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Abstract

This study presents the results of the first field application of a flow-through multi-wavelength Fast
Repetition Rate fluorometer (FRRF) equipped with two excitation channels (458 and 593 nm). This
device aims to improve the measurement of mixed cyanobacteria and algae community's photosynthetic
parameters and was designed to be easily incorporated into existing ferrybox systems. We present a
spatiotemporal analysis of the maximum photochemical efficiency (F./Fn) and functional absorption
cross section (opg);) recorded from April to August 2014 on a ship-of-opportunity commuting twice per
week between Helsinki (Finland) and Travemiinde (Germany). Temporal variations of F./Fr, and opg
differed between areas of the Baltic Sea. However, even though the Baltic Sea is characterized by several
physico-chemical gradients, no gradient was observed in F./Fy, and opg); spatial distribution suggesting
complex interactions between biotic and abiotic controls. ops);; Was sensitive to phytoplankton seasonal
succession and thus differed according to the wavelength used to excite photosystems Il (PSII) pigments.
This was particularly true in summer when high ops)(593) values were observed later and longer than
high ops)(458) values, reflecting the role of cyanobacteria in photosynthetic light uptake measured at
community scale. In contrast, F,/Fn, variations were similar after excitation at 458 nm or 593 nm
suggesting that the adjustment of F,/Fp, in response to environmental factors was similar for the different
groups (algae vs. cyanobacteria) present within the phytoplankton community.

Keywords: Fast repetition rate fluorometry, fluorescence, phytoplankton, Baltic Sea, ship-of-

opportunity, ferrybox, primary production
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1. Introduction

Phytoplankton primary production, the process by which microalgae and cyanobacteria produce
organic matter using sunlight and atmospheric CO,, forms the basis of the marine food web (Cloern,
1996; Falkowski and Raven, 2007) and defines the carrying capacity of aquatic ecosystems (Kromkamp
et al., 2008). It is thus challenging to understand the functioning of a marine ecosystem and to sustainably
manage its resources and health without a reliable estimate of phytoplankton primary production. The
quality of this estimate in turn depends on our knowledge of the dynamics and processes controlling
phytoplankton photosynthetic performances (Geider et al., 2001; Kromkamp et al., 2008).

Measurements of phytoplankton photosynthetic activity are not widely included in monitoring
programs. Consequently, our estimates of phytoplankton primary production at the global scale and our
knowledge of factors controlling phytoplankton photosynthesis are still crude (Falkowski and Raven,
2007; Lawrenz et al., 2013). Even in coastal areas with long running monitoring programs, such as the
Baltic Sea, our understanding of the dynamics and controls of phytoplankton photosynthesis are limited to
studies conducted occasionally or in spatially small areas (e.g. Miller and Wasmund, 2003; Raateoja et
al., 2004a; Raateoja, 2004; Renk and Ochocki, 1998; Rydberg et al., 2006).

This scarcity of data can be explained by the prohibitive cost of operating studies from research
vessels and from the methodological constraints associated with phytoplankton photosynthesis
measurements. Phytoplankton photosynthesis has traditionally been measured as oxygen production
(Gaarder and Gran, 1927; Montford, 1969) and carbon isotope uptake (Hama et al., 1983; Steemann
Nielsen, 1952). These methods are sensitive but laborious (they require incubation) and are not easily
automated (Marra, 2002). Carbon isotope uptake methods have also become increasingly difficult to
apply due to stringent health, safety and environmental regulations (Robinson et al., 2014).

In the last decades, inducible fluorescence-based methods have been developed to measure
phytoplankton photosynthetic parameters free from the constraints associated with the traditional methods
(Suggett et al., 2010). Their use to conduct studies at large spatio-temporal scale and their incorporation
into monitoring operations are, however, still limited. This slow adoption has been because commercially
available instruments were not easily automated and incorporated into operational monitoring platforms.
Additionally, the wavelength of light used to excite fluorescence could be non-optimal for phytoplankton
communities with an important cyanobacterial component (Kromkamp and Forster, 2003; Raateoja et al.,
2004b; Simis et al., 2012). Fast Repetition Rate fluorometers (FRRF) were initially equipped with a blue
excitation light to approximate the spectral light quality in clear oceanic waters. Blue light, however,
preferentially excites the photosystem Il (PSI1I) antenna of algae containing chlorophylls a/b/c and
photosynthetic carotenoids but greatly under-samples species with a low PSII cross section in the 400 -
500 nm region, relying instead on phycobilisomes rich in phycocyanin or long-wavelength variants of
phycoerythrin, such as cyanobacteria and rhodophytes (Kromkamp and Forster, 2003, Raateoja et al.,
2004b; Simis et al., 2012; Suggett et al., 2009). This makes the blue excitation light inappropriate in
systems where cyanobacteria form an important component of the phytoplankton community such as in
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the Baltic Sea and eutrophic freshwater environments (Raateoja et al., 2004b). Moreover, some
photosynthetic parameters, such as the functional absorption cross-section of photosystems 1II (cps))), are
strongly species and wavelength-dependent. Consequently, relative changes in these parameters,
measured in situ on naturally mixed communities using just one excitation wavelength, can be properly
interpreted as temporal or spatial variations only if changes in the relative concentration of different
pigment types can be ruled out (Schreiber et al., 2012; Suggett et al., 2009).

There thus exists a need for variable fluorometers equipped with multiple light excitation
wavelengths to optimize the measurement of algae and cyanobacteria contributions in the fluorescence
signal measured at community scale (Simis et al., 2012). In recent years, commercial FRRF have been
brought to the market with two or three excitation wavebands to meet this need. One of these instruments,
the FFL-40 (Photon System Instruments, Czech Republic) was specifically designed to excite the pigment
groups present in mixed cyanobacteria and algae communities encountered in freshwater and coastal seas
and to be easily maintained while incorporated into ferrybox systems.

