S), (c) dissolved oxygen (DO/mgL ™), (d) sigma-T (or) and (e) total reduced sulfur species (RSSw/molL ")

during the study period from November 2011 to September 2014.
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Fig. 2. Vertical distribution of chlorophyll a (Chl a/ngL.™") in the RL during the study period from November
2011 to September 2014.
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Fig. 3. Vertical distribution of diagnostic pigments (DPs).in the RL (a) fucoXanthin (Fuco/ngL™), (b) peridinin
(Perid/ngL™), (c) alloxanthin (Allo/ngL™), (d) 19- hexanoyloxXyfucoxanthin (Hex/gL™), (e) 19-
butanoyloXyfucoxanthin (But/ngl."), (f) zeaxanthin (Zea/ngL™), and (g) violaxanthin (Viola/ngL™) during the
study period from November 2011 to September 2014.
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Fig. 4. Changes in the ratios of Fuco/Chl a (blue line), Allo/Chl a (red line), and Viola/Chl a (yellow line) in
the water column of RL during the study period from November 2011 to September 2014. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Water column distribution of particulate organic matter to chlorophyll a (POC/Chl a) ratio in the RL

during the study period from November 2011 to September 2014.
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Fig. 7. Principal components analysis (PCA) of the environmental variables (blue arrows):
temperature, dissolved oxygen (DO), salinity, depth, ammonium (NH,4"), nitrate (NO3™), nitrite
(NO:"), ortophosphate (PO,*"), chlorophyll a (Chl a), total inorganic nitrogen (TIN), silicate (SiO*
7), reduce sulfur species (RSS), particulate (POC) and dissolved (DOC) organic carbon in relation to

4

analyzed pigments (red arrows): alloxanthin (Allo), 19 -hexanoyloxyfucoxanthin (Hex), fucoxanthin

7

(Fuco), peridinin (Perid), prasinoxanthin (Pras), 19 -butanoyloxyfucoxanthin (But), lutein (Lut),
violaxanthin (Viola), zeaxanthin (Zea), carotenoids (Car), chlorophyll a (Chl a) and chlorophyll b
(Chl b) in the oxic (a) and anoxic (b) layer of the lake during the investigated period. Samples are
represented as circles and labeled according to sampling month, year and depth (m). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



