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ABSTRACT

SIRPA LEHTINEN 
 
Lehtinen S (2020) Phytoplankton functions and community properties in the 
pelagic food web. Dissertationes Schola Doctoralis Scientiae Circumiectalis, 
Alimentariae, Biologicae 11/2020. 65 p. ISBN 978-951-51-6046-1 (print) 
ISBN 978-951-51-6047-8 (online, http://ethesis.helsinki.fi). 
 
Primary producing phytoplankton forms the basis of pelagic food webs. 
Within this thesis, certain phytoplankton functions (food source for grazers, 
harmfulness, nitrogen (N2) –fixation) and community properties (diversity, 
productivity, biomass, resource use efficiency (RUE), taxonomic and 
functional composition), as well as their relation to available resources 
(nutrients) were studied. The aim was to further clarify the role of 
phytoplankton in the pelagic food web. Such information is in high demand 
also for applied purposes, e.g. in understanding how phytoplankton 
monitoring data can be interpreted in environmental assessments. 

Both experimental approaches and multi-decadal monitoring data from 
the Baltic Sea were used. Experiments showed that phytoplankton 
communities can be directly shaped by selective mesozooplanktonic grazing. 
Study of cultured algae demonstrated the relationship between resources and 
harmfulness; in nutrient deficient conditions, the haptophyte Prymnesium 
parvum displayed increased allelopathy and toxicity. 

A data set of natural phytoplankton communities in experimental 
bioassays was used to study effects of nutrient availability and imbalance on 
N2-fixation, diversity, productivity, biomass, RUE, taxonomic community 
composition, and diversity-productivity-function relationships. The biomass 
of N2-fixing cyanobacteria was primarily regulated by other factors than 
ambient nutrient imbalance, which implied that the build-up of N2-fixing 
cyanobacterial bloom biomass levels depends on longer-term nutrient 
dynamics. As expected, phytoplankton biomass and productivity were the 
highest when more resources (especially total phosphorus (TP)) were 
available.  

The Species Energy Theory was supported, since resource availability 
affected species richness positively. However, evenness was not explained by 
resource availability. Results did not support the Resource Ratio Theory 
predicting that species richness would be the highest when more than one 
resource is limiting. Species richness did not explain biomass, primary 
productivity, or RUE, but there was a highly significant inverse relation 
between evenness and biomass. The result suggests that high productivity and 
RUE in natural phytoplankton communities are supported by recurrently 
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shifting, narrow time windows suitable for events of temporary resource 
monopolization by a few opportunistic species. 

The resource-related ambient local environmental variables explained only 
8 % of the variability in the coastal phytoplankton community composition 
(taxonomic biomass composition). As species richness was the highest in the 
study area which is most exposed to water exchange with adjacent areas, the 
role of metacommunity dynamics in shaping community composition and 
ensuring species turnover was supported. When examining coastal data, these 
underlying regional differences in phytoplankton composition should be taken 
into account.  

Based on analyses on multi-decadal monitoring data, phytoplankton 
communities were functionally more similar in spring than in summer. The 
functional composition of phytoplankton was primarily driven by the abiotic 
environment (instead of biotic interactions), since ca. 75 % of the observed 
communities did not depart significantly from the simulated prediction, which 
had been constructed based on environmental preferences of the species 
(season, location, temperature, and salinity). However, ca. 25 % of the 
communities departed significantly from the simulated prediction, signaling a 
notable effect of also biotic interactions in the phytoplankton communities. 

Multi-decadal monitoring data was used to develop an approach to assess 
the potential effects of phytoplankton community composition on the next 
trophic level. The following functional characteristics of taxa were specifically 
considered: potential suitability or quality as food for micro- and 
mesozooplanktonic grazers, harmfulness, size, and trophic properties (auto- 
or mixotrophy). These functional characteristics were selected since they are 
common functions for phytoplankton in all aquatic environments, even 
though species identities vary. Since the Baltic Sea was used as demonstration 
area, also N2-fixation was considered. 

In conclusion, the results of this thesis contribute to the knowledge on 
phytoplankton community data serving as a versatile source of information 
describing the first level of the food web, including availability as food items 
for grazers, potentially direct harmful effects, N2-fixation, and biodiversity. 
Results also add to the knowledge on how the functional and community 
properties of phytoplankton are connected to nutrient resources and point out 
the importance of regionality especially when studying coastal phytoplankton 
communities. 
 
 
 
 
 
 
 
 
 



6 

TIIVISTELMÄ

Perustuottajana toimiva kasviplankton muodostaa meriekosysteemeissä 
ulapan ravintoverkon perustan. Väitöskirjatyössäni tutkin kokeellisten 
menetelmien ja seuranta-aineistojen avulla tiettyjä kasviplanktonin 
toimintoja (ravinnonlähde laiduntajille, haitallisuus, typensidonta) ja 
yhteisöominaisuuksia (monimuotoisuus, perustuotanto, ravinteiden 
käyttötehokkuus, koostumus) sekä niiden suhteita ravinneresursseihin 
Itämerellä. Tietoa tarvitaan muun muassa meriympäristön tilan arvioinnissa.  

Mesoeläinplanktonin laidunnus vaikutti suoraan kasviplanktonin 
koostumukseen, ja ravinnerajoitteisuus lisäsi tarttumalevän muille leville 
haitallisia (allelopaattisia) ja kaloille myrkyllisiä ominaisuuksia. 
Ravinnerajoitteisuus ei vaikuttanut merkittävästi typpeä sitovien sinilevien 
samanaikaiseen biomassaan. Kasviplanktonin biomassa ja tuotanto olivat 
odotetusti suurimpia ravinnemäärän ollessa suurin. ”Species Energy” -teorian 
mukaisesti ravinteiden määrä vaikutti lajimäärään myönteisesti, mutta 
lajiston tasaisuusindeksiin (evenness) se ei vaikuttanut. “Resource Ratio” -
teoria ei saanut tukea, koska lajimäärä ei ollut suurin typen ja fosforin 
yhteisrajoitteisuuden vallitessa. Lajimäärä ei selittänyt biomassaa, 
perustuotantoa eikä ravinteiden käyttötehokkuutta. Lajiston tasaisuusindeksi 
oli suurin biomassan ollessa pienin.  

Metayhteisödynamiikan tärkeyttä kasviplanktonyhteisön taksonomiseen 
biomassakoostumukseen ilmensi se, että alueelliset ympäristötekijät selittivät 
vain 8 % rannikon kasviplanktonyhteisöjen koostumuksesta, ja että lajimäärä 
oli suurin alueella, joka on suoraan yhteydessä ympäröiviin vesialueisiin. 
Kasviplanktonyhteisön toiminnallinen monimuotoisuus oli suurempi kesällä 
kuin keväällä, ja kasviplanktonyhteisön toiminnalliseen koostumukseen 
vaikuttivat pääasiassa abioottiset tekijät bioottisten eli eliöiden välisten 
vuorovaikutussuhteiden sijaan. 

Seuranta-aineistoa hyödyntäen kehitettiin menetelmä, jota voidaan 
käyttää arvioitaessa kasviplanktonkoostumuksen vaikutuksia ylemmille 
ravintoverkon tasoille. Kasviplanktonin toiminnalliset ominaisuudet, joita 
menetelmässä tarkasteltiin, olivat sopivuus mikro- ja mesoeläinplanktonin 
ravinnoksi, haitallisuus, koko ja trofia (auto- tai miksotrofia). Koska 
esimerkkiaineisto oli Itämereltä, myös typensidonta oli alueellisen 
merkittävyytensä vuoksi tarkasteltavien ominaisuuksien joukossa.  

Väitöskirjan tulokset osoittavat kasviplanktonin yhteisöaineiston 
tarjoavan monipuolista tietoa ravintoverkon perustuottajatasosta, mukaan 
lukien eläinplanktonille saatavilla olevasta ravinnosta, haitallisuudesta, 
typensidonnasta ja monimuotoisuudesta.  
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ABBREVIATIONS

ANOVA  Analysis of variance 
chl-a  Chlorophyll a 
CWM  Community weighted mean 
DIN  Dissolved inorganic nitrogen 
DIP  Dissolved inorganic phosphorus 
GAM  Generalized Additive Model 
L14C  Experimentally verified limitation indicator  
LME  Linear Mixed-Effects Model 
MPD   Mean pairwise distance 
MPDobs  Observed MPD  
MPDsim   MPD of the simulated sample  
MSFD  Marine Strategy Framework Directive of the 

European Union 
N  Nitrogen 
N2-fixing  Nitrogen fixing, diazotrophic 
NH4  Ammonium 
NMDS  Non-metric Multidimensional Scaling 
NO3  Nitrate 
NO2  Nitrite 
PERMANOVA Permutational Multivariate Analysis of Variance 

Using Distance Matrices 
PO4  Phosphate 
PON  Particulate organic nitrogen 
POP  Particulate organic phosphorus 
RUE  Resource use efficiency 
RUEchl   RUE calculated based on chl-a and TP  
RUEPP  RUE calculated based on daily primary productivity 

and TP 
SEM  Structural Equation Model 
TN  Total nitrogen 
TP  Total phosphorus 
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1 INTRODUCTION

Primary producing phytoplankton forms the basis of aquatic food webs, as 
phytoplankton converts nutrients, carbon dioxide and solar energy 
photosynthetically to oxygen and biomass, which support the further levels of 
the food web (micro- and mesozooplankton, fish, etc.). On the global scale, 
marine phytoplankton contributes roughly to half of the net primary 
production of Earth (Field et al. 1998). Phytoplankton communities consist of 
hundreds of species with different functional characteristics. For the Baltic Sea 
alone, ca. 2000 phytoplankton species are known (G. Hällfors 2004).  

In the aquatic environments, phytoplankton communities have reciprocal 
interactions with resource dynamics (e.g. Tamelander & Heiskanen 2004, 
Spilling & Lindström 2008, Carstensen et al. 2019), as well as with the higher 
levels of the pelagic food web (e.g. Alheit et al. 2005, U. Sommer et al. 2008, 
Anderson & Harvey 2019). Scientific knowledge based on experimental studies 
and analyses of long-term monitoring data have made it possible to utilize 
phytoplankton data in assessing the status of marine environments (Tett et al. 
2008, Lugoli et al. 2012, Uusitalo et al. 2013, Wasmund et al. 2017). In Europe, 
the role of phytoplankton data is considered especially important in the food 
web status assessments (Rogers et al. 2010), which are required by the Marine 
Strategy Framework Directive (MSFD) of the European Union (European 
Union 2008).  

For this thesis, certain functions of phytoplankton (as food source for 
grazers, harmfulness, nitrogen (N2) -fixation; Papers I-III), community 
properties (diversity, resource use efficiency (RUE), community composition, 
diversity-productivity-function relationships; Papers III-IV), and their 
relation to available resources (nutrients) were studied in order to clarify the 
role of phytoplankton in the pelagic ecosystem. A simplified conceptual model 
of the linkage of phytoplankton functions and community properties to 
available resources and further pelagic food web effects from the bottom-up 
perspective is represented in Table 1.  

Within this thesis, the term phytoplankton refers to planktonic auto- or 
mixotrophic microalgae and cyanobacteria (mixotrophic taxa have the 
potential to gain energy via both auto- and heterotrophy). The study area was 
the Baltic Sea, which is a brackish water basin in northern Europe. The ecology 
(e.g. Wulff et al. 2001, Snoeijs-Leijonmalm et al. 2017, and references therein) 
and plankton dynamics (e.g. Andersson et al. 2017, and references therein) of 
the Baltic Sea have been actively studied even though many questions still 
remain. The ongoing plankton community changes in the Baltic Sea have been 
linked to interactions between warming, eutrophication (caused by human 
enhanced nutrient loading) and increased top-down pressure (Olli et al. 2011, 
H. Hällfors et al. 2013, Klais et al. 2013, Suikkanen et al. 2013, Elmgren et al. 
2015, Kuosa et al. 2017, Olofsson et al. 2019).  
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Table 1. A conceptual model of the linkage of phytoplankton functions (food source 
for grazers, harmfulness, N2-fixing) and community properties (diversity, production, 
community composition) to available resources and further pelagic food webs effects 
from the bottom-up perspective.

Phytoplankton 
function or 
community 
property 

Effect of available 
resources 

Food web effects in the 
plankton community  

Further food web effects  

Food source 
for grazers 

Resources favor 
phytoplankton taxa, 
which are high quality 
food for optimal grazer 
community 

High quality food (high 
nutritional value, optimal size 
and other properties, non-toxic, 
etc.) for optimal grazer 
community 

Optimal food for key 
pelagic fish (e.g. large 
copepods)  

Resources favor 
phytoplankton taxa, 
which are low quality 
food for optimal grazer 
community  

Low quality food (low nutritional 
value, harmful or toxic, difficult 
to handle by grazers, etc.) for 
optimal grazer community 

Loss of food for key 
pelagic fish, high share of 
low-quality food (e.g. 
small zooplankton) 

Harmfulness Resources favor 
harmless phytoplankton 
taxa 

Harmless high-quality food for 
optimal grazer community 

Optimal food for key 
pelagic fish  

Resources favor harmful 
phytoplankton taxa 

Allelopathy lowers the amount 
of high-quality food for optimal 
grazer community 

Loss of food for key 
pelagic fish 

Direct harmful effects on optimal 
grazer community 

Loss of food for key 
pelagic fish (fish may 
suffer also direct harmful 
effects) 

N2-fixing Resources favor other 
phytoplankton than N2-
fixing cyanobacteria  

High-quality food for optimal 
grazer community  

Optimal food for key 
pelagic fish  

Resources limit phytoplankton 
growth, the amount of high-
quality food for optimal grazer 
community is too low 

Loss of food for key 
pelagic fish 

Resources favor N2-fixing 
cyanobacteria  

N fixed by cyanobacteria 
supports the whole 
phytoplankton community, high-
quality food is available for 
optimal grazer community 

Optimal food for key 
pelagic fish 

N2-fixing cyanobacteria (which 
may be of low nutritional value, 
harmful or toxic, difficult to 
handle by grazers) dominate and 
high-quality food for optimal 
grazer community are sparse  

Loss of food for key 
pelagic fish 

Diversity Resources favor 
phytoplankton 
community of optimal 
diversity, constituting of 
high-quality food for 
optimal grazer 
community 

Optimal phytoplankton diversity 
and community composition 
constituting of high-quality food 
for optimal grazer community 

Optimal food for key 
pelagic fish  

Resources favor 
phytoplankton 
community of high 
diversity constituting of 
low-quality food for 
optimal grazer 
community 

Phytoplankton community is 
dominated by low-quality food 
for optimal grazer community 

Loss of food for key 
pelagic fish 
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Resources favor 
phytoplankton 
community of low 
diversity, constituting of 
low-quality food for 
optimal grazer 
community 

Phytoplankton community is 
dominated by low-quality food 
for optimal grazer community 

Loss of food for key 
pelagic fish 

Production Resources favor optimal 
phytoplankton 
production of species 
which are high-quality 
food for optimal grazer 
community 

Optimal production provides 
sufficient amount of high-quality 
food for optimal grazer 
community and efficient total 
particulate productivity (low 
respirational losses, efficient 
nutrient utilization, low 
production of dissolved organic 
matter, etc.) 

Optimal food for key 
pelagic fish 

Resources favor too low 
total phytoplankton 
production 

Phytoplankton biomass is too 
low to support optimal grazer 
community 

Loss of food for key 
pelagic fish 

Resources favor too high 
total phytoplankton 
production, or 
production of mainly 
low-quality food for 
optimal grazer 
community 

Phytoplankton biomass is too 
high, or too low quality, to be 
grazed and thus surplus biomass 
settles down to sea bottom 
enhancing anoxia and internal 
nutrient loading, optimal grazer 
community is not supported 

Loss of food for key 
pelagic fish 

Community 
composition 

Resources favor optimal 
phytoplankton 
community composition 
constituting of species 
which are high-quality 
food for optimal grazer 
community 

Optimal community composition 
constituting of high-quality food 
for optimal grazer community  

Optimal food for key 
pelagic fish 

Resources favor 
phytoplankton 
community composition 
constituting of species 
which are low-quality 
food for optimal grazer 
community 

Phytoplankton community is 
dominated by low-quality food 
for optimal grazer community, or 
species leading to complex or 
inefficient food webs (very small 
organism size, high dissolved 
organic matter production, high 
respirational losses, inefficient 
nutrient utilization, etc.) 