In this paper, we present the results of the first study testing this device in the acquisition of
phytoplankton photosynthetic parameters at basin scale with high spatial and temporal resolution from a
ship-of-opportunity in a marine system (the Baltic Sea) where mixed cyanobacteria and algae
communities occur naturally (Bianchi et al., 2000). This study is intended to provide a first proof-of-
concept of the FFL-40 in an autonomous flow-through setting operated during phytoplankton blooms and
the intermediate periods with low phytoplankton biomass. The primary objective of this work was to
characterize the spatio-temporal dynamics, along the dominant physicochemical and optical gradients in
the Baltic Sea, of two phytoplankton photosynthetic parameters describing the physiological state of
photosystems I1 (PSII): the maximum photochemical efficiency (F./F) and the functional absorption
cross section (opg);). The second objective was to compare the photosynthetic parameters measured at
community scale using the two different excitation wavelengths of the FFL-40. Finally, this works aimed
to relate, to the extent possible, observed variability in photosynthetic parameters measured at both
wavelengths to environmental conditions observed from the ferrybox platform. Because the 458 nm
(blue) excitation light of the FFL-40 should be more efficient to excite the antenna pigments of algae
while the 593 nm (amber) light excitation corresponds better to the absorption peaks of antenna pigments
of cyanobacteria, different dynamics in F./Fp, and ops;; measured at community scale using these both
wavelengths were expected. Further, because the Baltic Sea is characterized by several physicochemical
(temperature, salinity) and optical gradients, spatio-temporal variability in F./Fn, and ops); were expected
along these gradients. Finally, different spatio-temporal dynamics of F./Fy, and ops); between the
Helsinki-Travemiinde (southward) and Travemunde-Helsinki (northward) transects were expected due to
sampling at different times during the day while F,/Fy, and cps) are expected to exhibit a diel cycle.

F./Fm and ops), are considered here because they are essential parameters to study phytoplankton
photosynthesis in nature (Suggett et al., 2009). F./Fn, corresponds to the number of electrons produced as
the result of the absorption of a photon by a single separation event in photosystems Il (PSII) (Kromkamp

and Forster, 2003). opsy;, also called PSII effective absorption, is a measure of the photochemical target
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area size of PSII and corresponds to the product of absorption by the suite of PSII antenna pigments (i.e.
optical absorption cross section) and the probability that an exciton within the antenna will cause a
photochemical reaction (Mauzerall and Greenbaum, 1989; Moore et al., 2006; Suggett et al., 2009).
Under actinic light, F./Fn, and ops); both reflect how the absorbed light energy is used by PSII and both
parameters are strongly influenced by environmental conditions and phytoplankton community structure
(Suggett et al., 2009). Studying the response of these parameters to environmental conditions and
phytoplankton dynamics is thus fundamental to understand phytoplankton photosynthesis. Additionally,
they are needed to calculate electron transport rates (Silsbe et al., 2015; Suggett et al., 2004) and

subsequently feed into models of primary production.

2. Materials and methods
2.1. Study area

The Baltic Sea is a semi-enclosed non-tidal shelf sea surrounded by nine countries. It is the largest
body of brackish water in the world and is characterized by relatively stable gradients of salinity, coloured
dissolved organic matter (CDOM) and nutrient availability (Olli et al., 2011; Tamminen and Andersen,
2007). Narrow shallow straits in the western part offer the only limited water exchange with the North
Sea. The residence time of water in the Baltic Sea is estimated at 30 years (HELCOM, 2003). This limited
exchange rate combined with a high river discharge from a wide catchment area (approximately 1.7
million km?) results in high concentrations of nutrients, organic matter and pollutants in Baltic Sea
waters. Consequently, the Baltic Sea is severely affected by eutrophication and is considered as one of the
most polluted seas in the world (Lehtonen and Schiedek, 2006). Phytoplankton blooms in the Baltic Sea
include a high biomass spring bloom (between March and May) consisting mainly of diatoms and
dinoflagellates and a summer bloom (between June and August) dominated by filamentous cyanobacteria.
A late autumn bloom of varying composition is also occasionally observed. In the Baltic Sea,
cyanobacteria populations are composed of small-sized picocyanobacteria (mainly Synechococcus sp.)
and larger colony-forming filamentous N,-fixing cyanobacteria dominated by Nodularia spumigena,
Aphanizomenon flos-aquae and Dolichospermum sp. (Héllfors et al., 2013; Stal et al., 2003).

2.2. Sampling methodology

Field measurements were carried out between April and August 2014 at high spatio-temporal
resolution from a ship-of-opportunity: "MS Finnmaid" commuting twice a week between Helsinki
(Finland) and Travemiinde (Germany). The ship route nominally took 28 hours and covered the Western
Gulf of Finland, Northern Baltic Proper, Gotland Sea, Bornholm Basin, Arkona Sea and Mecklenburg
Bight i.e. 1132 km crossing several ecological areas of the Baltic Sea (Fig. 1). Water was pumped
continuously from 4 m-depth through the ferrybox measuring system and at specific locations, water

samples were collected for laboratory analyses (see further below). While the location of sampling
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stations was somewhat variable between the different devices used, the ship route can be divided into 17
sampling zones as depicted in Fig. 1. The pumping system was switched to a washing cycle with diluted
TRITON-X at each harbour.
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Fig 1. Map of the Baltic Sea representing the ship route and sampling zones. Sampling zones correspond
to areas where the data set was complete (i.e. fast repetition rate measurements + physico-chemical
parameters measured from the ferrybox + physico-chemical parameters obtained from water samples) for
each sampling date

2.3. Fast Repetition Rate fluorescence (FRRf)

An FRRf measurement sequence (Fig. 2) was repeated every 68 minutes using the FFL-40 (Photon
System Instrument, Czech Republic). This flow-through FRR fluorometer is equipped with two banks of
light-emitting diodes (LED) providing flash excitation energy centered at 458 nm (blue) and 593 nm
(amber) and a 10 nm emission band pass filter around 690 nm coupled with a photodiode detector. A third
LED bank can provide actinic light from blue and amber LEDs. Excitation and detection wavelengths of
the FFL-40 were selected to optimize the measurements of the photophysiological parameters of naturally
mixed cyanobacteria and algae communities (Simis et al., 2012). However, it should be noted that
challenges in instrument design are much greater when combining longer wavelength (593 nm) excitation
with detection around 690 nm, compared to existing experience with blue excitation light. Isolating the
rise in fluorescence during a single turnover (ST) induction curve from cross-talked between light source
and detector requires careful and regular calibration of all optics in the system; a calibration that was
repeated weekly during this field study. Nevertheless, noise in data caused by variable cross-talk due to

light scattered by particles will always lead to reduced sensitivity in variable fluorescence at longer
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excitation wavebands. The instrument is equipped with a measurement chamber exposed to excitation
flashlets and actinic light and a secondary chamber only exposed to actinic light. The secondary chamber
is kept at temperature by sea water flowing through an outer jacket of the chamber. The sample is
frequently redistributed between the chambers (between light steps and at one minute intervals during

dark acclimation) to prevent cells from settling and to maintain seawater temperature in the sample.
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Fig 2. Measurement sequence. The actinic light intensity used during the different steps is represented. A:
Rapid light curves with five 10s increasing light steps and four 10s decreasing light steps. B: three 10min
increasing light steps. C: 20min dark acclimation. The black arrow represents the period when the
maximum photochemical efficiency (F./Fn) and functional absorption cross-section of photosystems |1
(opsi) were measured at 458 nm and 593 nm

