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Fluorescence properties of Baltic Sea phytoplankton

Jukka Seppala

Department of Biological and Environmental Sciences, Faculty of Biosciences, University of Hel-
sinki, Finland

Seppala, J. 2009. Fluorescence properties of Baltic Sea phytoplankton Monographs of the Boreal
Environment Research No. 34, 2009.

To obtain data on phytoplankton dynamics (abundance, taxonomy, productivity, and physiology)
with improved spatial and temporal resolution, and at reduced cost, traditional phytoplankton
monitoring methods have been supplemented with optical approaches. Fluorescence detection
of living phytoplankton is very sensitive and not disturbed much by the other optically active
components. Fluorescence results are easy to generate, but interpretation of measurements is not
straightforward as phytoplankton fluorescence is determined by light absorption, light reabsorp-
tion, and quantum yield of fluorescence - all of which are affected by the physiological state of
the cells. In this thesis, I have explored various fluorescence-based techniques for detection of
phytoplankton abundance, taxonomy and physiology in the Baltic Sea.

In algal cultures used in this thesis, the availability of nitrogen and light conditions caused
changes in pigmentation, and consequently in light absorption and fluorescence properties of cells.
The variation of absorption and fluorescence properties of natural phytoplankton populations in
the Baltic Sea was more complex. Physical environmental factors (e.g. mixing depth, irradiance
and temperature) and related seasonal succession in the phytoplankton community explained a
large part of the seasonal variability in the magnitude and shape of Chlorophyll a (Chla)-specific
absorption. Subsequent variations in the variables affecting fluorescence were large; 2.4-fold
for light reabsorption at the red Chla peak and 7-fold for the spectrally averaged Chla-specific
absorption coefficient for Photosystem II. In the studies included in this thesis, Chla-specific
fluorescence varied 2-10 fold. This variability in Chla-specific fluorescence was related to the
abundance of cyanobacteria, the size structure of the phytoplankton community, and absorption
characteristics of phytoplankton.

Cyanobacteria show very low Chla-specific fluorescence. In the presence of eukaryotic spe-
cies, Chla fluorescence describes poorly cyanobacteria. During cyanobacterial bloom in the Baltic
Sea, phycocyanin fluorescence explained large part of the variability in Chla concentrations. Thus,
both Chla and phycocyanin fluorescence were required to predict Chla concentration.

Phycobilins are major light harvesting pigments for cyanobacteria. In the open Baltic Sea,
small picoplanktonic cyanobacteria were the main source of phycoerythrin fluorescence and ab-
sorption signal. Large filamentous cyanobacteria, forming harmful blooms, were the main source
of the phycocyanin fluorescence signal and typically their biomass and phycocyanin fluorescence
were linearly related. It was shown that for reliable phycocyanin detection, instrument wavebands
must match the actual phycocyanin fluorescence peak well. In order to initiate an operational
ship-of-opportunity monitoring of cyanobacterial blooms in the Baltic Sea, the distribution of
filamentous cyanobacteria was followed in 2005 using phycocyanin fluorescence.

Various taxonomic phytoplankton pigment groups can be separated by spectral fluorescence.
compared multivariate calibration methods for the retrieval of phytoplankton biomass in different
taxonomic groups. During a mesocosm experiment, a partial least squares regression method gave
the closest predictions for all taxonomic groups, and the accuracy was adequate for phytoplankton
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bloom detection. This method was noted applicable especially in the cases when not all of the
optically active compounds are known.

Variable fluorescence has been proposed as a tool to study the physiological state of phyto-
plankton. My results from the Baltic Sea emphasize that variable fluorescence alone cannot be
used to detect nutrient limitation of phytoplankton. However, when combined with experiments
with active nutrient manipulation, and other nutrient limitation indices, variable fluorescence
provided valuable information on the physiological responses of the phytoplankton community.
This thesis found a severe limitation of a commercial fast repetition rate fluorometer, which
couldn’t detect the variable fluorescence of phycoerythrin-lacking cyanobacteria. For these spe-
cies, the Photosystem II absorption of blue light is very low, and fluorometer excitation light did
not saturate Photosystem II during a measurement.

This thesis encourages the use of various in vivo fluorescence methods for the detection
of bulk phytoplankton biomass, biomass of cyanobacteria, chemotaxonomy of phytoplankton
community, and phytoplankton physiology. Fluorescence methods can support traditional phy-
toplankton monitoring by providing continuous measurements of phytoplankton, and thereby
strengthen the understanding of the links between biological, chemical and physical processes
in aquatic ecosystems.

Keywords: Chlorophyll a, phycocyanin, pigments, phytoplankton, cyanobacteria, Baltic Sea,
spectral fluorescence, spectral absorption, variable fluorescence, phytoplankton physiology,
nutrient limitation, light acclimation, multivariate calibration, partial least squares

Itdmeren kasviplanktonin fluoresenssiominaisuudet

Jukka Seppala

Department of Biological and Environmental Sciences, Faculty of Biosciences, University of Hel-
sinki, Finland

Seppala, J. 2009. Fluorescence properties of Baltic Sea phytoplankton Monographs of the Boreal
Environment Research No. 34, 2009.

Optiset automaattilaitteet tarjoavat kustannustehokkaan sekd ajallisesti ja paikallisesti hyvin katta-
van tavan seurata planktonlevien maaraa, levilajiston koostumusta, levdtuotantoa, ja levédsolujen
fysiologista tilaa. Eldvien planktonlevien fluoresenssiin perustuva mittausmenetelmé on hyvin
tarkka ja muut optisesti aktiiviset veden ainesosat eivit hiiritse mittausta. Fluoresenssimittausten
tulosten tulkintaa hankaloittaa kuitenkin planktonlevien fluoresenssin voimakkuuteen vaikuttavat
levdsolujen valon absorption méédrd, fluoresoidun valon uudelleenabsorptio, ja fluoresenssin
kvanttisaanto. Nama tekijét vaihtelevat planktonlevdsolujen fysiologisen tilan muuttuessa. Tés-
sé vaitoskirjatyGssa olen selvittanyt erilaisten fluoresenssimenetelmien kéyttod planktonlevien
madrdn, levilajiston vaihtelun ja fysiologisen tilan mittaamisessa [tdmerelld.

Levéviljelmid kayttden havaitsin, ettd typen saatavuus ja valaistus vaikuttivat levdsolujen
pigmentaatioon, sekd absorptio- ja fluoresenssiominaisuuksiin. Itdmeressd luonnon planktonle-
vayhteisdjen absorptio- ja fluoresenssiominaisuuksien vaihtelu oli mutkikkaampaa. Fysikaaliset
ymparistotekijit (sekoittuvan vesikerroksen syvyys, auringon séteilyn mééri, ja lampétila) ja
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kasviplanktonyhteisdjen vuosisukkessio selittivdt suuren osan a-klorofyllin spesifisen absorp-
tion voimakkuudesta ja spektraalisesta vaihtelusta. Tutkimuksissani Itimerelld planktonlevien
a-klorofyllin spesifinen fluoresenssi vaihteli 2-10 — kertaisesti, ja fluoresenssin maéird ei siis
tarkasti kuvaa planktonlevdn biomassan méérdd. Havaittua vaihtelua selittivédt syanobakteeri-
en osuus planktonlevien biomassasta, planktonleviyhteisdjen kokojakauma ja planktonlevien
absorptio-ominaisuudet.

Eldvien syanobakteerien sisdltimén a-klorofyllin fluoresenssi on hyvin alhainen. Muiden
planktonlevien ldsnéollessa a-klorofyllin fluoresenssia ei voikaan kéyttda syanobakteerien esiin-
tymisen selvittdmiseen. Syanobakteerikukintojen aikaan Itdmerelld fykosyaniinin fluoresenssi
selitti suuren osan a-klorofyllin pitoisuuksien vaihtelusta. Tutkimusteni mukaan, luotettavan
arvion saaminen [tdmeren levamaéristd kesdaikaan vaatiikin a-klorofyllin fluoresenssin lisdksi
fykosyaniinin fluoresenssin mittaamista.

Fykobiliinit ovat syanobakteerien tdrkeimmat fotosynteettiset pigmentit. Avoimella Itdimerelld
fykoerytriinin fluoresenssin ja absorption mééri liittyi pienikokoisten syanobakteerien esiintymi-
seen. Fykosyaniinin fluoresenssi oli puolestaan perdisin isoista rihmamaisista syanobakteereista,
jotka muodostavat haitallisia kukintoja. Solulaskentojen perusteella arvioidun rihmamaisten
syanobakteerien biomassan ja fykosyaniinin fluoresenssin vilille saatiin lineaarinen riippuvuus-
suhde. Viitoskirjatydssini fykosyaniinin fluoresenssin operatiivinen havainnointi Itdmerelld
aloitettiin vuonna 2005, ja sen avulla voidaan arvioida syanobakteerikukinnan kehitystd aika- ja
tilaskaalalla, miké ei aikaisemmin ole ollut mahdollista.

Taksonomisia planktonlevaryhmié voidaan tunnistaa fluoresenssisormenjélkien avulla. Véi-
toskirjatydssdni vertailin monimuuttujamenetelmien soveltuvuutta spektraalisten aineistojen
tulkinnassa. Ekosysteemikokeen aikana, tilastollinen korrelaatiomenetelmé (PLS, partial least
squares) osoittautui paremmaksi kuin perinteisemmat regressiomenetelmét. Eri levaryhmien
erottelu PLS menetelmélld onnistui hyvin ja menetelmén avulla saadaan luotettava kuva eri
levdryhmien vuosisukkessiosta ja levékukinnoista.

Fluoresenssin kvanttisaannon muutosten avulla voidaan tutkia planktonlevien fysiologista
tilaa. Tulokseni osoittivat, ettd Itdmerelld tdméd menetelma yksindén ei anna luotettavaa kuvaa
planktonlevien ravinnerajoitteisuudesta. Yhdistettynd aktiivisiin ravinnemanipulaatiokokeisiin,
ja muihin ravinnerajoitteisuuden indikaattoreihin, menetelma tarjoaa kuitenkin arvokasta tietoa
planktonlevayhteison fysiologisesta vasteesta ravinnelisdyksiin. Tydsséd havaittiin liséksi, ettd
yleisesti kdytdssd oleva kaupallinen FRR fluorometri ei sovellu Itdmeren kukintoja muodostavien
rihmamaisten syanobakteerien fysiologian tutkimiseen niiden erikoisen pigmentaation vuoksi.
Viitoskirjatyoni osoitti eldvien planktonlevien fluoresenssimittausten olevan hyodyllisié silloin
kun halutaan jatkuvatoimisesti havainnoida planktonlevien mairdd, syanobakteerien maaraa,
taksonomisten levaryhmien esiintymisté ja planktonlevasolujen fysiologista tilaa. Automatisoidut
fluoresenssimenetelmét tukevat kustannustehokkaasti perinteistd planktonlevdseurantaa ja niiden
avulla voidaan saada entistd tarkempaa tietoa vesiekosysteemien toiminnan syy-seuraussuhteista.

Asiasanat: a-klorofylli, fykosyaniini, pigmentit, planktonlevd, syanobakteeri, Itdmeri,
spektraalinen fluoresenssi, spektraalinen absorptio, levéfysiologia, ravinnerajoitteisuus,
valoakklimaatio, monimuuttujakalibrointi
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1 Introduction

The surface of the Earth is largely covered by water (70.8%). Tiny phytoplankton cells, for the
most part too small to observe by human eye, populate all illuminated aquatic systems. The first
photosynthetic organisms evolved 3.2-2.4 Ga ago. Photosynthesis in the proterozoic ocean, ap-
proximately 2.3-2.2 Ga ago, turned the atmosphere oxygenic (Falkowski 2006). Currently, the
contribution of phytoplankton to the global carbon fixation, i.e. primary production, is roughly
40-50% (Falkowski & Raven 2007).

Phytoplankton production is the basis of the aquatic food-webs. Seasonal, vertical and horizontal
dynamics of phytoplankton, their taxonomic and functional diversity, and their role in nutrient
and energy cycles (local and global) are the key topics for ecological aquatic studies. Detec-
tion of phytoplankton biomass is approached by various methods. The existing technologies for
phytoplankton monitoring range from traditional microscopy to automated discrimination and
counting of micrometer—size phytoplankton particles by flow-cytometry, and to observations of
ocean colour from space and subsequent calculation of bulk phytoplankton biomass (Cullen et al.
1997, Schofield et al. 1999).

Observing the distribution of phytoplankton is not only an issue for aquatic sciences, but there
are increasing societal needs for this information. Aquatic ecosystems are severely threatened by
human actions like increased use of resources (e.g. fish), transformation or destroying of natural
habitats, pollution by toxic chemicals, and nutrient loads (Vitousek et al. 1997, Elmgren 2001,
Lotze et al. 2006). Increase in the frequency of harmful algal blooms in coastal areas and lakes,
due to increased eutrophication, has prompted public concern. These blooms impede the use of
water bodies for recreation, fisheries, and as drinking water supply (Anderson el al. 2002). Require-
ments for the understanding of phytoplankton dynamics in a global scale, and related capacity of
carbon fixation, have arisen due to the expected global warming and subsequent need to identify
the global carbon sources and sinks. Oceans have been major sinks for anthropogenic CO, emis-
sions (Raven & Falkowski 1999) and currently there is a debate whether CO, sequestration should
be enhanced by management actions.

To protect and recover aquatic ecosystems, wise policy decisions for management require
high-quality information on the state of environment. The observing systems for oceans, coastal
seas, and large lakes need to cover wide areas with sufficient spatial and temporal resolution.
Furthermore, the operations must be cost-efficient and involve quick processing of the data. Such
requirements are not easily met by traditional methods of water sampling and laboratory analysis.
Optical approaches for the detection of phytoplankton, relying on the specific optical signatures of
phytoplankton pigments, have been increasingly utilized (Cullen et al. 1997, Schofield et al. 1999,
Babin et al. 2005). Optical instruments measuring fluorescence, absorption or scattering signals of
phytoplankton can provide large amounts of data. Consequently, a very important, and non-trivial,
step is relating the measured optical quantities to the desired products, like the biomass, taxonomy
or productivity of phytoplankton.

Fluorometric detection of living phytoplankton has been carried out for more than 40 years
(Lorenzen 1966). Various instrumental, methodological and cell physiological aspects have been
widely studied. This thesis assesses fluorescence methods for the detection of living phytoplankton
in the Baltic Sea. Specifically, I will explore the information content of the fluorometric signal
measured with different techniques, and evaluate the limitations and potential of various methods
for environmental monitoring. While focusing on the detection of the phytoplankton by fluores-
cence methods, two key issues must be kept in mind. These are agreeably expressed by Falkowski
and Kiefer (1985) “We should keep in mind that the information obtained by these measurements
is fluorescence, not chlorophyll or productivity per se ”, and by Maxwell and Johnson (2000)
“Because it is so easy to generate data with chlorophyll fluorescence, it is also easy to generate
large amounts of meaningless data”.
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To provide some background, I briefly review the pigmentation of various phytoplankton
groups, especially for those groups present in my study area, the Baltic Sea. This is followed by
the theoretical basics in light absorption and fluorescence by phytoplankton. Then, to put fluo-
rescence detection of phytoplankton into perspective, I will shortly describe the most common
phytoplankton detection methods.

1.1 Phytoplankton pigments

Fluorescence properties of phytoplankton cells depend on the pigmentation of the cell. These
pigments have two main functions. First, chlorophylls, phycobilins and some carotenoids harvest
light energy for photosynthesis. Secondly, some carotenoids act as photoprotectants and prevent
photooxidation. Additionally, phycobilins in cyanobacteria may serve as nitrogen storage.

Chlorophyll @ (Chla) is present in all photosynthetic organisms (except in anaerobic photosyn-
thetic bacteria), and has a central role in photosynthesis. Accessory chlorophylls are found in most
taxonomic groups (Table 1) except in cyanobacteria (blue-green algae) and Eustigmatophyceae
(Rowan 1989). As an exception to these rules, Prochlorophytes (subdivision of Cyanobacteria)
contain either Chla and Chlb or divinyl-Chla and divinyl-Chlb (Ting et al. 2002). Chlorophyll 5
(Chlb) is present in higher plants, in green algae (Chlorophyta), and euglenophytes. Three differ-
ent forms of chlorophyll ¢ exist (Chlc , Chlc,, Chlc,), and the taxonomic groups containing these
pigments are commonly grouped as Chromophyta. Each chlorophyll pigment has various degrada-
tion products, which are sometimes present in natural samples due to grazing or the senescence of
cells. Pheophytin a, a typical degradation product of Chla, plays a role also in the photosynthetic
electron transport chain (Falkowski & Raven 2007).

Several hundreds of different carotenoids are known. In phytoplankton, some carotenoids, like
[B,B-carotene, are found in most taxonomic groups, while some are diagnostic taxonomic markers
(Jeffrey & Vesk 1997, Table 1). Zeaxanthin is considered as a marker of marine cyanobacteria
(Jeffrey & Vesk 1997), and it is also the main carotenoid for picocyanobacteria (Synechococcus
sp.) isolates from the Baltic Sea (J. Seppild & F. Pollehne, unpublished). For filamentous cyano-
bacteria, which are abundant in the Baltic Sea, zeaxanthin is present in Anabaena lemmermannii
and Aphanizomenon sp., but not in Nodularia spumigena (Schliiter et al. 2004). Other carotenoids
specific for filamentous cyanobacteria include echinonene and myxoxanthophyll. Alloxanthin is
considered as a taxonomic marker of Cryptophyta (Rowan 1989), but in the Baltic Sea it is present
also in Dinophysis norvegica (Dinophyta) (Meyer-Harms & Pollehne 1998) and in phototrophic
ciliate Mesodinium rubrum (Eker-Develi et al. 2008; also know as Myrionecta rubra, Crawford &
Lindholm 1997). Peridinin and diadinoxanthin are the major carotenoids for dinophytes. Hapto-
phytes can be divided into four sub-groups by their pigmentation, and the main carotenoids include
diatoxanthin, diadinoxanthin, fucoxanthin and 19’-hexanoyloxyfucoxanthin (Jeffrey & Vesk 1997).
The pigmentation of Chrysophyceae is rather similar to haptophytes. Violaxanthin is the most
important carotenoid in Eustigmatophyceae (Owens et al. 1987). For euglenophytes diatoxanthin
and diadinoxanthin are the major carotenoids (Bjernland 1982, Jeffrey & Vesk 1997). Lutein is
the most important carotenoid for chlorophytes, while neoxanthin, zeaxanthin, antheraxanthin and
violaxanthin are present in the most cases as well (Rowan 1989).

There are four different groups of phycobiliproteins: allophycocyanin (APC), phycocyanin (PC),
phycoerythrin (PE), and phycoerythrocyanin (PEC). The number and type of different phycobilin
chromophores present in each phycobiliprotein varies (Rowan 1989). In cyanobacteria, APC and
PC are always present, though sometimes at low quantities. PE is present in several taxonomical
cyanobacterial groups, while PEC is more or less limited to the strains that form heterocysts (Bry-
ant 1982). The strains with both PE and PEC present are not known. In cryptophytes, either PE or
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Table 1. Pigmentation of the major algal divisions/classes present in the Baltic Sea. For carotenoids only major
taxonomically significant pigments are shown. (+) indicates that pigment is of minor importance, or found only in a
few species/strains. Note that the table is compiled from the sources (Rowan 1989, Jeffrey & Vesk 1997) covering all
aquatic environments as only few studies are available for species isolated from the Baltic Sea.

&
Pigment § zi s % 4:% g g ii
s S| 85|82 2 ¢
S| 5|6 |£|6|a|a|d
Chla + + + + + + + +
Chlb +
Chic, + "
Chic, + n ¥ +
Chlc, + (+)
Alloxanthin + +)
Antheraxanthin ¥
19°-Butanoyloxyfucoxanthin + +
Diadinoxanthin + + + +
Diatoxanthin (+) + + +
Echinenone +
Fucoxanthin + +
19°-Hexanoyloxyfucoxanthin +
Lutein +
Peridinin +
Myxoxanthophyll +
Neoxanthin + n
Violaxanthin + + n
Zeaxanthin + (+) " +
Allophycocyanin +
Phycocyanin + (+)
Phycoerythrin () +) +)
Phycoerythrocyanin ()

PC is present, but never both (Rowan 1989). PE or PC is also present in the ciliate Mesodinium
rubrum, and in a few dinoflagellates (Vesk et al. 1996).

Pigmentation of phytoplankton may contain a lot of taxonomic information. Pigment chemo-
taxonomy is the common name for approaches that use diagnostic pigments (or the related optical
signals) in the identification or quantification of different taxonomic groups.

Pigments are not freely distributed in the phytoplankton cells, but are bound to specific proteins
and located within the thylakoid membranes. For eukaryotes, these membranes are in the chlo-
roplasts, and for cyanobacteria they are dispersed in the cytoplasm. There are two physically and
functionally separated photosystems in the cell, photosystem I (PSI) and photosystem II (PSII),
with different pigment-protein complexes.
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The reaction centre of PSII (RCII) contains Chla and pheophytin a. RCII is closely associated
with two chlorophyll-proteins, CP47 and CP43, containing Chla and 3,3-carotene, which also play
arole in light-harvesting (Green & Durnford 1996, Falkowski & Raven 2007). In eukaryotic algae,
chlorophyll-carotenoid proteins form light harvesting antennas for PSII and composition of these
proteins vary between taxonomic groups (Green & Durnford 1996, Table 2). In cyanobacteria,
phycobiliproteins locate in phycobilisomes (PBS) and harvest light for PSII (Sidler 1994). The
reaction centre for PSI contains Chla and [3,3-carotene. Light energy for photosynthesis is captured
by antenna pigments, further transferred to Chla in chlorophyll-proteins (which harvest light as
well), and finally transferred to reaction centres, where the subsequent photochemical reactions
take place (Falkowski & Raven 2007).

Table 2. Light harvesting antenna pigment complexes for PSIl in the major algal groups (from Green & Durnford
1996).

Algal group Light harvesting antenna for PSII

Cyanobacteria Phycobilisomes

Cryptophyta Alloxanthin - Chla/c; phycobiliproteins

Dinophyta Peridinin - Chla/c

Haptophyta Fucoxanthin - Chla/c

Chrysophyta Fucoxanthin - Chla/c

Eustigmatophyceae Violaxanthin/vaucheriaxanthin - Chla
Euglenophyta Diadinoxanthin/diatoxanthin/neoxanthin - Chla/b
Chlorophyta Lutein/neoxanthin/zeaxanthin/violaxanthin - Chla/b

1.2 Light absorption by phytoplankton pigments

Depending on wavelength, electromagnetic radiation can be divided into different categories, like
ultraviolet-radiation, visible light and infrared-radiation. Photosynthetically active radiation (PAR)
extends from 400 to 700 nm. The energy of light quantum, photon, (¢) is inversely proportional
to its wavelength (L),

g=hcat ()

where 4 is Planck’s constant (6.625 x 10 Js), and ¢ is velocity of the photons in vacuum (3 x
10" cm s™).

In the absorption of light, the energy of a quantum is transferred to a molecular entity (Braslavsky
2007). Absorption depends on wavelength and the possible electron states of the absorbing mol-
ecule. Based on the distribution of these energy levels, a molecule has an absorption spectrum
with wavelength regions characterised by high and low absorption corresponding to the likelihood
of light absorption.

The photosynthetic pigments of phytoplankton have evolved to harvest sunlight efficiently
(Kiang et al. 2007). Various pigments are complementary in light harvesting, and thus they are
characterized by different spectra. All chlorophylls have high absorption in the blue spectral region.
As summarized by Rowan (1989), in acetone Chla, Chlb and Chlc have absorption peaks at 430
nm, 455-460 nm and 440-450 nm, respectively (Fig. 1a). In the red region Chla and Chlb show
peaks at 660-665 nm and 645-648 nm, respectively, and absorb more efficiently than Chle (with
different forms having peaks at 625-630 nm). Most carotenoids have three absorption peaks in
the PAR region and typically these are positioned at the blue, green or yellow region of spectra
(sometimes extending to the UV). The phycobiliproteins, depending on the phycobilin chromo-
phores, absorb in the blue-green to orange regions.
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Figure 1. (A) Absorption spectrum of Chla in ethanol (solid line) with absorption peaks corresponding to
excited states at blue range (B, and B, ) and at red range (Q, and Q,). Fluorescence spectra of Chla (dashed
line) corresponds the light emission from the lowest exited state (Q,), and has a mirror shape of Q, absorp-
tion band. (B) A simplified presentation of the energy level diagram showing the absorption (a) of quantum,
and corresponding formation of excited states (S-S, and S-S, transients). Higher excited states decay to
S, (n, non-radiative decay). Competing processes for S, decay include fluorescence (f), non-radiative decay,
and intersystem crossing (i), where triplet state (T,) is formed, followed by non-radiative decay or phospho-
rescence (p).