Loss of food for key 
pelagic fish. Complicated 
food web may cause high 
respiratory losses or favor 
grazers of low value to 
predators (dead-end 
grazers) 
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1.1 Functions of phytoplankton in the food web

1.1.1 Food source for grazers (Papers I, V)

It has been estimated that 60-70 % of phytoplankton production are 
consumed by herbivorous microzooplankton (20–200 μm) daily (Sherr & 
Sherr 2007, Schmoker et al. 2013). In addition to microzooplankton, also 
mesozooplankton (200-2000 μm) can feed directly on phytoplankton. 
Grazing impacts vary temporally (Anderson & Harvey 2019), and the size 
distribution of the ambient phytoplankton community is important in 
determining the grazing impact of the different zooplankton groups (F. 
Sommer et al. 2000, Katechakis et al. 2002, Stibor et al. 2004). In addition to 
cell size, also the shape of the cells, motility, how easily the cells can be handled 
by the grazer, the quality of the cells as food, taste, and potential harmfulness 
affect the vulnerability of a phytoplankton algae to grazing (Friedman & 
Strickler 1975, Gerritsen & Porter 1982, Lehman & Sandgren 1985, DeMott 
1986, Berggreen et al. 1988, Cowles et al. 1988, DeMott et al. 1991, Knisely & 
Geller 1986, Fulton & Paerl 1987, Gulati & DeMott 1997, Van Donk et al. 2011).  

Cryptophytes are considered to be preferred food for grazers (Lehman 
1988), and they have often been used as a good food option in experimental 
studies (Koski et al. 1998, Sopanen et al. 2006, Kozlowsky-Suzuki et al. 2009). 
On the contrary, cyanobacteria (de Bernardi & Giussani 1990, Engström et al. 
2000) and haptophytes (syn. prymnesiophytes) (Sopanen et al. 2008) are 
considered less preferred food by grazers. Still, both cyanobacteria 
(Kozlowsky-Suzuki et al. 2003, Sylvander et al. 2013, Hogfors et al. 2014) and 
haptophytes (Koski et al. 1999a, Rosetta & McManus 2003), together with 
good food phytoplankton, may be beneficial for the grazers by e.g. increasing 
their fecundity. Based on some studies, thin-walled dinoflagellates are favored 
by grazers compared to armored dinoflagellates (U. Sommer et al. 2004), and 
some toxic dinoflagellates are avoided as a food source (Teegarden & Cembella 
1996, Teegarden et al 2001, Setälä et al. 2009). Some diatom species have been 
shown to be nutritionally insufficient for copepod reproduction (Jónasdóttir 
& Kiørboe1996, Ban et al. 1997). However, field and experimental observations 
have shown that diatoms are grazed by copepods at high rates (Jónasdóttir et 
al. 1998).  

The indirect effect of omnivores or predators on plants via herbivores is 
called the top-down trophic cascade effect. For example, if mesozooplankton 
is feeding on microzooplankton, this may lower the grazing pressure of 
microzooplankton on phytoplankton (Kivi et al. 1996, U. Sommer 2008). 
However, it is known that in diverse plankton communities, the overlap in 
food spectra between meso- and microzooplankton diminishes i.e. meso- and 
microzooplankton feed on same food items (U. Sommer et al. 2005). 
Differences in the lengths of alternative food chains in marine communities 
(Stibor et al. 2004) may be the reason why the trophic cascade effect is usually 
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weaker in marine plankton communities compared to lake plankton 
communities (Shurin et al. 2002). 

In addition to direct grazing effects and cascading trophic effects, grazers 
affect phytoplankton community by modifying the dissolved nutrient 
concentrations through sloppy feeding (Vargas et al. 2007), by excreting or 
retaining nutrients when aiming at stoichiometrical homeostasis (Sterner and 
Elser 2002), and by affecting competitive relationships between the 
phytoplankton species (Nejstgaard et al. 1997).  

In our work (Paper I), the aim was to study the effects of two different 
mesozooplanktonic grazers on the natural phytoplankton community 
composition (taxonomic biomass composition). The selected grazers were 
females of the copepod Eurytemora affinis Poppe 1880, and planktonic 
nauplii of the barnacle Balanus improvisus Darwin 1854. 

1.1.2 Harmfulness (Papers II, V)

The global IOC-UNESCO Taxonomic Reference List of Harmful Micro Algae 
(Moestrup et al. 2009) includes 89 species of dinoflagellates, 35 
cyanobacteria, 29 diatoms, 8 haptophytes, 6 raphidophytes, 3 dictyochophytes 
and 2 pelagophytes. This list contains only species which produce toxins or 
toxic effects, and a few species which are suspected to produce toxins. For the 
Baltic Sea, a list for potentially harmful phytoplankton species has been 
compiled by S. Hällfors (2007), and that list includes those species which may 
be potentially harmful also otherwise than by producing toxic substances, i.e. 
by causing oxygen depletion during a high-biomass non-toxic bloom, or by 
causing mechanical damage. 

Increasing risk of harmful algal blooms (HABs) has been connected to 
eutrophication and the global climate change (e.g. Glibert & Burford 2017). 
Harmful effects of phytoplankton can affect other phytoplankton species 
(allelopathy) (e.g. Granéli et al. 2008, Suikkanen et al. 2005, 2011, Hakanen 
et al. 2014), other plankton (e.g. Kozlowsky-Suzuki et al. 2003, Sopanen et al. 
2008), fish (e.g. Yasomoto et al 1990, Henrikson et al. 2010, Andersen et al. 
2015), or mammals (e.g. Broadwater et al. 2018). The reasons for producing 
harmful substances are not completely understood. It may be connected to 
achieving competitional advantage over other phytoplankton species, or 
avoiding grazing, but it has been also speculated that some harmful substances 
are formed only as a by-product without a specific purpose (e.g. Baselga-
Cervera et al. 2015).  

In our work (Paper II), the aim was to study specifically if nutrient 
deficiency affects harmfulness of the ichtyotoxic and allelopathic haptophyte 
Prymnesium parvum N. Carter 1937. This species is a nanosized mixotrophic 
flagellate, which occurs in a wide range of salinities and environmental 
conditions (Guo et al. 1996, Tillmann 2003, Granéli et al. 2008, Barkoh & 
Fries 2010, Henrikson et al. 2010, Grover et al. 2013). In addition to 
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ichtyotoxic and allelopathic properties (Granéli & Johansson 2003a), 
increasing cell density of P. parvum has been reported to have harmful effects 
on micro- and mesozooplankton, enhancing the mortality of ciliates (Granéli 
& Johansson 2003b, Rosetta & McManus 2003), and lowering the feeding and 
reproduction rates of rotifers (Barreiro et al. 2005) and copepods (Sopanen et 
al. 2006, 2008).  Understanding how different environmental conditions may 
affect the harmful effects of phytoplankton species, is important when 
assessing the possible food web effects that may follow e.g. human-induced 
changes in nutrient availability. 

1.1.3 N2-fixation (Papers III, V)

N2-fixing (diazotrophic) cyanobacteria are an important component of the 
phytoplankton globally in the brackish water environments (Deutsch et al. 
2007). In the Baltic Sea, the abundance of late summer blooms of N2-fixing 
cyanobacterial has intensified significantly since the 1960s and 1970s (Funkey 
et al. 2014, Kahru & Elmgren 2014), and this increase is considered as one 
major symptom of anthropogenic eutrophication, causing also negative socio-
economic effects (Backer et al. 2010, Ahtiainen 2016). Only in the most 
northern part of the Baltic Sea, the Bothnian Bay, the amount of N2-fixing 
cyanobacteria and their blooms is low, due to the specific characteristics of 
that sea area (Tamminen & Andersen 2007, Andersson et al. 2015, Kuosa et 
al. 2017).  

N2-fixing cyanobacteria are assumed to gain competitive advantage in 
situations of N limitation, and N2-fixers should be able to reverse the aquatic 
system back to P limitation (Schindler 1977, Tyrrell 1999). This view has 
however been challenged both for freshwater and marine systems (Howarth & 
Marino 2006, Elser et al. 2007, Tamminen & Andersen 2007, Scott & 
McCarthy 2010). The food web effects of N2-fixing cyanobacteria are usually 
considered negative since they are not optimal food items for grazers (de 
Bernardi & Giussani 1990) and may have harmful or toxic effects within the 
food web (Sipiä et al. 2001, Suikkanen et al. 2004, Cox et al. 2005, Halinen et 
al. 2007, Karjalainen et al. 2007, Sopanen et al. 2009, Karlson & Mozūraitis 
2011). On the other hand, ca. 50% of the fixed N is supposed to be released by 
the cyanobacteria within hours, supporting other microorganisms (Karlson et 
al. 2015, Adam et al. 2016). However, clear positive or negative effects caused 
by N2-fixing cyanobacteria on the ambient phytoplankton taxa have not been 
found in a study utilizing monitoring data from the Baltic Sea (Olli et al. 2015).  

In our study (Paper III), the aim was to test if the biomass of N2-fixing 
cyanobacteria in the natural communities of the coastal northern Baltic Sea 
correlates with the experimentally verified ambient N limitation.   
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1.2 Diversity-productivity-function relationships (Paper III)

Essential community properties, i.e. diversity, biomass, and productivity, and 
their relationships to available resources, are actively studied in terrestrial and 
aquatic ecosystems. Causalities behind resources and community properties 
have been explained by several theories, e.g. the Liebig’s Law of the Minimum 
(Liebig 1840), the Species Energy Theory (Wright 1983), the Resource Ratio 
Theory (Tilman 1982), and the paradigm ‘Biodiversity-Ecosystem 
Functioning’ (Naeem et al. 1994, Gross & Cardinale 2007, Hillebrand & 
Matthiessen 2009). In addition, Cardinale et al. (2009) suggested that 
observed diversity-productivity relationships are shaped by the interplay of 
four distinct, non-interchangeable variables: quantity of limiting resources, 
resource imbalance, total biomass, and species richness. 

According to the Species Energy Theory, available energy explains the 
variation in species richness by controlling population sizes and the 
probability of stochastic extinction (Wright 1983). The Resource Ratio Theory 
predicts that species richness is affected by the imbalance in the supply of two 
or more resources, due to increased possibilities for competitive replacements 
(Tilman 1982).  The Biodiversity-Ecosystem Functioning paradigm suggests 
that diversity is a driver for ecosystem properties, including biomass, 
production, and RUE (Naeem et al. 1994, Gross & Cardinale 2007, Hillebrand 
& Matthiessen 2009).  

In aquatic environments, these theories have been studied mainly with 
small-scale experiments on artificial plankton communities (e.g. Striebel et al. 
2009, Gamfeldt & Hillebrand 2011). Based on the results, biodiversity has 
proven to act as a driver of ecosystem processes and services (Cardinale et al. 
2012). However, it has been argued that it is unclear whether the outcomes of 
experimental studies can be transferred to complex natural communities and 
ecosystems (Miller et al. 2005, Hautier et al. 2014, Hodapp et al. 2015).  

To respond to this research need, we studied natural phytoplankton 
community data originating from four geographically distinct coastal regions 
of the northern Baltic Sea, with results based on experimental design 
quantifying primary production and verifying nutrient availability and 
imbalance. As diversity descriptors, we used species richness and Pielou’s 
evenness (Smith & Wilson 1996, Jost 2010, Tuomisto 2012). Richness and 
evenness are supposed to reflect community responses to the environment in 
different time scales, i.e. evenness may particularly express the very recent 
success of a few successful species under ambient environmental conditions, 
while species richness may reflect spatial connectivity and a longer temporal 
signal (e.g. remnant populations of formerly successful species). 

Our aim was to test (1) if resource availability predicts total biomass and 
species richness (Species Energy Theory), (2) if phytoplankton diversity is the 
highest at a combined N and P limitation  (Resource Ratio Theory), and (3) if 
diversity predicts productivity, e.g. initial biomass, productivity, RUE, or 
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community responses to experimental enrichment (Biodiversity-Ecosystem-
Functioning paradigm).  

1.3 Drivers for phytoplankton community structure (Papers 
III, IV)

Phytoplankton communities consist of a multitude of species with a wide 
range of different functional characters. Since generation times for 
phytoplankton species are short, phytoplankton communities are able to 
respond relatively rapidly to changes in the abiotic (e.g. light, temperature, 
mixing, nutrient concentrations and ratios) and biotic (e.g. competition, 
grazing, nutrient recycling) conditions. Classic theories concerning 
phytoplankton community structure and its drivers include e.g. the Paradox 
of the Plankton Theory (Hutchinson 1961), the Niche Theory and the 
Hypothesis of Limiting Similarity (MacArthur & Levins 1967), the C-R-S 
model (Reynolds 1988), and Theory of Emergent Neutrality (Vergnon et al. 
2009, Segura et al. 2011).  

Studies on phytoplankton community structure have traditionally been 
based on taxonomic information, but nowadays studies consider also the 
functional structure, which is based on species-specific functional trait 
information (Litchman & Klausmeier 2008, Edwards et al. 2013). Functional 
traits are phenotypic characteristics that mediate growth, reproduction, and 
survival of an organism (Violle et al. 2007) and determine its fitness for 
ambient biotic and abiotic conditions (Litchman & Klausmeier 2008). The 
Niche Theory and the Hypothesis of Limiting Similarity assume that there is a 
limit to how similar coexisting species can be (MacArthur & Levins 1967). 
Thus, if coexisting species are more different than expected at random 
(divergence), it could indicate that biotic interactions drive the community 
structure. On the other hand, abiotic habitat filtering of the community 
structure is assumed to drive the community structure when coexisting species 
are more similar than expected at random (convergence) (Cornwell et al. 
2006, Grime 2006). Nevertheless, it has been recognized that both divergence 
and convergence can signal multiple drivers in plant communities, including 
positive interactions such as facilitation (Valiente-Banuet & Verdú 2007). 
Exclusion of a species may take a long time in nature, and thus the Theory of 
Emergent Neutrality takes into account also the neutral coexistence of similar 
species (Vergnon et al. 2009, Segura et al. 2011).  

A set of local communities that are linked by dispersal of multiple 
interacting species are called metacommunities (Leibold et al. 2004, Padial et 
al. 2014, Bortolini et al. 2017). Species turnover is a term which describes 
supplementation of species richness of local planktonic communities after 
episodic phases of resource monopolization by the most successful competitor 
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species, by supply of new taxa from neighboring areas, i.e. by dispersal from 
metacommunities (Vyverman et al. 2007, Ptacnik et al. 2010a).  

In Paper III, our aim was to study to which extent the local phytoplankton 
community composition (species-level taxonomic biomass composition) in 
geographically distinct coastal regions is influenced by regional 
metacommunities vs. local environmental variables (including resource 
availability and imbalance). In Paper IV, the focus was in studying the spatio-
temporal variability and drivers (abiotic vs. biotic) of functional 
phytoplankton community composition by using multi-decadal monitoring 
data representing the whole open water season from four distinct Baltic Sea 
basins. 

1.4 Phytoplankton as an indicator for assessing the 
environmental status (Paper V)

Phytoplankton monitoring provides information for a wide range of questions 
concerning e.g. phytoplankton biodiversity (Uusitalo et al. 2013, H. Hällfors et 
al. 2013, Olli et al. 2014), harmful species (Leppänen et al. 1995, Wasmund 
2002), and spreading of invasive alien species (Olenina et al. 2010). In the 
Baltic Sea, the analyses on multi-decadal phytoplankton monitoring data have 
made it possible to link the changes in the phytoplankton communities to 
human caused eutrophication (Gasiūnaitė et al. 2005, Carstensen & 
Heiskanen 2007, Jaanus et al. 2011, Suikkanen et al. 2007, 2013, Jurgensone 
et al. 2011, H. Hällfors et al. 2013, Kuosa et al. 2017) and to the global climate 
change (Suikkanen et al. 2013, Kuosa et al. 2017).  