Actinic light (LE)

Prior to each measurement sequence, detector gain and blue and amber flashlets intensity were
automatically adjusted to obtain optimal saturation. The intensity limits for blue and amber flashlets were
respectively 0 - 96,000 and 0 - 65,000 pumol photons m™ s™. Actinic light was modulated between 0 and
1,000 pmol photons m?s™ from blue and amber LEDs combined. The measurement sequence included
light response curves and measurements of fluorescence parameters before and after a period of dark
acclimation (Fig. 2). During this first deployment spanning the whole growth season, the protocol for
light response curves measurements was still being improved to obtain sufficient sensitivity during the
steps with the highest actinic light intensity. Therefore, only the fluorescence parameters measured at the
end of the 20 min dark acclimation are used in the present analysis. The FFL-40 was set to deliver ST
saturation of photosystems Il (PSII) using a saturating sequence of 100 flashlets of 1 ps applied at 1 ps
interval. ST measurements with 458 and 593 nm excitation wavelengths were alternated at 1 s intervals.
After the 20 min dark acclimation, 74 fluorescence transient curves generated by the saturating sequence
were obtained for each excitation channel. These were each fitted to the Kolber-Prasil-Falkowski model
(KPF, Kolber et al., 1998) to extract the initial (Fo) and maximal (Fy,) fluorescence levels, the
connectivity parameter (p) as well as the functional absorption cross-section of photosystems II (cpgy;, In
A% quantum™) and results were then averaged. The maximum photochemical efficiency was then
calculated for each channel as F,/Fr, = (Fn-Fo)/Fm. Analysis of filtrate (passed through Whatman GF/F

filters) from discrete samples collected along track (see below) and measured in the FRRF at the end of
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the season indicated that background fluorescence (Cullen and Davis, 2003) was a minor source of error
in F\/F, determination. The average percentage error equaled 10.7 = 6.1% (n=133) for F,/F(458) and 1.3
+ 1.1% (n=48) for F,/F(593).

2.4. Physico-chemical parameters and phytoplankton dynamics

The FFL-40 was connected in a parallel water flow with the standard set of Alg@Iline ferrybox
monitoring sensors which includes temperature, salinity, turbidity, and fluorescence of CDOM,
chlorophyll a (chl a) and phycocyanin. All measurements were geolocated and time-stamped using GPS
and ferrybox measurements were stored at 20 s-intervals, corresponding to a spatial resolution of
approximately 200 m (for details on Alg@line ferrybox measurements see Leppdanen et al., 1994;
Rantajarvi et al., 2003; Ruokanen et al., 2003).

Temperature and salinity were measured with a SBE 45 MicroTSG thermosalinograph. Turbidity
and chl a fluorescence were recorded with the WetLabs ECO FLNTU fluorometer. This device
determines the turbidity based on light scattering at 700 nm while the chl a fluorescence is measured with
an excitation waveband centered at 470 nm and an emission band centered at 695 nm. Phycocyanin
fluorescence was recorded in relative units with a TriOS microFlu-blue fluorometer with an excitation
waveband centered at 620 nm and emission at 655 nm. The combined use of fluorometers to measure chl
a, phycocyanin as well as turbidity is suitable to follow phytoplankton groups dynamics in the Baltic Sea
(Groetsch et al., 2014; Seppélé et al., 2007). CDOM fluorescence was measured with a TriOS microFlu-
CDOM fluorometer with excitation at 370 nm and emission at 460 nm. The phycocyanin and CDOM
fluorometers were installed on the ship from May 2014 onwards whereas the other parameters were
measured throughout the studied period.

Downwelling irradiance above the water surface (Eq(PAR)) was measured every 15 s with a
RAMSES ACC-VIS spectroradiometer (TriOS GmbH) that was part of the independently operating Rflex
system to measure remote-sensing reflectance installed on the roof of the navigation bridge ( Simis and
Olsson, 2013). All E4(PAR) data presented in this publication are instant Eq(PAR) measured at the same
sampling stations as FFL-40 measurements.

Water samples were collected normally once a week at fixed stations on the return route of the ship
(Travemiinde to Helsinki) using an automatic refrigerated sequence sampler (Isco 3700 R). These
samples were analyzed for nutrient concentrations (NO, + NO3, Si(OH)4, PO,%), chl a concentration and
background FRR fluorescence. Nutrient concentrations were determined according to certified protocols
for national monitoring contributions to the Helsinki Commission (HELCOM) and were based on
colorimetric detection using a Lachat Quikchem FIA +8000 series analyzer. Nutrient Si:N:P ratios were
compared to Redfield (1934 ) and Brzezinski (1985) ratios to characterize which nutrient was potentially
limiting. Chl a concentrations were determined by concentrating known volumes of water samples onto
Whatman GF/F glass-fibre filters. Pigment was extracted for 24h at room temperature (20-23°C) in 96%
ethanol. Chl a concentrations in the extracts were quantified using a spectrofluorometer calibrated against
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known concentrations of commercially purified chl a (Sigma) using excitation at 430 nm and emission at
672 nm with a slit width of 5 nm.

2.5. Data analyses

The significance of the relative contributions of transect sailing direction (i.e. southward or
northward), sampling zone and sampling date to the total variability of each physico-chemical and
photosynthetic parameter was evaluated using a mixed-effects nested ANOVA model. In this model, the
main factor (transect direction) was fixed and the nested factors (sampling areas within each transect and
sampling dates within each sampling area) were randomized. These analyses were performed using the
least squares method (method of moments) with JMP 12 software (SAS) following the instructions of Sall
et al. (2007).

To evaluate the spatial differences in physico-chemical parameters and phytoplankton composition
along the transect and identify areas with similar properties, a cluster analysis was performed using
PRIMER 6 (Clarke and Warwick, 2001). The variables incorporated were: sea temperature, salinity,
turbidity, CDOM fluorescence, E4(PAR), nutrient concentrations, chl a and phycocyanin fluorescence.

For each sampling station, data were standardized, log transformed (log, ,(x+1)) and averaged over the

whole sampling period to limit temporal effects. The cluster was then built using the hierarchical
complete linkage method based on the similarity matrix obtained using the Euclidean distance. The
significance of differences between the groups identified by the cluster was verified with an analysis of
similarity (one-way ANOSIM test).