The proteins binding the pigments in cells modify their absorption properties and absorption
peaks are shifted towards longer wavelengths. For Chla, in vivo absorption peaks are at 435-440
nm and at 673-679 nm (Lohrenz et al. 2003, Johnsen & Sakshaug 2007). For carotenoids the
absorption peaks can be shifted towards the red by up to 90 nm compared to the absorption of
extracted pigments in solvents (Anderson & Barrett 1986). For each pigment, the exact position
of the in vivo absorption maxima varies between phytoplankton groups (Table 3) and these can
be estimated indirectly e.g. using the derivative analysis or Gaussian decomposition approach
(Lohrenz et al. 2003). Absorption properties of the individual pigment-protein complexes can be
measured, provided they are carefully separated physically (e.g. Jovine et al. 1995).

In the cells, pigments are not uniformly distributed but they are in discrete packages, in the
pigment-protein complexes located in the chloroplast membranes (or in the photosynthetic mem-
branes in cyanobacteria). The pigments partly shade each other and the actual absorption efficiency
is less than if the pigments were uniformly distributed. This package effect is more pronounced for
highly pigmented particles, e.g. for cells grown in low light with a high cellular pigment content.
Larger cells tend to have a stronger package effect than small cells (Kirk 1994).

1.3 Fluorescence properties of living phytoplankton

1.3.1 Principles of fluorescence

When a pigment absorbs a light quantum, one electron is raised from a ground state (S,) to a higher
energy level, electron state (S, S,, ...) (Fig. 1b). The energy differences between the ground and
excited states correspond to the maxima in absorption spectra. Light absorption is very rapid with
a timescale of 105 s. The higher excited states decay quickly (approx. <102 s) to the lowest
excited state (S), the excess energy being released as heat. The S, decay processes include fluo-
rescence (emission of a new photon within 10 — 107 s), non-radiative decay (releasing heat in
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Table 3. In vivo light absorption by pigments harvesting light for PSII, and their corresponding fluorescence emis-
sion maximum (compiled from Bryant 1982, Anderson & Barrett 1986, Johnsen et al. 1994a, Johnsen et al. 1994b,
Sidler 1994, Lohrenz et al. 2003). Accessory chlorophylls and carotenoids do not have own in vivo fluorescence
emission, but transfer the energy to Chla.

Absorption peaks (nm) Fluorescence emission maximum (nm)
Chla 435-440, 620-635, 672-676 682
Chlb 465-470, 650
Chlc 455-465, 590, 625-643
Alloxanthin 4882
Diadinoxanthin 440-490
Fucoxanthin 515-545
Peridinin 440-540
PE 490-575 570-580
PEC 570-595 625-635
PC 615-640 635-645
APC 620-655 660-675

@ For alloxanthin only a peak wavelength is given

107107 s), and intersystem crossing (triplet formation at the timescale 107'° — 10-% s). The latter
is sometimes accompanied by the emission of a photon, known as phosphorescence (at timescale
107-10° s). Fluorescence emission (change from S, to S ) is a spectral mirror image of absorption
corresponding to the change from S to S, (Lakowicz 1999, Fig. 1a). The energy of fluorescence
emission is typically less than the absorption, thus emission occurs at longer wavelengths than
absorption (Stokes shift) and the remaining energy is released as thermal emission (Owens 1991,
Lakowicz 1999).

The quantum yield of fluorescence (®,) relates the amount of photons emitted (F) to the amount
of photons absorbed (/),

@, =FI" @

Alternatively, @, may be expressed using the rate constants for the different excited state decay
processes,

@, =k, (k, +k,)" 3)

where kf and k are the rate constants for the excited state decay as fluorescence and non-radiative
processes (including e.g. thermal emission and triplet formation), respectively.

In chlorophyll pigments, light absorption leading to the higher electron states corresponds to
absorption bands Q, in the red, and B, and B, in the blue (Falkowski & Raven 2007). These states
rapidly decay to the lowest excited state S, corresponding to the Q, band (centred at 625-670
nm, depending on the pigment and solvent, Rowan 1989, see Fig. 1a). Chlorophyll fluorescence
arises only from Q,, and fluorescence emission is red-shifted by 5-10 nm. For pure Chla, @, var-
ies from 0.23 to 0.32 depending on the organic solvent used (Udenfriend 1962). Fluorescence of
carotenoids is very weak with quantum yields in the order from 0.0001 to 0.00001 (Frank et al.
1997). In contrast, phycobiliproteins are highly fluorescent with quantum yield from 0.51 to 0.98
(Oi et al. 1982).
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1.3.2 Energy transfer

Pigments do not exist isolated in the living phytoplankton cell, and this has consequences for
light absorption and excitation energy transfer. Antenna pigments absorb light at their specific
wavelengths. Pigments in the reaction centres participate in the light harvesting as well, but their
quantitative share is minor due to the low amount of pigment involved (Owens 1991). The absorbed
light energy is efficiently transferred towards Chla in the reaction centres. This transfer of energy
may take place by resonance when emission and absorption lines of the energy donor and acceptor
overlap (Forster transfer) or by an exchange mechanism when the orbitals of donor and acceptor
overlap (Dexter transfer) (Clegg 2006). Because the excitation transfer from accessory chlorophylls
and carotenoids in the antenna to Chla is very rapid (107'? s), the fluorescence quantum yield of
these antenna pigments is very low and thus their fluorescence cannot be efficiently detected.

In the phycobilisomes, energy is transferred by Forster transfer (Sidler 1994). Energy flows from
the short-wavelength absorbing PE (absorption maxima at 490-575 nm / fluorescence emission
maxima at 570-580 nm) or PEC (570-595 nm / 625-635 nm) to PC (615-640nm / 635-645 nm)
and further to the long wavelength absorbing APC (620-655 nm / 660-675 nm) (Mimuro 1990,
Sidler 1994). From APC the light energy is transferred to Chla in photosystem reaction centres.
Energy transfer in phycobilisomes is very efficient (>95%). Due to high fluorescence quantum
yield, however, fluorescence of various phycobilins can be efficiently detected.

1.3.3 In vivo fluorescence of phytoplankton cells

Most (approx. >90%) of the Chla fluorescence arises from PSII, with maximum emission around
682 nm. First, there are often more Chla and accessory pigments in PSII than in PSI. Secondly,
in PSII, the excitation energy may travel back and forth in Chla pigments located in the antenna
or in the reaction centre, due to overlap between absorption and fluorescence maxima (approx.
5-10 nm). The primary source of PSII fluorescence are Chla pigments in the antenna that are
more than hundred times more numerous than Chla pigments in the reaction centre. The absorp-
tion maximum of PSI reaction centre Chla is around 700 nm, and its fluorescence takes place at
longer wavelengths. The received excitation energy of PSI reaction centre can thus not be easily
returned to antenna Chla with its absorption maxima around 675 nm. The fluorescence yield of
PSI is very low as the decay of the excited state by photochemistry and non-radiative processes
is rapid (Owens 1991, Falkowski & Raven 2007).

The fluorescence quantum yield of Chla in vivo is lower than in vitro and varies from 0.005
to 0.05 (Babin 2008). In living cells, photochemistry competes efficiently for the energy from
excited state decay with a relatively high rate constant, k£ . Some energy may be directed to PSI
(spill-over, with rate constant k ). If photosynthesis is not possible, when all reaction centres are
inactive or closed (k, is zero), the maximum fluorescence yield can be expressed with the follow-
ing rate constants,

D, =k (k, +k,+k)" (4a)

If all the reaction centres are open, i.e. ready to receive energy from an excited state, fluorescence
yield is at minimum,

D, =k, (k,+k,+k +k,)" (4b)

For whole cells, @, must be expressed as the sum of open and closed photosynthetic units,
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@y = [k, vk vk k) (0= )k, (k, +ky k) (40)

where fis a fraction of open reaction centres.
Similarly, if all reaction centres are open, the maximum quantum yield of PSII photochemistry
(&,"*) can be calculated as

D" =k, (k, +k,+k +k,)" ()

Non-photochemical fluorescence quenching is a common term for processes where the excess exci-
tation energy is converted to heat (energy-dependent quenching, state transition quenching and pho-
toinhibitory quenching) (Falkowski & Raven 2007). While energy-dependent non-photochemical
quenching protects PSII from photoinhibition, photoinhibitory non-photochemical quenching takes
place during severe light stress and is maybe more related to photodamage (Miiller et al. 2001).

1.3.4 Variable fluorescence

Fluorescence is the product of quantum yield and rate of light absorption (/, Eq. 2). When minimum
(F,) and maximum (F,) fluorescence are measured, @, can be calculated as follows:

Fo =K (ky +ky+ko+k )™ (62)
Fu =k, (k, +k, +k)™ 1 (6b)
(Fy—F)F,/ " =k, (k,+k,+k +k,)" =D, (6¢)

F,, - F,is called the maximum variable fluorescence (), and F',/F,, is used as an estimate of
photochemical efficiency of PSII. Measurement of F, is obtained when the cells have been dark ac-
climated long enough (15-30 min) to open all the reaction centres, and when all non-photochemical
quenching mechanisms are relaxed. Closing the reaction centres, and subsequent measurement
of F*,, can be carried out in different ways. One possibility is to block the electron transport chain
using specific chemicals, like DCMU (3-[3,4-dichlorophenyl]-1,1-dimethylurea). Drawback of
this technique is that after the chemical treatment cells are no longer viable. A nonintrusive way
for closing reactions centres is to expose them to saturating light. Single turnover technique uses
short (microseconds) intense light flashes that ultimately cause single closure of PSII reaction
centres. Fast Repetition Rate fluorometry (FRRF) is a typical single turnover technique used in
oceanography and was also utilized in this thesis. Multiple turnover technique uses relatively long
(milliseconds) saturating light pulse that produces several photosynthetic events (turnovers). Pulse
amplitude modulation (PAM) fluorometry is commonly used for multiple turnover measurements.
These two light treatments affect different parts of the electron transport chain, and consequently
the measured F,, values are slightly different (Kolber et al. 1998, Kromkamp & Forster 2003, Sug-
gett et al. 2003). Typically, for healthy algal cells F//F  is close to 0.65 (single turnover) or 0.7-0.8
(multiple turnover). The resulting /,/F’, can be used in the calculation of the rate of photosynthesis
or as an index of physiological status of the cells (Kromkamp & Forster 2003, Suggett et al. 2003).
When fluorescence is measured with a standard laboratory or field fluorometer with continuous
light supply the resulting fluorescence signal is somewhere between F/ and I .
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1.3.5In vivo Chla fluorescence and the
estimation of phytoplankton biomass

For decades, in vivo Chla fluorescence has been used to estimate phytoplankton biomass. Currently,
a wide range of instruments are available with different optical and mechanical configurations. The
method was first described by Lorenzen (1966), and he already listed some potential limitations of
the method, including factors affecting Chla-specific fluorescence (R), which is the ratio between
fluorescence intensity (F) and concentration of extracted Chla ([Chla]),

R = F[Chla] )

The potential of the in vivo fluorescence technique to provide a continuous record of phytoplankton
abundance was acknowledged in follow-up studies (e.g. Flemer 1969, Platt 1972), but the results
were considered only semi-quantitative. The reasons for the variability between extracted Chla
values and in vivo fluorescence readings were explored in more detail, and identified as changes in
ambient light conditions, physiological diel rhythms, nutrient stress, species composition, and the
presence of humic material (Flemer 1969, Kiefer 1973a, Kiefer 1973b, Loftus and Seliger 1975).
The effects of temperature were considered minor (Lorenzen 1966, Kiefer 1973a). Kiefer (1973a)
noted that the presence of Chla degradation products had only a minor effect on the variability of R.

In the early studies, the observed variations in R were 2 to 4-fold for single species, while up to
10-fold changes were observed for natural samples (Kiefer 1973a, Loftus and Seliger 1975). The
larger variation in the field samples was due to additive effects of species composition and cell
physiology. Later, Vincent (1983) demonstrated that R varied 50-fold between different species, and
he further pointed out the dependency of the fluorescence on the optical setup of the instruments.

In Eq (6) fluorescence intensity is related to light absorption and the quantum yield of fluores-
cence. Additional terms are needed to fully describe the measured fluorescence signal (F(A, , )
with units: pmol g m? s), detected at given excitation (ex) and emission (em) wavelengths. Intra-
cellular reabsorption of the fluoresced light can be described by the specific absorption efficiency
(Q,*(1,,), also index of package effect, see 4.1.2.2.). Q *(, ) ranges from 0 (all reabsorbed) to 1
(no reabsorption). Several instrumental factors are required if fluorescence is measured in physical
units. Omitting these instrumental factors, for clarity, F(A _, )can be expressed in relative units as:

F(ﬂ’ex/em) = ](ﬂ’ex) Qa * (;”em) @F (8)

Light absorption can be expressed as a product of irradiance (£,; umol g m? s'), Chla concen-
tration ([Chla]; mg m™), the number of photosynthetic units (n,,; q (mg Chla)"), and spectrally
averaged optical cross-section of PSII ( ¢,,,”"; m* q') weighted by irradiance spectra (i.e. by the
excitation spectra of the instrument) (Falkowski & Kiefer 1985, Babin 2008). Thereafter, F(A,,
.,,) may be calculated as:

opt

F(ﬂ“ex/em) = EO [Chla] nPSII EPSII Qa * (/Iem) @F (9)

Eq. 9 describes the rate of light absorption by PSII. The Chla-specific absorption coefficient for
PSII (a,.,*; m? (mg Chla)"'), can be represented as:

PSII >

— —  opt
apsi * = Npg;; OPslI (10)
and it can be calculated from the spectrally resolved Chla-specific absorption coefficient of PSII
(a,y,* (M); m* (mg Chla)™"), the spectral irradiance of the fluorometer (£ (1); umol g m* s™), and

the integrated irradiance (£ (PAR); pmol q m™ s™):
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700
apsi*= ([ apy *(2) Es(4) d2) (E,(PAR))™ (11)
2=400
When the excitation light of the fluorometer is considered constant, the obtained fluorescence per
the irradiance of fluorometer can be expressed as:

F(/lex/em) E:O_1 = [Chla] EPSH * Qa >l<(ﬂ’em) ¢F (12)

Without accounting for the large natural variability of physiological variables in the Eq. 9 or Eq.
12, fluorescence intensity serves only as a semi-quantitative proxy for Chla concentration. Only
when the physiological variability is considerably less than the variability in biomass, reliable
Chla estimations may be achieved. Typically, conversion from fluorometer readings to Chla
concentrations is done using a frequent in situ calibration, where water samples are collected for
analytical Chla measurements.

1.3.6 Phycobilin fluorescence

In contrast to eukaryotic algae, cyanobacterial PSII contains only a minor fraction of the total
cellular Chla (Bryant 1986, Johnsen & Sakshaug 1996) and no accessory Chl or photosynthetic
carotenoids. For cyanobacteria most (80-90%) of the Chla is located in the non-fluorescing PSI,
and consequently a specific feature for cyanobacteria is a very low Chla-specific in vivo fluores-
cence when compared to that of eukaryotic algae (Campbell et al. 1998). In natural phytoplankton
communities, even a low variability in the abundance of eukaryotes, with high Chla-specific
fluorescence, will mask the variability in the abundance of cyanobacteria. Therefore Chla in vivo
fluorescence describes cyanobacterial distribution poorly.

Phycobilins are the major light harvesting pigments in cyanobacterial PSII. These pigments are
not widely abundant in other phytoplankton groups (Table 1). The fluorescence of phycobilins
can be used to estimate their concentration, and allows the monitoring of cyanobacteria, similar
to how in vivo Chla fluorescence can be used to detect bulk Chla concentration. The type and
amount of phycobilin pigment in cyanobacterial cells varies between cyanobacterial groups and
the fluorescence wavelengths monitored must be selected accordingly.

In waters where blue and green light is efficiently absorbed e.g. by humic material (i.e. yellow-
ish/reddish lake and coastal waters), PC absorbing in the orange-red spectral regions is typically
the major phycobiliprotein. In oligotrophic oceanic waters blue light penetrates deep into the water
column, and consequently phycourobilin-rich PE with absorption maximum at 495-500 nm is the
most beneficial for light harvesting. In coastal waters where green light penetrates deepest (e.g. the
open Baltic Sea), it is more advantageous to have phycoerythrobilin-rich PE (absorption maxima
540-575 nm) (Wood et al. 1998). Differently coloured cyanobacteria share the light resource in
the intermediate water-types (Stomp et al. 2007). Due to variability in cyanobacterial pigmenta-
tion, there is no single instrumental setup for phycobilin fluorescence detection, but the method
must be optimized separately for the each water-body and cyanobacterial group. The method of
measuring phycobilin fluorescence as an index for cyanobacterial distribution was proposed long
ago (Yentsch & Yentsch 1979), and the potential of this method for cyanobacteria detection has
been reported several times (e.g. Watras & Baker 1988, Lee et al. 1994). However, the operational
use of phycobilin fluorometers has not been widespread, and results from long-term monitoring
are scarce (but see e.g. Izydorczyk et al. 2005). Instruments have been available from several
manufacturers, and with several optical configurations, while the assessment of their performance
has been rarely reported (but see Brient et al. 2008).
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There are no reports where, to best of my knowledge, pigment-specific fluorescence of phy-
cobilins has been studied in vivo. One reason is that practical analytical methods for quantitative
estimation of phycobilin concentrations are not available. Several analytical methods have been
proposed, but the overall extraction efficiency of phycobilins is typically low for field samples with
several cyanobacteria species (with variable extraction efficiency) and phycobilins present (Simis
et al. 2005). Consequently, conversion from the phycobilin fluorescence signal to the biomass
of cyanobacteria is further complicated as the phycobilin content of cyanobacterial cells varies,
especially in response to light and nitrogen conditions (Bryant 1986).

1.3.7 Spectral fluorescence of phytoplankton

A whole fluorescence excitation emission matrix (EEM) describes 3-way data (excitation wave-
length x emission wavelength x signal intensity) with contributions from all the fluorescing
compounds present in a sample. EEMs show the location and intensity of the emission and ex-
citation peaks for all the fluorophores having fluorescence in the selected spectral window. The
EEM-method is also called two-dimensional fluorescence spectroscopy or total luminescence
spectroscopy. The measurement is done by incrementing excitation wavelengths stepwise while
measuring spectral emission for each excitation wavelength, or vice versa. Typically, the EEMs
are visualized using surface or contour plots.

Light harvesting accessory pigments, with the exception of phycobilins, do not have their own
in vivo fluorescence, but transfer energy to Chla. Consequently, in vivo fluorescence emission
spectra of phytoplankton show only responses of Chla and phycobilins. To measure emission
spectra, emission wavelengths are scanned using a constant excitation wavelength. In excitation
spectra, excitation wavelengths are scanned while emission remains constant. Then, the excitation
spectra correspond to the spectral absorption of those antenna pigments that transfer light energy
to the pigment whose emission is measured. Thus, an excitation spectrum measured at the Chla
emission maximum around 682 nm contains information on the absorption properties of PSII
antenna pigments.

The Chla red absorption peak located at 670-680 nm cannot be efficiently detected if the emis-
sion is measured at the Chla fluorescence maximum at 682 nm, because the excitation and emis-
sion wavelengths are too close each other and the excitation band will partly overlap with Chla
emission. The red Chla peak can best be measured by detecting fluorescence at wavelengths >710
nm because Chla emission extends towards the far-red (see Fig. 1a). Chla emission is rather low
at >710 nm compared to that at 682 nm, and therefore instrument settings must be changed to
improve sensitivity, e.g. by increasing emission slit width.

The spectral shape of fluorescence is influenced by the spectral properties of lamp, mirrors,
filters, monochromators, and detector. Excitation spectra can be corrected using a quantum coun-
ter, a medium with constant quantum yield independent of excitation wavelength. Correction
for emission spectra is more difficult and involves a calibrated light source or both the quantum
counter and a scatterer. Alternatively, emission spectra may be corrected by comparing with a
known emission spectrum (Lakowicz 1999).

Quantum corrected far-red excitation spectra provide the shape of absorption by pigments
harvesting light for PSII (Neori et al. 1988). As fluorescence is measured in relative units, these
spectra also lack a physical unit. When these spectra are scaled one-to-one against corresponding
Chla—specific absorption, so that no overshoot takes place at longer wavelengths (~540-700 nm),
approximation of PSII light absorption coefficient is obtained in real units (m* (mg Chla)") (for
more details, see 4.1.2.1.). This method assumes that i) photoprotective pigments do not absorb
at ~540-700 nm, ii) transfer of energy from photosynthetic accessory pigments to Chla is close
to 100%, and iii) scaling is dependent mainly on the pigmentation of PSII antenna (Johnsen &
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Sakshaug 2007). In the measurements of the quantum yield of photosynthesis and in bio-optical
modelling of photosynthesis, it is important to separate light absorption by photosynthetic and non-
photosynthetic pigments (Sakshaug et al. 1991, Raateoja & Seppéld 2001). For such applications,
quanta corrected and scaled far-red Chla excitation spectra may serve as a proxy of light harvesting
by PSII or by all photosynthetic pigments, the latter assuming similar pigment composition of PSI
and PSII antenna (Sakshaug et al. 1997).

As noted above, spectral fluorescence contains information on the pigmentation of PSII anten-
nae. The major taxonomic phytoplankton groups differ in PSII antenna pigmentation (Table 2)
and thus have different spectral properties; in vivo excitation and emission maxima for major
PSII pigments are listed in Table 3. Yentsch and Yentsch (1979), Vincent (1983), and Yentsch
and Phinney (1985) examined the group-specific excitation and emission spectra, and suggested
that exciting Chla using a few specific wavelengths of accessory pigments gains some level of
taxonomic information on the phytoplankton population. Yentsch and Phinney (1985) introduced
a “chlorophyll-to-accessory pigment ratio”, which is measured as a ratio of fluorescence emis-
sion (at 685 nm) after excitation through carotenoids (at 530 nm) and through Chla (at 450 nm).
They showed that for green algae this ratio is lower than for other groups due to lack of major
carotenoids in PSII antenna. In the study with algal cultures, SooHoo et al. (1986) showed that
photoacclimation alters this ratio, and prevents the separation of taxonomic groups using a simple
index. Taking advantage of the group-specific differences in the whole spectral domain, identifica-
tion of phytoplankton species in mixed cultures was demonstrated by Oldham et al. (1985) using
EEMs and Fourier-transform-based pattern recognition, but field samples have not been analysed
with this method.

Typically, four to five taxonomic groups can be discriminated using spectral fluorescence
(Poryvkina et al. 1994, Millie et al. 2002). These include i) Chlb-containing groups (Chloro-
phyta, Euglenophyta), ii) Chlc-containing groups without phycobilins (Dinophyta, Haptophyta
and Chrysophyta grouped together as Chromophyta), iii) Chlc-containing groups with phycobilins
(Cryptophyta) and iv) cyanobacterial groups with variable phycobilin pigmentation. All these pig-
ment groups contain several phytoplankton classes and numerous species, and therefore the diver-
sity of pigmentation inside each pigment group is large (Jeffrey & Vesk 1997). Thus, there exists
no constant spectral signature for any group. The pigmentation of PSII antenna reflects changes
in the environment, especially light and nutrient conditions (e.g. SooHoo et al. 1986, Johnsen &
Sakshaug 1996). Adjustment of the pigmentation to environmental conditions may be especially
large for cyanobacteria that may use their phycobilins as nitrogen reserves.