For environmental assessments, various indicators are used as a method to 
apply a metric to the status of anthropogenic pressures. In Europe, indicators 
are used in determining the environmental status of marine waters (European 
Commission 2016), as required by the MSFD of the European Union 
(European Union 2008) and the subsequent Commission Decisions 
(European Union 2010, 2017). As a response to this requirement, a wide range 
of phytoplankton indicators have been developed (e.g. Garmendia et al. 2013, 
Höglander et al. 2013, Martin et al. 2015, Berg et al. 2016, Varkitzi et al 2018). 
Phytoplankton community data (i.e. not only total biomass or its proxies, such 
as chlorophyll a concentration) has been utilized for indicators suggested for 
e.g. taxonomic diversity (Spatharis & Tsirtsis 2010, Uusitalo et al. 2013), 
functional diversity (Lehtinen & Klais 2015), community composition (Devlin 
et al. 2007, 2009, 2011, Tett et al. 2007, 2008, 2016, Jaanus et al. 2009, 
Wasmund et al. 2017, HELCOM 2018a), and bloom indicators (Revilla et al. 
2010, HELCOM 2018b).  

Phytoplankton community data for indicator analyses are usually derived 
from species-specific microscopy results, but also pigment-based community 
indicators have been developed (Paerl et al. 2007). Phytoplankton indicators 
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utilizing genetic data and automated imaging flow cytometer data will 
probably be developed in the future. In order to gain reliable indicator results, 
specific attention needs to be paid to quality control, and the possible sources 
of uncertainty within data need to be defined (Dromph et al. 2013, Cozzoli et 
al. 2017). When selecting suitable data for indicator analyses, it is essential 
that detailed information concerning sampling, preservation and counting 
procedures, species identification, biovolume estimation, and biomass 
calculation is available (Zingone et al. 2015). 

To supplement the insufficiently utilized bottom-up approach in food web 
assessments, we developed an approach for using monitoring data on 
phytoplankton community composition to draw conclusions on its potential 
effects on the next trophic level, i.e. micro- and mesozooplanktonic grazers 
(Paper V). Our aim was to demonstrate an approach which can be applied to 
all kinds of quantitative phytoplankton biomass data (assuming that the data 
used within an analysis follow harmonized methods and taxonomy). For this 
reason, the approach does not include ready-made assumptions of certain 
indicator species or taxonomic groups, but instead, we point out certain 
functional characteristics which should be considered. Those functional 
characteristics (potential suitability as food for grazers, harmfulness, size, 
trophy) are common to all phytoplankton communities, and we selected them 
based on existing knowledge on their relevance to the next trophic level (e.g. 
Koski et al. 1998, F. Sommer et al. 2000, Berglund et al. 2007, Sopanen et al. 
2008). N2-fixation was also considered as one of the functions, since N2-
fixation is known to be an important function of the phytoplankton 
community in the Baltic Sea (Vahtera et al. 2007). 
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2 MATERIALS AND METHODS

2.1 Study area

The Baltic Sea is a large non-tidal brackish water basin in northern Europe 
(Fig. 1) (Wulff et al. 2001, Snoeijs-Leijonsmalm et al. 2017, and references 
therein). The average depth is 54 meters, and the maximum depth is 459 
meters. The surface water salinity varies from ca. 25 psu in the southern and 
western parts to ca. 2 psu in the northern and eastern parts. The probability of 
ice cover during winter is the highest in the northern and eastern parts. 
Primary production is mainly N-limited during summer (Hagström et al. 
2001), except in the predominantly P-limited Bothnian Bay (Tamminen & 
Andersen 2007).  

In the Baltic Sea, phytoplankton communities show clear spatial variability 
and seasonal succession (e.g. Andersson 1996, Gasiünaite et al. 2005, 
Wasmund et al. 2011). The seasonal succession of phytoplankton constitutes 
of a spring bloom dominated by diatoms and dinoflagellates, early summer 
characterized by low biomass dominated by nanoflagellates, late summer 
when blooms of diazotrophic cyanobacteria are common, a possible autumn 
peak formed by diatoms (in the most southern and northern areas), and winter 
with low phytoplankton biomass (Andersson et al. 2017).  

The food webs of the Baltic Sea are affected by anthropogenic 
eutrophication and global climate change (Klais et al. 2011, H. Hällfors et al. 
2013, Suikkanen et al. 2013, Andersson et al. 2015, Kuosa et al. 2017). The 
Baltic Sea is especially vulnerable to anthropogenic pressures, since it is 
surrounded by nine countries with population of ca. 85 million people, its 
water exchange is slow, and its permanent halocline prevents deep water from 
mixing, which increases the risk of oxygen depletion in the sea floor.  Oxygen 
depletion of large areas of the deeps in the Baltic Proper causes “internal 
loading” i.e. flux of P back into the upper water column, which enhances the 
effects of eutrophication, including blooms of N2-fixing cyanobacteria 
(Vahtera et al. 2007, Funkey et al. 2014). Different parts of the Baltic Sea are 
more or less exposed to the anthropogenic pressures, depending on the local 
loading and land use, hydrography, bathymetry, and typical water currents 
(Wulff et al. 2001, Snoeijs-Leijonsmalm et al. 2017).  
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Figure 1. Map of the Baltic Sea showing the location of natural phytoplankton 
communities which were used in the analyses. Paper I: green (1 community); Paper 
III: blue (62 communities); Paper IV: red (5646 communities); Paper V: yellow (286 
communities). Latitude: y-axis. Longitude: x-axis.  
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Table 2. Data and treatments used in Papers I-V.  
 Effects of

grazing on 
phytoplankton 
community 
composition  
(Paper I) 

Effects of 
nutrient 
imbalance on 
harmfulness  
(Paper II) 

Effects of 
nutrient 
availability and 
imbalance on 
diversity, 
production, and 
community 
composition  
(Paper III) 

Estimating 
drivers of 
phytoplankton 
functional 
structure (Paper 
IV) 

Estimating 
effects of 
phytoplankto
n composition 
on the next 
trophic level 
(Paper V) 

Phyto-
plankton 
taxa/com-
munity 

Nutrient 
enhanced 
natural summer 
community  

Haptophyte 
Prymnesium 
parvum KAC 39, 
cryptophyte 
Rhodomonas 
salina TV22/4 

Three-year 
monitoring data  
including 62 
natural summer 
communities 

Multi-decadal 
monitoring data 
including 5646 
(7941) natural 
communities 
from spring to 
late summer 

Multi-decadal 
monitoring 
data including 
286 natural 
late summer 
communities 

Sea area Coastal area in 
the archipelago 
of Tvärminne, 
western Gulf of 
Finland, 
northern Baltic 
Sea 

Cultures 
originally 
isolated from 
the Baltic Sea  

4 coastal 
stations situated 
in the northern 
Baltic Sea: 
Bothnian Bay, 
Archipelago 
Sea, western 
Gulf of Finland, 
eastern Gulf of 
Finland 

245 coastal 
stations situated 
in the Baltic Sea: 
Gulf of Finland, 
Gulf of Riga, 
southern Baltic 
Sea, Kattegat 

10 offshore 
stations 
situated in the 
northern 
Baltic Sea: 
Bothnian Bay, 
Bothnian Sea, 
Åland Sea, 
Gulf of 
Finland, 
northern 
Baltic Proper 

Salinity 5,8 psu 6 psu 2,2-6,2 psu ca. 5-25 psu ca. 3-6 psu 
Manipula-
tion of 
phyto-
plankton 
prior to the 
experi-ment 

7 days with daily 
additions of 
nitrogen (1 μmol 
NH4-N l-1) and 
phosphorus 
(0,06 μmol PO4-
P l-1)  

P. parvum 
batches 8 days 
with 1/20 f-
medium, then in 
3 replicate 
groups of 
semicontinuous 
cultures with 
20% daily 
dilution with 
f/20, f/20–N or 
f/20–P 

- - - 

Treatments  (1) Eurytemora 
affinis females 
20 ind. l-1 
(2) Balanus 
improvisus 
nauplii 40 ind. l-1 
(3) control  

Nutrient 
treatments: 
(1) +NP (N:P 
16:1) 
(2) −N (N:P 4:1)  
(3) −P (N:P 80:1) 
Allelopathy test: 
(1) P. parvum:R. 
salina 1:1 
(2) P. parvum:R. 
salina 1:4  
(3) control 

(1) +NP (20 μg 
PO4-P l-1 and 
NH4-N 80 μg l-1)  
(2) −N (20 μg 
PO4-P l-1) 
(3) −P (NH4-N 80 
μg l-1)  

- - 

Statistical 
analyses 

ANOVA, 
Student’s t-test, 
Tukey HSD, CCA 
(R software) 

ANOVA, t-test, 
non-parametric 
Kruskal-Wallis 
test, SNK (SPSS) 

ANOVA, Tukey 
HSD, linear 
regression 
analysis, LME, 
SEM, NMDS, 
PERMANOVA (R 
software) 

MPD, GAM (R 
software) 

GAM, NMDS 
(R software) 
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Table 3. Methods used in the Papers I-V for analyzing phytoplankton abundance and 
biomass, concentrations of chlorophyll a, particulate organic carbon, nitrogen and 
phosphorus, total nitrogen and phosphorus, and dissolved inorganic nitrogen and 
phosphorus. 

Parameter Method 
Phytoplankton abundance (cells l-1 or 
counting units l-1) (Papers I-V) 

Samples were preserved with acidic Lugol’s solution (G. Hällfors et 
al. 1979) and kept in the dark and refridgerated. Samples were 
analyzed with an inverted light microscope according to Utermöhl 
(1958) and HELCOM (2017)*. With a light microscope, single < 2 μm -
sized cells cannot be counted. Trophy of cells has been estimated 
based on light microscopy (epifluorescence microscopy was not 
used). 
*Paper II: Particle counter ELZONE (Particle Data Inc.) was used to 
count cell densities from fresh Prymnesium parvum and 
Rhodomonas salina samples. In the allelopathy test, R.  salina 
samples were fixed with glutaraldehyde.  
*Paper IV: See also Edler (1979).  
*Paper IV: The Institute of Aquatic Sciences, University of Latvia, 
used formalin and a settling method until year 1992 (Jurgensone et 
al. 2011). 

Phytoplankton biomass (wet weight 
μg l-1) (Papers I, III, IV, V) 

Biovolumes were converted to biomass assuming a density of 1 and 
using taxon-specific formulae and cell measurements as in 
Hillebrand et al. (1999) and Olenina et al. (2006)*. 
*Paper IV: See also Edler (1979). 
*Papers IV-V: See also the annually updated HELCOM PEG 
(Phytoplankton Expert Group) taxa and biovolume list, which is 
available at http://helcom.fi/helcom-at-
work/projects/phytoplankton. 

Chlorophyll a (chl-a) (Papers I and III) Spectrofluorometer Shimadzu RFPC-5001 (Paper I), 
Spectrofluorometer Shimadzu RF- 
5000 (Paper III), calibrated with pure chl-a (Sigma), after 24 h 
ethanol extraction. 

Particulate organic carbon and 
nitrogen (POC, PON) (Papers I-III) 

Mass spectrometer ANCA-MS TracerMass and RoboPrep analyzer, 
Europa Scientific. 

Particulate organic phosphorus 
(POP) (Papers I-III) 

Spectrophotometer Hitatchi U-1100 (Solorzano & Sharp 1980). 

Total phosphorus and nitrogen (TP, 
TN) (Paper III) 

Spectrophotometer Hitatchi U-1100 (Grasshoff et al., 1999, Koroleff, 
1979). 

Dissolved inorganic phosphorus 
(DIN; PO4) and nitrogen (DIN; NH4, 
NO2, NO3) (Papers I-III)  

Spectrophotometer Hitatchi U-1100 (Koroleff & Grasshoff 1983, 
Grasshoff et al. 1983, Koroleff 1983). 
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2.2 Experimental studies (Papers I, II, III)

2.2.1 Effects of grazing on phytoplankton community composition 
(Paper I)

We used a natural summer plankton community, females of the copepod 
Eurytemora affinis, and planktonic nauplii of the barnacle Balanus 
improvisus to study the effects of mesozooplanktonic grazers on 
phytoplankton community composition. The plankton community and grazers 
originated from the archipelago of Tvärminne, Gulf of Finland, northern Baltic 
Sea (Fig. 1). Both E. affinis (Viitasalo 1992) and nauplii of B. improvisus 
(Põllumäe & Kotta 2007) are common mesozooplanktonic grazers in the area. 
Prior to the experiment, the plankton community was manipulated in a 
floating 4-m3 plastic mesocosm for 7 days with daily additions of dissolved 
inorganic nitrogen (DIN) and phosphorus (DIP) to increase the plankton 
biomass (Table 2). Water for the experiment was taken from the mesocosm as 
a pooled sample from 0 to 3 m, and it was filtered through a 45-μm net to 
exclude the mesozooplanktonic grazers.  

The E. affinis females were collected from the sea 7 days before the 
experiment and reared with the natural phytoplankton community and the 
cultured green alga Brachiomonas submarina Bohlin 1897 (strain Tv 15). The 
nauplii of B. improvisus were collected 1 day prior to the experiment. Both E. 
affinis females and the nauplii of B. improvisus were maintained in < 2 μm -
filtered seawater overnight before the experiment.  

Three replicates of each of the three treatments (E. affinis treatment, B. 
improvisus treatment, and control) were placed in 1-l transparent glass bottles 
on a plankton wheel with a continuous slow rotation. Salinity was 5,8 psu, 
temperature 16,4°C, and the light–dark cycle was 16:8 h. The light level was 
ca. 75 μmol photons s-1 m-2. After 44 hours, the water from all bottles was 
filtered through a 200-μm sieve to collect the mesozooplanktonic grazers. 
Samples for determining plankton community, chlorophyll a (chl-a), DIN, 
DIP, particulate organic nitrogen (PON), particulate organic carbon (POC), 
and particulate organic phosphorus (POP) were taken at the start of the 
experiment and after 44 hours (Table 3).  

Phytoplankton, heterotrophic nanoflagellates, and heterotrophic 
dinoflagellates were counted using an inverted light microscope and the 
Utermöhl (1958) method (Table 3). Ciliates were counted simultaneously from 
the same samples with 128x magnification from the whole chamber bottom, 
and their biovolumes were calculated using geometric formulae based on cell 
measurements. The biovolumes of phytoplankton, heterotrophic 
nanoflagellates, heterotrophic dinoflagellates, and ciliates were converted to 
biomass (wet weight, μg l-1) assuming a density of 1 (Table 3). The abundance 
of mesozooplanktonic grazers was counted with a stereo microscope. 
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Analysis of Variance (ANOVA), Tukey’s “Honest Significant Difference” 
method (TukeyHSD), and Student’s t-test were used to analyze statistical 
significance of the differences between the treatments. Canonical 
correspondence analysis (CCA) was used to summarize graphically the 
relations of phytoplankton species, heterotrophic nanoflagellates, 
heterotrophic dinoflagellates, and ciliates in the treatments. For the CCA, 
biomasses were square root transformed, and forward selection and Monte 
Carlo permutation test (1000 permutations) were used. Statistical analyses 
were done with the R Software (www.r-project.org). 

2.2.2 Effects of nutrient imbalance on harmfulness (Paper II) 

We studied the effects of nutrient imbalance on toxicity (haemolytic activity) 
and allelopathy by using cultured Baltic Sea strains of the haptophyte 
Prymnesium parvum N. Carter 1937 (strain KAC 39, Kalmar Algal Collection, 
University of Kalmar) and a non-toxic target species the cryptophyte 
Rhodomonas salina (Wislouch) D. R. A. Hill & R. Wetherbee 1989 (strain 
TV22/4, Tvärminne Zoological Station, University of Helsinki) (Table 2).   

Modified f/20 medium (1/20 of f-medium without Si addition) (Guillard & 
Ryther 1962) and a light:dark cycle of 14:10 h was used for the cultures. R. 
salina was grown at 18°C, in 75 μmol photons m–2 s–1. P. parvum was grown 
in 9 replicate 15-l transparent polycarbonate containers at 16°C, in 330 μmol 
photons m–2 s–1 outside the containers on the bright side and <100 μmol m–2 
s–1 on the dark side. After 8 days, the P. parvum batches were turned into 3 
replicate groups of semicontinuous cultures with 20% daily dilution: 3 
replicates of +NP treatment (added media: 58 μM NO3-N and 3,6 μM PO4-P; 
N:P ratio 16:1), 3 replicates of −N treatment (added media: 16 μM NO3-N; 4 
μM PO4-P; N:P 4:1),  and 3 replicates of −P treatment (added media: 80 μM 
NO3-N, 1 μM PO4-P; N:P 80:1).   