Relationships between photosynthetic parameters, environmental parameters and fluorescence
measurements of phytoplankton pigments were quantified using stepwise multiple linear regression
analyses with a forward procedure of selection using Statistica 6. The explanatory variables tested were:
sea temperature, salinity, turbidity, CDOM fluorescence, E4(PAR), nutrient concentrations and
phycocyanin fluorescence. Chl a fluorescence was not included in this analysis because photosynthetic
parameters were extracted from FRRF measurements which also measure fluorescence from chl a. Our
hypothesis that sea areas with different physicochemical properties can reveal different factors
influencing on photosynthetic parameters was evaluated by applying stepwise multiple linear regression
analyses on data sets separated according to the areas identified by the cluster analysis. Before performing
these analyses, pre-analyses of correlations between the different environmental parameters tested have
been made using a matrix of Person's correlations. If several environmental variables were strongly inter-
correlated (r > 0.8), only one of these variables has been included in the stepwise multiple linear
regression analyses. For each area defined by the cluster analysis, a first stepwise multiple linear
regression analysis was realized using the reduced data set of sampling points where nutrient
concentrations were available. In the case where nutrient concentrations were not selected in the final

model of this first analysis, a second analysis using all available data and only testing the effects of sea
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temperature, salinity, turbidity, CDOM, E4(PAR) and phycocyanin fluorescence was performed. The
significance of each model was tested with F tests.

Significant differences between photosynthetic parameters measured at 458 and 593 nm were tested
with a paired t-test using Statistica 6 (Scherrer, 2007) and statistical relationships between these
photosynthetic parameters were evaluated with the Pearson product moment correlation using SigmaPlot
12.0.

3. Results

3.1. Physico-chemical parameters

Sea temperature, salinity, turbidity, CDOM and E4(PAR) were not statistically different between the
southward (Helsinki-Travemiinde) and northward (Travemiinde-Helsinki) transects (ANOVA, P>0.05).
Sea temperature (Fig. 3A) varied significantly in space (i.e. between sampling areas, ANOVA, P<0.001)
and time (i.e. between each sampling date, ANOVA, P<0.001). Sea temperature was low in April (3.0°C)
and high in August (23.0°C). Sea temperature rise following the seasonal pattern was first visible in the
southern parts. Then the same temperature spread progressively to the northern areas and northern parts
reached the same temperature as southern parts in a few days. Salinity (Fig. 3B) ranged from 4.1 to 15.4
PSU. No significant temporal variation of salinity was observed (ANOVA, P>0.05). Spatially, there was
a significant decreasing gradient of salinity from the south to the north (ANOVA, P<0.001).

NO,+NOs™ (Fig. 3C) and PO,> (Fig. 3D) varied significantly in time (ANOVA, P<0.001) but not
spatially (ANOVA, P>0.05). NO, +NOg3 ranged from 5.3 pM to concentrations close to the detection
limit (0.05 uM). The highest nutrient concentrations were observed at the beginning of the studied period
(April). NO, +NOg3  concentrations subsequently decreased during the spring bloom to reach values close
to the minimum detection limit in May. The concentration of NO, +NOj3 stayed low until August. PO,>
concentration ranged from 0.7uM to concentrations close to the detection limit (0.1 pM) with highest
concentrations observed in April. PO, concentrations subsequently decreased until May-June and stayed
low until August. Si(OH)4 concentration (Fig. 3E) ranged from 1.9 to 18.0 uM. Si(OH), concentration
showed significant temporal variation (ANOVA, P<0.001) and the pattern of variation was different
between the different parts of the Baltic Sea (ANOVA, P=0.007). In the southern part of the transect
(from 54.2 to 55.5°N), Si(OH), concentration was low in April and increased gradually until August. By
contrast, from 55.5 to 60.0 °N, Si(OH)4 concentration was high in April and decreased until August. The
nutrient ratios Si:N and N:P were respectively well above and below the theoretical 16:16 and 16:1
proportions, nitrogen was consequently the most likely limiting nutrient.

Turbidity (Fig. 3F) varied significantly in space (ANOVA, P<0.001) and time (ANOVA, P<0.001).
Turbidity ranged between 0.70 and 4.07 NTU. Turbidity was relatively low and constant (<1.50 NTU)
except during July when a high turbidity (with a peak at 4.07 NTU) was recorded in the northern part of
the transect (between 57.9 and 60.0°N).



316 No significant temporal variation of CDOM fluorescence (Fig. 3G) was observed (ANOVA,
317  P>0.05) whereas spatially, a significantly increasing gradient of CDOM fluorescence was observed from
318 the south to the north (ANOVA, P<0.001).
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319 Spatial patterns in Eq(PAR) measurements clearly revealed the sampling constraints associated with
320 the use of a ship-of-opportunity for photophysiological measurements. Due to the regular sailing schedule
321  of the ship, areas located between 57.0 and 59.5°N were always sampled at night while others areas were
322  sampled in daytime. Temporal variations of Eq(PAR), in the areas sampled in the daytime, followed the
323  typical temporal variations of temperate northern regions with an increasing Eq(PAR) from April to

324  August.

325

326  3.2. Extracted chlorophyll-a and phycocyanin fluorescence
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329  Fig 4. Spatio-temporal distribution of A) chlorophyll a concentration (ug.L™) and B) phycocyanin
330 fluorescence (r.u.)
331

332 Chl a concentration and phycocyanin fluorescence were not significantly different between the
333  southward and northward sailing directions (ANOVA, P>0.05). Chl a (Fig. 4A) showed significant

334  temporal (ANOVA, P <0.001) and spatial (ANOVA, P<0.001) variation. In April-May, a spring bloom
335  with a maximum chl a concentration of 12.7 pg.L™ developed from the south towards the north. In July-
336  August, a summer bloom appeared only in the northern part of the transect with a maximum chl a

337  concentration of 13.5 pg.L™. During the rest of the studied period, chl a concentration stayed relatively
338 low (< 3 pg.L™) without any discernible spatial pattern. Phycocyanin fluorescence (Fig. 4B) was also
339  spatially (ANOVA, P<0.001) and temporally variable (ANOVA, P=0.01). A peak of phycocyanin

340  fluorescence with a maximum value of 0.9 (r.u.) was observed at the same time and location as a peak in
341  turbidity (appearing in July and only in the northern part of the transect). During the rest of the studied

342  period, phycocyanin levels remained low (<0.20).
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3.3. Maximum photochemical efficiency (F./Fn) and functional absorption cross-section of photosystems
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Fig 5. Relationships between the maximum photochemical efficiency (F./Fn, relative units) measured at
458 and 593 nm (A) and between the functional absorption cross-section of photosystems 11 (opgy, A?
quantum™) measured at 458 nm and 593 nm (B)

Fu/Fm(458), Fu/Fn(593), opsi(458), opsii(593) were not significantly different between the northward
and southward routes (ANOVA, P>0.05). While opg(593) was only significantly variable in time
(ANOVA, P<0.001), all other photosynthetic parameters were significantly variable in both space
(ANOVA, P<0.001) and time (ANOVA, P<0.001).