Variable fluorescence is an additional error source in the spectral measurements. If the excita-
tion light is strong enough to close a fraction of reaction centres, but not all of them, fluorescence
yield varies during spectral measurement as a product of excitation light and PSII light absorption
(Babin 2008). This could be avoided using DCMU as an inhibitor of photosynthesis.

Various methods have been used to retrieve taxonomic information from spectral fluorescence,
including Fourier-transform-based pattern recognition (Oldham et al. 1985), a similarity index
algorithm (Millie et al. 1997, Millie et al. 2002), deconvolution using spectral libraries (Gerhardt
& Bodemer 2000, Beutler et al. 2002) and principal component regression (Kaitala et al. 1994,
Henrion et al. 1997, Zhang et al. 2006). Theory of spectral discrimination, using multivariate
calibration, is more closely reviewed in the Methods section (3.6.1).

In situ measurements of spectral fluorescence can be carried out using standard or modified
laboratory spectrofluorometers, though instruments dedicated to automated flow-through measure-
ments have been developed as well (Babichenko et al. 2000). For underwater profiling, spectral
instruments have not yet been developed, but instruments utilizing a few excitation wavelengths
and detection of emission at one or several wavelengths have been described (Desiderio et al.
1997, Beutler et al. 2002).



24  Seppila Monographs of the Boreal Environment Research No. 34

1.4 Detection of phytoplankton biomass and taxonomy

The various analytical techniques to estimate the standing crop of phytoplankton differ not only in
their principles of measurement, they also characterize phytoplankton biomass differently (Rey-
nolds 2006). There are no universally applicable conversion factors that will make the outcomes of
different methods equal. Different important methods, in addition to in vivo fluorescence methods,
for estimation of phytoplankton biomass and taxonomy are shortly described below, and their
advantages and disadvantages are summarised in Table 4.

The most traditional method to estimate phytoplankton biomass is microscopy. Microscopy
yields the species composition of the phytoplankton, a cornerstone in understanding the diversity
and functioning of aquatic ecosystems. In the Finnish phytoplankton guide (Tikkanen 1986)
approximately 800 taxons are described and more recently Guy Haéllfors listed >1000 species
present in the Baltic Sea (HELCOM 2004). Globally it has been approximated that the number
of phytoplankton species is >20000 (Jeffrey & Vesk 1997, Falkowski & Raven 2007). Some spe-
cies cannot be identified by light microscopy, but electron microscopy or molecular methods are
needed. Molecular probes to detect individual taxa have been recently developed (Scholin et al.
2008). As only a small amount of samples can be processed, microscopy is inadequate for ap-
plications that require a rapid approximation of phytoplankton biomass and taxonomy and when
the number of samples is large.

Electronic counting of aquatic particles was initiated in the late 1960’s using Coulter counter
(Mulligan & Kingsbury 1968), but it is not possible to distinguish between dead and living particles,
and thus phytoplankton biomass estimates for natural samples cannot be directly obtained. In flow
cytometry, optical properties of particles in a narrow sample stream are measured. The sample
stream is illuminated with a strong light (laser), and fluorescence and light scatter are measured
for each individual particle (Yentsch et al. 1983). Forward scatter and side scatter are related to
particle size, particle structure and refractive index. Depending on the application, fluorescence
of Chla, PE, and PC can be measured. Thus, phytoplankton cells can be discriminated from other
particles by their fluorescence properties. Flowcytometry has been an important tool in aquatic
sciences mostly because it allows rapid detection, grouping and counting of picophytoplankton
cells. Automated in situ flowcytometers can be applied to on-line monitoring of phytoplankton
biomass, where several particle groups (sometimes up to the species level) can be distinguished
(Dubelaar et al. 1999, 2004). To further assist the identification of cells, Sieracki et al. (1998)
introduced a combination of flow cytometry and digital imaging (FlowCAM). A system with en-
hanced resolution and automated image processing has recently been described (Olson & Sosik
2007, Sosik & Olson 2007).

The most widespread method to estimate phytoplankton biomass is the concentration of Chla.
However, phytoplankton contains a number of other pigments that are extracted along with Chla.
Spectral absorption of other chlorophylls (including their degradation products) is overlapping
Chla absorption at the red part of spectrum. Consequently, several methods for simultaneous
measurement of Chla, Chld and Chle, or Chla degradation products have been proposed (sum-
marized in Jeffrey & Welschmeyer 1997). These equations, based on measurements at relatively
few wavelengths, do not allow definite quantification of all chlorophylls but usually estimates of
Chla are considered accurate enough for many applications. More precise spectral methods us-
ing multivariate calibration or Gaussian peak analysis have been recently introduced (Moberg &
Karlberg 2001, Kiipper et al. 2007). For analysis of chlorophylls, fluorometry is more sensitive
than spectrophotometry, and the method introduced in the early 1960s (Yentsch & Menzel 1963)
has been extensively used in the estimation of Chla concentration. As with spectrophotometry,
the presence of other chlorophylls influences Chla determination. Multi-wavelength fluorescence
methods have been introduced (summarized in Jeffrey & Welschmeyer 1997) but these are not
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widely used. Spectrofluorometric methods, by recording a complete excitation-emission fluores-
cence matrix, for simultaneous determination of 6 to 12 chlorophyll pigments have been described
(Neveux & Lantoine 1993, Moberg et al. 2001, Neveux et al. 2009).

Chromatographic methods are used to separate, identify, and quantify phytoplankton pigments.
The identification of group-, class-, and species-specific carotenoids (so-called signature pigments,
see Table 1) and developments in high-pressure liquid chromatography (HPLC) boosted the use of
chromatographic methods in chemotaxonomic studies (Jeffrey 1997). HPLC is often considered
the most reliable method for Chla determination, especially in the presence of Chla degradation
products. Detection of the signature pigments by HPLC, and the use of constrained pigment ratios
for algal classes, allows detection of phytoplankton class abundances (Mackey et al. 1996).

In natural waters, the main optically active constituents are water itself, coloured dissolved
organic matter, inorganic particles, detritus, phytoplankton, and other living organisms (Kirk
1994). Their contribution to inherent optical properties varies, and in the open ocean most of the
optical variability is due to phytoplankton and related compounds, while in the coastal waters and
lakes contributions of dissolved organic matter, phytoplankton and non-algal particulate matter
are more complex. Absorption of water constituents can be measured using in situ spectropho-
tometers (Rottgers et al. 2007). Frequently, absorption by phytoplankton pigments is measured
using a filter-pad method, where absorption by particulate matter is divided into components of
phytoplankton pigments and other particles (e.g. Tassan & Ferrari 1995). The absorption coef-
ficient for phytoplankton is (nonlinearly) related to the Chla concentration (Bricaud et al. 2004).
Using the absorption data, concentrations of major pigments may be estimated or chemotaxonomic
information may be derived (e.g. Johnsen et al. 1994b). Additionally, Chla may be estimated from
beam attenuation, scattering and backscattering signals (Sosik 2008).

Diffuse spectral attenuation coefficients for downwelling irradiance, determined from irradiance
measurements at several depths, contain the contribution of the optically active constituents and can
be used in the estimation of Chla (Sosik 2008). Water-leaving reflectance can be measured using
above-water spectroradiometers operated at fixed platforms or at moving platforms like ships, air-
planes, or satellites (Lewis 2008). Ocean colour data recorded using sensors in satellites, typically
with low spectral resolution, is used to retrieve Chla concentrations (Sathyendranath et al. 2001).

1.4.1 Methods applied in the Baltic Sea

Scientific phytoplankton research in the Baltic Sea goes back to the late 19" century. During the
first decades, samples for microscopic phytoplankton counts were taken with nets (see review by
Finni et al. 2001). Even today, the microscopic identification and counting of phytoplankton cells
is an essential method in the phytoplankton monitoring programs.

Data-sets of spectrophotometrically and fluorometrically determined Chla, with various meth-
odological variations, date back to the early 1970s (e.g. Raateoja et al. 2005). Monitoring of the
phytoplankton community structure using pigments determined with HPLC has been rather spo-
radic and limited to short-term studies (e.g. Ston & Kosakowska 2000, Wanstrand & Snoeijs 2005).

Studies of underwater light distribution have a long history in the Baltic Sea (Jerlov 1968).
Spectral light absorption by phytoplankton, and consequent variability in the Chla specific absorp-
tion coefficient has been studied since the mid 1980s (Konovalov et al. 1990) but it has not been a
part of continuous monitoring programmes. Detection of surface accumulation of cyanobacterial
blooms using satellite imagery goes back to the mid-1970s and the annual bloom distributions
have been analysed back to 1979 (Kahru et al. 2007). Currently, Chla distribution is retrieved from
ocean colour provided by several satellites, but the commonly used algorithms are still not well
suited for the optically complex waters of the Baltic Sea (Darecki & Stramski 2004).
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Experimental studies of phytoplankton distribution using onboard flow-through particle size
analyzers and in vivo Chla fluorometers started in the mid-1980s (e.g. Kahru & Nommann 1990).
In 1990-91, a flow-through in vivo Chla fluorometer was installed onboard passenger ship Georg
Ots, commuting between Helsinki and Tallinn (Rantajdrvi 2003). The Alg@]line project was initi-
ated in 1993 at the Finnish Institute of Marine Research, to maintain and promote these activities,
and since then several other merchant ships have been equipped with Chla fluorometers. Studies
of the variable Chla fluorescence in measuring phytoplankton productivity commenced in late
1990s (Raateoja 2004).

In vivo spectral fluorescence detection of phytoplankton biomass and community structure was
initiated in early 1990s using laser-induced fluorescence (Babichenko et al. 1993), EEMs measured
with laboratory spectrofluorometer (Poryvkina et al. 1994), and spectral flow-through fluorescence
measurements (Babichenko et al. 1999). This thesis is a continuation of these activities.

2 Objectives

The overall objective of the studies presented in this thesis is to evaluate new instruments and
techniques for fluorescence-based detection of phytoplankton biomass and taxonomy, and, to some
extent, for measurements of phytoplankton physiological state. My studies have focused on the
Baltic Sea, but several findings are applicable to other sea areas and lakes. During the years, the
work has included testing of various instruments ranging from the commercially available ones
to prototypes, not always producing results suitable for publication. Troubleshooting instrumental
faults and detection of methodological limitations are, however, unavoidable during the develop-
ment phase of such work.

The ultimate goal of these studies has been the development of optical methods to support tra-
ditional phytoplankton monitoring and thereby strengthen the understanding of the links between
biological, chemical and physical processes. After tests with cultures (11, unpublished results), this
has been approached during field cruises (I, V), mesocosm experiment (II, VII), seasonal monitor-
ing campaign (III), and finally using a ship-of-opportunity platform (VI).

As a continuation of preceding work (Poryvkina et al. 1994), my studies started with the differ-
entiation of various taxonomic groups of the Baltic Sea phytoplankton based on their pigmentation
and optical properties (I, V, VI, VII, unpublished results). The aim was to identify how many spec-
tral phytoplankton groups can be discriminated for the Baltic Sea. Acclimation of the pigmentation
and optical properties of phytoplankton as a response to environmental variables, especially to
light and nutrients, was studied in the second phase (II, unpublished results). It was hypothesized
that spectral fluorescence (i.e. photosynthetic pigments) is less affected than absorption (i.e. all
pigments, including photoprotective ones), and therefore spectral fluorescence methods will be
more suitable for chemotaxonomic studies.

Soon it became evident that the specific pigment system of cyanobacteria, exhibiting very low
Chla fluorescence, challenges all the Chla fluorescence based detection systems (I, IV, V). Conse-
quently, the importance of phycobilin fluorescence as a marker of cyanobacterial distribution was
studied (V, VI). The objective was to evaluate new instruments and develop calibration algorithms
to be used on ship-of-opportunity -systems for cyanobacterial detection.

In several studies, the pros-and-cons of the traditional single-wavelength fluorometers for in
vivo detection of Chla are considered (I, 11, V, VI, unpublished data). The subject had previously
been vigorously studied, and therefore no major new findings were expected. However, most pre-
ceding studies demonstrate the effects of light, nutrients and diel variations on the Chla-specific
fluorescence, whereas I expected that much of this variability in the Baltic Sea is due to changes
in community structure, specifically related to the abundance of cyanobacteria with very low Chla
specific fluorescence.
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New methods based on variable fluorescence for the estimation of phytoplankton productiv-
ity emerged during my studies. It was soon realized that the information on light absorption by
photosynthetic pigments gained from spectral fluorescence measurements could be useful in the
evaluation and development of these new techniques (Raateoja & Seppild 1999). Phytoplankton
productivity, taking the absorption by photosynthetic pigments into account, was approached dur-
ing a monitoring campaign (III). Further, PSII absorption measured by spectral fluorescence was
used to verify that some of the new variable fluorescence methods are not applicable to measure
productivity of the filamentous cyanobacteria in the Baltic Sea (IV). In later stages of my stud-
ies, measurements at several scales were conducted to evaluate whether a variable fluorescence
technique could be used to assess nutrient limitation of natural phytoplankton.

The natural variability of the fluorescence and absorption properties of Baltic Sea phytoplankton
has been addressed in several studies (I, III, V), with various aims. These studies identified the
origins of various optical signals, and provided background information on the optical properties
of the Baltic Sea, as compared to other sea areas. Such observations are essential for instrument
and algorithm development.

Finally, a long-lasting objective of my studies has been the derivation of chemotaxonomic in-
formation from spectral data. After familiarising myself with chemometrics, analysing the power
of multivariate calibration in the chemotaxonomic analysis of spectral data became one of the
main objectives of my thesis (VII).

3 Material and methods

3.1 Field sampling

Field studies for this thesis were conducted in various sub-basins of the Baltic Sea. The location
of the sampling stations and cruise tracks are shown in Fig. 2.
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56 Figure 2. Cruise tracks (continuous line = study V1),
sampling stations (triangles = study |, squares =
study V), and location of Tvarminne Zoological Sta-
tion (TZS), which was a site for mesocosm (studies
11, VIl and UP-I11l) and laboratory (ll, IV) experiments

and seasonal monitoring (study IlI).
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In study I, the feasibility of the spectral fluorescence methods to detect bulk changes in the
phytoplankton community structure was evaluated. Measurements were carried out in the Gulf
of Riga, at the time of cyanobacterial bloom, during a cruise of R/V Marina on 10-13 July 1994.
Water samples were taken from 18 stations at fixed depths with Niskin bottles (0, 2.5, 5, 7.5, 10,
15, 20, and 30 m, and a combined sample from 0-10 m). Samples were processed onboard.

Study III concentrates on bio-optical modelling of primary production, and my primary con-
tribution was the quantification of light absorption by the photosynthetic pigments. A bio-optical
monitoring campaign was carried out at station “Léngden” at the entrance to the Gulf of Finland.
The study period lasted from 11 April to 15 November 2000 with 22 sampling days spanning the
annual phytoplankton succession with spring bloom, summer minimum, late-summer bloom and
autumn periods. Samples (0, 3, 6, 9, 15, and 30 m) were taken at 9:00-10:00 h local time using
a Limnos water sampler. Samples were kept in darkness for a few hours until processing at the
Tvarminne Zoological Station.

In study V, the phycobilin-related optical signals were investigated. Samples (n=22) were col-
lected during a cruise of R/V Aranda on 12—18 August 2000, after the peak of the cyanobacterial
bloom season. The cruise covered the western Gulf of Finland, the northern Baltic Proper, the Aland
Sea, and the Gulf of Bothnia. Samples were collected from the ship flow-through system with an
inlet at 5 m depth. Processing of samples was conducted on board immediately after sampling. An
additional sample was collected by net-haul (0-50 m) using a 200 um mesh net. From this sample,
cyanobacterial filaments were picked for optical measurements.

The operational use of phycocyanin fluorescence in the detection of cyanobacterial blooms in
the Baltic Sea was demonstrated in study VI. Ship-of-opportunity data from 9 June to 12 August
2005 was recorded during crossings (n=32) of the cargo ship Finnpartner, commuting between
Helsinki and Travemiinde (Germany). Water was pumped from the nominal depth of 4 m through
the automated measuring system, including fluorometers for Chla and phycocyanin detection.
Discrete water samples were collected at the selected stations using an automated sampler (Isco
3700 R). Depending on the location of the station, samples remained refrigerated between 5 and
36 hours until processing at the Finnish Institute of Marine Research.

3.2 Experimental design of culture and mesocosm experiments

In study II, the effects of nutrient conditions on the fluorescence characteristics of the green alga
Chlorella sp. (strain TV217 ) were studied. Batch cultures were grown in modified Erd-Schreiber
medium (Hallfors & Hallfors 1992) with or without N addition (N+ and N- respectively). The
initial nutrient concentrations for N+ culture were 20 mg NO,-N L', 1 mg NH,-N L' and 3 mg
PO,-P L. Irradiance was set at 130 pumol g m™ s at a 16/8 hours light/dark cycle. Cultures were
acclimated to growth conditions for 7 days before inoculation. During the experiment, flasks were
shaken continuously. Cultures were sampled for 8 days covering the exponential and stationary
growth phase.

The mesocosm experiment of studies II and VII was carried out at Tviarminne Storfjarden
between 8 - 28 July 1993. The experiment consisted of eight experimental enclosures (50 m?
each) filled with the surface water of the study site. The natural phytoplankton community was
manipulated by various additions of nutrients aiming to induce a series of blooms and by addi-
tion of fish aiming to reduce mesozooplankton grazing loss on phytoplankton (Olli et al. 1996).
The effect of nutrient status on fluorescence was examined in study II. Three nutrient-enriched
units (NP) were observed from experimental day 0 to 10. Mixed water samples (0, 5 and 10 m)
were analysed for fluorescence and pigments. Another study (VII) was conducted during this
experiment to investigate how multivariate analysis of spectral fluorescence could discriminate
phytoplankton biomass in different pigment groups. In study VII four differently manipulated units
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were examined from day 7 to 19. The mesocosms were manipulated with nutrient additions (NP),
fish (F), and combined nutrient and fish additions (NPF), while one unit received no additions
(Control). Details of these manipulations are given in paper VII. Water samples were taken with
a Ruttner-type sampler at six depths (0, 2, 4, 6, 8, 10 m) and maintained in darkness for 1-4 hours
until measurements were carried out.

Study VII includes comparison of group-specific fluorescence coefficients estimated using
linear least squares regression method and fluorescence spectra obtained from pure cultures. For
this comparison, I cultured Synechococcus sp. (strain CCY9202; Cyanobacteria), Rhodomonas
sp. (TV22; Cryptophyta), Thalassiosira pseudonana (TV5; Chromophyta) and Chlamydomonas
sp. (TV44; Chlorophyta) in approx. 30 umol ¢ m? s in a 16/8 h light/dark cycle. Samples for
fluorescence measurements were taken during the exponential growth phase.

During a laboratory experiment resolving physiological effects of nutrient limitation on cyano-
bacteria (P. Ylostalo, J. Seppéld & M. Raateoja, unpublished), we noted that the commercial FRRF
(FAST"<k Chelsea Instruments) was inapplicable for detection of variable fluorescence kinetics of
the Baltic Sea filamentous species. To demonstrate this, we studied variable fluorescence properties
of batch cultures of filamentous cyanobacteria Nodularia spumigena (HEM) and Aphanizomenon
sp. (KACI15) and eukaryotic species Prymnesium parvum (KAC39) and Nannochloris sp. (TV14)
(IV). Cultures were light acclimated at 20 pmol q m? s!, and measurements were carried out with
cells in the exponential growth phase.

3.3 In vivo fluorescence measurements

Various methods and instruments were used to measure fluorescence of living phytoplankton, as
summarized in Table 5. In study I, EEM was used to visualize spectral fluorescence of natural
phytoplankton communities and the background fluorescence by dissolved organic matter. Ad-
ditionally, in study VI, EEMs were used to determine whether the optical windows of benchtop
field fluorometer using single wavebands were located optimally.

In vivo Chla excitation spectra, resolving the contributions of various light harvesting accessory
pigments, were used in all studies. Measurements were carried out at the Chla emission maximum
near 682 nm, scanning excitation from 380-400 nm to 660-670nm. Far-red Chla excitation spectra
were measured to estimate absorption by PSII (111, IV, V), and for that purpose the excitation spectra
were scaled to total phytoplankton absorption spectra (see below). To better separate phycobilin
fluorescence from Chla fluorescence, emission spectra at the specific absorption wavelengths of
various phycobilins were recorded in study V.

The above-mentioned fluorescence measurements were carried out using a 1-cm quartz cuvette.
The number of replicate measurements varied between studies, details are given in the respective
papers. Spectra for background fluorescence due to coloured dissolved organic matter and Ra-
man scatter were subtracted. In studies I, IV, and VII, background corrections were obtained by
filtering sample aliquots through Whatman GF/F filters (nominal pore size 0.7 um). In study III,
seawater was filtered through 0.4 pm membrane filters (Nuclepore) using low vacuum. Inspection
of fluorescence spectra on 30 May 2000 indicated that phycobilin pigments had contaminated the
filtrate. It was obvious that cells of the abundant phycoerythrin-containing ciliate Mesodinium
rubrum had ruptured during filtration and consequently the water-soluble pigments passed the
filter. Thereafter in study III, samples were pre-filtered through glass-fibre filters (Whatman GF/F)
and no further contamination was observed. Similarly, serial filtration was used in study V. To
obtain Chla specific fluorescence, spectra were normalized to corresponding Chla concentrations.

In studies I, III, IV, V, and VII quantum correction of excitation spectra was achieved using
Basic Blue 3 (Kopf & Heinze 1984). Oxazine 1 perchlorate was used in study VI. No correction
was made in study II. Correction for emission spectra was carried out in study VI using correction
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Table 5. Settings of fluorometers in studies |-V for detection of in vivo fluorescence of phytoplankton pigments.
Column “DCMU “ indicates whether it was added to samples or not. Number of measurements included in each study
is indicated (n). Target describes the primary pigments monitored with the given settings.

Study | Excitation | Emission | DCMU | n target instrument
[nm] [nm]

I 400-640 |420-940 |no 18 EEM Shimadzu RFPC5001

| 400-660 | 682 no 18 Chla exc.spectra Shimadzu RFPC5001

I 438 682 no 158 Chla Shimadzu RFPC5001

| 480 682 no 158 Chlb/c ->Chla Shimadzu RFPC5001

| 520 682 no 158 car->Chla Shimadzu RFPC5001

I 560 580 no 158 PE Shimadzu RFPC5001

| 630 650 no 158 PC Shimadzu RFPC5001

| 440 680 no 18 Chla -profiles Aquatracka, Chelsea
Inst.

I 400-670 | 680 no 34 Chla exc.spectra Shimadzu RFPC5001

M 380-700 | 730 yes 132 Chla far-red exc.spectra | Shimadzu RFPC5001

1l 440 680 no 21 Chla -profiles Aquatracka, Chelsea
Inst.

v 380-700 |730 yes 4 Chla far-red exc.spectra | Shimadzu RFPC5001

V 380-670 | 680 yes 66 Chla exc.spectra Shimadzu RFPC5001

\ 380-700 | 730 yes 66 Chla far-red exc.spectra. | Shimadzu RFPC5001

Vv 540 550-700 |yes 66 PE em. spectra Shimadzu RFPC5001

V 630 640-700 | yes 66 PC em. spectra Shimadzu RFPC5001

Vi 400-660 | 500-750 |no 6 EEM Varian Cary Eclipse

Vi 620 650 no 200000 | PC Turner AU10

Vi 460 680 no 200000 | Chla Turner Scufa

Vil 400-670 | 682 no 168 Chla exc.spectra Shimadzu RFPC5001

spectra supplied by manufacturer. Emission spectra were also recorded in studies I (as a part of
EEM) and V, but were not corrected.

In the early studies (I, VII), natural samples were dark-acclimated before measurements to relax
non-photochemical fluorescence quenching, and to stabilize fluorescence signal. The rather long
dark acclimation period, 1-4 h, was mainly due to logistics of sampling and experiment, while
typically dark-period of 15-30 min is required. Later, DCMU (Chem Service Inc. USA) was used
to reduce variable fluorescence (111, IV, V). DCMU dissolved in 96% ethanol (2 mmol L") was
added to the samples (final conc. 20 pmol L', and ethanol content <1%), which were subsequently
exposed to saturating light for 2-5 minutes to close the reaction centres of PSII.