Cell density, haemolytic activity, particulate organic nutrients (POC, PON, 
POP), and dissolved inorganic nutrients (DIN, DIP) were measured daily 
during the stationary growth phase (Table 3). The haemolytic activity of P. 
parvum cell methanol extract was measured using horse blood cells (Igarashi 
et al. 1998). The haemolytic activity was used to measure toxicity, since the 
exact ichthyotoxins produced by P. parvum are not known and thus they 
cannot be measured directly (Wagstaff et al. 2018). Growth rates (μ) were 
calculated using the equation: μ = lnN1 − ln (N0 × 0.8), where N0 and N1 

represented cell densities just before the 20% dilution on consecutive days.  
The allelopathic effect of P. parvum on R. salina was measured on days 16 

and 18 by mixing P. parvum:R. salina cells in ratios 1:1 (5000 + 5000 cells ml–

1I) and 1:4 (2000 + 8000 cell ml–1) in 20 ml glass vials. Control treatments 
included 5 ml of corresponding growth media with 5 ml of R. salina culture.  
Incubations were stopped at 0, 15, 60, 120, 180, 360 min and 23 h by fixing 
triplicate samples with glutaraldehyde. At least 400 R. salina cells were 
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counted from each sample with an inverted light microscope using the 
Utermöhl method (Utermöhl 1958) (Table 3). The allelopathic effect of P. 
parvum was expressed as the proportion of damaged R. salina cells relative to 
the total number of R. salina cells.   

ANOVA was used to test statistical significance between the +NP, −N, and 
−P treatments regarding P. parvum growth rate, haemolytic activity, nutrient 
content, and nutrient ratios. Statistical significance of allelopathic effects on 
R. salina was analyzed with ANOVA and the non-parametric Kruskal-Wallis 
test. The Student-Newman-Keuls method (SNK) was used for pairwise 
multiple comparisons. The statistical analyses were done using SigmaStat for 
Windows 3.0.1 (SPSS) software. 

2.2.3 Effects of nutrient availability and imbalance on N2-fixation, 
diversity, production, resource use efficiency, and community 
composition (Paper III)

We used data from experimental bioassays on 62 natural phytoplankton 
summer communities from four coastal regions of the northern Baltic Sea to 
test relations of nutrient imbalance and N2-fixing cyanobacteria, diversity-
productivity relationships, and the importance of metacommunity dynamics 
on community composition (Fig. 1, Table 2). Detailed information on the four 
coastal areas is given in Paper III (Table 1 in Paper III). 

Pooled samples from the euphotic surface layer down to twice the Secchi 
depth were taken simultaneously (or at maximum with a 3-day delay) with 
quantitative Finnish coastal phytoplankton monitoring samples from 0-2 m. 
Experiments were started by dividing 6-l of water into transparent 
polycarbonate bottles and adding phosphate (PO4) and/or ammonium (NH4) 
in a 22 factorial design: 2 replicates of +NP treatment (20 μg PO4-P l-1 and 80 
μg NH4-N l-1), 2 replicates of −N treatment (20 μg PO4-P l-1), and 2 replicates 
of −P treatment (80 μg NH4-N l-1). Experiments were carried out at in situ 
temperature under the locally prevailing light-dark cycles, with an irradiance 
of 100 μmol photons m-2 s-1. 

Phytoplankton monitoring samples representing the initial situation were 
analyzed with an inverted light microscope using the Utermöhl (1958) method, 
and biovolumes were converted to biomass (wet weight, μg l-1) (Table 3). 
Phytoplankton diversity was measured as species number and Pielou’s 
evenness (Pielou 1966).  

Nutrient availability was measured as TN and TP from the initial sample 
(Table 3). Nutrient imbalance was measured as (1) DIN:TP ratio from the 
initial sample (< 2 = N-limited; > 5,1 = P-limited; 2 - 5,1 = combined or no 
limitation) and as (2) an experimentally verified indicator, L14C (< -0,33 = N-
limited; > 0,33 = P-limited; -0,33 - 0,33 = combined or no limitation), 
quantified by modelling responses in 14C-based primary production to nutrient 
additions during the experiment (Ptacnik et al. 2010b). An “imbalance index” 
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was calculated by using the absolute value of L14C (0 = perfect N:P balance; 1 
= exclusive N or P limitation). Primary production was measured at the start, 
at 24 h, and at 48 h. Chl-a was measured at the start, at 24 h, at 48 h, and at 
72 h. DIN (sum of NH4, NO3, and NO2), DIP, POC, PON, and POP were 
measured from the initial sample (Table 3).  

Resource use efficiency RUEchl was calculated as the natural logarithm of 
the ratio between chl-a and TP concentrations in the initial sample, both 
expressed in weight units (μg l-1; Ptacnik et al. 2008). RUEPP was calculated as 
the natural logarithm of the ratio between daily primary productivity (μg C l-1 
d-1) and TP concentration (μg l-1) in the initial sample. Short-term responses 
of primary production to nutrient additions were analyzed as the difference 
between initial and 48-h samples from units which received both P and N 
addition. 

Linear regression analysis and Linear Mixed-Effects Models (LMEs) were 
used to test (1) the effects of nutrient availability on phytoplankton biomass, 
productivity, and diversity, (2) the statistical significance of diversity-
productivity relationships, and (3) the short-term effects of initial species 
richness, evenness, and RUEchl on the primary productivity response after the 
nutrient additions. ANOVA, TukeyHSD, and linear regression analysis were 
used to test the effects of nutrient imbalance on phytoplankton biomass, 
productivity, diversity, RUEchl, RUEPP, short term primary productivity 
response, biomass of N2-fixing cyanobacteria, and the share of N2-fixing 
cyanobacteria of total phytoplankton biomass. The multivariate relationships 
between availability and imbalance of nutrients (exogenous variables) and 
biomass, productivity, and diversity (endogenous variables) were tested with 
path analysis of the Structural Equation Modelling (SEM).  

Non-metric Multidimensional Scaling (NMDS) was used to ordinate 
communities based on Bray–Curtis dissimilarities in their species-level 
phytoplankton biomass composition. Permutational Multivariate Analysis of 
Variance Using Distance Matrices (PERMANOVA) was used to test the 
importance of local environmental variables (temperature, TP, TN, DIN:TP, 
L14C) vs. geographic location (relative distance between the areas, salinity) in 
explaining the phytoplankton species-level biomass composition. Biomasses 
were cubic root transformed for all analyses. Analyses were done with the R 
Software (www.r-project.org). 
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2.3 Studies on multi-decadal monitoring data (Papers IV, 
V)

2.3.1 Estimating drivers of phytoplankton functional structure (Paper 
IV)

To study the functional structure of phytoplankton communities and the 
drivers of the community composition, we used national monitoring data 
collected in 1982–2008 by Denmark, Estonia, Finland, Germany, Latvia, and 
Sweden from the Gulf of Finland (3041samples), Gulf of Riga (888 samples), 
southern Baltic Sea (593 samples), and Kattegat (1124 samples) (Fig. 1, Tables 
2 & 3). Additionally, monitoring data from 2295 samples scattered throughout 
the Baltic Sea were used to estimate the species environmental preferences 
along environmental gradients including season, location, temperature, and 
salinity. Samples were collected from the mixed surface layer during the period 
from spring to late summer (Table 3). The data was downloaded from a data 
table compiled and harmonized by Olli et al. (2013).  

The following functional traits were selected based on their relevance for 
phytoplankton resource acquisition and survival: organism size (combining 
mean and standard deviation of organism size), ability for N2-fixation, 
buoyancy control, capacity to utilize silica in cell walls, motility, potential to 
form chains or colonies, potential to mixotrophy, and composition of 
accessory pigments (combines the presence of chlorophyll c, chlorophyll b, 
and phycobilins). Species-specific trait values were assigned based on existing 
literature, and they refer to the potential of a function. N2-fixing, buoyancy, 
motility, chain forming, and silica utilizing were assigned as binary traits (0 = 
no potential, 1 = potential). 

Functional structure of the phytoplankton community was measured as the 
mean pairwise functional distance (MPD) of species in a sample, weighted by 
the product of species’ biomasses of each pair. Functional distance between 
pairs of species was calculated as Gower distance.  

To study the spatio-temporal variability of individual binary traits, we used 
the biomass proportion of species having a trait value 1 in a sample as the trait-
specific community weighted mean (CWM) value. For organism size, we 
calculated CWM in two ways: as the biomass-weighted mean size of organisms 
based on the taxon-specific mean size in the functional trait table, and as the 
biomass-weighted mean size of organisms based on the actual sizes reported 
in the original data. To study the spatio-temporal variability of the accessory 
pigments, we used MPD calculated from the presence of the three accessory 
pigments.  

The null model represented the expected functional community 
composition. The null model was constructed in two steps using Generalized 
Additive Models (GAMs): (1) the probability of presence of a species in a 
particular community as a function of geographic location (latitude and 
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longitude), salinity, temperature, day-of-the-year, and year of observation was 
predicted using GAM; (2) biomasses of present species were predicted with a 
second GAM. The process was reiterated 1000 times for every observed 
sample, and each time MPD of the simulated sample was calculated 
(MPDsim). If the observed MPD (MPDobs) differed significantly (divergent or 
convergent) from the distribution of MPDsim, this was considered to signal 
biotic interaction in the functional community assembly, since we had used 
the environmental preferences of species to constrain the simulated species 
pools (MPDsim). Departure of MPDobs from the null model was considered 
statistically significant when < 2,5 % of MPDsim were lower (convergence) or 
higher (divergence) than the observed community MPD.  

2.3.2 Approach for using phytoplankton monitoring data to support food 
web assessments (Paper V)

We developed a 4-step approach to obtain an overview of the existing 
phytoplankton community composition and its possible ongoing changes, in 
order to draw conclusions on their potential effects on the next trophic level in 
the food web. To demonstrate the approach, we used multi-decadal Finnish 
national monitoring data (286 samples) collected once a year in late summer 
in 1979–2014 from 10 offshore stations situated in the Bothnian Bay, the 
Bothnian Sea, the Åland Sea, the Gulf of Finland, and the northern Baltic 
Proper (Fig. 1, Tables 2 & 3).  

Data was downloaded from the Finnish national database 
(http://www.syke.fi/en-US/Open_information; in Finnish). Phytoplankton 
samples collected between July 15th and September 15th were selected for the 
analyses, since the trophic coupling between phytoplankton and zooplankton 
is potentially the highest in the area during late summer. Sampling, 
preservation, and microscopy followed the guidance described in the 
HELCOM COMBINE manual (HELCOM 2017) (Table 3). Biomasses (wet 
weight μg l-1) were calculated using the HELCOM PEG (Phytoplankton Expert 
Group) taxon and biovolume list, version 2014 (the annually updated 
Biovolume file, including change log, is available at http://helcom.fi/helcom-
at-work/projects/phytoplankton) (Table 3). Auto- and mixotrophic 
planktonic taxa were included in the analyses. Unidentified < 10 μm 
autotrophic monads and flagellates were grouped into “Unidentified”.  

In the 1st step, time series of total and class-level phytoplankton biomasses 
in each sea area were analyzed using GAMs. Biomass data was modelled as 
annual averages of all stations within an area. The direction of the significant 
long-term trends was determined based on plotted curves. The possible 
autocorrelation between years was modelled with AR1. Classes Chlorophyceae 
and Charophyceae were grouped into phylum Chlorophyta. The average total 
phytoplankton biomass and average biomass share (%) of each phytoplankton 
class was calculated based on the whole 36-year data set (1979-2014). The 
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biomass of the autotrophic endosymbiont-bearing ciliate Mesodinium rubrum 
Lohmann 1908 was not included into the total phytoplankton biomass, since 
M. rubrum was recorded only since 1986. For M. rubrum, average biomass 
share was calculated using the total phytoplankton biomass, including M. 
rubrum, during 1986-2014. 

In the 2nd step, NMDS ordination graphs were drawn to provide an 
overview of the current phytoplankton community composition and its spatio-
temporal variation. Genus-level biomasses were mainly used, but all 
cryptophyte genera were grouped into the order Cryptomonadales, all colonial 
cyanobacterial genera, except for the genera Snowella and Woronichinia, 
were grouped into the order Chroococcales, all genera from the order 
Ochromonadales were grouped into that order, and the genera Koliella, 
Monoraphidium, and Nephrodiella were collectively named the 
“Monoraphidium complex”. Genera which were present in less than 5 % of the 
samples were excluded from the NMDS analyses. Biomasses were square-root 
transformed, and the Bray-Curtis dissimilarity was used as the distance 
metric. 

In the 3rd step, simple biomass ratio analyses were used to test which taxa 
dominate the biomass of each phytoplankton class. A separate GAM was done 
for the dominant taxa in each class.  

In the 4th and final step, all results from steps 1 to 3 were taken into account 
in interpreting the results. Potential suitability as food for grazers, 
harmfulness, cell size, and trophy were the functional characteristics 
specifically considered regarding the dominant or increased or decreased taxa. 
If the class-level GAM results were based on taxa, for which there exists 
knowledge on suitability as food or harmfulness, the statistically significant 
long-term trends (p < 0.05) were used to indicate if the ongoing changes were 
positive or negative for grazers. For taxa which are considered low-quality food 
or potentially harmful or toxic to other organisms of the food web, the 
preferred trend was ‘decreasing or no change’, while for taxa which are 
considered high-quality food the preferred trend was ‘increasing or no 
change’.  
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3 RESULTS AND DISCUSSION

3.1 Effects of grazers on phytoplankton community 
composition (Paper I)

The presence of mesozooplanktonic grazers affected phytoplankton, ciliates, 
and heterotrophic nanoflagellates significantly (Table 4). The presence of 
adult females of the copepod Eurytemora affinis had a negative effect on the 
biomass of the dominant phytoplankton species, the dinoflagellate 
Heterocapsa triquetra (Ehrenberg) F. Stein 1883, and a positive effect on the 
biomass of colonial cyanobacteria (Table 4). Presence of Balanus improvisus 
nauplii affected negatively the biomass of cryptophytes, and positively the 
biomass of heterotrophic nanoflagellates (Table 4). Both mesozooplanktonic 
grazers affected negatively the overall chl-a concentration, the total ciliate 
biomass, and the biomass of the ciliate Strobilidium/Strombidinium spp. 

Based on our results, H. triquetra was efficiently eaten by E. affinis. It is 
known that copepods actively select their food (Kleppel 1993), and they prefer 
feeding on large-sized (ca. > 10 μm) phytoplankton and ciliates (Stoecker & 
Capuzzo 1990, Uitto 1996, F. Sommer ym. 2000, Granéli & Turner 2002, U. 
Sommer et al. 2005). Compared to the preceding abundance of E. affinis in 
the large-scale mesocosm, the abundance of E. affinis increased ca. threefold 
in the laboratory experiment, and thus feeding on H. triquetra became more 
efficient. Our results suggest that increased mesozooplanktonic grazing may 
have potential to terminate H. triquetra blooms, which are typical in late 
summer in many areas of the northern Baltic Sea (Lindholm and Nummelin 
1999, Olli 2004). 

E. affinis did not favor colonial cyanobacteria or the filamentous 
cyanobacterium Dolichospermum spp. (the genus name Anabaena was 
formerly used also for pelagial taxa; nowadays only for benthic members) as 
food. The biomass of colonial cyanobacteria increased in the community 
where E. affinis was present, and there was a positive association between E. 
affinis and Dolichospermum spp. in the CCA. The results are in line with other 
studies which have showed that when other food items are available, 
cyanobacteria are usually avoided as food source (de Bernardi & Giussani 
1990, Koski et al. 1999b, Engström et al. 2000). 

Cryptophytes seemed to be favored food for the B. improvisus nauplii, 
which is not surprising since cryptophytes are known to be highly grazed by 
zooplankton (Lehman 1988). Studies on other Balanus species (B. cf. 
crenatus) have shown that Balanus nauplii feed primarily upon 
phytoplankton (Turner et al. 2001), but to our knowledge, selection of 
cryptophytes has not been specifically observed earlier. 