Fu/Fm(458) was always significantly higher than F,/F(593) (Fig. 5A) (paired t-test, P<0.001).
F./Fm(458) ranged between 0.01 and 0.49 while F,/F,(593) ranged between 0.03 and 0.36. The temporal
variation of F,/F,(458) (Fig. 6A) differed between the different Baltic Sea areas with the highest and
lowest values of F,/F,(458) both recorded in the northern part of the transect (Northern Baltic Proper and
Western Gulf of Finland, from 58.4 to 60.0°N). In this area, high values of F,/F(458) (>0.40) were
reached in April, mid-May (but just from 59.3 to 60.0 °N), at the beginning of June and at the beginning
of July. The lowest values were reached in early May and from mid-July to August. During the other
periods, F,/Fn(458) varied between 0.30-0.35. In the central part of the transect (between 55.3 and 58.4
°N, including the Gotland basin and Bornholm basin), F./F(458) was high (>0.40) in April, from mid-
May to the beginning of June, from the last week of June to mid-July and at the end of August. Low
values of F,/F(458) were obtained from the end of April to the first week of May (0.08-0.26), in mid-
June (0.25) around 57.8°N and at the end of July-beginning of August (0.16-0.30). The rest of the time
Fu/Fn(458) was around 0.30-0.35. In the southern part (Arkona basin and Mecklenburg bight, from 54.0
and 55.3 °N), F\/Fn(458) reached its maximum value (0.38) at the end of April, showed several short
periods with low values (around 0.20) at the beginning of May, in July and in August, and a period with
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intermediate values (around 0.30) in May-June. F./F(593) and F,/F,(458) were significantly correlated
(r=0.60, P<0.001) (Fig. 5A) and showed similar spatio-temporal patterns of variation (Fig. 6A & B).

ops1(458) and ops)(593) were significantly different (paired t-test, P<0.001) and no significant
correlation was found between these parameters (Fig. 5B). ops;(458) ranged from 55 to 610 A quantum™
while ops;(593) ranged from 96 to 350 A? quantum™. Temporal variation of ops;(458) (Fig. 6C) was
different between the different parts of the Baltic Sea. From 56.5 to 60.0°N, ops;(458) was low in April-
May and high from the end of June to July with the maximum value (610 A? quantum™ ) observed at the
end of June. In the other part of the Baltic Sea (from 54.0 to 56.5°N), ops;1(458) was also low in April-
May but the highest value (487 A? quantum™) was reached in mid-June and the period with high values
was shorter. Like ops)1(458) opsi(593) (Fig. 6D) was low in April. High ops)(593) values were, however,
observed later (from the end of June to the end of August) and over a longer period than high cps;(458)
values. Also, in areas where data for both ops;(458) and ops1(593) were available, the spatial variability
of ops(593) was lower than for ops(458).

The relationship between F,/F, and ops; (Fig. 7A,B) was complex and differed between both
excitation wavelengths (458 and 593 nm). Most of F,/F,(458) values ranged between 0.20 and 0.40 and
were associated with ops;|(458) values ranging between 140 and 600 A% quantum™ (Fig. 7A). A small
cluster of low F,/Fi,(458) (<0.20) and low ops;(458) (between 54 and 300 A” quantum™) values was also
visible. High Fu/Fn(458) values (> 0.40) were associated with ops;(458) values around 200 A% quantum™.
Fu/Fn(593) varied widely (from 0.05 to 0.36) while most of the associated ops)(593) values were between
100 and 200 A? quantum™ (Fig. 7B).
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Fig. 7. Relationships between the maximum photochemical efficiency (F./Fr, relative units) and the
functional absorption cross-section of photosystems Il (cpsi, A% quantum™) both measured at 458 nm
(A,C,E) and 593 nm (B,D,F). The same dataset is presented in A,C,E for F./Fn(458) vs. ops;(458) and
B,D,F for F,/Fm(593) vs. opsii(593) but colours indicate: the observation month (A,B), cluster analysis
areas (C,D) or phycocyanin fluorescence (E,F)
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3.4. Relationships between physico-chemical factors, phytoplankton structure and photosynthetic

parameters
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Fig. 8. Cluster analysis showing the results of sampling zones classification based on environmental
parameters and phytoplankton structure. Location of sampling zones is represented on Fig. 1

A cluster analysis based on environmental parameters, chl a and phycocyanin fluorescence
separated five significantly different (ANOSIM, R = 0.896, P =0.001) spatial regions along the ship route
as shown in Fig. 8. The first region included only the sampling zone 1 (Fig. 1) which corresponds to the
southernmost part of the transect (Mecklenburg Bight). This region was characterized by relatively high
salinity, higher temperature, lower CDOM concentration and low phycocyanin fluorescence. The second
cluster grouped the sampling zones 2 to 7 situated in Arkona Basin and Bornholm Basin and was
characterized by high salinity, high temperature, high Eq(PAR) and low turbidity. The third cluster
grouped the sampling zones 8 to 14 located in Gotland Basin and Northern Baltic Proper and comprised
the stations sampled during the night. Correspondingly, it is characterized by low E4(PAR) as well as
intermediate levels of CDOM fluorescence and turbidity. The fourth cluster corresponded to zone 15 (i.e.
the mouth of the Gulf of Finland) characterized by low nutrient concentrations and periodically high
turbidity and phycocyanin fluorescence. The last cluster grouped zones 16 to 17 (i.e. the western Gulf of
Finland corresponding to the northernmost part of the transect) and was characterized by higher turbidity,
higher phycocyanin fluorescence, higher CDOM concentration and low salinity.

Fu/Fn(458), opsi(458), Fu/Fn(593) and opsi(593) were related to physico-chemical parameters and
phytoplankton structure using stepwise multiple linear regressions (Table 1). Different factors acted on
these photosynthetic parameters in each clustered region. In the first region, no significant relationship
was found with F,/Fr(458) while ops)(458) was negatively related to Eq(PAR). In the second region,
F./Fm(458) was negatively related to E4(PAR) while ops)(458) was influenced by both E4(PAR) and

temperature. In these two first regions, insufficient data were available to relate F,/F(593) and ops;(593)
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to environmental conditions. In the third region, F./Fm(458) was related to temperature and PO,*
concentration. cpsy(458) was linked to NO,+NO3™ concentration, Eq(PAR) and CDOM fluorescence.
FW/Fm(593) was negatively related to both temperature and turbidity and ops)(593) was negatively related
to CDOM fluorescence. In the fourth region, F./F(458) was negatively related to temperature and
turbidity. No significant relationship was found with cpg(458). F\/Fm(593) and ops;(593) were
respectively negatively and positively correlated with temperature. In the third and fourth region, turbidity
was positively related to phycocyanin fluorescence. Consequently, the influence of turbidity on
photosynthetic parameters must be read as a combined relation to turbidity and phycocyanin fluorescence.
In the northernmost region (area 5), F./Fn(458) was negatively related to temperature and turbidity and
positively related to phycocyanin fluorescence while ops;(458) was related to phycocyanin fluorescence,
temperature and turbidity. F,/Fn(593) was influenced by temperature and no significant relationship was
found with ops)(593).