In study I, rapid screening of the fluorescence of various pigments in the water samples was
achieved using fixed waveband fluorescence, combined with an automated sample changer and
a microcuvette. The required sample volume was 5-10 mL. In studies I and III, an underwater
fluorometer was used for vertical profiling of Chla fluorescence. Finally, in the ship-of-opportunity
study (VI), flow-through fluorometers with fixed wavebands were used onboard MS Finnpartner.
In the latter application, a continuous flow of water was supplied from the nominal depth of 4 m.



Fluorescence properties of Baltic Sea phytoplankton 33

Variable fluorescence in studies III and IV was measured using FRRF (Fast"™*?). The meth-
odological aspects are given in the respective papers. Additionally, in study IV, the maximum
photochemical efficiency at various excitation wavelengths was determined with a bench-top
spectrofluorometer (Shimadzu RFPC5001). Several excitation wavelengths from 420 to 590 nm
were specifically selected for each species based on their absorption properties. Strictly, minimum
fluorescence at dark acclimated state, F, is difficult to obtain with this method using a spectrofluor-
ometer with continuous excitation light. Instead, steady state fluorescence, F, will be obtained.
Maximum fluorescence F,, was obtained after the samples were treated with DCMU (see above).
Maximum photochemical efficiency, (F,-F,) F,’, was modelled as a function of (F,- F) F,*
measured at various levels of excitation, obtained by placing neutral density filters in the excita-
tion light path. The estimate of (F, -F,) F," was obtained from the data extrapolated to excitation
delivery 0 pmol q m= s,

3.4 Spectral absorption measurements

In vivo absorption of phytoplankton was measured with the filter-pad method using Whatman
GF/F filters (II, 111, IV, V). Slightly different methods were used in the different studies, due to
development of techniques and instruments. All studies used a dual-beam spectrophotometer
(Shimadzu 2101-UVPC).

In the experimental study with Chlorella sp. (II), filtration volume was adjusted with the help
of fluorescence intensity measurements, aiming at constant optical densities on the filter each
time. Filters were cut and placed firmly against the wall of a cuvette with some drops of Milli-Q
water. An unused wet filter was used as a reference. Spectra were scanned from 750 to 400 nm.
Pathlength amplification was corrected for using the wavelength dependent relationship presented
by Bricaud and Stramski (1990)

In field studies III and V, samples (250-1000 mL) were measured immediately after filtration
(I, or filters were placed onto Petri dishes and stored at —80 °C for two months (V). Sample
and reference filters were placed onto glass microscopy slides and these were placed close to the
detector of the spectrophotometer. In study III, a wet blank filter was placed in the reference port.
In study V, dry unused filter was placed in the reference port and wet blank filters were measured
among samples (for details, see V). Spectra were scanned from 800 to 380 nm. Scattering, assumed
wavelength independent, was corrected for by subtracting the average optical density at 780-800
nm (Babin & Stramski 2002). The empirical function presented in Cleveland and Weidemann
(1993) was used to correct for pathlength amplification as a function of optical density. In study IV,
an integrating sphere accessory was used for absorption measurements (Tassan & Ferrari 1995).

Optical densities were converted to absorption coefficients. In the field studies III and V, total
particulate absorption, ap()»), was decomposed into components of phytoplankton, aph()n), and
non-algal particulate matter, , (1). This partitioning was done using the model of Bricaud and
Stramski (1990) after some modifications presented in study V. Chla-specific absorption, a*ph(k),
was obtained by normalising the phytoplankton absorption coefficients to Chla concentrations.

To obtain an estimate of light absorption by pigments in PSII (studies III, IV, and V), fluorescence
far-red excitation spectra were scaled using the no-overshoot method to a ,(500-690) resulting
in the absorption coefficient of PSII, a* (A) (m? (mg Chla)") (Johnsen & Sakshaug 2007). The
scaling factor at the red peak (676 nm) was determined as a*m(676) : a*ph(676). The difference
between spectra of a* () and a* () represent absorption by pigments in PSI and photoprotec-
tive carotenoids.
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3.5 Other measurements

Chla was quantified using fluorometry. Samples were filtered onto Whatman GF/F filters, and pig-
ments extracted with 96% ethanol for 24 hours. Quantification was carried out with a spectrofluor-
ometer calibrated to Chla standards (I, I11, V, VI, VII). In study II, Chla and Chld concentrations
in cultures were determined by spectrophotometry using the equations of Jeffrey and Humphrey
(1975) and concentrations of total carotenoids by using the equation of Parsons and Strickland
(1963). In study II, HPLC was used to quantify Chla and Chlb in the mesocosms.

Size-fractionation of phytoplankton samples for Chla and optical measurements was carried out
using reverse filtration with 2 and 10 um (I) or 2 and 20 um (V) filters. In study VII, subsamples
were filtered onto 2 um membrane filters. Concentrations of Chla and spectral properties for dif-
ferent size-fraction were calculated from the differences between fractions.

Phytoplankton community structure (I, III, V, VI, VII), and cell numbers in culture experi-
ment (IT) were determined from samples fixed with Lugol’s solution using inverted microscopy
(Utermohl 1958). Cells of picoplankton were counted using epifluorescence microscopy (V, VII).
Nutrient concentrations were measured using standard methods (I, V). Underwater spectral down-
ward irradiance was measured using spectral radiometers (LI-1800, LiCor; study IIT or RAMSES,
Trios Gmbh; study 1V).

3.6 Statistical methods

Statistical analyses in most studies were limited to Pearson correlations and linear least squares
regression. In study VI, multiple regression analysis was used to relate Chla concentration to
Chla and PC in vivo fluorescence. Study VII dealt with chemometric methods as described below.

3.6.1 Multivariate calibration in spectroscopy

3.6.1.1 Beer’s law and least squares methods

According to Beer’s law, spectroscopic response (e.g. fluorescence intensity) at a given wavelength
is linearly related to the concentration of the analyte and contributions from different analytes
are additive (Martens & Nas 1989, Kalivas & Lang 1994). The law is valid for dilute solutions,
and in the absence of chemical and physical interferences (e.g. light scattering due to particles,
chemical interactions of analytes). Fluorescence properties of living phytoplankton cells are highly
variable, depending on their physiological conditions. Thus, strictly, phytoplankton biomass is not
linearly related to the fluorescence intensity. However, in study VII, I tested different multivari-
ate calibration techniques to retrieve phytoplankton biomass in various chemotaxonomic groups
using spectral fluorescence data.

In the spectroscopic studies of natural waters, like in this thesis, the number of analytes (n)
present in the samples is typically larger than one. It is seldom possible to find specific wave-
lengths for each analyte where there is no overlap with other analytes. For this reason, univariate
linear models cannot be used to reliably predict analyte concentrations from the optical signal at
one wavelength.

In multivariate calibration, several measured variables are used simultanecously to quantify
an unknown variable. In spectroscopy, this translates to using spectral responses of analytes to
estimate their concentrations. There are two different linear models of Beer’s law, given here in
matrix notation:

R=CK+E, (13a)
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C=RP+E, (13b)

where R is a (I by m) matrix of spectral responses, C is a (/ by ) matrix of analyte concentrations,
and K and P are (n by m and m by n) matrices of calibration constants. In these matrices, the number
of samples is /, the number of wavelengths is m, and the number of analytes is #. Error matrices
are presented by E, and E . Eq. 13a is referred to as the K-matrix approach (also: classical least
squares, or reverse calibration) while Eq. 13b is called the P-matrix approach (also: inverse or
forward calibration, or multiple linear regression). Though both approaches are used to express
Beer’s law, they are computationally different (Kalivas & Lang 1994).

The K-matrix approach can represent a basic form of Beer’s law. It is a causal physical model
where the spectral response (R-matrix) is related to analyte concentrations (C-matrix). Estimates
of the spectral coefficients, K, if unknown, are obtained with calibration samples using e.g. least
squares (see eq. 6 in study VII). Then, after measuring spectral response of unknown sample (R,),
concentrations for analytes (C,) in that sample can be calculated as

Co= (RyKN)KK)? (14)

where K’ is transpose of K. K-matrix method can be used if the number of wavelengths, m, is
equal or larger than the number of analytes, n. Including large number of wavelengths may be
beneficial in the case of noisy spectral data or when spectrally overlapping analytes are included.

If spectra for pure analytes are not available beforechand, the first critical step in the K-matrix
method is calculation of the spectral coefficients, K. This requires careful design of the calibration
set to avoid collinearity. Sometimes, like in study VI, there is no possibility for real experimental
design to yield a fully orthogonal calibration set, and consequently the goodness of calibration
design may be rather fortuitous. The most critical disadvantage for K-matrix method is that all the
optically important analytes present in the samples must be included in the analysis. In the pres-
ence of unknown analytes (including baseline effects) K-matrix method will give biased results, as
spectral responses are considered to take place only due to the analytes included in the calibration
phase (Kalivas & Lang 1994).

The use of whole spectra in K-matrix method smoothes out noise and thereby improves preci-
sion. As another advantage, matrix K represents biomass or molar specific optical responses with
physical units, and their relevance can be assessed. Further, problems in the fitting can be visualized
by plotting residual spectra between the modelled and measured spectra.

In the P-matrix approach Beer’s law is rearranged and it is considered that the concentrations
of analytes (C matrix) are function of the spectral response (R matrix). When concentrations of
calibration data set, C, and related spectral responses, R, are determined, calibration coefficients,
P, can be calculated e.g. using least squares method. After this, responses for unknown samples
(R,) are measured at the wavelengths used in calibration and concentrations of analytes (C,) are
obtained by multiplication:

C.,=R,P (15)
The advantage of the P-matrix method, compared to the K-matrix method, is that it does not require
information of all the analytes. The major disadvantage of the P-matrix method is that, due to com-
putational reasons, the number of wavelengths m cannot be larger than the number of calibration
samples. Consequently, a very important step in the P-matrix approach is to select wavelengths
that carry information related to analyte concentrations. In the case that spectral signals of differ-
ent analytes are largely overlapping, it may occur that there exists no single wavelength where the
spectral response and analytes concentration are linearly related. More wavelengths are required in
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that case, which may result in collinearity of the spectral data. Further problems appear if spectral
responses of analytes and their interferences are poorly known. Instead of the original spectra,
latent variables can be used in the P-matrix method (Kalivas & Lang 1994). These factor-based
methods are described next.

3.6.1.2 Factor based regression methods

When the number of analytes is much less than the number of wavelengths, the spectral responses
are typically collinear, thus spectral responses at different wavelengths are linearly related. In
such cases the spectra can be compressed. In the method of Principal Components Analysis
(PCA) spectral data are reduced to a few linearly independent factors (a.k.a. eigenvector, principal
component), represented by matrix F (f'by m, where fis the number of factors). In PCA solution,
score matrix S (/ by f) reflects the concentrations of different analytes and the original spectral
response can be written as:

R=SF (16)

Depending on the number of selected factors and the amount of noise in the data, this solution
should describe most of the spectral variations in the original data. Consequently, the number of
factors must be optimized, so that they contain most of the information related to analytes, and
discard those factors that contain merely noise. Typically it is assumed that the analytes under
study have major influence on the spectral variability and the factors are selected using top-down
selection (like in study VII). Thus, in PCA the spectral noise is allocated to those factors not used
in the final model. Principal Component Regression (PCR) is a two-step process, where PCA is
followed by regression step. Normally, this is done using the P-matrix approach, where the score
matrix (S) is used instead of P. Thus, like P-matrix approach, PCR can be performed for a subset
of analytes present in samples. As the spectral compression and regression steps are separated,
there is no guarantee that the PCA factors retained are related to the analytes under study.

Partial Least Squares (PLS) is another method for spectral compression and quantitative analysis.
Unlike in PCR, in PLS the steps of spectral reduction and prediction of concentrations of analytes
are not separated. Essentially, PLS utilises the correlation between spectral data and concentrations
of analytes. In PLS, it is assumed that the changes in the detected signal are due to (few) variables,
called latent variables. Their number or contribution is typically not known. The concentrations
of analytes are related to these latent variables, and effects of irrelevant spectral variations in the
resulting model are reduced.

First, it is selected whether PLS is run using one or several Y variables (PLS1 and PLS2,
respectively). Orthogonalized PLS starts with centering X and Y variables. Then, the maximum
number of retained factors is selected larger than number of analytes expected to be present in
samples, allowing unexpected phenomena to be modelled. Stepwise, separate scores (S, S.) and
factors (F, F.) are computed for both X (R-matrix) and Y (C-matrix) variables (Martens & Nes
1989, Wold et al. 2001):

R=S_F (17a)
C=S_F (17b)
There are different methods to calculate PLS solution, and orthogonalised PLS algorithms (as given
in Martens & Naes 1989) were used in study VII. The key problems in PCR and PLS are that the

models and spectral factors are sometimes difficult to interpret, and collection of good calibration
set may be difficult, especially if natural samples are used.
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3.7 Methods for unpublished studies.

Besides results from the published studies I-VII, this thesis includes results from three unpublished
studies, referred as UP-1, UP-II and UP-III.

3.7.1 UP-I: The effects of light intensity and nitrogen deficiency
on pigmentation, in vivo light absorption, and fluorescence of
Nannochloris sp. (Chlorophyta) (J. Seppél&, G. Johnsen)

Batch cultures of Nannochloris sp. (strain TV1bl) were grown in a modified Erd-Schreiber
medium under continuous light at 30 (LL) or 380 (HL) pmol ¢ m? s (PAR). The cultures were
acclimated for two weeks. Subsequently, 3-L Erlenmeyer flasks containing 900 mL of nutrient
replete medium (HL+N and LL+N) or medium lacking nitrogen (HL-N and LL-N) received 75
mL inoculations. The cultures were kept at 15°C and stirred daily to keep the cells in suspension.
Samples for biomass and optical measurements were taken at the time of inoculation (day 0) and
atdays 1,2,4,7, 11, and 15 (no samples at the last day for HL+N and HL-N). Samples were taken
always at the same time of the day, between 9:00 - 12:00 h.

Samples for cell counts were fixed with Lugols solution. Cell number and size distribution
(yielding the biovolume of the cell population) were determined with an Elzone particle counter
(Particle Data Europe). Mean cell diameter was calculated according to Stramski and Reynolds
(1993). Particulate carbon (POC) and nitrogen (PON) were analysed with a LECA CHN analyser.

Pigments were quantified with HPLC (SPHERI-5 RP-18 reverse phase C-18 column, detec-
tion by absorption at 440 nm and by fluorescence excitation 420 nm, emission 685 nm). /n vivo
fluorescence spectra of DCMU-treated samples were measured using the far-red fluorescence
technique with a spectrofluorometer (Hitachi F-3000). Fluorescence spectra were quantum cor-
rected with Basic Blue 3 according to Kopf and Heinze (1984). In vivo light absorption spectra
were measured from 800 to 350 nm with a dual beam spectrophotometer (Hitachi U-2000) using a
wet GF/F filter as a reference. Pathlength amplification factor for Nannochloris sp. was determined
as in Cleveland and Weidemann (1993).

3.7.2 UP-II: LED fluorometers for phytoplankton studies in
the Baltic Sea (J. Seppélé, E. Bauerfeind, F. Pollehne)

Several unialgal cultures were grown at 15°C with light/dark cycle of 16/8 h. Cultures were kept
at high white (HL; 400 pmol q m? s™) or at low green irradiance (40 umol g m? s). Samples
for fluorescence measurements were taken while cultures were in the exponential phase of their
growth curve, and while in the declined phase of growth. /n vivo fluorescence was measured with
LED field fluorometers: (1) Cyclops-7 for Chla, (2) Cyclops-7 for phycoerythrin, (3) Cyclops-7
for phycocyanin (Turner Designs Inc), (4) double-channel fluorometer TwinFlu (TriOS GmbH,
channels for Chla and phycocyanin), and (5) double-channel fluorometer miniBackScat SII (Dr.
Haardt Optik-Mikroelektronik, channels for Chla and phycobilins). Samples were diluted with
culture media so that the readings were in the linear range for each instrument. Background
fluorescence was measured from filtrate that was obtained by filtration through Whatman GF/F
glassfibre filters. Extracted Chla was measured with a fluorometer (10-AU, Turner Designs Inc).
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3.7.3 UP-lll: FRR fluorometry to assess nutrient limitation in
the Baltic Sea (J. Seppaélé, E. Le Floc’h, R. Lignell, R. Geider)

During a mesocosm experiment in Tvirminne (9 units, 50 m?, 30 June-21 July 2003), the natural
phytoplankton community was enriched with nutrients (N+P added) for 5 days, in order to induce
blooms. After this boosting period, nutrient stress was created by different combinations of daily
nutrient treatments (N, P). The mesocosms were sampled daily for variable fluorescence measure-
ments (Fast™* Chelsea Instruments Ltd), which were carried out in the laboratory after 30 min
dark acclimation. Chla, inorganic N and P, particulate phosphorus (POP), nitrogen (PON) and
carbon (POC) were measured as described in Kangro et al. (2007).

To evaluate various nutrient limitation indicators, non-replicated 24-hour bioassays with facto-
rial 2% design, using nutrient additions (NP, N, P), and without additions (Ctrl), were carried out
for selected units. Responses of phytoplankton to nutrient additions were measured as change in
Chla, and in photosynthetic efficiency, F7,/F, , by FRRF (as above). Different nutrient sources
(internal, external, recycled) supporting phytoplankton growth were analysed using modified
dilution experiments as described in Lignell et al. (2003).

4 Results and discussion

4.1 Variability in the bio-optical properties of phytoplankton

Phytoplankton cells can adjust the amount of light energy entering photosystems, and thus optimize
resources for growth, by regulating their photosynthetic apparatus qualitatively, quantitatively, as
well as functionally. The optical properties of phytoplankton cells are sensitive to changes in tem-
perature, light intensity and spectral quality, and to nutrient stress. The effects of different environ-
mental conditions on cell pigmentation, light absorption, and fluorescence properties were studied
in II and UP-I. In both studies a chlorophyte was used as a model organism. The main emphasis
was on the detection of responses to nitrogen limitation, and on the effects of photoacclimation.
The natural variability in light absorption and fluorescence was studied in I, I, III, V, VI and VII.

In nutrient limited growth conditions, cellular nutrient reserves generally decline, light harvest-
ing and photosynthesis are down-regulated, and consequently growth decreases as a response to
decreased nutrient supply (Geider et al. 1998). While several nutrients are required to maintain
phytoplankton growth, nitrogen (N), phosphorus (P) and iron are the major nutrients considered
limiting in the natural waters. Changes in the photobiology of cells are nutrient-specific (Geider
et al. 1993). In the phytoplankton cell, the photosynthetic apparatus is the major reservoir of iron,
which plays an important role in several proteins that are essential in the photosynthetic processes
(Davey & Geider 2001). Lack of phosphorus may limit the synthesis of nucleic acids and decrease
the rate of processes in the Calvin cycle, thereby decreasing the efficiency of light utilization for
carbon fixation (Falkowski & Raven 2007). N-stress affects PSII more than PSI, due to the rapid
turnover of the N-rich PSII reaction centre proteins, compared to the more stable proteins of the
PSI centre (Berges et al. 1996).

Adjustment of cell physiology to changes in irradiance may occur at several temporal scales
(Falkowski & LaRoche 1991, Falkowski & Raven 2007). Processes at the short time scale (seconds-
minutes) include state transitions, where the distribution of the excitation energy between PSI and
PSII is changed, and the xanthophyll-cycle, where specific xanthophylls are de-epoxidated in high
light and used to quench excess excitation energy. At longer time scales (hours-days), quantitative
and qualitative changes in photoprotective pigments, light harvesting antennas, and stoichiometry
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of photosystems may take place (photoacclimation). Photoinhibition occurs at supraoptimal irradi-
ances, when even the photoprotective mechanisms fail. Depending on the duration and intensity
of this supraoptimal irradiance, PSII reaction centres are damaged reversibly or irreversibly.

4.1.1 Pigments

In study II, after the onset of N starvation of Chlorella sp. culture (after day 2 in N- culture), the
synthesis of new pigments ceased (Fig. 3a, b). Eventually, pigments degraded, cellular pigment
concentrations decreased, and cells became chlorotic. During this N starvation, the decline was
faster in Chla and Chlb than in carotenoids, and the amount of carotenoids relative to Chla in-
creased (Fig. 3c). Chlb/Chla ratios were comparable in both N-starved and N-replete conditions
(range from 0.17 to 0.25 (w:w), average 0.19). A similar decrease in cellular Chla content and
increase in carotenoid/Chla ratio was observed for Nannochloris sp. in study UP-I (Fig. 4). For
Nannochloris sp., N limitation took place between days 2 and 4 or between days 4 and 7 for HL-N
and LL-N, respectively, as confirmed by time-series of cellular N relative to fresh weight, cellular
carbon (C) and Chla (not shown). Clearly, N-limited cells of Nannochloris sp., with high C/N
ratio, had a lower Chla content (Fig. 5a). C/N ratio was also related to Chld/Chla ratio (r=0.63,
n=15), but differences between cultures were not observed, partly because for Nannochloris sp.
the Chlb content was very low (Chlb/Chla <0.09 (w:w), see also Raateoja & Seppild 2001) and
no reliable Chlb results were obtained in all cases.

The observed decrease in the pigment content of cells and increase in the carotenoids/Chla ratio
in N-limited conditions are consistent with previous studies (Sosik & Mitchell 1991, Geider et al.
1998). The relative increase of photoprotective carotenoids may be related to the increased need
for thermal dissipation of absorbed light energy, as photosynthesis is decreased during N stress
(Geider et al. 1998). Additionally, it must be noted that all chlorophylls, including the common
degradation products, contain N, while carotenoids do not.
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Figure 3. Development of batch cultures of Chlorella sp. with (closed symbols) or without (open symbols)
nitrogen addition in study Il: (A) cell densities, (B) pigment concentrations, (C) pigment ratios, (D) Chla-specific
fluorescence, and (E) ratio of fluorescence intensities (emission at 680 nm) after excitation at 480 nm (Chlb)
to 440 nm (Chla).
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Figure 4. Development
of batch cultures of Nan-
nochloris sp. (study UP-I)
grown with media of full
nutrients (N+), without ni-
trogen addition (N-) and in
high (HL) or low (LL) light
conditions: (A) fresh weight
of cells, (B) ratio of Chla to
fresh weight, (C) ratio of
carotenoids to Chla and (D)
relative quantum yield of

fluorescence.
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Figure 5. (A) Relationship between carbon to nitrogen ratio and Chla to fresh weight ratio for Nannochloris
sp. in the study UP-I. (B) Relationship between carotenoids to Chla ratio and blue (a , (434)) to red (a ,(679))
absorption ratio. (C) Relationship between carbon to nitrogen ratio and blue (a,¢ (454)) to red (aPS(BfQ)) ab-
sorption ratio for photosynthetic pigments. (D) Relationship between efficiency factor for light absorption (Q,)
and (a, (434)) to (a,4(480)) ratio for photosynthetic pigments. (E) Relationship between the variables in Eq.
12 related to light absorption and Chla specific fluorescence. Linear regression (continuous line, with 95%
confidence intervals in dashed lines) are shown for each panel. For A and E, lines are shown separately for

two light treatments.
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Besides N, irradiance levels affected the pigmentation of Nannochloris sp. (UP-I). As a typi-
cal photoacclimation response, cells grown in low light had a higher Chla content (Figs. 4b, 5a)
because the amount of light harvesting pigments is increased to compensate for lower excitation
levels. In high light, the amount of photoprotective carotenoids increased relative to light harvest-
ing pigments (Figs. 4c and 6) to minimize the damage of photosystems due to high irradiance
(Falkowski & LaRoche 1991, Geider et al. 1998, Maclntyre et al. 2002). In study II, an additional
need for photoprotection may have risen in the N- culture, as the light level inside the culture was
relatively high due to low cell densities and chlorosis.
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4.1.2 Light absorption

4.1.2.1 Methods for determining light absorption
In this thesis, the filter-pad method was used to determine light absorption by particulate matter
(Yentsch 1962). Using this technique for natural samples, total light absorption by particulate
matter can be decomposed into components of phytoplankton pigments and non-algal particulate
matter using chemical (extraction or bleaching) or modelling approaches. In studies III and V, the
original model of Bricaud and Stramski (1990) was modified, so that one of their assumptions on
the normalised shape of phytoplankton absorption was ignored. That assumption, constraining a
ratio between a,(580) and a, ,(692.5) (see eq. 3 in the study V), is obviously not valid for situations
where PE containing phytoplankton species are present with high absorption in the green spectral
region. Instead, a reasonable assumption that a,(750) = 0 was applied, as already suggested by
Bricaud and Stramski (1990). Currently, bleaching with NaOCl is applied more often than model-
ling (Tassan & Ferrari 2002). The two methods provide, however, comparable results (P. Ylostalo,
K. Kallio, J. Seppéld, unpublished).