The biomass of heterotrophic nanoflagellates increased in the community 
where B. improvisus nauplii were present. Since heterotrophic nanoflagellates 
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utilize bacteria as food (Kuuppo-Leinikki 1990), the increase of heterotrophic 
nanoflagellates could be due to increase of bacteria. Also, the increase of 
bacteria could be connected to the presence of B. improvisus, since bacteria 
benefit nutritionally from the sloppy feeding of mesozooplankton (Vargas et 
al. 2007). However, the same result was not observed in the community where 
E. affinis was present, which could be e.g. due to possibly different feeding 
mechanisms and thus to differences in the amount of sloppy feeding between 
these two mesozooplanktonic grazers. 
 
 
Table 4. Parameters which significantly differed between the initial community 
(start) and after the 44-h incubation in communities without mesozooplanktonic 
grazers (control), with Eurytemora affinis females (E. affinis), or with Balanus 
improvisus nauplii (B. improvisus). NH4-N = ammonium; PO4-P = phosphate; POC 
= particulate organic carbon; PON = particulate organic nitrogen. Statistical 
significance was analyzed with ANOVA and Student’s t-test. * indicates statistically 
significant differences with at least p < 0.05.  

  p-value Tukey HSD, 95 % family-wise confidence level 

Heterocapsa triquetra biomass   < 0.05* lower with E. affinis than in control or at start 
Cryptophyte biomass    < 0.05* lower with B. improvisus than at start 
Colonial cyanobacteria biomass   < 0.05* higher with E. affinis than at start 
Aphanizomenon sp. biomass   < 0.05* lower at start than in all others 
Heterotrophic nanoflagellate biomass   < 0.05* higher with B. improvisus than at start or with E. 

affinis  
Total ciliate biomass  < 0.05* higher in control than at start 
Strobilidium/Strombidinium biomass   < 0.05* higher in control than at start 
Chlorophyll a concentration   < 0.001* higher in control than in all others 
NH4-N   < 0.01* lower at start than in all others 
PO4-P   < 0.01* higher with B. improvisus than in all others 
POC:PON   < 0.01* higher with E. affinis and B. improvisus than in 

control or at start 

 
 

The trophic cascade effect on total chl-a was not observed, since the 
presence of E. affinis or nauplii of B. improvisus affected the chl-a 
concentration negatively. This was observed even though also biomass of 
ciliates was lower in the communities where mesozooplanktonic grazers were 
present.  If a trophic cascade effect would have taken place, the chl-a 
concentration would have been expected to be higher when E. affinis or nauplii 
of B. improvisus were present, as a consequence of decreased ciliate grazing 
pressure. In the community where E. affinis was present, the lack of a trophic 
cascade effect on chl-a was probably due to the strong selective feeding of E. 
affinis on the relatively large-sized H. triquetra. Still, a trophic cascade effect 
on chl-a was not observed in the community where nauplii of B. improvisus 
were present either, even though biomass of H. triquetra did not decrease in 
the presence of B. improvisus as significantly as it decreased in the presence 
of E. affinis. The trophic cascade effect is usually important in the Baltic Sea 
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(Kivi et al. 1996), but our results show that phytoplankton communities can 
also be directly shaped by selective mesozooplanktonic grazing.  

The nutrient results showed that grazing and decomposition released 
nutrients from the plankton biomass back into dissolved forms utilizable by 
phytoplankton. NH4 concentration increased in all communities, while PO4 
concentration increased only in the community where B. improvisus nauplii 
were present. Still, clear stoichiometric effects were not observed, as 
particulate nutrient ratios did not indicate nutrient imbalance of the 
communities. Since the amount of the potentially limiting inorganic N 
increased during the experiment, we were able to conclude that grazing control 
was the dominant effect on phytoplankton communities in this experiment. 

3.2 Effects of nutrient availability and imbalance on 
phytoplankton functions and community properties 

3.2.1 Nutrients vs. harmfulness (Paper II)

We found that both toxicity (measured as haemolytic activity) and the 
allelopathic effects of the haptophyte Prymnesium parvum were the highest 
in the imbalanced (N- or P-limited) nutrient conditions (Table 5). The cellular 
PON:POP ratio explained 67 % of the variation in toxicity (linear regression, 
R2 = 0.67, p < 0.001) (Fig. 5 in Paper II), and 75 % of the variation in the 
allelopathic effect (linear regression, R2 = 0.75, p < 0.001). In the allelopathy 
test with a P. parvum cell density of 5 × 103 cells ml–1, cells of the cryptophyte 
Rhodomonas salina were most efficiently destroyed in the nutrient 
imbalanced communities, and least in the +NP community (ANOVA, p < 0.05) 
(Table 5, Fig. 6a in Paper II). With the lower P. parvum cell density (2 × 103 
cells ml–1), significant effects on R. salina were measured only in the N-limited 
treatment after 1- and 6-h incubation (ANOVA, p < 0.05).  

Our results confirm that nutrient stress increases toxicity in P. parvum, 
and that to a great extent the cellular nutrient stoichiometry determines the 
toxicity of P. parvum (Johansson & Granéli 1999b). The reason for increased 
toxin production may be a disturbed metabolism in the cells during the 
imbalance in the cellular nutrient composition (Johansson & Granéli 1999b). 
However, our results proved that P. parvum can be toxic also in balanced 
nutrient conditions, if the cell concentration is high enough.  

The allelopathic compounds produced by P. parvum are known to harm 
the growth of other phytoplankton species (Fistarol et al. 2003, Granéli & 
Salomon 2010). We detected allelopathic effects on R. salina even though P. 
parvum cell densities were low compared to the densities that have been 
reported to cause severe damage to fish (Edvardsen & Paasche 1998), implying 
that allelopathic effects of P. parvum may be very significant when P. parvum 
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cell concentrations increase. Nutrient limited P. parvum cultures caused 
significantly more damage to R. salina than the nutrient balanced cultures.  

 
 

Table 5. Parameters which significantly differed between the nutrient deficient 
(+NP), nitrogen limited (−N), and phosphorus limited (−P) Prymnesium parvum 
cultures on incubation days 15 to 26. The Rhodomonas salina cell density as a 
percentage of the start situation was measured at the end of the 23-h incubation of 
the allelopathy experiment with a P. parvum cell density of 5 × 103 cells ml–1. POC = 
particulate organic carbon; PON = particulate organic nitrogen; POP = particulate 
organic phosphorus. Statistical significance was analyzed with ANOVA. * indicates 
statistically significant differences with at least p < 0.05.  

  p-value The Student-Newman-Keuls method 
(SNK) 

Prymnesium parvum cell density   < 0.001* lowest in −N 
P. parvum haemolytic activity (SnEq pg cell–1)  < 0.001* highest in −P, lowest in +NP 
POC   < 0.001* lowest in −N  
PON   < 0.001* lowest in −N 
POP   < 0.001* highest in +NP  
POC cell–1  < 0.01* highest in −P 
PON cell–1  < 0.001* highest in −P 
POP cell–1  < 0.001* highest in −N 
POC: POP  < 0.001* highest in −P 
PON: POP  < 0.001* highest in −P 
Rhodomonas salina cell density as a percentage of 
the start situation at the end of the 23-h incubation 

 < 0.05* cells were destroyed most efficiently in 
−N and, and least in +NP 

 
 

P. parvum is a mixotrophic species, which is able to utilize dissolved 
inorganic nutrients (Baker et al. 2007), as well as dissolved (Lindehoff et al. 
2009) and particulate organic matter ranging from bacteria (Nygaard & 
Tobiesen 1993) to microzooplankton (Tillmann 2003, Barreiro et al. 2005) for 
its growth. Carvalho and Granéli (2010) suggested that up to 78 % of the 
cellular N and 45 % of the cellular P may be acquired via heterotrophy. 
However, Brutemark and Granéli (2011) found that P. parvum still relies 
mostly on photosynthesis to meet the carbon and energy demand required for 
growth, even though the ability to utilize nutrients originating from its prey is 
important in P. parvum bloom formation. Concerning direct effects on micro- 
and mesozooplankton, P. parvum has been reported to enhance overall 
mortality of ciliates (Fistarol et al. 2003, Granéli & Johansson 2003b, Rosetta 
& McManus 2003) and lower the feeding and reproduction rates of rotifers 
(Barreiro et al. 2005) and copepods (Sopanen et al. 2006, 2008).  

Based on our results, in can be concluded that the increased allelopathy 
and toxicity in nutrient deficient conditions may support P. parvum growth by 
eliminating its algal competitors and by increasing the amount of organic 
matter and dissolved inorganic nutrients released from fish which are 
suffering from ichtyotoxins. Similar conclusion has been made also by Granéli 
et al. (2012) in their subsequent study.  
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3.2.2 Nutrients vs. N2-fixation (Paper III)

With both limitation indicators (L14C and DIN:TP ratio), the share of N2-
fixing cyanobacteria of the total phytoplankton biomass did not show 
significant variation between the N-, P-, and NP-limited communities. When 
the experimentally verified L14C was used as the limitation indicator, the 
biomass of N2-fixing cyanobacteria was observed to be higher in the N-limited 
communities than that in the P-limited communities, (ANOVA, p < 0.05) 
(Table 6). However, this association was weaker than between nutrient 
imbalance and total phytoplankton biomass, and it was not significant when 
the DIN:TP ratio was used as the limitation indicator. Differences in the 
biomass of N2-fixing cyanobacteria were non-significant between the 
imbalanced and co-limited communities. 

 
 

Table 6. Parameters which significantly differed between the nitrogen limited (−N), 
phosphorus limited (−P), and co-limited (−NP) communities, when communities 
were divided into limitation categories based on the experimentally verified indicator 
L14C or the dissolved inorganic nitrogen to total phosphorus ratio (DIN:TP). RUEchl 
= resource use efficiency calculated based on chlorophyll a. Statistical significance 
was analyzed with ANOVA. * indicates statistically significant differences with at least 
p < 0.05. 

  L14C:  

p-value  

L14C: Tukey HSD, 95 % 

family-wise confidence 

level  

DIN:TP:  

p-value 

DIN:TP: Tukey HSD, 95 % 

family-wise confidence 

level  

Biomass of N2-fixing 
cyanobacteria 

< 0.05*  higher in −N than in −P   non-sign.  

Total phytoplankton 
biomass  

< 0.001*  higher in −N than in −P   < 0.001* higher in −N than in −P 

Daily primary 
productivity 

< 0.001*  higher in −N than in −P   < 0.001* higher in −N than in −P 

Species richness  < 0.01*  higher in −N than in −P   non-sign.  
RUEchl < 0.05*  higher in −P than in -NP   non-sign.  

 
 
Thus, our results did not support the assumption that N2-fixing 

cyanobacteria are directly gaining competitive advantage in natural marine 
systems as a simple function of N limitation (Tyrrell 1999). Instead, our results 
suggest that the biomass of N2-fixing cyanobacteria is primarily regulated by 
other factors than the current nutrient imbalance, i.e. the relatively slow build-
up of N2-fixing cyanobacterial bloom biomass levels seem to depend on longer-
term nutrient dynamics, including in situ (Tamminen 1989) and external 
(Kononen et al. 1996, Vahtera et al. 2007) P supplies. External P supplies are 
highly affected by local hydrographical conditions such as upwelling and 
vertical mixing (Vahtera et al. 2005, Olli et al. 2015). It is also possible that the 
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share of N2-fixing cyanobacteria did not show an increase in N-limited 
communities since fixed N supports not only the cyanobacteria themselves, 
but the growth of also other phytoplankton species (Ohlendieck et al. 2007, 
Ploug et al. 2010, 2011).  

3.2.3 Nutrients vs. biomass, productivity, and resource use efficiency 
(Paper III)

Based on linear regression models, primary productivity correlated 
significantly with both TP and TN, and biomass with TP, even though the 
amount of variance in primary productivity explained by TP (adj.R2 = 0.28) 
and TN (adj.R2 = 0.12), and variance in biomass explained by TP (adj.R2 = 
0.05), was quite low. LMEs confirmed a significant effect of TP on primary 
productivity (p < 0.0001, adj.p < 0.0008) (Table 7), but unlike the results of 
the linear regression models, effects of TP on phytoplankton biomass and of 
TN on primary productivity were non-significant. In the LME, the random 
effect of region caused most of the explained variance in biomass and primary 
productivity. Path analysis of SEM further supported the results of LME, since 
it showed a positive relationship between TP and primary productivity (Fig. 4 
in Paper III).  

 
 

Table 7. Parameters which significantly correlated with nutrient availability 
(measured as total phosphorus or total nitrogen concentration). Adjusted R2 (adj.R2) 
and p-value of the linear regression are given. Significant results of the Linear Effects 
Model (LME) are shown inside brackets. + indicates positive correlation. * indicates 
statistically significant correlation with at least p < 0.05. 

  Total phosphorus (TP) Total nitrogen (TN) 

Total phytoplankton biomass  + adj.R2 = 0.05, p < 0.01*  non-sign. 
Daily primary productivity + adj.R2 = 0.28, p < 0.001* 

(LME: + p < 0.0001*) 
 + adj.R2 = 0.12, p < 0.01* 

Species richness  + adj.R2 = 0.12, p < 0.01*  + adj.R2 = 0.101, p < 0.01* 

 
 
Total phytoplankton biomass and primary productivity were significantly 

higher in the N-limited than in the P-limited communities (ANOVA, p < 0.001, 
for both) (Table 6). The result was consistent with both limitation indicators 
(L14C and DIN:TP). Differences in the total biomass and primary productivity 
were non-significant between the imbalanced and co-limited communities. 
With L14C as the limitation indicator, RUEchl was observed to be higher in the 
P-limited communities than in the NP-limited ones (ANOVA, p < 0.05). 
RUEPP and short-term primary productivity response did not show significant 
relations to limitation patterns.  
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In conclusion, phytoplankton biomass and phytoplankton productivity 
were, as expected, the highest when more resources (especially TP) were 
available (Table 7, Fig. 2 in Paper III). The weaker correlation between 
phytoplankton biomass or productivity and TN (in comparison with TP) 
possibly reflects the large and spatially variable share of refractory dissolved 
organic N in the total N pool in the Baltic Sea (Hoikkala et al. 2012). 

3.2.4 Nutrients vs. diversity (Paper III)

The linear regression model showed a significant positive relation between 
species richness and both TP and TN, even though variance explained by TP 
(linear regression, adj.R2 = 0.12, p < 0.01) and TN (adj.R2 = 0.101, p < 0.01) 
was not high (Table 7, Fig. 2 in Paper III). The significant positive relationship 
was not shown by the LMEs when using TP or NP as fixed effects, and region 
as a random effect. Nutrients and evenness did not have significant 
associations based on the linear regression or LMEs, but the path analysis of 
SEM indicated a positive connection between TP and richness, and slightly 
also between TP and evenness (Fig. 4 in Paper III).  

The Species Energy Theory (Wright 1983) was supported, since resource 
availability had a positive effect on species richness, although regionally 
clustered variation was also evident. On the other hand, evenness was not 
regulated by total nutrient availability. Our result differs from the results of 
experimental studies which have indicated evenness to decrease with 
increasing nutrient supply (Gamfeldt & Hillebrand 2011, Hillebrand & 
Lehmpfuhl 2011).  

Even though regionally clustered variation was obvious, our results suggest 
that higher nutrient resources are associated with higher phytoplankton 
species diversity in the coastal northern Baltic Sea. This is to be considered e.g. 
when aiming to develop biodiversity or eutrophication indicators for the Baltic 
Sea area. Concerning long-term changes in phytoplankton diversity, Olli et al. 
(2014) found an increase in the Baltic Sea phytoplankton genus richness in a 
study period 1966–2008, and they concluded that it potentially reflects a 
delayed long-term response to the anthropogenic fertilization. In line with 
this, Lehtinen and Klais (2015) observed a slightly increasing direction in the 
phytoplankton functional diversity in two coastal areas in the northern Baltic 
Sea in 1991-2005. In both studies, increased taxonomical knowledge, 
development in the technique and methods, and differences in the 
identification skills between the microscopists were taken into account, and 
thus these issues should not be affecting the results. 

Species richness was observed to be higher in the N-limited communities 
than in the P-limited ones (ANOVA, p < 0.01) when limitation was defined 
based on L14C. However, this relation was not observed when we used the 
DIN:TP ratio as the limitation indicator (Table 6). Evenness did not correlate 
with any limitation patterns. As a balanced nutrient supply (combined P and 
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N limitation) did not support higher species richness or evenness, our results 
did not support the Resource Ratio Theory (Tilman 1982) prediction that 
species richness would be the highest when more than one resource is limiting.  