The different modes of variation observed in the relationships between F./F(458) and ops)(458)
and between F,/F(593) and ops;(593) could not be related to either month of observation (Fig. 7A,B),
sea areas defined by the cluster analysis (Fig. 7C,D), or phycocyanin fluorescence intensity (Fig. 7E,F).

Table 1: Stepwise multiple linear regressions relating the maximum photochemical efficiency (F./Fn) and
the functional absorption cross-section of photosystems II (ops;;) measured at 458 and 593 nm to
environmental factors and phytoplankton composition

Regression equation r2 F P n
Area l

opsi(458) = 401.11 - 0.21 E4(PAR) 0.33 8.43 0.012 16
Area 2

F./Fm(458) = 0.34 - 2.90E-05 E4(PAR) 0.08 25.89 <0.001 207
ops(458) = 444.49 - 0.05 E4(PAR) - 4.84 TEMP. 0.39 67.25 <0.001 207
Area 3

F/Fm(458) = 0.37 - 0.01 TEMP. + 0.47 PO,* 0.45 20.75 <0.001 49
ops(458) = 519.39 - 846.12 NO, +NOj3 - 0.13 E4(PAR) - 456.25 CDOM 0.31 5.37 0.026 30
Fu/Fn(593) =0.24 - 4.72E-03 TEMP. - 5.02E-02 TURB. 0.60 127.54 <0.001 169
opsi(593) = 191.01- 143.66 CDOM 0.46 11.30 0.006 13
Area 4

F./Fm(458) = 0.44 -5.27E-03 TEMP. - 4.27E-03 TURB. 0.49 20.99 <0.001 43
Fu/Fm(593) =0.22 - 5.50E-03 TEMP. 0.54 31.41 <0.001 27
opsin(593) = 133.01 + 2.88 TEMP. 0.23 8.91 0.006 27
Area 5

Fu/Fm(458) = 0.42 - 3.74E-03 TEMP. - 0.12 TURB. + 0.48 PHYCO. 0.58 31.36 <0.001 67
opsi(458) = 216.42 + 524.76 PHYCO + 6.97 TEMP. - 103.77 TURB. 0.19 6.82 <0.001 77
F/Fm(593) = 0.22 - 5.99E-03 TEMP. 0.36 21.14 <0.001 37

r2 = adjusted coefficient of multiple determination (in %), TEMP. = temperature, PHYCO. = phycocyanin
fluorescence, TURB. = turbidity
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4. Discussion

4.1. Dynamics and control of photosynthetic parameters measured using blue excitation (458 nm)

Fu/Fm(458) and ops)(458) values were in accordance with FRRf-based ST values of F,/Fy, and opsg)
that can be expected for mixed phytoplankton communities containing cyanobacteria when the
measurements are made using a FRRF equipped with blue excitation (Raateoja et al., 2004b; Suggett et
al., 2009) and fell within the range of values found previously in the Baltic Sea (Raateoja et al., 20044;
Raateoja, 2004).

F./Fm(458) had complex spatio-temporal dynamics and showed different degree of variation in the
different areas of the Baltic Sea. This variability was, however, not directly correlated with the dominant
gradients in physico-chemical parameters of the Baltic Sea. Also no relationship was found between the
spatial distribution of F,/F,(458) and the period of the day at which areas were sampled (i.e. during day
or night time). The control of F,/F(458) spatial distribution seemed to be multivariate and related to the
different associations of environmental conditions characterizing the different areas of the Baltic Sea
which influenced F,/F,(458) in different ways. In the southern part of the transect, E4(PAR) was the most
influential factor while temperature variations and either nutrient availability in the center part or turbidity
and phycocyanin fluorescence in the northern part influenced F,/F,(458).

Temporal variability of F./F(458) generally exceeded spatial variability. Temporal variations of
F./Fm(458) did not follow an obvious seasonal cycle. However, each phytoplankton bloom was followed
by a period of very low F,/F(458) i.e. in May along the whole route and at the end of July-beginning of
August in the northern part. To our knowledge, few studies have focused on the temporal variability of
F./Fm at seasonal scale in temperate northern marine systems (Aiken et al., 2004; Houliez et al., 2013;
Houliez et al., 2015; Napoléon et al., 2013; Napoléon et al., 2012). All carried out in the English Channel,
these studies reported differing results. Aiken et al. (2004) and Houliez et al. (2013; 2015) indicated that
F./Fm varied at weekly scale without any evidence of a seasonal cycle. Napoléon et al. (2013; 2012)
studied the dynamics of F./Fy, along two transects crossing the English Channel and found different
temporal variability between the French and English coasts. Along the French coast, F./F, stayed
relatively high and stable throughout the year while from the English coast to the central part of each
transect, F./Fn, followed a seasonal cycle with high values in autumn-winter and low values in spring-
summer. The high temporal variability of F,/F,(458) without evidence of a seasonal pattern seen in the
current study is similar to the results of Aiken et al. (2004) and Houliez et al. (2013; 2015). Additionally,
reflecting the results of Houliez et al. (2013; 2015), each phytoplankton bloom was followed by a period
with low F,/F, values. They are also consistent with the results of Seppalé (2009) showing that in the
Gulf of Finland, the effective photochemical efficiency of PSII (Fy'/Frn") measured at 470 nm with a
FAST"™* varied without evidence of a seasonal pattern and dropped after each phytoplankton bloom.