To obtain an estimate of absorption of photosynthetically usable light, a,()) (m™), Sakshaug
et al. (1991) suggested scaling the quantum corrected far-red fluorescence spectra, F(A). They
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matched the red Chla fluorescence peak F(676/730) to the corresponding peak in phytoplankton
absorption spectra, aph(676):

a(2) = F(2) a,,(676) F(676/730) " (18a)

Because often relatively more photosynthetic accessory pigments are associated with PSII than
with PSI, a,(A), when calculated with Eq.18a, may overshoot aph(k) at some spectral region
(Johnsen & Sakshaug 1993). Subsequently, it was proposed that the scaling at the red peak should
be carried out using the proportion of Chla associated with PSII, yielding absorption by PSII,
a,,(A). It was noted that an approximation of a,,(}) is obtained when spectra are scaled one-to-
one at a matchpoint wavelength (A =mp), so that a,_, (1) does not overshoot aph(k) at 540-650 nm

(Johnsen et al. 1997, Johnsen & Sakshaug 2007):

PSIT (

apg, (4) = F (1) a,, (mp) F(mp)™ (18b)

The no-overshoot method has been successfully applied to several phytoplankton cultures from
various pigment groups (Johnsen & Sakshaug 2007). In study IV, the matchpoint wavelengths
between aph(l) and F(L) were between 570 and 660 nm for cyanobacteria and a prymnesiophyte
(fig. 2 in study IV), i.e. in the absorption range for photosynthetic accessory pigments, and similar
to the findings of Johnsen & Sakshaug (2007).

Absorption by the photoprotective pigments, a,,()), is negligible at longer wavelengths (~540-
700 nm) (Johnsen & Sakshaug 2007). Therefore, for this spectral range a,(2) is equal to a ,(A)
and is the sum of a,_, (A) and absorption by PSI, a,_(A) (ignoring absorption by Chl degradation

PSIT PSI(
products):

a5 (~ 540 —700) = aq, (~ 540 —700) + &, (~ 540 — 700) (19a)
In the no-overshoot scaling method, a matchpoint is found where a,(mp) and a,,, (mp) are defined
equal, and thus a, (mp) is zero. However, it is not so realistic to assume that a, (}) always equals
zero somewhere in this range. As an example, the matchpoint for green algaec Nannochloris sp.
was at the red peak in all growth conditions (IV, UP-I and Raateoja & Seppald (2001), see Fig. 6),
and there is no reason to conclude that PSI does not contribute to the absorption at the red peak
(Culver & Perry 1999).

By allowing an unknown amount of absorption for a
duced,

Aps (mp) = sf A (mp) (19b)

(1p), a scaling factor, sf, may be intro-

After combining Eqs. 19a and 19b, scaling factor can be expressed as:
-1
sf =1+a, (Mp) asg, (Mp) (19¢)

If a, (mp) is zero (sf = 1), a, () obtained with the no-overshoot method yields a,,()). In case
a,.,(mp) > 0, (thus, sf> 1), a,(}) is larger than a,,()), but has the shape of a,.,(}). Only in the
special case when a,,(A) and a, (}) have a similar shape (e.g. when the same proportions of
light harvesting pigments serve PSI and PSII), a,(A) by the no-overshoot method yields a,, (}) +
a,,(A) (Culver & Perry 1999). The value of sf typically remains unknown. As the matchpoint var-
ies for different species (Johnsen & Sakshaug 2007), it is clear that for natural samples there is no

spectral position where PSI absorption can be neglected. Consequently, a, (A) for natural samples
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obtained by spectral scaling (like in Il and V) represents something between a,,(}) and a,, ()
+a,,(A). Suggett et al. (2004) provide a modification of scaling approach to estimate proportion
of light absorbed by PSII. They also noted that transfer efficiency is considerably less than 100%
for some accessory pigments.

Determined with the no-overshoot method, aph(k) and a,(A) for Nannochloris sp. were alike
at ~540- 700 nm (study UP-I, Fig. 6), and consequently there was a close match in the shapes of
absorption by PSI and PSII. Thus, the difference spectra between aph(k) and a,(}) approximates
a,, (). To obtain an estimate of a,.*()) for natural samples, the no-overshoot scaling was used in
studies Il and V. The resulting scaling factor at the red peak (a,,*(676) : a, ,¥(676)) varied from 0.41
to 1 (with average value 0.85) in study III and from 0.85 to 1 (with average value 0.92) in study V.

An alternative method to reconstruct absorption by photosynthetic pigments includes estimation
of pigments by HPLC, discrimination of pigments into photosynthetic and photoprotective ones,
and multiplication of concentrations of photosynthetic pigments by their specific in vivo absorption
coefficients (Bidigare et al. 1989). The error sources in such reconstruction include the inaccuracy
in the pigment specific in vivo absorption coefficients, problems in determining the amount of
package effect (see below), and the variations in the energy transfer efficiencies that are included
in fluorescence spectra but not in absorption (Sosik & Mitchell 1995).

4.1.2.2 Package effect and reabsorption
It must be noted that the centre wavelength of the red absorption peak differs slightly between
observations, partly due to differences in instrumentation, but mainly due to different protein-bonds
among dominant species (Johnsen & Sakshaug 2007). In the subsequent discussion of natural
samples, peak wavelengths as determined in study V are used (red peak at 676 nm), and these dif-
fer slightly from the peak wavelengths for Nannochloris sp. in study UP-I (red peak at 679 nm).
Light absorption of phytoplankton cells is controlled by the pigment composition and the amount
of package effect. The package effect is a reduction of light absorption due to self-shading of pig-
ments, compared to the same quantity of pigments in solution (Johnsen & Sakshaug 1996). It is
mainly a function of cell size and pigment organization in the cell. An index of package effect,
specific absorption efficiency, Q * (dimensionless, see Eq. 8), is calculated as the ratio of the
Chla-specific in vivo absorption coefficient, aph*(k), to the Chla-specific absorption coefficient of
the same material in aqueous solution, a_ *(%),

Q. *(A) =ay,*(A) agy *(A)" (20)

The magnitude of the package effect is typically estimated in the spectral range where only
Chla absorbs and contributions of the other pigments are minimal (i.e. at the red peak around
673-679 nm, though even there absorption by phycobilins and Chld may have some influence).
Determination of a_*(A) is not trivial, however, and several methods for its determination have
been suggested. One assumption is that @ *()) is close to the absorption coefficient of pigments
in organic solvent, e.g. in acetone, giving a value of 0.0203 m* (mg Chla) "' for a_*(676). Lower
values have been reported e.g. by Haardt and Maske (1987), while measurements of unpackaged
absorption using dispersed thylakoid fragments yielded a maximum value of 0.027 m? (mg Chla)
-1 (Johnsen et al. 1994a). Differences in the values for in vivo and in vitro coefficients are, in ad-
dition to pigment packaging, due to solvent effects, protein-bonds in intact cells, and absorption
by the other cellular material (Johnsen et al. 1994a, Bissett et al. 1997). Recently, Johnsen and
Sakshaug (2007) suggested a value for @ *(676) of 0.033 m* (mg Chla) ', as the maximum value
they recorded for small-sized cells.

The efficiency factor for light absorption, O (A) (dimensionless) is related to Chla-specific light
absorption, aph*, by the following equation:
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Q.(A)=(2/3)a,*(A)d¢ 1)

where d (um) is the diameter of a spherical cell, and ¢, (kg m”) is the intracellular Chla concen-
tration (Morel & Bricaud 1986). (2/3) d describes the ratio of cell volume to geometrical cross-
section. Q (679) was calculated in study UP-I. For Nannochloris sp., the share of Chla degradation
products and Chlb in total Chl was low, and the absorption at 679 nm is practically due to Chla
only. In theory, the package effect may be considered negligible for very small cells with low
Chla content: the product d c, approaches zero, O approaches zero, QO * approaches one, and
a,,*(1) approaches a_ *(1). By plotting the experimental results of the product d ¢, vs. a,, *(679),
an intercept value 0.027 m? (mg Chla) ' of the linear least-squares fit is obtained (Fig. 7a). As the
relation was not linear for the whole range, the highest values of d ¢, (> 30 mg m~) were excluded
from the analysis. The estimated value for a_,*(679) equals the measured value by Johnsen et al.
(1994a) and it is used in the following calculations. The resulting values of Q (679) and Q *(679)
for Nannochloris sp. show a nonlinear relationship against d c,, with intercepts fixed at 0 and 1,
respectively (Morel & Bricaud 1986) (Fig. 7b).
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Figure 7. (A) Chla-specific absorption coefficient a ,*(679) as a function of the product of cell diameter (d)
and intracellular Chla concentration (c) as measured for Nannochloris sp. in the study UP-I. Linear regression
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Efficiency factor for light absorption, Q,(679), and specific absorption efficiency, Q_*(679), for Nannochloris
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sol

For homogenous spherical particles, O can be modelled as (Morel & Bricaud 1986):

Q. (1) =1+2e7Wp'(A) " +2(e "M -1) p'(A)? (22)
where the absorption index p’ (A) (dimensionless) is defined by

p(A)=a,*(A)dc 23)

Using Eq. 20-23, theoretical values for Q (679), Q * (679) and aph*(679) can be calculated, as a
function of d ¢, A value of 0.027 m* (mg Chla) ' for a_*(679) does not fully agree with the ex-
perimental data (Fig. 7). Actually, the slopes of the experimental data and theoretical model differ
clearly regardless of the value chosen for a_,*(679) (not shown). Geider and Osborne (1992) and
Lohrenz et al. (2003) show very similar differences when pooling data from several studies. There
are several reasons for such a discrepancy. First, the theoretical model is strictly valid for spherical
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cells only, and does not take internal cell structure into account. Secondly, absorption measurement
errors due to scattering are expected especially if an integrating sphere is not used (as it was not in
study UP-I). Further, uncertainties in the pathlength amplification factor in the filter pad-method
may bias the absorption coefficients. Thirdly, measurement error in phytoplankton size may occur
due to instrumental reasons, or due to fixing of cells (Lugol’s solution was used in UP-I). Finally,
extraction of pigments may be inefficient and can vary between samples. Unfortunately, it is not
possible to identify the most important uncertainties for study UP-I.

Theoretically, O *(679) varies from 0 to 1, and reported values larger than 1 (e.g. Lohrenz et
al. 2003, Bricaud et al. 2004, Babin 2008) are either due to measurement error, error in selection
of a_*()) or due to the presence of other pigments/compounds in addition to Chla that absorb at
the red peak. Babin (2008) shows a frequency distribution for Q * with extreme values of 0.2 and
2.1. To estimate the variability of Q * in the Baltic Sea, data in studies IIl and V was used (Fig.
8a). On average, O *(676) was 0.64 (corresponding to an a[}h*(676) value of 0.017 m? (mg Chla)
1) with a range from 0.37 to 0.88 (a,,*(676) 0.010 to 0.024 m? (mg Chla) 7).

In studies III and V, the variability in the Chla specific fluorescence signal (Eq. 12) may be two-
fold due to variability in reabsorption, assuming that Q *(676) describes the reabsorption at the
emission band of Chla (around 682nm). It is likely that O *(682) is slightly higher than Q *(676),
as the package effect is less in regions of low absorption (for studies III and V, phytoplankton
absorption at 682 nm is approx. 10% lower than absorption at 676nm).

For natural samples, nonlinear relationships have been presented between Chla concentration
and aph*()») (e.g. Bricaud et al. 1995), suggesting that package effect varies predictably with Chla
concentration. Such a global average relationship is not, however, useful for regional or seasonal
studies, and large deviations have indeed been observed (Babin et al. 2003). For the pooled data
of studies III and V, it is clear that variability in this relationship is large (Fig. 9a). Bricaud et al.
(2004) noted that such deviations are related to variations in the package effect due to the size
structure of phytoplankton community.
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power law fit by Bricaud et al. (1995) is shown. In other figures, continuous line shows a linear least squares
regression fit (95% confidence intervals with dashed lines).

As a simple index of the size structure, the proportion of Chla in picophytoplankton (<2um)
explained 63% of the variability in a ,*(676) in my data set (Fig. 9b, n=149). In study V (table 1
and fig. 6d in V), it was shown that aph*(k) was larger for small cells. Further, the mean diameter
of the cells described 71% and 78% of the variability in a, *(679) of Nannochloris sp. HL (n=11)
and LL (n=13) cells (study UP-I), respectively (not shown). The slopes between a/}h*(679) and
cell size for different light treatments were very different (not shown), however, indicating that
the overall variability in aph*(679) is a product of cell size and cellular pigment content (Fig. 7a).

In study I1I, seasonal variations in the mixing depth explained 57% of the variations in a, ,F(676)
(averaged over the mixed depth, n=21) and the observed relationship is consistent for various
seasons as well (Fig. 9¢). This indicates that during periods of deep mixing phytoplankton cells
increased their Chla content to acclimate to lower average light levels (though mixing depth alone
does not adequately describe underwater light climate). In the Baltic Sea, the succession of the
phytoplankton community is related to seasonality in mixing depth. In spring, with deep mixing,
dinoflagellates and diatoms are dominating and these low-light acclimated organisms, with large
cells display high pigment packaging. Picophytoplankton that are more abundant in the summer
months, with reduced mixing, have very low packaging (Ciotti et al. 2002).

Together, mixing depth and the proportion of Chla in picophytoplankton explained 87% of the
variations in a, ,¥(676) (n=21) in study III, while the inclusion of Chla concentration or cumulative
daily irradiance in the analysis does not make a significant increase in the coefficient of determi-
nation. Temperature explained 49% of the variability in ¢ , *(676) for >1000 samples collected in
various oceanographic regions (Bouman et al. 2003). The mechanism behind such a relationship
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is regulation of phytoplankton community structure (species composition and size distribution)
by physical processes. Temperature then acts as a proxy for these processes. A similar relation
was observed for the data collected in study III, as temperature explained 64% of the variability
in a,*(676) (only samples from the upper mixed layer included, n = 81). Indeed, temperature
correlated closely with mixed depth (r=0.67, n=21), and with the proportion of Chla in picophy-
toplankton (r=0.74, n=21).

Spatial variability of aph*(676) in study V was not related to picophytoplankton abundance but
rather to the proportion of filamentous cyanobacteria from the total nano- and microphytoplankton
biomass (r=0.62, n=22). A possible explanation is that phycocyanin in filamentous cyanobacteria
caused elevated absorption at the red peak. aph*(676) was also positively correlated with salinity
(r=0.64, n=22) (fig. 8 in V). This may be related to the change in community structure, change in
light conditions (less saline waters are more turbid), or both.

4.1.2.3 Spectral absorption

In addition to Chla, accessory pigments contribute to the spectral shape of aph*(k). The simplest
way to analyse the spectral variability of aph*(l) is the ratio of detected peaks. Typically only the
ratio of the blue to the red peak is considered, but as phycoerythrin absorption in the green is an im-
portant feature in the Baltic Sea, the variations in the green to red peak are considered here as well.

High values in the blue to red ratio are typical for phytoplankton cells acclimated in high irradi-
ance. Along the increasing irradiance, the concentration of photoprotective carotenoids, absorb-
ing at the blue, increases, while the concentration of Chla decreases (Falkowski & Raven 2007).
Experimental nutrient and light conditions in UP-I affected the pigmentation of Nannochloris sp.,
and the amount of carotenoid pigments relative to Chla explained most of the variability in the
aph(434) ta,(679) ratio (Fig. 5b), like in the study of Geider et al. (1998). Such a correlation has
been found for natural samples as well (e.g. Lutz et al. 2003).

Roughly, the range for the blue to red peak ratio for natural phytoplankton is from 1 to 5 (Sosik
& Mitchell 1995, Babin et al. 2003, Lutz et al. 2003). Generally, the values published for the Baltic
Sea are lower than for many other sea areas (studies 111, V, Babin et al. 2003), owing to relatively
high light attenuation, and thus lower overall requirements for photoprotection. The blue to red
ratio of aph(k) measured in studies III and V was larger than previously observed in the southern
Baltic Sea (Konovalov et al. 1990, Babin et al. 2003). The comparison is limited, however, because
in these studies data was collected only during a few days in spring and autumn.

The seasonal changes in the spectral absorption of Baltic Sea phytoplankton are mainly deter-
mined by phytoplankton succession, physical forcing of the water column, and the light field. In
the seasonal study (III), the mean aph(437) : aph(676) was 2.0, with a range from 1.4 to 3.2 (for two
typical spectra see fig. 2 in study III). During the spring the ratio was low (on average 1.7), while
the highest values, reflecting a high concentration of photoprotective carotenoids, were observed
during the summer at times with low mixing depth (Fig. 9d).

Decrease of a,(437) aph(676) with increasing depth was noted only during summer at times
of low mixing (III, not shown, two occasions with mixing depth <9m and wind 2-3 m s'). Dur-
ing other times, the blue to red ratio was vertically uniform throughout the mixed layer. Mixing
depth and the amount of picophytoplankton, together explained 82% of the variability in a,(437)
: aph(676) (n=21). Temperature, which covaries with mixed depth, picoplankton density, and with
light, explained a large fraction (71%, n=81) of the variations in aph(437) : aph(676). In study V,
aph(437) : aph(676) had an average value 2.2 (range from 1.7 to 2.5), and no differences were found
between different phytoplankton size-groups (for spectra see figs. 5 and 6 in V). In the same study,
a spatial pattern of aph(437) ta,(676) was found, related to salinity (r=0.70, n=22, see fig. 7 in V).

Because the absorption by photoprotective carotenoids is not included in a, *(}), the blue to
red ratio is typically smaller and less variable for a,.*(A) than for aph*(k) (Sosik & Mitchell 1995,
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Culver & Perry 1999). This was obvious in study UP-I, where the ratio a ,*(434) : a,,*(679) for
Nannochloris sp. varied from 1.37 to 2.49 (on average 1.69), while the ratio a, *(434) : a,*(679)
varied from 1.18 to 1.31 (on average 1.23).

Nannochloris sp. (UP-I) had a distinct shoulder in a,.*(A) around 480 nm in all experimental
treatments (Fig. 6), and a, *(434) : a,,*(480) varied from 1.68 to 2.53 (on average 2.01). Over-
all, a,*(434) and a,*(679) were higher at HL conditions and under nitrogen limitation, while
a,*(480) was rather stable (Fig. 6). To analyse whether the contributions by individual pigments
to a,*(A) can be resolved, principal component analysis of a,*(A) was conducted. The first prin-
cipal component explained 98% of the spectral variability (not shown) and had a spectral shape
resembling closely that of Chla. The second component explained additional 1.2% of the spectral
variability and had peaks at 470-480 nm and at 650 nm, marking Chlb in vivo absorption. This
component covaried with cellular Chld content in the LL-N unit (r=0.84, n=7), but no relation
was observed when all the data was pooled. The third component was noisier and explained only
0.3% of the overall spectral variability. However, it could be related to the photosynthetic carote-
noids abundant in low light cultures, as it explained 27% and 90% of the variability in a, *(434)
2 a, *(679) ratio in HL and LL cultures, respectively.

In study UP-I, the variations in a, *(A) were mainly due to the changes in pigmentation, driven
by N availability and light conditions. The ratio a,*(434) : a,*(679) correlates with carotenoid/
Chla ratio (r = 0.62, n = 24), Chlb/Chla ratio (r =-0.61,n = 17), C/N ratio (r = 0.77, n = 24) (Fig.
5¢), and Q (679) (r = 0.77, n = 24). Similarly, a,*(434) : a,*(480) was related to carotenoid/
Chla ratio (r = 0.92, n = 24), Chld/Chla ratio (r =-0.75, n = 17), C/N ratio (r = 0.63, n = 24), and
0 (679) (r=-0.93, n=24) (Fig. 5d). Thus, N-limitation (high C/N ratio) and acclimation to high
light (low Q (679)) increase a,*(434) relative to a,*(679) or a,*(480) due to increase of photo-
synthetic carotenoids relative to Chla and Chlb. Fluorescence spectra measured for Chlorella sp.
in study II were not scaled to absorption, but the relative fluorescence intensity ratio F(480/680)
: F(440/680) also shows that during nitrogen limited conditions, relative excitation through Chlb
diminished (Fig. 3e).

The relative increase of light absorption by PSII accessory pigments, compared to Chla, as a
response to low light conditions has been observed for several species from various pigment groups
(e.g. SooHoo et al. 1986, Lutz et al. 2001, Johnsen & Sakshaug 2007). Such changes in the shape
of a,.*()) as a function of decreasing light may occur as light harvesting complexes are increased
in number relative to reaction centre Chla (Anderson & Barrett 1986).

The effect of nutrient deficiency on a, *(1) has been less studied, but Loftus and Seliger (1975)
showed that for various species the spectral fluorescence is identical for cultures in exponential
and stationary (potentially nutrient limited) growth phases. Sciandra et al. (2000) showed that
shifts in nitrogen conditions affect the spectral fluorescence of Cryptomonas sp. at the spectral
region where PE (which contains plenty of N and may act as N storage) is absorbing, but other
regions were not altered. In their study, the shift from high light conditions to low light conditions,
however, increased the share of light absorption by photosynthetic accessory pigments, other than
PE. Nitrogen limitation affects similarly fucoxanthin/Chla ratio and spectral fluorescence (ratio
of excitation through 550 nm and 440 nm) in Thalassiosira weissflogii, but not in Prorocentrum
donghaiense (Hou et al. 2007). Thus, the effect of nutrient limitation on photosynthetic pigments
and spectral properties is not straightforward, and different species may show different responses
(Geider et al. 1993).

The observed variations in a,*(A) due to light and nutrients in study UP-I are, however, minor
when the variability between the phytoplankton groups is considered (fig. 2 in IV, fig. 2 in VI, fig. 4
in VII). These results show clearly that PSII absorption is very low for cyanobacteria at regions of
Chla absorption. In eukaryotic phytoplankton groups, >50% of Chla is associated with PSII, while
for cyanobacteria this fraction is only 10-20%. The major part of cyanobacterial Chla is located
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in non-fluorescing PSI (Johnsen & Sakshaug 2007).Growth conditions affect the cellular content
of phycobiliproteins, and their relative abundances. These variations are directly reflected in the
shape of aph(k) and a,(A). PE containing cyanobacteria may perform complementary chromatic
adaptation, by modifying their PE to PC ratio (Tandeau de Marsac 1977) or phycourobilin to
phycoerythrobilin ratio (Palenik 2001), while PEC content is regulated by light intensity (Bryant
1982). For some cyanobacteria species phycobilins can serve as a supply of nitrogen, and thus
nitrogen deficiency may alter aph(k) and a,(}) a lot.

There are not many reported a,() values for natural samples, especially when considering the
whole spectral range including the red Chla peak. Culver and Perry (1999) observed the blue to red
ratio of a, () in the Puget Sound to vary from 0.78 to 1.78 (on average 1.26), while the measure-
ments from the Californian Current System (Sosik & Mitchell 1995) had a more narrow range,
typically from 1.5 to 2.0. On average, a,, (437) : a,, (676) was 1.4 (range from 0.8 to 2.2) in study
[T and 1.6 (range from 0.9 to 2.1) in study V. Reasons for these variations are not conclusive based
on the data collected in these two studies. Unlike for total phytoplankton absorption, the blue to
red absorption ratio for photosynthetic pigments was not related to water mixing depth or changes
in the community size structure (studies III and V, not shown). It was pointed out by Sosik and
Mitchell (1995) that a,*(A) has more noise than a , *(), because fluorescence is measured using
discrete unconcentrated (and sometimes very dilute) water samples, while absorption is measured
after concentration of samples onto filters. Another factor complicating the interpretation of a, *()
variations in nature is related to the problems in the no-overshoot scaling described in 4.1.2.1.