When the nutrient limitation categories (N, P or NP limitation) were 
combined into a single imbalance index, ranging from co-limitation (NP 
limitation) to single nutrient limitation (either N or P limitation), associations 
with species richness or evenness were not observed (adj.R2 < 0.02). The result 
did not support earlier results by Gamfeldt & Hillebrand (2011), who found the 
lowest evenness in artificial communities when nutrient supply was the most 
imbalanced. Our result indicates once again that diversity dynamics in natural, 
species-rich communities are more complex than could be expected based on 
experiments on artificial communities. This conclusion together with earlier 
studies emphasizing that measuring phytoplankton diversity is challenging 
(Uusitalo et al. 2013, Hillebrand et al. 2018), point out the importance of 
further studies on both measuring and interpreting phytoplankton diversity. 

3.3 Diversity-production-function relationships (Paper III)

The highest biomass and RUEPP co-occurred with the lowest evenness levels 
(linear regression, adj.R2= 0.45, p < 0.001; adj.R2= 0.088, p < 0.05, 
respectively) (Table 8). The significant negative relationship between biomass 
and evenness was shown also by the LME (p < 0.001, adj.p <0.0001) (Table 
8), and by the SEM analysis (Fig. 4 in Paper III). While the SEM path from 
evenness to biomass showed negative sign indicating reverse causality, the 
Biodiversity-Ecosystem Functioning -type linkage from richness to biomass 
was very weak.  

Based on the LMEs, primary productivity and RUEchl correlated negatively 
with evenness, even though this was not detected based on linear regression 
models (Table 8). As described in Paper III, other relations between diversity, 
biomass, production, and resource use efficiency were non-significant, and the 
initial community properties (species richness, evenness, RUEchl) did not show 
significant association with the short-term productivity responses.  

In a global scale, Irigoien et al. (2004) found that phytoplankton diversity 
is a unimodal function of phytoplankton biomass. In our data set, which was 
restricted to four coastal sites in the northern Baltic Sea, species richness did 
not explain biomass, primary productivity, or RUE, while there was a highly 
significant inverse relation between evenness and biomass (Table 8, Figs. 3 & 
4 in Paper III). When evenness was the lowest, both phytoplankton biomass 
and RUEPP were the highest. Our result supports findings by Filstrup et al. 
(2014), Hodapp et al. (2015), and Lewandowska et al. (2016). However, the 
result is contradictory to several other studies which have shown positive 
associations between species richness and higher productivity or RUE 
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(Ptacnik et al. 2008, Striebel et al. 2009, Lewandowska et al. 2012, Olli et al. 
2014, Stockenreiter et al. 2014, Paczkowska et al. 2019).  

The negative relationship between evenness and biomass was consistent 
within the four different coastal regions, despite the clear differences in their 
species composition. Thus, our conclusion is that in species-rich dynamic 
plankton communities, high productivity and RUE seem to be supported by 
narrow time windows which are suitable for events of temporary resource 
monopolization by opportunistic species.  

 
 

Table 8. Parameters which significantly correlated with phytoplankton diversity. 
Diversity was measured as species richness or Pielou’s evenness. RUEPP = resource 
use efficiency calculated based on daily primary productivity, RUEchl = resource use 
efficiency calculated based on chlorophyll a. Adjusted R2 (adj.R2) and p-value of the 
linear regression are given. Significant results of the Linear Effects Model (LME) are 
shown inside brackets. − indicates negative correlation.  * indicates statistically 
significant correlation with at least p < 0.05. 

  Species richness Pielou’s evenness 

Total phytoplankton biomass  non-sign.  − adj.R2= 0.45, p <0.001*  
 (LME: − p <  0.0001*) 

Daily primary productivity non-sign.  (LME: - p < 0.05*) 
RUEPP non-sign.  − adj.R2= 0.088, p < 0.05* 
RUEchl non-sign.  (LME: − p < 0.05*) 

3.4 Drivers for phytoplankton community structure (Papers 
III and IV)

In Paper III, we studied the drivers of taxonomic phytoplankton community 
composition using species-level taxonomic biomass data collected during 
three summers from four separate coastal areas of the northern Baltic Sea. In 
the NMDS ordination, the phytoplankton communities clustered mainly 
according to their geographical origin (Fig. 5 in Paper III). Based on 
PERMANOVA results, shoreline distance between the sampling stations 
explained 13 % and salinity 14 % of the variability in the taxonomic 
phytoplankton community composition, while the local environmental 
variables (temperature, TP, TN, DIN:TP, L14C) together explained only ca. 8 
% of the variability (TN 4,4 %, DIN:TP 3,2 %). Effects of temperature and TP 
were non-significant.  

Based on these results, phytoplankton communities in coastal areas are 
clearly different between the regions and cannot be considered only as a simple 
reflection of local ambient environmental conditions. This should be 
considered e.g. when utilizing coastal phytoplankton monitoring data for 
environmental status assessments. However, in the offshore areas, 
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phytoplankton community composition and population dynamics may be 
expected to represent wider areas (Jaanus et al. 2017, Forsblom et al. 2019).  

Species richness was significantly higher in the western Gulf of Finland 
compared to the other studied coastal regions, i.e. the eastern Gulf of Finland, 
the Archipelago Sea, and the Bothnian Bay. Since the western Gulf of Finland 
is most exposed to water exchange with several adjacent areas (Gasiūnaitė et 
al. 2005, Vahtera et al. 2005), species turnover through increased connectivity 
is potentially higher in this area compared to the other areas. This result 
supports the role of metacommunity dynamics in shaping local phytoplankton 
community composition and ensuring species turnover, which has been 
suggested to maintain local diversity (Ptacnik et al. 2010c). 

In Paper IV, we studied the spatio-temporal variability and drivers of 
functional phytoplankton community composition using multi-decadal data 
representing the whole open water season and originating from four coastal 
areas of the Baltic Sea along the salinity gradient from marine to brackish 
waters. The mean pairwise functional distance (MPD) in the communities 
increased from spring to mid- and late summer in all regions, seasonality 
explaining 7-35 % of the variability of functional phytoplankton community 
composition (Fig. 3a-d in Paper IV). Thus, our result expressed that 
phytoplankton communities are functionally more similar in spring than in 
summer. Compared to clearly marine areas, the spring bloom of the brackish 
Baltic Sea is characterized by a co-dominance of diatoms and dinoflagellates 
(Klais et al. 2011). Diatoms and dinoflagellates differ in functional traits such 
as motility and silica use, and thus they have often been considered as 
contrasting functional groups (Klais et al. 2011, Hinder et al.2012). 
Nevertheless, diatoms and dinoflagellates have many traits in common when 
considering the overall functional variability within the whole phytoplankton 
community, i.e. both consisted mostly of taxa representing autotrophy during 
spring and they were quite similar in size and pigment composition (Klais et 
al. 2016). In addition, they are not capable of N2-fixiation like certain 
cyanobacterial taxa. 

Our null model approach was based on the hypothesis that the response of 
species to environmental gradients (abiotic environment) corresponds to their 
fundamental niche and is not systematically affected by competition with 
other species (biotic interactions). Thus, deviations from the fundamental 
niche (MPDobs deviating from MPDsim) would result from biotic 
interactions. The result of the null model test was that 75,3 % of the observed 
communities (MPDobs) did not departure significantly from the simulated 
null model prediction (MPDsim) (Figs. 3i-l in Paper IV). Departure from the 
null model was most frequently detected in Kattegat, where it was detected in 
up to 35 % of the communities. The result indicates that the functional 
composition of phytoplankton communities was primarily driven by the 
abiotic environment (instead of biotic interactions), as argued also by Barton 
et al. (2013). However, ca. 25 % of the communities departed significantly 
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from the simulated prediction, signaling a notable effect of biotic interactions 
on the functional structure of phytoplankton communities. 

3.5 Phytoplankton community composition as an indicator 
for food web effects (Paper V)

We developed and demonstrated an approach for food web assessments based 
on multi-decadal phytoplankton community analyses, utilizing offshore data 
originating from the northern Baltic Sea. Despite the special characteristics 
(brackish water, distinct seasonal succession) of the Baltic Sea, it is a suitable 
sea area for the demonstration since its ecology and plankton dynamics are 
well studied (e.g. Wulff et al. 2001, Snoeijs-Leijonmalm et al. 2017, Andersson 
et al. 2017), which helps in interpreting the results. In addition, the functional 
characteristics which were specifically considered within the suggested 
approach (quality as food for micro- and mesozooplanktonic grazers, 
harmfulness, trophy, cell size) are common to all phytoplankton communities 
in different aquatic environments, even though there are differences in the 
species compositions of different areas. The functional characteristics were 
selected based on existing knowledge on their relevance to the next trophic 
level (e.g. Koski et al. 1998, F. Sommer et al. 2000, Berglund et al. 2007, 
Sopanen et al. 2008). 

Biomass of cyanobacteria (class Nostocophyceae, syn. Cyanophyceae) 
increased significantly (p < 0,05) during the study period 1979-2014 in the 
Gulf of Finland, the Åland Sea, the northern Baltic Proper, and the Bothnian 
Sea (Table 2 in Paper V). Also, the biomass of haptophytes (syn. 
prymnesiophytes, class Prymnesiophyceae) increased and cryptophytes (class 
Cryptophyceae) decreased (p < 0,05) in the Gulf of Finland, the Åland Sea, and 
the northern Baltic Proper (Table 2 in Paper V). These community changes 
may have direct food-web effects through the changes in the food quality for 
grazers, since cyanobacteria and haptophytes, which increased in most of the 
study areas, have been shown to be low-quality food for herbivorous plankton 
(de Bernardi and Giussiani 1990, Sopanen et al. 2008, Fridolfsson et al. 2018), 
while cryptophytes, which decreased in most of the study areas, are considered 
high-quality food (Lehman and Sandgren 1985). 

Observed community changes may also increase the harmful effects. 
Nodularia spumigena Mertens ex Bornet & Flahault 1888, one of the two 
species explaining the increasing trends in cyanobacteria (Table 3 in Paper V), 
produces toxic nodularin, which accumulates in the pelagic and benthic food 
webs and is toxic for mammals (Sipiä et al. 2001, Karjalainen et al. 2007, 
Sopanen et al. 2009, Karlson & Mozūraitis 2011). The Baltic Sea strains of 
Aphanizomenon flosaquae Ralfs ex Bornet & Flahault 1886, the other species 
explaining the increasing trends in cyanobacteria (Table 3 in Paper V), have 
been reported to be a source of the neurotoxic amino acid, β-N-methylamino-
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L-alanine (protein BMAA) (Cox et al. 2005). Freshwater strains of A. 
flosaquae are known to produce also enzyme inhibitors (Cannell et al. 1988), 
allelochemicals (Keating 1978), and compounds that inhibit the feeding of 
cladocerans (Haney et al. 1995) and the development of fish larvae (Papendorf 
et al. 1997). Also, the most important taxon explaining the increasing trends 
in haptophytes, Chrysochromulina spp. sensu lato (Table 3 in Paper V), 
includes taxa which are able to produce fish-killing ichtyotoxins and 
allelopathic substances which are harmful for other phytoplankton (Reigosa et 
al. 2006, Granéli & Turner 2008).  

N2-fixation was also considered within the demonstration, since it is a very 
important function within the phytoplankton community in the Baltic Sea. 
Both N. spumigena and A. flosaquae are bloom-forming N2-fixing 
cyanobacteria. Thus, increase in their biomass can be expected to increase the 
amount of fixed N, which potentially supports growth of other phytoplankton 
species as well (Karlson et al. 2015, Adam et al. 2016). On the other hand, if 
these cyanobacteria are not efficiently utilized by grazers, since they are not 
favored food for grazers (de Bernardi and Giussiani 1990), their increased 
biomass will largely settle down to the bottom sediments, where the 
decomposition of this biomass may further increase oxygen depletion and 
enhance the vicious cycle of internal P loading (Vahtera et al. 2007, Funkey et 
al. 2014).  

Phytoplankton community of the Bothnian Bay was the only one differing 
clearly from the communities of the other studied offshore areas, i.e. the Gulf 
of Finland, the northern Baltic Proper, the Åland Sea, and the Bothnian Sea. 
However, the ongoing phytoplankton community change during the study 
period from 1979 to 2014 was towards the same unsatisfactory direction in all 
areas, including the Bothnian Bay, as visualized using the community analysis 
(NMDS) (Fig. 3 in Paper V). The ongoing community change cannot be fully 
detected or explained by changes in biomasses of single species, and thus 
community analyses are required. Obviously, community change cannot be 
detected using wider proxies, since e.g. chl-a does not include information on 
community composition. Concerning chl-a, we did not find trends for total 
phytoplankton biomass in areas where chl-a concentration has been shown to 
increase (Suikkanen et al. 2013), but we found a decreasing trend for total 
phytoplankton biomass for the Bothnian Bay, where chl-a showed no trend 
(GAM, p = 0.101, n = 27). Clear changes in auto- vs. mixotrophy and size 
distribution were not observed within this demonstration. 

We concluded that utilizing the demonstrated approach, a number of 
functional phytoplankton properties, i.e. potential suitability or quality as food 
for grazers, harmfulness, N2-fixation, size, and trophy, can be used to assess 
the potential efficiency of the pelagic food web, which cannot be deducted from 
other monitoring data. The main strength of the demonstrated approach is 
that it is not based on ready-made presumptions on any certain indicator taxa 
or taxonomic groups, as taxonomic composition varies regionally (Chapter 
3.4, Paper III). Instead, it focuses on functions which are common to all 
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phytoplankton communities in various types of aquatic environments. The 
functions were selected based on existing knowledge on their relevance to the 
next trophic level (e.g. Koski et al. 1998, F. Sommer et al. 2000, Berglund et 
al. 2007, Sopanen et al. 2008).  Since currently available functional trait data 
compilations (e.g. Weithoff & Beisner 2019, and references within) are not 
very detailed yet, taxonomic, down to species-level, examination was utilized. 
Biomass, abundance, or ratio values representing good environmental status, 
for example, were not suggested, since these values show naturally high 
regional variation, also during the same phase of the seasonal succession (e.g. 
Wasmund et al. 2008, Olli et al. 2011), and they are very sensitive to even slight 
methodological differences (between e.g. countries or institutes) in sampling, 
preservation, and analyzing (Dromph et al. 2013, Jakobsen et al. 2015, 
Zingone et al. 2015). 

To increase the simplicity of the food web indicator approach, the next step 
would be to compile information on food quality characteristics or traits, test 
different trait-based analyzing approaches (Litchman & Klausmeier 2008, 
Litchman et al. 2012, 2015, Barton et al. 2013, Edwards et al. 2015, Roselli & 
Litchman 2017), and then develop a phytoplankton community composition 
index based on the functional properties. Trait-based approaches have mostly 
been used to explain and predict distributions of taxa along environmental 
gradients, in order to understand phytoplankton diversity and community 
structure (Litchman et al. 2016). When utilizing the trait-based approaches as 
a tool in the food web indicator development, specific interest would be in 
those functional phytoplankton characteristics which have an effect on the 
next trophic level and are affected by the anthropogenic pressures (Fig. 2).  
Further studies on functional characteristics and traits, as well as measuring 
and interpreting functional phytoplankton diversity would be very valuable. 

 

 
Figure 2. A simplified flow chart showing a concept for utilizing trait-based 
approaches as a tool for developing a phytoplankton community indicator for 
assessing further food web effects. 
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4 CONCLUSIONS

The results of this thesis contribute to the understanding of the phytoplankton 
community serving as a versatile information source describing the first level 
of the food web, including information on available food items for grazers, 
potentially harmful effects, N2-fixation, and biodiversity. Diversity-
productivity-function relationships were studied, as well as the relationships 
between the functional and community properties of phytoplankton and 
nutrient resources. In addition, the importance of taking regionality into 
account when studying coastal phytoplankton communities was 
demonstrated, and an approach for utilizing phytoplankton monitoring data 
for supporting food web assessments was developed. 