These low F,/F(458) values observed after each bloom could be the result of nutrient stress
following peak growth, but could also have been influenced by the presence of cyanobacteria within the

phytoplankton community. It is known that F,/Fn, values for cyanobacteria can be as low as 0.10 to 0.40
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even in absence of physiological stress when the measurements are made using a FRRF equipped with a
blue excitation light (Suggett et al., 2009). Additionally, while it has been shown that nutrient starvation
or light stress result in a simultaneous decrease of F,/Fn, and increase of opsy; (Geider et al., 1993; Kolber
et al., 1988; Ragni et al., 2008; Vassiliev et al., 1994), this pattern was not observed here. Indeed, during
these periods, F./F(458) decreased without simultaneous increase of ops;(458) while a rise of ops)(593)
was observed. The phycobilipigments cyanobacteria use to harvest light for photosynthesis in the green-
orange part of the visible spectrum form the best explanation for increased ops;(593) because this part of
the spectrum is little used by the diatoms and dinoflagellates dominating the algal community in the
Baltic Sea (Johnsen and Sakshaug, 2007; Seppélé et al., 2005; Simis et al., 2012). However, because
FW/Fm(593) decreased at the same time, it cannot be ruled out that physiological stress affected
cyanobacteria. It is, however, promising that the rapid in situ observation of photophysiological properties
can now be used to strategically trigger water sampling from ships-of-opportunity, allowing detailed
study of these key moments in phytoplankton succession.

Dynamics of ops;i(458) presented some differences between the southern and northern parts of the
Baltic Sea. In the northern part, ops;(458) values stayed high during a longer period than in the south
which is consistent with higher nutrient concentrations in the Gulf of Finland fueling longer blooms
(Groetsch et al., 2016). However, in both areas, ops;(458) started to increase from May and the highest
values of ops)|(458) were reached in June i.e. during the period of the year when light availability and
temperature seasonally increase. Multiple linear regressions confirmed the influence of E4(PAR) and
temperature on ops;(458) dynamics but the relationship was not always positive, suggesting a more
complex control of ops;(458). Raateoja et al. (2004a) found a similar increase of the functional absorption
cross-section of photosystems Il under actinic light (opsy’) from May to summer in the northern part of
the Baltic Sea (Gulf of Finland). Their results showed that ops),' followed the same patterns of variation as
the chlorophyll a specific absorption (aph*) that was influenced by seasonal successions in phytoplankton
community structure. ops)," and aph* were thus low when phytoplankton biomass was high and dominated
by large phytoplankton cells and high during the clear-water phase with low biomass and a dominance of
picoplankton. Taxonomic dependence of ops) have been observed in different systems and have been
primarily explained by the differences existing in the concentration, type and arrangement of pigments
within the PSII antenna in addition to the associated PSII reaction center (RCII) concentration (Moore et
al., 2006; Suggett et al., 2004; Suggett et al., 2009). A size dependence of cps;; With higher values for
smaller phytoplankton cells has also been reported by Suggett et al. (2009). Consequently, in addition to
Eq4(PAR) and temperature, ops;(458) dynamics were likely influenced by seasonal changes in
phytoplankton community structure.

The relationship between F,/F(458) and ops1(458) was complex and showed no straightforward
trend. Analyzing different data sets collected on laboratory grown monocultures and in situ in different
ecosystems using a FRRF equipped with a blue excitation light (478 nm), Suggett et al. (2009) showed
that ops;; and F,/Fr,, were inversely related and that the trend of this relationship was variable between data

sets but also taxon-dependent. Results from laboratory experiments showed that the F./Fp, versus ops)
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relationship can follow two modes of variations. F./Fn, versus opg), relationship measured on algae
presented a gradual decrease of F,/Fp, with simultaneous increase of opg); (from high-F,/Fn,, low-opg) to
low-F./Fp, high-cps);) while this relationship was much steeper for cyanobacteria (Suggett et al., 2009).
The unstructured relationship between F,/F(458) and opsi1(458) may thus reflect a mixture of these two
modes of variation (cyanobacteria and algae) as would be expected given the composition of
phytoplankton communities in the Baltic Sea. Similar relationships have been observed with the AMT 15
data set collected during trans-Atlantic (North to South) cruises and have been related to the presence of
cyanobacteria (Suggett et al., 2009). Indeed, during the AMT 15 cruises, communities with low
cyanobacteria dominance (low zeaxanthin: chlorophyll ratios) displayed a similar mode of variation as the
one found for algae during laboratory experiments, while communities with relatively high zeaxanthin
concentration, indicating an increased dominance of Synechococcus sp., were associated with a group of
observations with low ops); and low F,/Fp, values. Although this explanation is satisfying, no relationship
was found between the trends observed in the F,/F(458) and ops)(458) relationship and phycocyanin
fluorescence. It is possible that phycocyanin fluorescence measurements did not capture some changes in
cyanobacterial community composition because, even though phycocyanin fluorescence has been shown
to accurately describe the bloom forming filamentous cyanobacteria that dominate phytoplankton
community in summer (Seppala et al., 2007), some picocyanobacteria present in the Baltic Sea (e.g.
Synechococcus sp.), are rich in phycoerythrin rather than phycocyanin (Haverkamp et al., 2009). Once
more, however, the wide range of ops); and F,/F, responses to physiological stress cannot be excluded as
another possible explanation (Geider et al., 1993; Herrig and Falkowski, 1989; Kolber et al., 1988). It has
been shown that for a given species, ops); increases and F./Fn, decreases in response to stressors like
nutrient starvation, photoinhibition and/or UV radiation (Ragni et al., 2008; Vassiliev et al., 1994).
Moreover, Suggett et al. (2009) observed that in case of stress due to nutrient limitation, the modes of
variation in the relationship between opg); and F./Fn, looks like the taxon-dependent relationship observed
for algae. Consequently, the different modes of variation observed in the relationship between F,/F,(458)

and ops)(458) may well be caused by both environmental conditions and phytoplankton composition.

4.2 Measurements under amber excitation (593 nm)

Spatio-temporal dynamics of F,/F,(458) and F,/F(593) were similar and both were influenced by
temperature and turbidity. This suggests that the adjustment of the maximum photochemical efficiency in
response to variations in environmental factors was similar for the different groups (algae vs.
cyanobacteria) present within phytoplankton community. To date, studies on F,/Fp, resulting from
different excitation wavebands are very scarce. To our best knowledge, thus far only Ralph and
coworkers (unpublished data cited in Robinson et al. (2014)) reported on cyanobacterial influence in field
measurements of F./Fn, using a fluorometer equipped with excitation lights emitting at two wavelengths
(blue and red). Their data acquired at an oligotrophic station in the Tasman Sea shows that F,/Fp, values

measured under red excitation were lower than those measured under blue excitation. Their explanation
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for this difference is that the blue channel measures the fluorescence signal from the total phototrophic
community while the red channel is indicative of the cyanobacterial part. The differences between
Fu/Fn(458) and F,/F(593) observed in the Baltic Sea should be interpreted in the same way because the
593 nm excitation window was chosen to saturate the absorption tails of phycocyanin (maximum around
615 nm) and phycoerythrin (maximum around 560 nm). Nevertheless, the season of significant signal
from amber light excitation in the Baltic Sea is relatively short, limiting the scope of this assessment to
the most prominent dynamics. Most importantly, the fact that increased ops;(593) coincided with an
increase in phycocyanin fluorescence indicates that the instrument is sensitive to the cyanobacterial part
of the community. However, more detailed taxonomic information than currently collected will be
required to explore relationships between F,/F(593), the proportion of cyanobacteria vs. algae within the
phytoplankton community, and stressors like nutrients or light.