For study III, a,:*(2) and a, *(A) were closely related to each other at the green and red peaks,
as at these regions the photosynthetic pigments contribute similarly to both spectra (Fig. 10b, c).
In the blue, the spectra differed more due to the contribution of photoprotective carotenoids to
a,,*(1) (Fig. 10a). The green to red absorption ratio of both a,;*(A) and a ,*(A) varied seasonally,
obviously due to phycobiliproteins absorbing at the green spectral region, indicating the presence
of cyanobacteria and cryptomonads during the summer months (fig. 2¢ in III).

The amount of picophytoplankton (measured as Chla in cells < 2um) in the natural samples
(III and V) correlated with aph(566) (r=0.80, n=149, Fig. 9¢) and with a,(566) (r=0.79, n=138).
Picocyanobacteria often dominate this size-class in the Baltic Sea (Kuparinen & Kuosa 1993),
and based on study V, PE is their major pigment. The relationship between picophytoplankton and
a,,(566) varied slightly between seasons. The reasons explaining this seasonal variability include
the presence of larger PE containing organisms, the presence of picoeukaryotes (which contribute
to Chla but do not contain PE), variable PE to Chla ratio in picocyanobacteria, and the presence
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Figure 10. Relationship between (A) aph*(437) and a, *(437), (B) aph*(566) and a,;*(566) and (C) aph*(676) and
a,¢*(676) for the natural Baltic Sea phytoplankton during a seasonal study Ill. In each figure, a bold continu-
ous line shows a linear least squares regression fit (95% confidence intervals with dashed lines) and a thin
continuous line shows one-to-one relation.
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of other pigments contributing to the absorption in the green. In study V, aph(566) : aph(676) and
a,, (566) : a, (676) were higher for picophytoplankton than for larger phytoplankton (fig. 6d and
table 1 in V), indicating high content of PE in picophytoplankton.

Models of phytoplankton fluorescence (e.g. Eq. 8-12) include light absorption at the blue peak,
because the excitation beam of field instruments is typically centred at 440-470 nm. In the model
of Mitchell and Kiefer (1988), a ,*(435) was used to represent light absorption and they note that
this varies at least 4-fold between phytoplankton cultures depending on the growth conditions.
In a more recent model (eq. 7.1 in Babin 2008), light absorption is weighted by the intensity of
fluorometer excitation beam. Babin (2008) shows 10-fold variability in the spectrally averaged
absorption coefficient of phytoplankton when weighted by natural irradiance spectra (a,,*; (m?mg
Chla)™"). For the Baltic Sea, 4-fold variability in a,* was observed in study III (Fig. 11a, table 2
in IIT). As noted also by Babin (2008), to be relevant for fluorescence modelling (when using an
active fluorometer, not natural fluorescence) the weighting must be done using a constant excita-
tion spectrum of fluorometer. Such a scaling was done using the absorption spectra collected in
studies III and V, and the spectra of Cyclops 7 Chla fluorometer (Turner Designs Inc) with a peak
wavelength at 460 nm and 20 nm half-width of full-maximum. The observed variability in dph*
was 4-fold (on average 0.030 m? (mg Chla)™', range from 0.013 to 0.057, Fig. 8b). This parameter
describes the total phytoplankton absorption, while only the absorption by PSII should be consid-
ered in fluorescence modelling (Eq. 12, or eq. 7.9 in Babin 2008).

When the absorption spectra (from study I1I) were weighted by natural irradiance spectra, dph*
was on average 2 times higher than @,* (Fig. 11a). Both showed similar seasonality with lowest
values during spring bloom and highest values during late summer. a, ¥ and a,.* decreased towards
deeper layers, because the spectral composition of the irradiance changed with depth (figs. 2 and
Sa in III). The difference between & ,* and a,.* was approximately 2-fold when calculated with
spectra of Cyclops 7 Chla fluorometer, in agreement what was found for natural irradiance (Fig.
11a). The resulting overall variation of @, .* calculated with the fluorometer spectra was 7-fold (on
average 0.013 m? (mg Chla ), range from 0.004 to 0.029, Fig. 8c). When the absorption charac-
teristics of natural phytoplankton included in models of fluorescence (Q *(679) and a, *, Eq 8-12)
were pooled together, they exhibited 15-fold variability (on average 0.0086 m? (mg Chla)'; range
from 0.0015 to 0.0230, Fig. 8d).
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Figure 11. (A) Seasonality of the spectrally averaged absorption coefficient of total (4,,) and photosynthetic
(@,5") phytoplankton absorption when weighted by natural irradiance spectra. (B) Seasonality in the maximum
quantum yield for C fixation, calculated using of & ,* or a,;*. Data is from study III.
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4.1.3 Chla specific fluorescence and quantum yield of fluorescence

In the various studies included in this thesis, Chla in vivo fluorescence intensity and Chla concen-
tration were overall linearly related (Table 6). This linearity, however, stems from a wide range of
Chla concentrations in each study, and the variations in Chla specific fluorescence, R, were notable.
As presented in Eq. 7-12, R includes variables related to light absorption, light reabsorption and
quantum yield of fluorescence. Consequently, the variations in R take place due to photoinhibition,
photoacclimation, nutrient stress, diel rhythm, and the group-specific pigmentation of photosys-
tems (Falkowski & Kiefer 1985). Additionally, instrument properties (the energy of excitation,
the spectra of excitation light and emission detection) influence whether /7, I, , or something in
between is measured (Babin 2008). Moreover, the spectral settings of fluorometer determine the
contributions of various photosynthetic pigments, not Chla alone, to the measured signal. The
magnitude and importance of these various sources of variation may be studied separately with
cultures, but in nature the variations in R are more difficult to interpret.

In the N+ culture of Chlorella sp. (II), R (fluorescence measured with spectrofluorometry at
440 nm) decreased during the start of the exponential growth phase (Fig. 3d). The minimum value
was observed during the highest growth rate at day 3, and R increased slowly after that. In the
nitrogen-depleted culture, R-values increased throughout the experiment. The overall variability
in R was 2.5- and 4.4-fold for N+ and N- cultures, respectively, while the variability was 10-fold
when both cultures are considered. A similar pattern was noted when fluorescence was normal-
ized to absorption (fig. 7 in 1), but these values were biased by the absorption of photoprotective
carotenoids that overlap with Chla and Chlb absorption in the blue region. In the mesocosm

Table 6. Variability in Chla specific fluorescence, R, during different studies, correlation between Chla concentra-
tion and fluorescence intensity, and correlation between R and Q,*(676), a,,*(437),phytoplankton community size
structure and abundance of cyanobacteria. Correlation coefficients are given when P<0.05. n.a= not available, n.s. =
not significant.

Correlation coefficients
Variability [Chla]vs. | Q,*(676) a,."(437) | Size Cyano-
Study | Measurement inR Fluores- | vs.R vs.R structure ® | bacteria
cence vs.R abundance
bys.R

I In situ CTD fluor- 2.6-fold 0.87 n.a. n.a. 0.712 -0.52
ometer

I Spectrofluorometry | 2.5-fold 0.72 n.a. n.a. 0.60° -0.58
(exc438/em680)

Il In situ CTD fluor- 3.8-fold 0.96 0.33 n.s. 0.47 n.s.
ometer

Il Spectrofluorometry | 3.5-fold 0.94 ns. n.s. n.s. n.s.
(exc 440/ em 730),
DCMU

V Spectrofluorometry | 2.0-fold 0.87 0.54 0.72 n.s. n.s.
(exc 439/ em 680),
DCMU

VI Flow-through fluor- | 9.9-fold 0.63 n.a. n.a. n.a. n.a.
ometry

2% of Chla in <2um size fraction
® % of cyanobacteria from total phytoplankton biomass
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experiment (II), the phytoplankton community was manipulated by nutrient additions creating a
series of phytoplankton blooms. R varied 5-fold, as a response to the growth stage of the phyto-
plankton community, the lowest values being observed during intensive growth stage (fig. 8 in II).
In these experiments, the increase in R can be related to the decline in photosynthetic activity and
the declined quantum yield of PSII photochemistry during the nutrient limitation and the reduced
growth of cells. The increase in R may partly be a result of the increase in absorption efficiency,
due to the lower package effect of less pigmented cells (Cleveland & Perry 1987).

Variability in R (using DCMU treated samples, thus R=F, [Chla]') was 2.3 —fold for Nan-
nochloris sp. (UP-I). As photochemical fluorescence quenching was zero when using DCMU,
the variation in R should be related to light absorption and non-photochemical quenching. At the
exponential growth phase of Nannochloris sp., R was higher in high light conditions than in low
light conditions. This was explained by the higher a,,, *(440) and higher O * under high light, and
together their product explained 55% of the variability in R (n=24). This relationship had different
slopes for HL and LL samples, and the fit was more significant for LL (1>=0.92, n=13) than for HL
(r’=0.46, n=11) (Fig. 5e). Thus, the light absorption properties of phytoplankton controlled the
magnitude of R (when photochemical quenching is ignored), especially under the low light condi-
tions. Importantly, as nitrogen availability largely controlled the light absorption, R was also related
to the nutritional status of the cells and the C/N ratio explained 69% of the variability in R (n=24).

The variability in R, not explained by light absorption or photochemical quenching, is related to
non-photochemical quenching. Based on the scatter in Fig. Se it is evident that non-photochemical
fluorescence quenching was more pronounced in HL cultures. However, non-photochemical
quenching cannot be quantified by the measurements conducted in UP-I. To estimate non-photo-
chemical quenching by fluorescence methods require dark-adapted value of F,, using unstressed
cells with maximum photochemical efficiency and minimum heat dissipation (Maxwell & Johnson
2000). Short-term non-photochemical quenching related to high energy state quenching and state
transitions were obviously relaxed in UP-I, as the samples were kept in a dim light for a relatively
long period (minutes-some hours), but relaxation of possible photo-inhibition (damage of PSII)
may take several hours (Maxwell & Johnson 2000). As an index of nonphotochemical quenching,
a pool of specific photoprotective carotenoids, like zeaxanthin in higher plants and green algae
may be used, but zeaxanthin was not reliably detected in UP-I as it co-eluted with lutein in the
HPLC column.

To determine the relative importance of various factors affecting R, requires simultanecous meas-
urement of several variables, including variable fluorescence parameters, amount of xanthophyll
cycle pigments, a,*(A), and O *. Besides these, also the diel cycles of Chla synthesis and circadian
rhythms in the physiological processes modify @, and thus R (Dandonneau & Neveux 1997).
Mitchell and Kiefer (1988) concluded that R is largely determined by the absorption properties of
cells, and less by the variations in the quantum yield.

Some previous studies included the absorption of non-photosynthetic pigments in the calcula-
tion of fluorescence efficiency (division of R by @ ,*, calculated for fluorometer excitation light)
(Cleveland & Perry 1987, Mitchell & Kiefer 1988, Geider et al. 1993, also in study I) mainly
because a,,* is not easily obtained (but see e.g. Geider et al. 1998). In that case, the calculated
fluorescence efficiency does not describe @, for PSII, but it is largely determined by the presence
of photoprotective pigments that have high absorption at the typical excitation range of Chla
fluorometers.

In theory, @, can be calculated if all other terms in Eq. 12 are known. Typically, fluorescence
measurements (including instrumental factors) use relative units, and consequently only relative
values for @, are obtained. For Nannochloris sp. (UP-I), relative @, was calculated from spec-
trofluorometric measurement of maximum fluorescence (after DCMU treatment) with excitation

at 440 nm (Eq. 12). In this calculation, the main error source is a,,*(440) as the obtained value
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includes unknown contribution from a,, (see 4.1.2.1. and Fig. 6). The resulting @, varied 2-fold,
and was larger for the cells grown in the low light (Fig. 4d). The difference most likely reflects
the variation in non-photochemical quenching.

Recently, Serra et al. (2009) considered nonphotochemical fluorescence quenching as the only
source of diel variability in R in natural samples, thus ignoring shifts in package effect and species
structure. Diel variability in fluorescence variables has been shown by Dandonneau & Neveux
(1997) and observed also in the Baltic Sea during the spring bloom (M. Raateoja, unpublished).
Contrary, in study I, R was similar in daytime and nighttime samples though the weather was very
sunny. In study VI, R showed slight diel variations in early summer, with maximum R at night
and decreased values during the day (not shown). At best, the time of day explained 48% of the
variations in R (transect 19.-21. July 2005; second order polynomial, n=12). Later in the summer
this diel variability was not significant.

Small cells with a low package effect have high R-values (Alpine & Cloern 1985). Similarly, in
the Gulf of Riga (I), higher R-values were observed in the northern Gulf where small cells were
more abundant (Table 6, and figs 8b and 11 in I). At the same time, R correlated with the share of
filamentous cyanobacteria of the total phytoplankton biomass (r = -0.52, n = 18), and the amount
of PE fluorescence (indicating the presence of cyanobacteria, r = -0.77, n = 18). It is known that
cyanobacteria have a very low R (IV and VI).

In study III, R (when fluorescence was measured in situ with submersible fluorometer) was
to some extent related to the package effect (indicated by Q *(676)) and size structure of the
phytoplankton community (Table 6). Especially in spring, when small picophytoplankton was
not abundant (<2 um share of the total Chla was <20%), R decreased with the increasing abun-
dance of large cells (as >20 pum share of the total Chla, r = -0.69, n = 40). At the seasonal scale,
R was related to the relative abundance of picophytoplankton (Table 6), and this relationship was
more significant when the spring season was not included (r=0.56, n=44). Although in situ Chla
fluorescence and Chla fluorescence measured in laboratory (excitation 440 nm, emission 730
nm, DCMU treated samples) were correlated (r=0.95, n=104), R measured with the latter method
was not significantly related to the variability in light absorption or phytoplankton community
structure. In study V, R (excitation 440 nm, emission 680 nm, DCMU treated samples with) varied
2-fold in the northern Baltic Sea (fig. 10a in V) and was related to the package effect (Q *(676))
and a, *(437) (Table 6). A combination of the later two variables did not explain the variation in
R any better than a,*(437) did alone. R-values recorded for size-fractions <2 um and 2-20 um
were comparable, while the values for >20 um fraction, containing filamentous cyanobacteria,
were rather noisy, and sometimes very low (see fig. 14 in V).

The species-specific variability in R, using various types of commercial LED field fluorometers,
was studied in UP-II. Excitation spectra of these instruments are shown in Fig. 12. By comparing
these spectra and a,,;*(A) for different phytoplankton pigment groups, it is evident that for cyano-
bacteria, with very low a,*()) in the blue, R-values will be low (see also fig. 2 in VI). As shown
in study IV, LEDs with a maximum around 460-470 nm poorly match a,,, *(A) of cyanobacteria.
Using an instrument with excitation maximum at 460 nm (Cyclops Chla, Turner Designs Inc.),
R for cyanobacteria was 4-25 times smaller than for eukaryotic species (Fig. 13a). It is thus clear
that in natural samples even slight changes in the biomass of eukaryotic species mask the larger
changes in the abundance of cyanobacteria, when measured with Chla fluorescence. One possibil-
ity to decrease the group specific variations in R is to increase the spectral bandwidth of excitation
light. In another Chla fluorometer tested (miniBackScat SII, Dr. Haardt Optik Mikroelectronic),
a blue LED with a very wide spectrum was used. Consequently, the signal from cyanobacteria
increased and was now only 2-9 -times smaller relative to eukaryotes (Fig. 13a). Thus, fluorescence
and R-values are highly dependent on the spectral settings of the instrument.
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Figure 13. (A) Chla specific fluorescence responses of various algal species as measured with Chla channel
of miniBackScat Sll and Cyclops-7 for Chla (UP-II). (B) Corresponding phycobilin fluorescence responses,
relative to Chla concentrations, measured with Cyclops-7 for PE, Cyclops-7 for PC, and PC channel of
TwinFlu. Results are averages for several samples obtained at different growth conditions. Nodu=Nodularia
spumigena, Aph=Aphanizomenon sp., PC-pico=PC rich strain of Synechococcus sp., PE-pico = PE rich strain
of Synechococcus sp., Crypto=cryptomonad Rhodomonas sp., Chloro = chlorophyte Chlamydomonas sp.,
Diatom = Skeletonema costatum.

During the spring bloom in the Baltic Sea, Chla fluorescence and extracted Chla measure-
ments are typically linearly related, while during the summer months they are not (Kaitala et al.
2008). One obvious reason for the poor fit during summer months is the lower absolute range of
concentrations. The first-order source of variation between Chla concentration and fluorescence
is the actual phytoplanton biomass, and when the range of concentrations used in the comparison
is relatively large, even large variations in R seem not to affect the goodness of the regression fit.
Using the continuous measurements of Chla fluorescence during summer months (VI), R varied
10-fold. The lowest R-values were recorded when filamentous cyanobacteria were most abundant.
It was evident that in the Baltic Sea, at times of cyanobacterial blooms, R was largely determined
by the relative abundance of cyanobacteria.
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Summary of major results in 4.1

e Determining absorption by photosynthetic pigments using spectral scaling with the no-over-
shoot method represented something between a,,(A) and a, . (M) + a, ().

e In the Baltic Sea, seasonality in the phytoplankton spectral absorption and in the package ef-
fect was related to physical forcing of the water column and phytoplankton succession. Mix-
ing depth and (related) abundance of picophytoplankton, together explained 87% and 82% of
the variability in aph*(676) and aph(437) : aph(676), respectively.

e In cultures, the variations in a,.*(A) were mainly due to changes in pigmentation, driven by
nitrogen availability and light conditions, while the variations in nature were more complex
and included the variability among the phytoplankton groups.

e Natural variability of the variables included in the fluorescence model (Eq. 12) was large
(2.4-fold for Q *(676) and 7-fold, for a,.*).

e In the Baltic Sea, the natural variability in Chla specific fluorescence was 2-10 fold, and
related to the abundance of cyanobacteria, the size structure of the phytoplankton community,
package effect, and a,.*(437).

4.2 Calibration of field fluorometers

Fluorescence is measured in arbitrary units, based on an instrument output that is typically a volt-
age, generated by a photomultiplier tube or photodiode. For field Chla fluorometers, however, the
preferred output is Chla concentration. Field fluorometers can be calibrated with algal cultures or
with water samples taken from the study area. The first approach assumes that the fluorescence
properties of the material used for calibration, e.g. an algal culture or a chlorophyll extract, are
comparable to those in natural populations. The second approach makes the assumption that
fluorescence characteristics of the natural populations do not largely vary during the study pe-
riod, or geographically. Often it is feasible to carry out both approaches. For operational use, it is
very important that the fluorometer is pre-calibrated using a constant secondary standard and this
calibration is frequently checked (see study VI). This is the only way to ensure that fluorescence
records obtained at different transects or times are comparable.

Both the in vivo fluorescence measurement, and the measurement of extracted Chla concentra-
tion are accurate (if instructions for pigment analysis are followed, Wright & Mantoura 1997),
and typically the deviations from the linear relationship between these two do not arise from
measurement errors. The most common way of relating these two quantities is linear regression.
In terms of Eq. (7), this is setting R as a constant (often an intercept term is included, considered
as a background fluorescence). As discussed in the previous section, such linearity assumes that
terms related to light harvesting, fluorescence yield, and light re-absorption are constants. This is
hardly valid for any natural situations.

Linear calibration typically yields a reasonable prediction if samples are collected over a wide
range of concentrations, and in a situation where the phytoplankton community structure is not
highly variable, e.g. during spring bloom conditions in the Baltic Sea (Kaitala et al. 2008). A linear
calibration may lead to biased results when the variability in concentration of Chla is low or dur-
ing the changes in the phytoplankton community. Coefficient of determination (r?) is often used
as a measure of the goodness of fit of linear calibration. However, poor linear fit between Chla
concentration and fluorescence does not, as such, mean that R—values vary more than during a
good fit. An alternative approach for calibration is a constant R (e.g. average of observations, not
slope), Additionally, it is possible to parameterize variations in R due to depth, distance, time of
day, or irradiance (e.g. Strass 1990, Dandonneau & Neveux 1997). For example, the horizontal
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variations in R in studies [ and V (fig. 8b in I and fig. 10a in V) would have allowed a construction
of a spatial model.

The match between the excitation light of the fluorometer and a,,*(2) of different species af-
fect R (Fig. 13a). Following this, there are two possibilities to increase the prediction ability of
Chla concentration. First, a wider spectral excitation (approaching white light, Figs. 12 and 13)
covers the absorption range of most PSII antenna pigments (Babin 2008). The second approach
includes separate spectral channel, which allow the user to adjust relative weight of the channels
in the validation (e.g. by using multivariate regression).

In Lake Tanganyika, the variations in Chla concentrations were better explained with both Chla
and PE fluorescence than Chla fluorescence alone (Salonen et al. 1999). PE fluorescence was
required, because PE containing cyanobacteria with low Chla fluorescence, and obviously with
relatively constant PE/Chla ratio was abundant. Similarly, in the Baltic Sea (VI) the variability in
Chla concentrations was explained more by PC fluorescence than by Chla fluorescence because
PC containing filamentous cyanobacteria was abundant. During the early- and mid-phases of the
cyanobacterial bloom, PC alone explained most of the variability in Chla concentrations, while in
the later phases the best prediction was obtained with both PC and Chla fluorescence (table 1 and
figs. 4 and 5 in VI). For the whole summer, using both Chla and PC fluorescence explained 82% of
the variability in Chla concentration, while Chla fluorescence alone explained only 39%. Based on
study VI, it is clear that during summer months in the Baltic Sea, with high cyanobacterial abun-
dance, PC fluorescence must be recorded along with Chla fluorescence in order to quantify Chla.

Additional wavebands may be useful for phytoplankton communities with diverse PSII pigmen-
tation (see below 4.4). However, there is no reason to expect a fixed wavelength combination that
will give a good prediction in all cases, as in several occasions other terms affecting R are more
important. Using the data collected in study III, a stepwise regression analysis with forward selec-
tion was performed, to add wavebands to complement the Chla band in the regression model so
that the coefficient of determination was maximised (J. Seppéld, unpublished). After 440 nm, the
next most important wavelength was 575 nm, followed by 645 nm. Similarly, using a dataset for
Finnish lakes, the best additional wavelengths were 643 nm and 469 nm (J. Seppéla, unpublished).

Chla concentration can be derived from fluorescence intensity in various ways. The selected
method should be described in detail, and for further use, the relation between raw instrument data
and a secondary standard must be stored. Whether it is worthwhile to test all possible transforma-
tions depends on the application. Moreover, it must be emphasized that processes affecting R are
mostly not random, but have predictable seasonal, diel, or spatial patterns. During monitoring
activities (e.g. ship-of-opportunity monitoring described in VI) it may be beneficial to improve
the knowledge on the variations in R by pooling data from several transects and even several years
together (assuming proper referencing and blanking of the fluorometers).

Field fluorometers may supply data to parameterize remote sensing Chla algorithms. Vepséldinen
etal. (2005) demonstrated the combined use of remote sensing data and flow-through fluorometry
during the spring bloom in the Baltic Sea. To match these two data is problematic during cyano-
bacterial blooms, however. First, Chla fluorometry is not able to resolve Chla concentrations dur-
ing mass occurrence of cyanobacteria, as discussed above. Secondly, bloom forming filamentous
cyanobacteria are not uniformly distributed in the water column, but may form surface scums and
horizontal patches (Kutser et al. 2004).
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Summary of major results in 4.2

e Chla fluorescence cannot be used for detection of cyanobacteria in mixed phytoplankton
populations, as the cyanobacteria have very low Chla-specific fluorescence.

e Additional wavebands may improve the fluorescence detection of Chla. During summer in
the Baltic Sea, phycocyanin in vivo fluorescence must be studied along with Chla in vivo
fluorescence to quantify Chla.