 
The main results and conclusions of this thesis are: 
1. Even though the trophic cascade effect has been shown to be important 

in the Baltic Sea (Kivi et al. 1996), natural phytoplankton communities 
can be also directly shaped by selective mesozooplanktonic grazing at 
times when the phytoplankton community is dominated by species 
which are preferred food for mesozooplanktonic grazers (Chapter 3.1). 
The pelagic nauplii of Balanus improvisus favored cryptophytes for 
food. Mesozooplanktonic grazing by the common copepod Eurytemora 
affinis may contribute to the termination of the usual summer-time 
blooms of the dinoflagellate Heterocapsa triquetra.  

 
2. Allelopathy and toxicity of the haptophyte Prymnesium parvum 

increased in nutrient deficient conditions (Chapter 3.2.1). The results 
indicate that in nutrient limited conditions, P. parvum may support its 
own growth through eliminating algal competitors and increasing the 
amount of organic matter and dissolved inorganic nutrients released 
from target species suffering from ichtyotoxins. Similar conclusion has 
been made also by Granéli et al. (2012). 

 
3. The biomass of N2-fixing cyanobacteria was primarily regulated by 

other factors than ambient nutrient imbalance (Chapter 3.2.2). The 
result did not support the assumption that the N2-fixing cyanobacteria 
gain advantage in natural marine systems as a simple function of N 
limitation (Tyrrell 1999). Instead, our results imply that the build-up of 
N2-fixing cyanobacterial bloom biomass levels depends on longer-term 
nutrient dynamics, including in situ (Tamminen 1989) vs. external 
(Kononen et al. 1996, Vahtera et al. 2007) P supplies.  

 
4. Phytoplankton biomass and productivity were the highest when more 

resources (especially TP) were available (Chapter 3.2.3). The 
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correlation between phytoplankton biomass or productivity with TN 
was weaker than with TP, most likely due to the large and spatially 
variable share of refractory DON in the TN pool in the Baltic Sea 
(Hoikkala et al. 2012). 

 
5. In line with the Species Energy Theory (Wright 1983), resource 

availability had an overall positive effect on species richness (Chapter 
3.2.4). However, evenness was not explained by resource availability. 
The result differs from the conclusions based on experimental studies 
indicating that evenness of artificial communities decreases with 
increasing nutrient supply (Gamfeldt & Hillebrand 2011, Hillebrand & 
Lehmpfuhl 2011). In addition, our results did not support the Resource 
Ratio Theory (Tilman 1982) prediction that species richness would be 
the highest when more than one resource is limiting, as a balanced 
nutrient supply (combined P and N limitation) did not support higher 
species richness or evenness in our data set. 

 
6. Taxonomic species richness did not explain biomass, primary 

productivity, or RUE, but there was a highly significant inverse relation 
between evenness and biomass (Chapter 3.3). When evenness was the 
lowest, both phytoplankton biomass and RUEPP were the highest. Our 
results support findings by Filstrup et al. (2014), Hodapp et al. (2015), 
and Lewandowska et al. (2016), but are contradictory to those of several 
other results which have shown positive relationships between species 
richness and higher productivity or RUE (Striebel et al. 2009, Ptacnik 
et al. 2008, Stockenreiter et al. 2014, Paczkowska et al. 2019). We 
concluded that high productivity and RUE in natural phytoplankton 
communities seem to be supported by recurrently shifting, narrow time 
windows suitable for events of temporary resource monopolization by 
few opportunistic species. 

 
7. The resource-related local variables explained together only ca. 8 % of 

the variability in the taxonomic phytoplankton biomass composition 
between four clearly distinct coastal regions (Chapter 3.4). This result 
together with our finding that species richness was significantly higher 
in the study area which is most exposed to water exchange with several 
adjacent areas, supports the role of metacommunity dynamics in 
shaping local phytoplankton community composition and ensuring 
species turnover (Ptacnik et al. 2010c). Thus, when utilizing 
phytoplankton monitoring data for applied purposes, such as for 
developing indicators for environmental status assessments, it should 
be considered that phytoplankton communities in coastal areas are 
different, i.e. not only simple reflections of local ambient environmental 
conditions: all species cannot be expected to be similarly represented, 
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even if the resource-related variables would be similar between the 
relatively closely situated regions.  

 
8. The functional structure of the phytoplankton community (measured 

as mean pairwise functional distance MPD) showed clear seasonal and 
regional variability in the Baltic Sea (Chapter 3.4). There was a strong 
tendency for functionally more similar phytoplankton in spring bloom 
communities, and for increasing functional diversity towards summer. 
The functional composition of phytoplankton communities was 
primarily driven by the abiotic environment, since ca. 75 % of the 
observed communities did not depart significantly from the simulated 
prediction, which had been constructed based on environmental 
preferences of the species. However, ca. 25 % of the communities 
departed significantly from the simulated prediction, signaling a 
notable effect of also biotic interactions in the functional composition 
of the phytoplankton communities. The results are in line with the 
assumption that phytoplankton community composition is primarily 
driven by the abiotic environment rather than by biotic interactions 
(Barton et al. 2013). 

 
9. An approach for supporting food web assessments with phytoplankton 

community analyses was developed (Chapter 3.5). The approach 
consists of four steps: (1) long-term trend analysis of class-level and 
total phytoplankton biomass using GAMs and calculating the average 
biomass share of each phytoplankton class from the total 
phytoplankton biomass, (2) comparing the current phytoplankton 
community composition and its long-term changes with NMDS of 
genus-level biomass, (3) describing which taxa (the most accurate 
taxonomic level) are primarily responsible for forming the biomass and 
for causing the possible changes, and (4) interpretation of the results to 
assess the potential effects on the next trophic level. Within step 4, 
special attention is paid to the following functional characteristic of 
taxa: potential suitability or quality as food for grazers, harmfulness, 
size, and trophy. These functional characteristics are common to all 
phytoplankton communities in all aquatic environments, even though 
species identities vary. Since the demonstration was conducted with 
Baltic Sea data, also N2-fixation was considered, since it is a very 
important function within the phytoplankton community in the Baltic 
Sea.  
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Abstract The response of phytoplankton to the presence

of two mesozooplanktonic grazers was studied in a 44-h

laboratory experiment from the phytoplankton perspective.

The \45-lm-filtered plankton community, as well as

females of the copepod Eurytemora affinis and nauplii of

the barnacle Balanus improvisus originated from the

northern Baltic Sea. The phytoplankton community was

dominated by the dinoflagellate Heterocapsa triquetra,

which was preferred as food by the mesozooplanktonic

grazers, especially E. affinis. Cryptophytes were eaten by

the B. improvisus nauplii, while heterotrophic nanoflagel-

lates increased in the presence of B. improvisus nauplii,

and colonial cyanobacteria increased in the presence of

E. affinis. Because of the strong selective feeding on the

dominant, large-sized phytoplankton species, the negative

effect of the mesozooplanktonic grazers on total chloro-

phyll a was stronger than any cascade effect releasing

phytoplankton from protozoan grazing.

Introduction

Selective grazing shapes the phytoplankton communities,

and the final outcome of grazing pressure varies depending

on both auto- and heterotrophic assemblages of the

plankton community (Harris 1986; Sommer 1989; Rey-

nolds 2006). For example, the initial algal size distribution

has been shown to be important in determining the grazing

impact of different functional zooplankton groups (Som-

mer et al. 2000; Katechakis et al. 2002; Stibor et al. 2004).

Grazing studies are usually conducted from the grazer

perspective. In the northern Baltic Sea, grazing of meso-

zooplankton (Uitto 1996; Uitto and Hällfors 1997) and

microzooplankton (Kivi and Setälä 1995; Kivi et al. 1996;

Setälä and Kivi 2003) has been studied previously, but

studies focusing on the community-level and species-

specific responses of phytoplankton to grazing have been,

however, lacking. Studies on the responses of the phyto-

plankton community to grazing by the calanoid copepod

Eurytemora affinis Poppe or the nauplii of the barnacle

Balanus improvisus Darwin are sparse worldwide.

The vulnerability of an algae to grazing depends on

several factors, including cell size, shape of the cells,

motility, how easily the cells can be handled, the quality of

the cells as food, taste and toxicity (Friedman and Strickler

1975; Gerritsen and Porter 1982; Lehman and Sandgren

1985; DeMott 1986; Berggreen et al. 1988; Cowles et al.

1988; DeMott et al. 1991; Knisely and Geller 1986; Fulton

and Paerl 1987; Gulati and DeMott 1997). Cryptophytes

and other small flagellates have been usually considered to

be highly grazed by herbivorous zooplankton assemblages

(Porter 1973; Lehman 1988). Cryptophytes have also often

been used as a good food option for copepods in laboratory

experiments (Koski et al. 1998; Sopanen et al. 2006;

Kozlowsky-Suzuki et al. 2009). On the contrary, some

species of haptophytes (Sopanen et al. 2008) and green

algae (Jónasdóttir 1994) are considered to be avoided by

copepods.

Cyanobacteria are commonly thought to be poor-quality

food for various zooplankters (de Bernardi and Giussani

1990), but still some cyanobacteria are eaten actively by

certain copepods (Burns and Hegarty 1994), and some

supplement positively the diet of copepods, although if fed
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alone, the same cyanobacteria were proven to be poor food

(Schmidt and Jónasdóttir 1997). The suitability of different

cyanobacteria as food varies between the copepod species

and the development stages within the copepod species, for

example due to the varying nutritional requirements of

animals (Xu and Burns 1991). Eurytemora affinis is able to

discriminate between toxic and non-toxic strains of cya-

nobacteria Nodularia sp. and select the non-toxic ones for

food (Engström et al. 2000).

In a study with NE Atlantic plankton, thin-walled

dinoflagellates (Gymnodiniales) were found to be reduced

by the copepods, while armored dinoflagellates were

unaffected (Sommer et al. 2004). Also, some toxic dino-

flagellates are avoided by Eurytemora affinis as a food

source (Teegarden and Cembella 1996; Setälä et al. 2009).

Studies usually agree that diatoms are eaten by copepods,

but the simple food chain ‘‘diatom ? copepod ? fish’’

cannot anymore be considered the leading paradigm of

plankton trophodynamics (e.g. Kleppel 1993). Some dia-

tom species have been shown to be nutritionally insuffi-

cient for copepod reproduction (Jónasdóttir and Kiørboe

1996; Ban et al. 1997), but still Jónasdóttir et al. (1998)

have concluded that frequent field and experimental

observations show that diatoms are eaten by copepods at

high rates.

The copepod Eurytemora affinis was selected for this

experiment since it is one of the dominant copepods in the

Gulf of Finland, Baltic Sea (Viitasalo 1992; Koski et al.

1999b). Studies on the response of natural phytoplankton

communities to E. affinis grazing are sparse, even though

grazing of E. affinis has been studied many times from

other viewpoints (e.g. Sellner et al. 1994; Gasparini and

Castel 1997; Uitto and Hällfors 1997; Koski et al. 1999a;

Engström et al. 2000). Copepods are able to choose their

food actively (Kleppel 1993). In diverse plankton com-

munities, copepods prefer feeding on large-sized (equiva-

lent spherical diameter ca. [10 lm) algae and ciliates

(Stoecker and Capuzzo 1990; Uitto 1996; Granéli and

Turner 2002; Sommer et al. 2005). Still, Eurytemora affinis

has also effective filtering mechanisms for capturing small

particles (Schnack 1982).

The planktonic nauplii of barnacle Balanus improvisus

were chosen for the experiment since they can reach high

numbers (ca. 32 ind. L-1) in the coastal areas of the Baltic

Sea during few weeks in June–July, before attaching on

substrates (Viitasalo et al. 1995; Põllumäe and Kotta 2007).

To our knowledge, food selection or feeding habits of

B. improvisus nauplii have not been studied earlier, despite

the study of Nasrolahi et al. (2007), who studied survival

and growth of B. improvisus nauplii in response to three

different algal species in laboratory experiments. Grazing

of the nauplii of another Balanus species, B. cf. crenatus

Bruguiére, has been studied with natural plankton

originating from West Greenland. That species fed pri-

marily upon phytoplankton, with lower rates of feeding on

ciliates and dinoflagellates (Turner et al. 2001). The nauplii

of barnacle Semibalanus balanoides Linnaeus have been

found to avoid motile prey when selecting their food

(Moyse and Knight-Jones 1967; Teegarden et al. 2001).

Based on studies with laboratory diets, barnacle nauplii are

reported to be primarily herbivorous (Turner 1984;

Anderson 1994).

Mesozooplanktonic grazers, at least copepods (Kleppel

1993; Uitto 1996), can be omnivorous, feeding also on other

heterotrophs. The trophic cascade effect, i.e. indirect effects

of omnivores/predators on plants via herbivores, must be

considered when studying the effects of grazers, since the

presence of mesozooplankton may lower the number of the

smaller grazers like microzooplanktonic ciliates, and thus

lower their grazing pressure on phytoplankton (Kivi et al.

1996; Sommer 2008). The overlap in food spectra between

copepods and ciliates diminishes in diverse plankton

assemblages (Sommer et al. 2005). Still, in the marine

plankton communities, the trophic cascade effect is usually

weaker compared to lake plankton (Shurin et al. 2002),

probably due to differences in the lengths of alternative

food chains in marine communities (Stibor et al. 2004).

Mesozooplanktonic grazers can have also other indirect

effects on the phytoplankton community, for example by

affecting nutrient concentrations and ratios (Sterner 1986;

Sterner and Elser 2002) and competitive relationships

between the algal species (Nejstgaard et al. 1997).

In this study, we examined the effects of grazers from

the viewpoint of a naturally diverse phytoplankton com-

munity. We asked (1) how the total phytoplankton biomass

and the chl-a concentration are affected by the grazers and

(2) which phytoplankton species suffer and which species

benefit from the presence of the selected mesozooplank-

tonic grazers. In addition, as far as we know, this is the first

study examining the grazing effects of Balanus improvisus

nauplii in a diverse plankton community.

Materials and methods

The experiment was conducted with a natural, nutrient-

enhanced summer phytoplankton community originating

from the archipelago of Tvärminne, Gulf of Finland,

northern Baltic Sea (59�490N, 23�170E). This area is

characteristically N-limited in July (Kivi et al. 1993;

Lignell et al. 2003; Tamminen and Andersen 2007), and

the phytoplankton community is dominated by N2-fixing

filamentous cyanobacteria and nanoflagellates during

summer (Niemi 1975; Kuuppo 1994; Kangro et al. 2007).

The study was a part of a large-scale mesocosm exper-

iment, and the purpose of this laboratory experiment was to
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give specific information on responses of the phytoplank-

ton community to the selected grazers. The natural plank-

ton community had been manipulated in a floating 4-m3

plastic mesocosm (diameter 1 m, depth 5 m) for 7 days

with daily nitrogen (1 lmol NH4-N L-1) and phosphorus

(0.06 lmol PO4-P L-1) additions, which had increased the

chl-a concentration from 6.7 to 13.8 lg L-1. The experi-

mental water was taken from the mesocosm as a composite

sample from 0 to 3 m, and it was carefully filtered through

a 45-lm net to remove rotifers and mesozooplankton. The

\45-lm-sized grazers, i.e. nano- and microzooplankton,

remained in the experimental bottles, including the control

bottles. The sieving may also harm or lower the numbers of

some auto- and heterotrophs that should be able to pass

through the sieve according to their size dimensions. This

can happen especially to the colonial or chain-forming

phytoplankton species or fragile ciliates. For that reason,

the three replicate start samples, representing the start sit-

uation in the experiment, were taken after the pre-filtering

with the 45-lm net, and after that the water was divided

into transparent 1-L experimental bottles. There were three

replicate bottles for the control treatment without any

additional grazers, and three replicate bottles for each of

the two different mesozooplanktonic treatments.

The grazers were collected by vertical hauls with a

150-lm plankton net from the sea near the mesocosm.

Eurytemora affinis females were reared with the natural

phytoplankton community and the cultured green alga

Brachiomonas submarina Bohlin (Tv 15) in the laboratory

for 7 days before the experiment. The nauplii of Balanus

improvisus were collected from the sea 1 day prior to the

experiment. E. affinis and the nauplii of B. improvisus were

picked and maintained in filtered seawater (\0.2 lm,

Whatman glass-fiber GF/F filters) overnight and then

picked individually under a stereo microscope into filtered

seawater and rinsed with experimental water into the bot-

tles from a 200-lm sieve. After adding the mesozoo-

planktonic grazers to the grazer bottles, all bottles were

placed on a plankton wheel with a continuous slow rotation

(ca. 0.5 RPM). The in situ salinity was 5.8 PSU and the

temperature 16.4�C. The light–dark cycle was 16:8 h, and

the light level ca. 75 lmol s-1 m-2 (LI-COR L1-1000

DataLogger).