opsi(593) was consistently lower than ops;(458). This difference in ops;(593) values in comparison
to opg(458) is in itself not a quantitative measure of the role of cyanobacteria in community light
harvesting. Indeed, differences in cpg) vValues are to be expected when measurements are made at
different wavelengths, because the efficiency with which PSII is receives energy from lights absorbed at
different wavelengths and subsequently emits fluorescence depends on the type and arrangement of
pigments within the PSII antennae (Johnsen and Sakshaug, 2007; Maclntyre et al., 2010). Suggett et al
(2009) have for example observed that the cyanobacterium Synechococcus sp. WH7803 exhibits a value
of opgy) five times higher after excitation at 550 nm than at 478 nm because of its specific pigment
organization into phycobilisomes. In contrast, differences in the spatio-temporal dynamics of cps;(458)
and opg)(593) can be a good indication of the role of phytoplankton community composition because for
a same species, dynamics of opsy measured at both wavelengths should be similar while this will not be
the case with a mixture of species with different opsy;. In our study, spatio-temporal dynamics of
opsi(458) and ops)(593) showed the most prominent differences in summer between the end of June and
the end of August when filamentous cyanobacteria bloomed. Although taxonomic data are too scarce to
untangle physiological responses from dynamics in the algal vs. cyanobacterial parts of the community,
this pattern is expected and marks a clear improvement of the dual light source approach over previous
attempts to chart photophysiological parameters in the Baltic Sea (Raateoja et al., 2004b). At present, the
deep analysis of the factors governing ops;(593) did not reveal any significant trends. Additional
continuous measurements, particularly during periods of rapid changes in environmental conditions,
should help to reveal such controls on the presumed cyanobacterial contribution to primary production.

From a technical point of view, most of the time, fluorescence excitation with amber light was
subject to low signal strength because pigments that absorb in this waveband occurred in relatively low
concentrations, and with a strong seasonal dynamic. Gaps in amber-excited fluorescence parameters thus
occurred when induction curves were of insufficient good quality to fit the KPF model and to extract the
photosynthetic parameters. Alternative causes for gaps in the retrieval of these parameters, such as
insufficient detector sensitivity or insufficient excitation intensity, can be ruled out. Maximum amber

excitation light intensity (65,000 pmol photons m? s™) should be more than adequate to saturate PSII and
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the detector is in both cases centred on red PSII fluorescence. However, the stokes shift from blue
excitation to red fluorescence allows good separation of excitation light and emitted fluorescence using
optical filters, whereas cross-talk between amber excitation and red fluorescence is more significant. This
cross-talk is calibrated using weekly instrument characterization on a filtered ultrapure water sample. In
the absence of any particles, this signal is flat and can be subtracted from each measurement. In the
presence of small particles, the response would be homogeneous within the light path. In the presence of
mixed particle populations and more so when larger particles are interspersed with smaller particles we
would expect the signal to be most variable between flashlets. If, in addition, F./Fn, is low, scatter in the
signal may far exceed any observable rise in fluorescence (F,). A solution to this problem, which has been
exercised many times in the past with single-channel FRRF, is to average the results of multiple induction
curves, which will reduce the noise and reveal the systematic rise in Fv for a given sample. During this
initial testing campaign, averaging was not programmed, in order to establish a threshold for usability. In
future, we recommend averaging at least five consecutive measurements, observing relatively long (1-s)
pauses between repeated measurements. The above considerations and adaptations of the measurement
protocol would likely result in better resolution of periods where the fluorescence signals are already low.
Phytoplankton succession and population dynamics are therefore still the dominant cause of gaps in the
data. When measurements are made on a group lacking pigments that absorb in a particular waveband,
the fluorescence signal may be too low to be detected or the induction curve obtained with this excitation
wavelength will not necessarily reach saturation. This is already accepted in fluorescence-based
measurements of phytoplankton photosynthesis when it was shown that cyanobacteria do not always
reach saturation under blue excitation (Raateoja et al., 2004; Suggett et al., 2009). With multiwavelength
fluorometers, like the FFL-40, the same phenomenon can occur under excitation with the others colours.
For instance, excitation of diatoms or green algae with blue excitation light will provide a good induction
curve while saturation might not be reached with amber excitation light. Additionally, the group with the
highest sensitivity for a particular excitation waveband may out-fluoresce the other groups and to an

extent mask their fluorescence signal.

5. Conclusions

The present study reports for the first time, time series of F,/Fn, and ops); acquired at basin scale
using a flow-through FRRF equipped with two excitation channels (458 and 593 nm), which marks a step
towards better integration of autonomous assessment of phytoplankton photophysiological conditions in
phytoplankton communities that are naturally diverse in their share of algae and cyanobacteria.

Patterns of spatio-temporal variation of the maximum photochemical efficiency (F./Fy) were found
to be similar after excitation at 458 nm or 593 nm suggesting that the adjustment of F,/Fr, in response to
variations in environmental factors was similar for the different groups (algae vs. cyanobacteria) present
within phytoplankton community. In contrast, dynamics of the functional absorption cross-section of

photosystems II (ops);) were dependent on the light excitation waveband used to excite PSII particularly
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during the cyanobacteria dominated summer. The F./Fn, and ops); Observations showed different responses
between Baltic Sea areas governed by different conditions mainly in term of light regime experienced
along the ship route, nutrient availability and temperature. However, even though the Baltic is
characterized by several physico-chemical gradients no gradient was observed in F./Fy, and opg); spatial
distribution suggesting complex interactions between biotic and abiotic controls.

To better understand the role that phytoplankton community structure (in particular changes in
cyanobacteria vs. algae proportions within community) plays in dynamics of F,/Fn, and ops; measured at
different wavelengths, future studies should associate FRRF measurements with more detailed taxonomic
data (microscopy, HPLC pigments measurements or flow cytometry). Furthermore, the measurement of
fluorescence light curves associated with the increased sensitivity of FRRF to the whole phytoplankton
community due to inclusion of multiple excitation light sources should contribute to a better

understanding of the role of cyanobacteria in phytoplankton primary production dynamics.
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