4.3 Phycobilin fluorescence in the detection of cyanobacteria

4.3.1 Phycobilins in the Baltic Sea

In the Baltic Sea, the blooms of N,-fixing filamentous cyanobacteria (mainly Nodularia spumigena,
Aphanizomenon sp., and Anabaena spp.) occur frequently during summer months. These blooms
may cover large areas and their dynamics and extent cannot be efficiently studied with traditional
sampling and microscopy. Satellite images can be used to detect surface accumulations, but the
detection limit for PC is high with the current ocean colour sensors (e.g. MERIS; Kutser et al.
2006, Metsamaa et al. 2006).

As phycobilins are specific to cyanobacteria, phycobilin fluorescence may be used to assess
the abundance of cyanobacteria (Yentsch & Yentsch 1979). Phycobilin rich phytoplankton species
are abundant in the Baltic Sea, and cells benefit especially from PE and PEC, which absorb light
at the maximum transmission, 550 to 570 nm (fig. 2 in I and fig. 1 in IV, Table 3). Babichenko
et al. (1993) and Poryvkina et al. (1994) suggested that the natural variability in PC fluorescence
in the coastal Gulf of Finland, using LIDAR and excitation—emission matrix techniques, was due
to filamentous cyanobacteria. They also noted that the phycobilin content of cyanobacteria may
be low in surface blooms, as high light acclimated cells downregulate pigmentation. Similarly,
in the Gulf of Riga, during intense surface bloom of Aphanizomenon flos-aquae very low PC
fluorescence was observed (I).

The abundance of various cyanobacterial groups, including single-celled picocyanobacteria,
spherical gomphosphaerioid colonies, mucilaginous colonies of pico-sized cells, N_-fixing fila-
mentous species, and other filamentous species, varies seasonally and in response to environmental
factors (Laamanen 1997, Stal et al. 2003). In summer, picocyanobacteria may contribute up to 50%
of total phytoplankton biomass in the Baltic Sea (Kuparinen & Kuosa 1993, Stal etal. 2003). In the
open Baltic Sea, most of the picocyanobacterial cells are rich in PE according to epifluorescence
microscopy (Kuparinen & Kuosa 1993, Niiranen 2008, study V). In study V, the proportion of
PC-rich cells varied from 0 to 9% of the total picocyanobacterial cell abundance, and the propor-
tion increased towards low-saline areas (r=-0.63, n=22). Kuparinen and Kuosa (1993) suggested
that PC-rich picocyanobacteria are common only in low-saline waters. Contrary to these findings,
Stomp et al. (2007) reported that at the entrance to the Gulf of Finland PC-rich picocyanobacterial
cells make up 23 - 61% of the all picocyanobacterial cells. Whether this contradiction in the relative
abundance of PC-rich picocyanobacteria is due to methodological differences (flow-cytometry in
Stomp et al. 2007, epifluorescence microscopy in others) or represents natural variability, is not
known. Globally, the abundance of various picocyanobacterial colour-types is related to the spectral
light attenuation (Pick 1991, Stomp et al. 2007), PE-rich red picocyanobacteria being most abun-
dant in waters where green light penetrates deepest. In waters where coloured dissolved organic
matter efficiently absorbs blue and green light PC-rich green picocyanobacteria are abundant.

Despite the high diversity of the cyanobacteria found in the Baltic Sea, open sea blooms are
composed of N,-fixing filamentous cyanobacteria, while in the coastal areas also other cyanobac-
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teria species (e.g. Microcystis aeruginosa and Planktothrix agardhii, Schiewer 2008) may form
blooms. Filamentous Pseudanabaena spp. is often abundant in the Baltic Sea (Helcom 2004), like
in the samples of study VI. Pseudanabaena has two pigmentation phenotypes; PC-rich and another
containing both PE and PC (Acinas et al. 2009). In the Baltic Sea, colony-forming picocyanobac-
teria may occasionally be abundant (Hajdu et al. 2007), but their pigmentation is poorly known.

Study VI showed, based on fluorescence, that Nodularia spumigena and Aphanizomenon sp.
do not contain PE. The lack of PE has been confirmed for several Nodularia spp. strains isolated
from the Baltic Sea, and grown in various irradiance and nutritional conditions (J. Seppéld, un-
published). PE was also absent in Aphanizomenon sp. and Anabaena sp. isolated from the Baltic
Sea (J. Seppild & P. Ylostalo, unpublished). Contrary to these findings, based on immunogold
localisation, PE was present in the Aphanizomenon sp. cells during a bloom at the central Baltic Sea
(Janson et al. 1994). However, several heterocyst-forming species, including all studied Anabaena
and Aphanizomenon strains, contain PEC instead of PE (Bryant 1982). PE or PEC was absent in
the Nodularia strains studied by Bryant (1982). These strains originated from soil and thermal
spring and were phylogeneticly different from Baltic planktonic Nodularia strains (Laamanen et
al. 2001). Thus, whether Baltic Nodularia contains PEC or not, or not always, remains unknown.
At the deeper greenish water layers in the Baltic Sea, the green absorbing PEC or PE increases the
utilization of light and can promote growth of phytoplankton. The presence (Aphanizomenon sp.)
or absence (N. spumigena) of PEC may explain in part why N. spumigena prefers surface waters
and Aphanizomenon sp. often shows the maximum at deeper layers (Hajdu et al. 2007).

Although the majority of phycobilins can be attributed to cyanobacteria, other phytoplankton
groups in the Baltic Sea do contain phycobilins. In the Baltic Sea, cryptomonads contain mainly
PE (see fig. 2e in VI and fig. 4 in VII), though their phycobilin content has not been extensively
studied, and PC-containing species/strains may occur in coastal areas. The phototrophic ciliate
Mesodinium rubrum, sometimes very abundant in the Baltic Sea, contains PE (Lindholm & Mérk
1989). Some dinoflagellate species may as well contain PE (Vesk et al. 1996).

During 1994, an extensive cyanobacterial surface bloom, dominated by Aphanizomenon flos-
aquae, took place in the Gulf of Riga (I). A strong and clear phycoerythrin signal was observed
using 560 nm excitation and 570 nm emission, with a secondary emission centered at 650 nm
(figs 6 and 7 in I). Such a fluorescence signal is typical for cyanobacteria, which transfer energy
from PE to PC to APC (see Table 3). In the areas with the strongest PE signal, cryptomonads were
almost totally lacking. In the northern parts where cryptomonads were abundant, PE fluorescence
was low. PE fluorescence was not associated with the picophytoplankton either (measured as
fractionated Chla, thus picocyanobacteria not separated from the other picophytoplankton), but
it correlated with Chla in >10pm cells. Based on this correlation it was hypothesised that the PE
signal derived from large cyanobacteria (fig. 12 in I). This contradicts with the pigmentation of
Aphanizomenon and Nodularia discussed above. Further, the EEMs show low noise PE spectra
for all stations (fig. 6 in 1), while filamentous species often produce noisy signals as they are not
evenly distributed in the samples and they are moving inside the cuvette during measurement (it
took 30 min to record one EEM).

In study V, spectral studies showed, coincident with the epifluorescence microscopy, that the
size-fraction <2 pm does not have notable fluorescence or absorption due to PC (figs 6d, 13a,
and 14c in V). Picophytoplankton contributed to PE fluorescence (range 35-100%, average 74%)
and picophytoplanktonic PE fluorescence and Chla were correlated (1=0.83, n=22, fig. 15ain V).
In turn, PE fluorescence was not related to the cell number of PE-containing picocyanobacteria.
This may be due to site-specific variations in the cell size and pigmentation. PE fluorescence was
observed for 2-20 pm size-fraction as well, but without the shoulder around 650 nm (observed
in the <2 pm fraction), indicating the absence of PC and eukaryotic origin of PE. The highest PE
fluorescence for 2-20 um size-fraction was observed at station LL17 (for location see fig. 1 in V),
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where cyanobacterium Cyanonepheron styloides and ciliate Mesodinium rubrum were most abun-
dant. At a few stations, low PE fluorescence peaks were observed for >20 um size fraction (this
is estimated by difference from measurements of total and <20 um fractions), but they could not
be related to phytoplankton community structure. Like in studies with cultures (see fig. 2 in VI),
sample of concentrated filamentous cyanobacteria showed no PE fluorescence. PC fluorescence
was generally low relative to the Chla peak (fig. 13 in V). Only the >20 pm size-fraction had a
PC-peak at 655 nm (this peak may contain APC fluorescence as well) (figs. 12 and 14c in V). PC
fluorescence (excitation 630 nm, emission 650 nm) correlated with the abundance of filamentous
cyanobacteria (r=0.76, n=20), or even better with the biomass of the main filamentous species,
Aphanizomenon sp. (r=0.88, n=20). In samples with a high proportion of Aphanizomenon sp., PC
fluorescence relative to Chla fluorescence was high (fig. 15b in V).

4.3.2 Detection of phycobilin fluorescence

Commercial field fluorometers are available for in situ PE and PC detection, but the waveband
settings vary from one manufacturer to another (see Fig. 12). A specific problem for phycobilin
detection is that their excitation and emission maxima are typically very close to each other but in
order to reject stray light a reasonable separation between excitation and detection wavelengths
is required.

The PE fluorescence peak is clearly separated from the other pigments (fig. 2 in VI), and fluor-
ometer wavebands can be slightly adjusted (e.g. to reject stray light, or based on available optical
components) without losing specificity. However, detection should not be extended to PC or Chla
emission bands (>620 nm). Brief examination of the available LED fluorometers (based on the
information the manufacturers provide at their web-pages, spring 2009) reveals that the PE sen-
sors have excitation peak at 525 — 565 nm, while detection is typically at 570-585 nm (though in
some instruments detection is done using Chla band at 680 nm). With the original optical kit for
PE detection in the common 10-AU fluorometer (Turner Designs Inc.) fluorescence is detected at
>570 nm, and Chla emission is included (Niiranen 2008). The natural variability in the fluorescence
properties of various PE-forms (Neveux et al. 2006) should be taken into account when selecting
wavelengths for PE detection.

PE containing strains of picocyanobacteria Synechococcus sp. and cryptophyte Rhodomonas sp.
showed high response when measured with a PE fluorometer (Cyclops-7 for PE, Turner Designs
Inc, UP-II), while the PE-lacking eukaryotic species and picocyanobacteria Synechococcus sp.
showed negligible PE signal (Fig. 13b) and the PE-lacking filamentous cyanobacteria had inter-
mediate values (PE fluorescence is normalized to Chla content, and thus results are weighted by
PE:Chla concentration ratios). Thus there was a slight interference from filamentous cyanobacteria
to the PE signal detected with this instrument. This interference was higher with Aphanizomenon
sp., than with Nodularia spumigena and may be due to PEC in the cells

In the commercial PC fluorometers the excitation peaks varies from 585 to 620 nm, and emis-
sion is detected either using a narrow (20nm FWHM) window at 645-655 nm or wide window
extending from 620 nm above 700 nm (web-survey, spring 2009). Instruments with excitation
below 600 nm excite also PE. As an example, the detected PC fluorescence signal was high for
species lacking PC or with very low PC content (Rhodomonas sp. and PC-poor Synechococcus
sp., respectively, Fig. 13b) when using an instrument with excitation at 590 nm (Cyclops-7 for PC,
Turner Designs Inc., Fig. 12). Those instruments, which detect fluorescence above 660 nm, may
receive considerable bias from Chla fluorescence. The interference of PE and Chla was low for
an instrument with excitation centred at 630 nm and emission at 655 nm (TwinFlu, Trios Gmbh,
Figs. 12, 13b). Brient et al. (2008) discussed the advantages and limitations of this instrument in
detail. In a PC-specific fluorometer, the wavebands match the actual PC fluorescence peak well.
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The exact location of PC peak varies slightly between species (fig. 2 in VI), and it overlaps largely
with APC (which may be important source of fluorescence for some species).

Variability between Chla concentration and in vivo fluorescence is widely studied, but for
phycobilins such studies are scarce (Wyman 1992), mainly because reliable routine methods
for quantitative phycobilin analyses from natural samples have not been reported. Phycobilin
fluorescence yield depends on the rates of excitation energy transfer between various phycobilins
and from phycobilins to Chla in PSII. Therefore variation in the pigment-specific fluorescence of
phycobilins is likely similar to that of Chla.

When phycobilin fluorometers are used in monitoring of cyanobacterial abundance, phycobilin
fluorescence is often referenced against biomass or cell number of cyanobacteria (Izydorczyk et al.
2005, Brient et al. 2008, and studies I, V, and VI). Study VI shows linear relation between PC fluo-
rescence and biomass of filamentous cyanobacteria in the Baltic Sea, with no seasonal variability in
the relationship (fig. 4a in VI). Ruiz-Verdu et al. (2008) observed that ratio of PC to cyanobacterial
Chla was nearly constant in Spanish lakes covering gradient of various trophic states. However,
cyanobacteria regulate their phycobilin-content as a response to light and nutrient conditions (Bry-
ant 1986). It can be expected that cyanobacterial populations staying at different water depths are
differently pigmented. For example, during sunny and calm conditions filamentous cyanobacteria
floating near surface may become phycobilin-poor. In addition, phycobilins can be used as nitrogen
supply for growth during nitrogen deficient conditions (Wyman et al. 1985). Therefore the relation
between cyanobacterial biomass and phycobilin fluorescence may not be linear.

The results from study VI show that PC fluorescence can be used to detect blooms of filamentous
cyanobacteria in the Baltic Sea, at the spatial and temporal scales not available with other meth-
ods (see fig. 3 in VI). Recently, new ship lines have been included in the phycobilin fluorescence
monitoring in the Baltic Sea, allowing more detailed studies on the development of the blooms.
Pooling these fluorescence records with available phytoplankton counts should now be carried out.

Summary of major results in 4.3.

e The specificity of various commercial field fluorometers for phycobilin detection was as-
sessed. It was shown that for reliable phycocyanin detection, instrument wavebands must
match the actual phycocyanin fluorescence peak well.

e In the Baltic Sea, phycoerythrin and phycocyanin fluorescence were relevant indicators for
abundance of picocyanobacteria and filamentous cyanobacteria, respectively.

e Phycocyanin fluorescence was noted suitable for ship-of-opportunity monitoring of filamen-
tous cyanobacteria in the Baltic Sea.

4.4 Discrimination of phytoplankton pigment
groups using spectral fluorescence

Yentsch and Yentsch (1979) suggested that in vivo spectral fluorescence signatures may be used to
characterise phytoplankton communities. There are several advantages of fluorescence over other
phytoplankton detection methods. The detection limit for in vivo fluorescence is lower than for
many other phytoplankton detection methods and therefore phytoplankton in vivo fluorescence
can be detected in situ without manipulation of samples. Furthermore, the fluorescence of living
phytoplankton takes place at wavelengths not disturbed much by the other compounds (Millie et al.
2002) and non-photosynthetic carotenoids with low taxonomic specificity, which modify spectral
absorption and reflectance, do not influence the spectral fluorescence (Johnsen & Sakshaug 1996).
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Detecting other fluorescence excitation-emission- pairs, in addition to Chla fluorescence (ex-
citation at blue, emission at red), may be useful to obtain better validation of Chla concentration,
or to infer some information related to phycobilin-containing organisms of the phytoplankton
community, as discussed in the previous sections. In study I, 5 excitation-emission wavelength
pairs were selected for the rapid screening of natural phytoplankton, and the results were analysed
against phytoplankton counts. Though variability in the fluorescence ratios was evident (fig. 8 in
I), only phycoerythrin-related fluorescence correlated with the taxonomic information. This and a
parallel study (Babichenko et al. 1999) indicated that simple correlation methods are not able to
retrieve high-quality information on phytoplankton community structure.

Instruments with 3-5 wavelength pairs have been made to separate the corresponding amount
of taxonomic groups (Beutler et al. 2002, Gaevsky et al 2005). The separation is based on spectral
libraries, which contain so-called norm or reference spectra for each taxonomic group. Such a
spectral library method is accurate when the reference spectra are constant, like for the extracted
pigments (Neveux & Lantoine 1993). For living phytoplankton, however, the biomass-specific
fluorescence coefficients (i.e. reference spectra, K in Eq. 13a) are not constant. These methods
with few wavelengths are very sensitive to changes in the reference spectra, but also to varia-
tions in the background signal, and they rely on the assumption that all components contributing
to fluorescence are included. Despite these limitations, the 5-wavelength method has been noted
suitable for cyanobacterial bloom monitoring (Leboulanger et al. 2002), though the added value
of various wavelengths was not demonstrated.

Discrimination of various phytoplankton species using fluorescence spectra has been dem-
onstrated for cultures (e.g. Oldham et al. 1985, Gerhardt & Bodemer 2000, Zhang et al. 20006).
Typically, the taxonomic groups which contribute 5-10% to the fluorescence signal are resolved
reliably. Most such studies describe new instruments, or calculation methods, and usability for
natural samples is rarely confirmed.

Spectral libraries with classical least squares regression analysis (e.g. K-matrix method in
Eq. 13a) decompose spectral data in straightforward way into the taxonomic groups found in
the library. The discrimination may be poor for groups with highly variable spectral properties,
and reference spectra does not exist for uncultured phytoplankton groups. Optical properties of
natural populations are very dynamic (see section 4.1.) and may be hard to reproduce in labora-
tory conditions. As an alternative to spectral libraries, biomass-specific fluorescence coefficients
may be calculated with a separate calibration step using natural samples with known taxonomi-
cal composition (eq. 6 in study VII). This may reduce problems caused by pigment acclimation
in nature relative to cultures and by the fact that some species abundant in nature are difficult to
culture. Biomass-specific fluorescence coefficients for different taxonomic groups, determined
during the mesocosm experiment, were compared with spectra of cultures (VII). For most groups
the spectral shapes were comparable but the spectrum estimated for cyanobacteria differed from
the one obtained using cultures. Obviously, the cultured cyanobacteria was not representative for
the experiment, emphasizing the problems that spectral libraries may encounter.

The least squares regression method used in study VII to separate phytoplankton groups is based
on the K-matrix approach of Beer’s law (see section 3.6.1.). The model is simple to compute, but
sometimes negative concentrations may be obtained. In those cases a method of non negative least
squares should be preferred (Lawson & Hanson 1974). Residuals between the observed and the
predicted spectra evaluate the spectral fit. Problems in the least squares methods arise when noise
or background signals are significant, when spectra of different analytes (here, taxonomic phyto-
plankton groups) are collinear, or when not all analytes are included in the least squares model. In
these cases factorial regression methods perform better, as shown in study VII.

In the PCR method, spectra are first reduced to few independent factors that explain most of
the spectral variability. For the application considered here, it may be assumed that these factors
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represent reference spectra for various phytoplankton pigment groups (though they do not neces-
sarily do that). In study VII, the two first factors were related to chlorophytes and cryptophytes,
respectively, while the additional factors were not explicitly related to any single group. PCR is
a two-step process, where spectral reduction is followed by regression step. Therefore, there is
no guarantee that factors obtained during the first step, describing spectral data, are related to
the concentrations. In PLS both concentration data and spectra are used to build up a model, so
that the predictive power is optimised. Consequently, PLS can be used to predict only preferred
components (e.g. only one spectral phytoplankton group, if desired). To determine which method
gives the most accurate prediction, the model outcomes should be compared analytically, as in
study VII. In several cases of spectral analysis using multivariate methods, PLS has been superior
(Staehr & Cullen 2003, Trygg 2004).

Overall, PLS performed better than PCR or least squares methods in the detection of phyto-
plankton groups in study VII. PLS predicted 79% of the cases correctly, when accepting biomass
errors < 0.1 mg L' or the residuals < £ 20% of the observed biomass. Further restricting these
constraints down to 0.05 mg L' and + 10% reduced the acceptable predictions down to 57%.

In study VII, biomass of cyanobacteria was poorly predicted with least squares (K-matrix ap-
proach) and PCR, while prediction was slightly better using PLS (fig. 7 and table 1 in VII). Biomass
estimate of picocyanobacteria was the reason for relatively poor prediction of cyanobacteria. PLS
for one variable (PLS1) predicted biomass of filamentous cyanobacteria and picoplanktonic Chla
(picocyanobacteria dominated this size-fraction in the experiment) accurately, but failed to predict
biomass of picocyanobacteria (fig. 9 in VII). This is surprising, considering that picocyanobacteria
were more abundant than filamentous cyanobacteria in the experiment, and due to their smaller
size they should have been evenly distributed in samples with sufficiently high biomass levels.
The obvious reason is that biomass of picocyanobacteria was not accurately calculated, as it was
based on fixed cell diameter, though picocyanobacteria is a non-homogeneous group with vari-
able cell sizes and colony types (Kuparinen & Kuosa 1993). Further, phycobilin pigmentation
of picocyanobacteria may be dynamic, reflecting light and nutrient availability. The biomass of
cryptophytes was sometimes very low, and their absence was predicted in some occasions when
using least squares method. The abundance of chromophytes was also low, and they were best
predicted by PLS. For the main phytoplankton group, Chlorophyta, the estimates by each method
were quite comparable, though PLS performed best.

PLS method (as well as other methods described in VII) requires a careful taxonomic exami-
nation of calibration samples, followed by a grouping based on the pigmentation of the various
taxonomic classes. The calibration dataset must be created separately for each case, where different
spectral groups, or differences in phytoplankton acclimation are expected. PLS is a statistical tool,
and may not provide physically meaningful spectral loadings. Therefore the interpretation of the
results may be sometimes difficult. Further problems may evolve, if the number of eigenvectors is
not optimised, causing over- or underfitting (Martens & Nas 1989). On the positive side, unknown
components are not a problem in PLS. Noise and background signals are rejected by factor analysis.
Additionally, spectral vectors are directly related to concentrations in a true single step analysis.

Study III provided additional data to evaluate PLS performance with natural communities, and
to compare whether absorption or fluorescence spectra (excitation 380-700 nm, emission 730 nm)
provides better prediction. Prediction of bulk Chla using the spectra and PLS model was not much
different when using a single wavelength at Chla absorption or fluorescence peaks (comparison
not shown, but see Fig. 14a & c). PLS predictions were better with absorption than fluorescence
spectra. Obviously Chla-specific absorption is much less variable than Chla-specific fluorescence
(that includes Chla-specific absorption as one of several terms, Eq. 12). Picophytoplankton, often
dominated by PE-containing picocyanobacteria, was related to absorption at green or to PE fluo-
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rescence (Fig. 9¢). Consequently, PLS model, using the whole absorption or fluorescence spectra,
predicted picoplanktonic Chla very accurately (Figs. 14 b & d).

It is clear that absorption and fluorescence spectra of various phytoplankton groups vary season-
ally, as a response to environmental conditions and due to changes in species structure. Therefore,
methods to discriminate phytoplankton spectral groups should be optimised separately for each
study site and season. To test the generality of the approach, I used PLS method to estimate phyto-
plankton seasonal succession in the Baltic Sea using absorption and fluorescence spectra collected
in study III. The predictions using fluorescence spectra were slightly better for cyanobacteria,
while the absorption data allowed better predictions for diatoms and dinoflagellates (Fig. 15).
In the low concentration range the predicted biomass was higher than observed, while at higher
concentrations, the observed and the predicted biomass were quite similar for all groups. Minor
phytoplankton groups had a low and noisy contribution to the total optical signal, challenging a
reliable prediction. However, biomass estimates from microscopy may also be poor for groups
with low abundance.

PLS predictions reproduced the seasonal dynamics of phytoplankton correctly (Fig. 16), es-
pecially for total Chla and Chla in <2um phytoplankton. Both absorption and fluorescence data
predict cyanobacterial abundance in spring, not seen in the microscopy, while the actual bloom at
July-August was correctly identified. In the autumn, again, optical data predicted the presence of
cyanobacteria, which was not observed. Spring bloom of diatoms and dinoflagellates was predicted
well, while during summer predictions and observations differed slightly.

The spectral fluorescence methods for the discrimination of phytoplankton groups included
three main sources of error. These are 1) diversity of pigmentation inside each pigment group,
2) acclimation of pigments to environmental conditions and 3) variable fluorescence. The latter
may be reduced by using an inhibitor of electron transport, such as DCMU (like in study III).
For these reasons no single constant spectra exist for any group, making the all-purpose solution
unattainable. Absorption spectra performed better than fluorescence (Figs. 14, 15). It must be
noted, however, that collection of absorption spectra (here, with filter pad method) is more time-
consuming than measuring fluorescence spectra that can be measured directly from water samples,
and can be automated.

Spectral methods to discriminate phytoplankton groups may assist the detection of blooms,
and provide taxonomic information of dominant species or groups. These methods support but

Total Chla (pg L)
predicted from fluorescence
Chla in <2pum {pgL )
predicted from fluorescence

Figure 14. Relationship between observed
and PLS predicted Chla concentration in total
and <2 pm size fractions when using (A and B)
spectral fluorescence and (C and D) spectral
absorption collected during study Ill. Predic-
tions are carried out using full cross validation.
Solid line shows linear least squares regres-
sion fit (95% confidence limits by dashed line).
RMSECV = 0.69 Values for root mean square error in cross
0 5 10 15 20 25 0 1 2 3 validation (RMSECYV), calculated as in VII,
are shown.

Total Chla (ug L")
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Chla in <2pm (pg L")
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RMSECV = 0.23
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cannot replace accurate taxonomic methods such as microscopy. Once instruments with sensitiv-
ity and robustness suitable for field use are available, these methods can be used to detect more
detailed spatio-temporal phytoplankton dynamics. The performance of spectral fluorescence in
the discrimination of spectral groups may be further enhanced using EEMs, or including direct
emission or excitation lines of phycobilin pigments.
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Figure 15. Relationship between observed and PLS predicted phytoplankton biomass in different groups
using (A) spectral absorption and (B) spectral fluorescence collected during study Ill. Predictions are carried
out using full cross validation. Bold solid line shows linear least squares regression fit (95% confidence limits
by dashed line), thin solid line shows 1:1 relationship. Values for root mean square error in cross validation
(RMSECV), calculated as in VII, are shown.
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Figure 16. Seasonality in (A) total Chla and (B) Chla in <2 pm fraction, and in biomass of (C) cyanobacteria
(not including picocyanobacteria), (D) diatoms, and (E) dinoflagellates in study Ill, as measured with traditional
Chla extraction and microscopy, and when predicted using PLS and spectral absorption and fluorescence
(full cross-validation).
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Summary of major results in 4.4.

e When multivariate calibration methods to discriminate phytoplankton spectral groups were
compared, the partial least squares (PLS) method gave the closest predictions for all taxo-
nomic groups and with the accuracy needed for phytoplankton bloom detection.

e PLS was especially suitable when spectra from different constituents were overlapping, the
background noise was high and variable, and not all of the optically active compounds were
known.

e PLS required a good calibration data set, with no collinearity of constituent concentrations.

4.5 Fluorescence methods to detect phytoplankton physiology

4.5.1 Photosynthetic efficiency of filamentous
cyanobacteria measured by FRR fluorometry

For healthy cells the maximum £, /F, is considered to be close to 0.65 (Kromkamp & Forster 2003,
Suggett et al. 2003). However, for filamentous N_-fixing cyanobacteria Nodularia spumigena and
Aphanizomenon sp. F'/F, varied from 0.02 to 0.20 and was rather insensitive to variations in
nutrient status of cells or growth stages, when measured with commercial Fast Repetition Rate
fluorometer (FRRF) (IV). The principle of FRRF is a cumulative closure of reaction centres us-
ing short intense flashes of blue light. For PE-lacking N -fixing filamentous cyanobacteria PSII
absorption was very low in the wavelength region of FRRF excitation (fig. 2 in IV). Consequently,
FRREF excitation light did not saturate PSII of these cyanobacteria during a measurement cycle,
and the resulting F/F, were much lower than for eukaryotes (table 1 in IV). An increase of flash
duration did not give any improvement (not shown). The addition of DCMU into dark acclimated
sample increased I /F, , but still the electron transport chain was not totally saturated. When addi-
tional green background light (that was absorbed by PSII pigments) was supplied, F*,/F, increased
remarkably and was close to 0.65, indicating healthy and active cells (table 1 in IV).

Another possibility considered for low F/F, is the elevated F, levels due to phycobilin and
PSI fluorescence. However, in that case both DCMU induced and spectrofluorometric methods
should give low values for /| /F’, , which was not observed (table 1 in IV). Phycobilin content of
cyanobacteria determines whether excitation light (95% of light is between 458 to 514 nm for com-
mercial FRRF Fast™*) is absorbed efficiently enough to yield unbiased /7, /F, values. The bulk of
oceanic cyanobacteria contain a phycourobilin-rich form of PE (absorption at 495-500 nm, Wood
et al. 1998, Neveux et al. 2006) and obviously in healthy growth stages show high I /F’, values.
Potentially the inapplicability of FRRF fluorometry is limited to only those cyanobacteria species
lacking PE (see Bryant 1982). Using other type of instruments, like multiple turnover fluorometers,
or yellow-red excitation light, also N_-fixing filamentous cyanobacteria show high F/F, values.

During study III, filamentous cyanobacteria comprised up to 60% of the total biomass of the
nano- and microphytoplankton community in late summer but this seemed to have no effect on in
situ /I, values (Fig. 17). Because of the low Chla specific fluorescence response of all cyano-
bacteria, FRRF method measures mainly the eukaryotic part of the phytoplankton community.
Even at times of cyanobacterial blooms, eukaryotic species are abundant, apart from the dense
surface accumulations of cyanobacteria. By selecting appropriate wavebands for excitation (e.g.
specific for phycocyanin), PSII saturation for cyanobacteria should be obtained and cyanobacterial
response could be separated from eukaryotic species.
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4.5.2 Spectral light absorption by photosynthetic pigments

The maximum quantum yield of photosynthesis, @, is the rate of CO, fixed per absorbed photon,
with a theoretical maximum of 0.125 mol C (mol q)' (Falkowski & Raven 2007). @ is calculated
as

N
D =aap (24)

where a is the initial slope of the photosynthesis-irradiance curve, and & ,* is calculated for the
experimental light conditions (Falkowski & Raven 2007). In study III, & varied 3-fold, from
0.0076 to 0.024 mol C (mol q)"' (Fig. 11b), while both smaller and higher values have been ob-
tained in other studies (reviewed by Babin et al. 1996, Maclntyre et al. 2002). There are several
reasons why the observed @  is considerably lower than the theoretical maximum, including
the increased absorption by photoprotectlve pigments, the decrease of competent reaction centres
due to irradiance or nutrient stress, and electron sinks other than CO, during the light reactions
(Sakshaug et al. 1997, Maclntyre et al. 2002). Importantly, the calculation of @ as above includes
absorption of light by photoprotective pigments that do not transfer the energy to photosystems.

To separate variability of @ _due to photoprotective and photosynthetic pigments, @,,* may be
used instead of @, * in the calculation of &  (Sakshaugetal. 1991). Then, @  in study III varied
from 0.014 to 0. 042 mol C (mol q), 2.2 t1mes higher than values calculated w1th a, * (Fig. 11b).
The difference was smallest during spring, with the lowest amounts of photoprotectwe pigments.
Most of the @ values presented in the literature are still based on g, *.

Phytoplankton primary production may be modelled using the variable fluorescence technique
(e.g. Kromkamp & Forster 2003, Suggett et al. 2003, I1I). In FRRF, the functional cross-section of
PSII is measured. In contrast, with the pulsed amplitude modulation (PAM) technique, quantifica-
tion of the light absorbed by PSII has been traditionally estimated to equal 50% of total absorption,
to achieve an equal light absorption between PSI and PSII. This, however, neglects the presence of
photoprotective pigments, and the fact that PSII:PSI ratio is often above unity (Johnsen & Sakshaug
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2007). Consequently, the most reliable prediction of oxygenic photosynthesis is obtained with PSII
absorption, @, *, estimated using the no-overshoot method (Hancke et al. 2008).

The examples above underline the value of correct a, ., * measurements. As stated in section
4.1.2.1, the existing measuring techniques are valid for cultures, but not strictly for natural phy-
toplankton samples where various species, with variable PSII and PSI spectra, are present. a,,*
for natural phytoplankton communities are not often reported, and to my knowledge, potential

methodological errors have not been studied.

4. 5.3 Variable fluorescence to assess nutrient limitation

Eutrophication, due to anthropogenic load of nutrients, is a severe threat to many coastal seas like
the Baltic Sea (EImgren 2001). For the management of these ecosystems, the identification of the
limiting nutrient is important when deciding on nutrient load reductions. For the determination of
phytoplankton nutrient limitation various indicators are available, including nutrient concentrations
and ratios, nutrient uptake and turnover rates, responses of biomass and productivity in bioassays,
and enzyme activity (e.g. Beardall et al. 2001). As phytoplankton photochemistry is sensitive to
nutrient stress, the efficiency of photochemistry, measured with variable fluorescence techniques,
is among the methods used in the detection of nutrient limitation of natural phytoplankton popula-
tions (Graziano et al. 1996, Behrenfeld et al. 2006). Generally, nutrient limitation is considered
to lower the efficiency of PSII photochemistry, /7, /F, , and increase the effective PSII absorption
cross section, g, (Kolber et al. 1988, Berges et al. 1996). Each of the abovementioned methods
has limitations and often the combined use of several techniques/parameters is required to cor-
rectly identify nutrient limitation.

Study I1I estimated in situ variable fluorescence for the northern Gulf of Finland. The measured
photochemical efficiency under natural light was represented by (F, ’-F)/F,’, where F, ’ is maxi-
mum fluorescence measured under natural light, and F is steady state fluorescence. The spectrally
unscaled PSII absorption cross-section under ambient light, o, ’, was used to obtain comparable
results from various depths (see study I1I). To avoid the effects of high irradiance at the surface,
only the values measured between 6 and 15 m were used. High (F,’-F)/F, values (>0.5) persisted
throughout the spring bloom, even though inorganic N depleted and the bloom declined (Fig.
17). Thereafter, slightly lower values were observed, while both inorganic N and P were low. The
times of possible nutrient limitation were estimated using concentrations of inorganic nutrients, as
shown in Fig. 17. There is no indication that (¥, ’-F)/F,’ was especially low, or o, " especially
high at these times. The exceptional drops in (F,’-F)/F, in mid-June (0.39) and beginning of
August (0.35) were recorded during upwelling events, and thus at the times of high inorganic
nutrient concentrations. The low photosynthetic competence during upwelling could be related to
photoinhibition or the uplift of physiologically incompetent cells. For the whole study, (F,’-F,)/
F, was related to Chla (1=0.68, n=58), and thus the high (F,’-F)/F,’ values were observed dur-
ing bloom peaks. This relationship was not, however, fully linear (not shown). o, varied from
210to 380 A2 q' (average 318 A2 g!) (Fig. 17b), and was not related to package effect, absorption
coefficients, nutrient situation nor community structure. Suggett et al. (2004) concluded that in situ
variability in o, is related to both physiological and taxonomical information.

In a mesocosm experiment with a natural phytoplankton community (UP-III), combined addi-
tion of N and P (balanced addition in Redfield ratio) resulted in a phytoplankton bloom and Chla
increased from 3.5 to 20 pg Chla L. During this nutrient replete boosting period, F/F,, varied
from 0.52 to 0.58 (Fig. 18). After day 5, the daily nutrient treatments of different units were split
to create either N or P deficiency. Thereafter F,/F,, declined in all units down to values 0.42-0.49

towards the end of the experiment (see Fig. 18).
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Though F,/F, in the different treatments did not differ significantly, it was related to other
indices of nutrient limitation like particulate nutrient ratios, and the highest I /F, values were
found in nutrient replete samples (with nutrient ratios close to the Redfield ratio) (Fig. 19). Clearly,
for P deficient cases, represented as high PON:POP and POC:POP ratios, low I, /F,, values were
observed, while N deficiency (i.e. low PON:POP and high POC:PON ratios) was not as closely
related to F,/F, . During the experiment, N -fixing filamentous cyanobacteria dominated phyto-
plankton biomass, and they provided new N to the system (determined as an increase of total N
in the units without N additions) (Kangro et al. 2007). This new N may leak from cyanobacteria,
and thereby directly reduce N limitation of the phytoplankton community.

The interpretation of /7,/F, during a field campaign (III) or in a mesocosm experiment (UP-III)
is complex and the values alone cannot be used to predict nutrient limitation of samples. In similar
manner, Parkhill et al. (2001) and Kruskopf and Flynn (2006) found that the use of variable fluo-
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Figure 19. Relationship between F /F, and particulate nutrient ratios in the different N depleted (N-, <1
umol L), P depleted (P-, <0.1 umol L"), N & P depleted (N & P -)or N & P replete (N & P +) samples during a
mesocosm experiment in Tvarminne, July 2003 (UP-IIl). Results from all 9 mesocosms are pooled. Redfield
ratios are shown with vertical lines. Regression fits for N or P depleted samples are shown.
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rescence as a proxy of nutrient limitation is not straightforward. Decline in /7, /F, occurs during
nutrient starvation, but not necessarily during low concentrations of nutrients when the cells have
acclimated to the reduced supply of nutrients (Parkhill et al. 2001). In batch cultures, low F' /F,
values may be obtained when nutrients are fully depleted (and internal stores are consumed), but
this may not be relevant for natural systems with continuous (though sometimes low) supply of
nutrients through recycling (Parkhill et al. 2001). Further, species-specific differences in the re-
sponses and effect of irradiance make the use of natural /7 /F, variations as a measure of nutrient
limitation even more challenging.

In nutrient-starved conditions, a resupply of limiting nutrient may enhance F/F,. Such re-
sponses of I*,/F, to the supply of limiting nutrient have been observed during some experiments
(e.g. station 8 in Graziano et al. 1996; spring 1998 in Bergmann et al. 2002). Moore et al. (2008)
found lack of response to nutrient stress relief, which may reflect a balanced nutrient-limited
growth or efficient nutrient cycling.

To study physiological (/,/F,, ) and biomass (Chla) responses to resupply of limiting nutrient,
nutrient addition bioassays were carried out during a mesocosm study (UP-III). Simultaneous
dilution experiments resolved the sources of nutrients supporting phytoplankton growth at the
onset of each bioassay. During the boosting period, when mesocosm units received both N and
P, we carried out two bioassays. In days 3 and 5, Chla increased due to N-additions, while 7,/
F,, increased only in the latter bioassay (Fig. 20). Internal N stores, supporting phytoplankton
growth, were available in day 3, but not in day 5 (Fig. 21), and may explain the different patterns
in the systemic Liebig-type biomass limitation (Chla response) and physiological Blackman-type
limitation (/,/F, response). After boosting period, one of the mesocosm units was enriched daily
with N. Nevertheless, Chla response in the bioassay at day 7 indicated N limitation for this unit,
but /7, /F, did not respond to any nutrient treatment (Fig. 20). Again, internal N stores were high
during this experiment (Fig. 21). Later (days 9, 11, 14) this unit became P-limited, as indicated
by positive Chla and F/F, responses to resupply of P (Fig. 20). In another mesocosm unit, the
initial N limitation of phytoplankton community was enhanced by P additions. Bioassays indi-
cated consistent N limitation based on Chla responses (Fig. 20). Positive responses of /', /F', to N
resupply were observed for days 7 and 11. At the onset of these bioassays there were no sources
of N supporting phytoplankton growth (Fig. 21). In day 9, N sources for phytoplankton growth
were not available either, and the lack of F/F, response to N resupply cannot be explained. In
day 14, nutrient recycling by zooplankton made N available for phytoplankton growth, which
may explain the lack of F /F, response (Figs. 20, 21). Overall, biomass and F',/F,, responses to
nutrient additions were similar in 7 bioassays out of 12 conducted (Fig. 20). In a similar experi-
ment conducted in the Odense Fjord, biomass N limitation was observed in 6 cases, and 5 out of
them were identified as N-limited using /' /F, responses, while both of the 2 P-limited situations
were similarly diagnosed by biomass and F,/F,, responses (J. Seppild, E. Le Floc’h, R. Lignell,
unpublished). To summarize the results from bioassays, the observed differences between biomass
and physiological limitation were in most cases explained by the available internal nutrient sources
or by nutrient recycling.

The use of variable fluorescence in probing phytoplankton physiology and nutrient limitation is
not straightforward, though the results obtained here, using bioassays, are more promising than in
many other sea areas (e.g. Moore et al. 2008). Variable fluorescence can provide rapid and valu-
able physiological information about nutrient limitation when combined with other methods (e.g.
biomass responses during bioassays).
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Figure 20. Nutrient addition bioassays during Tvarminne mesocosm experiment, July 2003 (UP-IIl). In each
panel, the title gives starting day for 24-h bioassay, followed by nutrient treatment of the experimental meso-
cosm unit sampled for that particular bioassay. Chla (bars) and F, /F,, (circles) were measured from initial
water sample (start), and from differently manipulated (Ctrl = Control, N = addition of N, P = addition of P, NP
= addition of N and P) bioassay units after 24-h incubation period. Errorbars are for standard deviation of
replicate measurements. Below the title, in each panel the limiting nutrient is given in normal (Chla, biomass-
limitation) and italicised text (F,/F,,, physiological limitation).

M m== Recycled
0.5 m 1 Internal
0.4 = External

0.3

Figure 21. Different nitrogen sources (exter-
nal, internal, recycled) that supported phyto-
plankton growth during Tvarminne mesocosm
experiment, July 2003 (UP-Ill). The relative
contributions of N supplies were estimated

0.2
0.1 -

Production coefficients (d ')
o
o
Day 3, NP { 1
|
Day14, N{ 1

Day 16, Ctl |1

with dilution experiments using methods de- o zZozozo oo
scribed in Lignell et al. (2003). The absence of R S P i S S )
N sources (days 7, 9 and 11 for experimental 0 > = = =T T g
unit enriched by P) indicates strong N limita- Toonoo T & T -
tion of phytoplankton. X-labels describe the @] oo o 3

day for experiment, and nutrient treatment of
the experimental mesocosm unit sampled. Samples (Day, Treatment)



Fluorescence properties of Baltic Sea phytoplankton 71

Summary of major results in 4.5

e Fast Repetition Rate fluorometry with blue excitation light was found inadequate for the
detection of variable fluorescence of phycoerythrin-lacking cyanobacteria.

e Properly determined PSII absorption spectra were valuable for estimation of the maximum
quantum yield of photosynthesis, without effect of photoprotective pigments.

e Secasonal changes in in situ variable fluorescence did not directly reflect the nutrient limita-
tion pattern of phytoplankton, while the results from controlled environments (mesocosms)
showed that during bloom events variable fluorescence changed along with other nutrient
limitation indicators.

e The detection of limiting nutrient using variable fluorescence was possible during an active
nutrient manipulation of phytoplankton community. In such bioassays, biomass (Chla) and
variable fluorescence increased in response to resupply of limiting nutrient.

5 Conclusions and future perspectives

Fluorescence-based detection of phytoplankton has become as a significant method to monitor
phytoplankton in the Baltic Sea. Project Alg@line collects annually >million fluorescence records
at the different subbasins of the Baltic Sea, and many research vessels are equipped with flow-
through fluorometers. New field fluorometers for phycocyanin detection have been applied for the
assessment of distribution of filamentous cyanobacteria in the Baltic Sea during recent years (VI).
While flow-through spectral fluorometry for chemotaxonomic studies has been tested (Babichenko
etal. 1999, 2000), the methold has not been used in operational monitoring. Variable fluorescence
methods can be used to estimate phytoplankton production (III) and to detect phytoplankton nutri-
ent stress, but until now these methods are still at the exploratory phase and have not been a part
of Baltic Sea monitoring programmes. Fluorescence monitoring of living phytoplankton has a
central role to play in future approaches to detect, monitor and forecast phytoplankton dynamics,
including bloom events, in the Baltic Sea. This thesis provides some basic understanding of the
state-of-the-art for these various methods, and is hopefully useful when different fluorescence
techniques are used, evaluated or developed further.

Light absorption properties of PSII, reabsorption of fluoresced light, and quantum yield of
fluorescence determine phytoplankton fluorescence. Each of these variables is affected by environ-
mental factors, as shown with cultures (II, UP-I). In nature, the factors determining light absorption
and fluorescence are more difficult to distinguish and quantify. In the Baltic Sea, phytoplankton
absorption characteristics were related to the water column dynamics and phytoplankton com-
munity structure (III, V). Variations in the Chla specific fluorescence were much more complex
due to the additional effects of quantum yield of fluorescence and phytoplankton group specific
differences in the photosystems (I, 11, 111, V, VI, UP-I).

Chla fluorometers can be used for easy and quick qualitative or semiquantitative survey, to detect
areas or layers with higher-than-average phytoplankton accumulations, which can be subsequently
studied by other methods. Regularly, however, the desired end-product is Chla concentration,
derived from fluorescence signal of online instruments calibrated with known samples. The con-
version from Chla fluorescence intensity to Chla concentration is not straightforward, and linear
least squares regression could be replaced by methods, which account for the variability of Chla
specific fluorescence diurnally, spatially, or related to environmental factors.

During the bloom of filamentous cyanobacteria in summer in the Baltic Sea, Chla fluorescence
and concentration were not related, but rather fluorescence of phycocyanin explained most of the
variability in Chla concentrations (VI). This is explained by the very low Chla specific fluorescence
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of cyanobacteria, and by the relatively high share of total Chla in that phytoplankton group. Thus, in
summer phycocyanin fluorescence should be used as a predictor, in addition to Chla fluorescence,
to estimate Chla concentration.

In the open Baltic Sea, phycocyanin fluorescence intensity and biomass of filamentous cyano-
bacteria were linearly related (VI). A successful phycocyanin monitoring should be accompanied
by frequent validation with microscopy, and, if possible at some point, by measurements of phyco-
bilin concentrations. The instrument selection is yet another concern when monitoring filamentous
cyanobacteria, as several manufacturers provide fluorometers for phycocyanin detection using
wavelengths shifted away from the actual fluorescence peak of phycocyanin (UP-II). The best in-
strument match closely to the excitation (620-630 nm) and emission (650 nm) of phycocyanin (VI).

The currently available instruments for chemotaxonomic studies have 3-5 excitation-emission
wavelength-pairs. The number of wavelength-pairs should be, however, greater than the number of
chemotaxonomic groups of phytoplankton to be separated. The methods based on few wavelengths
are sensitive to errors from background signal, unknown fluorophores, and spectral collinearity of
chemotaxonomic groups. Using spectral fluorescence can improve chemotaxonomic separation
of phytoplankton. The success of spectral fluorescence to provide chemotaxonomic information,
when combined with advanced chemometric method of partial least squares, was demonstrated in
study VII, and in additional analysis of spectral data of natural phytoplankton community.

Derivation of phytoplankton primary production from variable fluorescence measurements
requires several assumptions to be made (III). The most widespread oceanographic application of
variable fluorescence, utilizing commercial FRRF, was noted inapplicable to studies of filamentous
cyanobacteria from the Baltic Sea. The excitation light of this instrument does not match with the
PSII absorption of PE lacking cyanobacteria (V). Variable fluorescence provides information of the
physiological state of phytoplankton community. The method can be used to detect physiological
nutrient limitation, when combined with nutrient addition bioassays (UP-III).

Regardless which fluorescence approach is used, the basic requirements include frequent meas-
urements of the instrument stability and response (using secondary standard), the subtraction of
background fluorescence of particle free water collected at study site, and the prevention of bio-
fouling. These are easily realised for instruments in laboratory, while the task is more demanding
for instruments in profiling or flow-through systems. Another important requirement for successful
fluorescence detection of phytoplankton is to understand the principles of fluorescence arising
from living cells, which is much more complicated than fluorescence from pure pigments. After
such a lesson, one realizes that interpretation of phytoplankton fluorescence signal in terms of
biomass, taxonomy, physiology, or production must be done with caution. Unquestionably, this
implicates that in vivo fluorescence based detection of phytoplankton should not be considered as
an alternative for more traditional methods of pigment determinations, microscopy, or *C-based
productivity. Rather, fluorescence methods should be utilized in obtaining complementary data,
at very low cost, with higher temporal and spatial coverage.
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