The number of added mesozooplankton individuals was

based on their natural concentrations. The number of

added individuals was 20 ind. L-1 for Eurytemora affinis

(E. affinis treatment) and 40 ind. L-1 for the Balanus

improvisus nauplii (B. improvisus treatment). The natural

concentration for E. affinis in the area is ca. 5–20 ind. L-1

during the summer maximum (Viitasalo 1992). The density

maximum for E. affinis in the southern coast of Gulf

of Finland is recorded to be ca. 57 ind. L-1 and for

B. improvisus nauplii ca. 32 ind. L-1 (Põllumäe and Kotta

2007). The animal concentrations corresponded to ca.

70 lg C L-1 for both species. In the mesocosm, the

number of E. affinis was ca. 6 ind. L-1, and the number of

B. improvisus nauplii was ca. 18 ind. L-1at the time when

the water for the experiment was taken.

The experimental bottles were sampled after 44 h. The

duration of the experiment was longer than usual grazing

experiments, since the primary aim was to study the

responses of the phytoplankton community to the presence

of grazers, instead of calculating the grazing rates. The

experimental water from all treatments, including the

control treatment, was first filtered through a 200-lm sieve

to collect the grazers. Thereafter, other samples were taken.

Sampling included plankton samples, chlorophyll a (chl-a),

dissolved inorganic nutrients (NH4 and PO4) and particu-

late organic nutrients (POC, PON and POP).

Mesozooplanktonic grazers were counted immediately

with a Zeiss Stemi SV 11 stereo microscope. Plankton

samples (including phytoplankton, heterotrophic dino- and

nanoflagellates and ciliates) were taken from each of the

three replicate bottles of each treatment. Three replicate

samples were counted also from the start situation. The

plankton samples were preserved with acidic Lugol’s

solution (final concentration ca. 0.5%) and kept in a dark

fridge until the analysis with a Zeiss inverted light micro-

scope (Zeiss Invertoscope D) using the Utermöhl method

(Utermöhl 1958). The samples were preserved, stored and

analyzed according to the guidelines of the Baltic Marine

Environment Protection Comission (HELCOM) (http://

www.helcom.fi/groups/monas/CombineManual/AnnexesC/

en_GB/annex6/). Counting units smaller than 20 lm were

counted with 8069 magnification from 50 randomly cho-

sen fields. Cells, filaments or colonies larger than 20 lm
were counted with 2059 magnification from 50 randomly

chosen fields. Rare large-sized cells were counted from the

whole chamber bottom with 1289 magnification. At least

50 counting units of each of the dominant taxa were

counted, and the total number of counting units was at least

500. The sizes of the cells were measured, and the bio-

volumes (lm3 counting unit-1) were calculated using the

formulae of the phytoplankton database of the Finnish

Environment Institute (http://www.ymparisto.fi/default.

asp?node=17393&lan=fi). The results were presented in

wet-weight (w.w.), since using the abundances is not

feasible due to the variety in the counting units (counting

units may be filaments of certain lengths or colonies

consisting of a certain number of cells, etc.). From the

same plankton samples, ciliates were counted with 1289

magnification from the whole chamber bottom. Bio-

volumes (w.w., lm3 individual-1) for the ciliates were

calculated using geometric formulae based on the cell

measurements. Also, the ciliate results were represented

in wet-weight.
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The chl-a samples were prepared by filtering 50 mL

experimental water on 25-mm Whatman GF/F glass-fiber

filters in duplicate. The samples were rinsed with 5 mL of

0.2-lm-filtered sea water, extracted with 96% ethanol and

stored for 24 h in darkness at room temperature. The

samples were measured with a Shimadzu RFPC-5001

spectrofluorometer, calibrated with pure chl-a (Sigma).

The POC, PON and POP samples were prepared by

filtering 50 mL of the experimental water on acid-washed

and pre-combusted (4 h at 500�C) 25-mm Whatman GF/F

glass-fiber filters in duplicate. POC and PON samples were

rinsed with 5 mL of 0.2 lm-filtered sea water. POP sam-

ples were rinsed with 4 mL of Na2SO4 solution (12 g/

500 mL Milli-Q water). The POC and PON filters were

dried at the room temperature until the analysis with an

ANCA-MS TracerMass and RoboPrep analyzer (Europa

Scientific). POP samples were measured spectrophoto-

metrically with a Hitatchi U-1100 after wet oxidation

(Solorzano and Sharp 1980). Dissolved inorganic PO4 and

NH4 were measured with a Hitatchi U-1100 spectropho-

tometer using standard procedures (Koroleff and Grasshoff

1983).

The statistical analyses (ANOVA, Student’s t-test,

Tukey HSD test and canonical correspondence analysis

(CCA)) were done with the R Software (www.r-project.org).

The CCA was run to summarize graphically the relations of

phytoplankton species, ciliates, heterotrophic nanoflagel-

lates and heterotrophic dinoflagellates in the treatments.

Square root transformation, forward selection and Monte

Carlo permutation test (1,000 permutations) were used.

Results

The chl-a concentration was significantly higher in the

control treatment compared to treatments with the meso-

zooplanktonic grazers or the start situation (ANOVA;

df = 3, F = 49.9, p\ 0.001) (Fig. 1). The same trend

appeared in the phytoplankton biomass (Fig. 2), although

the differences in the total biomass were not statistically

significant. The phytoplankton community was dominated

by the dinoflagellate Heterocapsa triquetra (Ehrenberg)

Stein (Fig. 2). The other important autotrophs at the start

situation and in all treatments, including the control treat-

ment, were the filamentous cyanobacteria Pseudanabaena

limnetica (Lemmermann) Komárek, the haptophyte

Chrysochromulina spp., the chrysophyte Pseudopedinella

tricostata Skuja and ca. 10 9 15 lm-sized dinoflagellates

(Table 1).

The biomass of the dominant phytoplankton species,

Heterocapsa triquetra, was significantly lower (ANOVA;

df = 2, F = 8.7, p\ 0.05) in the Eurytemora affinis

treatment compared to the start situation and the control

treatment (Fig. 3a). In contrast, the biomass of colonial

cyanobacteria increased (t = 4.5, df = 3.9, p\ 0.05) from

the start situation in the E. affinis treatment (Fig. 3b). In

the treatment with the nauplii of Balanus improvisus

(B. improvisus treatment), the biomass of cryptophytes
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decreased during the experiment (ANOVA; df = 1, F =

7.91, p\ 0.05) (Fig. 3c). The biomass of cyanobacteria

Aphanizomenon sp. decreased (ANOVA; df = 4, F =

5.89, p\ 0.05) during the experiment in all treatments,

including the control treatment (Fig. 3d).

The \45-lm-sized heterotrophic biomass consisted in

all treatments mostly of heterotrophic nanoflagellates, but

also of ciliates mainly from the groups Urotricha/Balanion

spp. and Strobilidium/Strombidinium spp., and heterotro-

phic dinoflagellates dominated by species Oblea rotunda

(Lebour) Balech ex Sournia, Protoperidinium brevipes

(Paulsen) Balech and Ebria tripartita (Schumann) Lem-

mermann (Ebriidea, Zoomastigophora) (Fig. 4, Table 2).

The total ciliate biomass increased significantly (t = 3.6,

df = 3.8, p\ 0.05) during the experiment in the control

treatment compared to the start situation (Fig. 5a). From

the separate ciliate groups, the biomass of Strobilidium/

Strombidinium spp. increased (t = 3.6, df = 3.8, p\ 0.05)

in the control treatment compared to the start situation

(Fig. 5b). The biomass of heterotrophic nanoflagellates

became significantly higher (ANOVA; df = 3, F = 5.56,

p\ 0.05) in the B. improvisus treatment compared to the

start situation and the E. affinis treatment (Fig. 5c).

The canonical correspondence analysis (CCA) was used

to visualize the relationships between the treatments and

the phytoplankton species, heterotrophic nanoflagellates,

heterotrophic dinoflagellates and ciliates (Fig. 6). The first

CCA-axis (x-axis) correlated best with the samples from

the start situation. The second CCA-axis (y-axis) correlated

best with the samples from the E. affinis and B. improvisus

treatments. The total variance explained by the two first

CCA-axes was 84.2%. Time (difference between the start

situation and the treatments after 44-h incubation)

explained most of the variance (df = 1, F = 2.1,

p\ 0.05). Start samples correlated positively with e.g.

Aphanizomenon sp., which decreased during the experi-

ment. In the CCA ordination, B. improvisus treatment was

associated positively with Myrionecta rubra Lohmann,

Pseudopedinella triquetra and heterotrophic nanoflagel-

lates, and negatively with heterotrophic dinoflagellates and

cryptophytes. E. affinis treatment was positively associated

with e.g. Anabaena spp. and heterotrophic dinoflagellates.

Dissolved inorganic NH4 concentrations were low

(Table 3), but the concentrations increased during the 44-h

incubation significantly in every treatment, including the

control treatment (ANOVA; df = 3, F = 11.23, p\ 0.01,

Table 1 Autotrophs (biomass w.w. lg L-1) at the start situation and after the 44-h incubation in the control, Eurytemora affinis (E.aff) and
Balanus improvisus (B.imp) treatments

Taxon Start Control E. aff B. imp

Colonial cyanobacteria* 224 ± 68 338 ± 92 464 ± 62 307 ± 145

Pseudanabaena limnetica 155 ± 36 196 ± 33 257 ± 104 294 ± 142

Anabaena spp. 22 ± 13 24 ± 6 47 ± 55 17 ± 3

Aphanizomenon sp.* 21 ± 9 5 ± 2 5 ± 1 6 ± 1

Cryptophytes* 100 ± 23 88 ± 61 93 ± 51 59 ± 11

Heterocapsa triquetra* 3,300 ± 276 3,106 ± 445 2,007 ± 475 2,417 ± 1,074

Dinophysis spp. 6 ± 6 8 ± 3 10 ± 5 15 ± 5

Other autotr. dinoflag. 321 ± 68 386 ± 292 289 ± 92 483 ± 51

Chrysochromulina spp. 149 ± 25 298 ± 190 285 ± 212 294 ± 155

Pseudopedinella spp. 159 ± 61 272 ± 221 208 ± 108 253 ± 138

Other chrysophytes 20 ± 18 9 ± 9 2 ± 1 20 ± 32

Chaetoceros tenuissimus 5 ± 5 9 ± 8 3 ± 6 3 ± 2

Other diatoms 21 ± 16 33 ± 50 13 ± 8 12 ± 10

Pyramimonas spp. 82 ± 72 33 ± 11 19 ± 17 37 ± 26

Monoraphidium contortum 16 ± 5 22 ± 7 21 ± 10 21 ± 4

Other chlorophytes 43 ± 32 29 ± 21 32 ± 8 35 ± 12

Myrionecta rubra 3 ± 4 40 ± 70 0 ± 0 18 ± 31

Total autotr. biomass 4,734 ± 283 4,975 ± 708 3,843 ± 1,029 4,373 ± 1,074

Mean ± SD of the three replicates are given. Statistical significance of the differences between the treatments was analyzed with ANOVA and

Student’s t-test; * indicates statistically significant differences with at least p\ 0.05. The biomass of Heterocapsa triquetra was significantly

lower in the E. affinis treatment compared to the start situation and the control treatment, and the biomass of colonial cyanobacteria increased

from the start situation in the E. affinis treatment. Cryptophytes decreased in the B. improvisus treatment. The biomass of cyanobacteria

Aphanizomenon sp. decreased during the experiment in all treatments, including the control treatment
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Tukey HSD test). Also, the dissolved inorganic PO4 con-

centrations were low (Table 3). The PO4 values reached

the highest values in the B. improvisus treatment, in which

the values were significantly higher compared to the start

situation or the other treatments (ANOVA; df = 3,

F = 8.17, p\ 0.01). The differences in the particulate

organic nutrient concentrations were not statistically sig-

nificant between the treatments (Table 3). The particulate

C/N/P mass ratio was in the start situation on average

57:8:1, in the control treatment 56:8:1, in the E. affinis

treatment 63:8:1 and in the B. improvisus treatment 62:8:1.

The particulate C/N/P ratios implied that there was mod-

erate excess carbon compared to the Redfield ratio, which

is 41:7:1 for C/N/P by mass (Redfield 1934). The mean

particulate C/N ratio increased during the incubation in the

treatments with the mesozooplanktonic grazers (ANOVA;

df = 3, F = 8.45, p\ 0.01 and Tukey HSD test).

In the B. improvisus treatment, ca. 90% (n = 3,

mean ± SD = 36 ± 4 ind. L-1), and in the E. affinis

treatment ca. 70% (n = 3,mean ± SD = 14 ± 2 ind. L-1)
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of the addedmesozooplanktonic grazerswere alive at the end

of the experiment. Mesozooplankton was not found from the

bottles of the control treatment.

Discussion

The results showed that the communities with the meso-

zooplanktonic grazers had lower chl-a values than the

control community, in which only the nano- and micro-

zooplanktonic grazers were present, even despite the

increase of the total ciliate biomass in that community. The

dinoflagellate Heterocapsa triquetra was preferred as food

by the copepod Eurytemora affinis, while colonial cyano-

bacteria increased in the presence of E. affinis. Crypto-

phytes were favored as a food by Balanus improvisus

nauplii, but heterotrophic nanoflagellates increased in the

B. improvisus treatment.

It is known that different grazer assemblages shape the

phytoplankton communities in various ways by selective

feeding (Jonnson 1986; Stoecker and Capuzzo 1990; Kivi

and Setälä 1995; Uitto 1996; Granéli and Turner 2002;

Sommer et al. 2005) and that trophic cascade effects

(reduction of intermediate consumers) may influence the

responses of phytoplankton to different grazers. The results

of this experiment indicate that the total chl-a concentra-

tion was regulated more by mesozooplanktonic grazers

directly than by ciliates. Both chl-a and ciliate biomass

increased in the control treatment during the incubation.

The lack of a trophic cascade effect on chl-a was most

likely explained by the clear dominance of Heterocapsa

triquetra in the autotrophic community. H. triquetra is a

common species in the Baltic Sea, forming occasionally

late-summer blooms in the Finnish coastal areas (Lindholm

and Nummelin 1999; Olli 2004). H. triquetra is relatively

large sized (ca. 15 9 30 lm) and thus presumably not

eaten by the ciliates present in the experiment, but selected

for by Eurytemora affinis. The response of H. triquetra to

B. improvisus treatment was statistically insignificant.

The results support earlier studies, which have shown

that besides ciliates, also large algae are preferred food for

copepods (Stoecker and Capuzzo 1990; Graneli and Turner

2002; Sommer et al. 2005; Sopanen et al. 2009), while

ciliates feed mostly on nanoflagellate-sized food (Jonnson

1986; Kivi and Setälä 1995). Still, also the nanoalgae

thrived in the control treatment, despite the increase of

ciliates. This means that the phytoplankton species were

obviously affected also by other factors, such as the labo-

ratory conditions like the stable light conditions (which

probably caused the common overall chl-a increase during

the incubation), mixing and the changes in the nutrient

concentrations due to nutrient uptake and mineralization

(e.g. Sommer 1989; Reynolds 2006).

The increase in the biomass of colonial cyanobacteria

in the E. affinis treatment and the positive association of

Anabaena spp. with the E. affinis treatment in the CCA

graph indicated that Eurytemora affinis did not favor

these cyanobacteria as food. When other food items are

available, cyanobacteria can be avoided if their nutri-

tional value or assimilability is low, they are toxic or

difficult to handle (DeMott et al. 1991; Koski et al.

1999a; Engström et al. 2000). The colonial cyanobacteria

did not show a statistically significant response to the

B. improvisus treatment.

Cryptophytes were preferred food for the Balanus

improvisus nauplii, which fits to the traditional view of

cryptophytes being highly grazed by the herbivorous zoo-

plankton assemblages (Porter 1973; Lehman 1988). The

response of cryptophytes to E. affinis treatment was

statistically insignificant. The increase of heterotrophic

nanoflagellates in the B. improvisus treatment was less

expected, since also they are generally favored by the

mesozooplankton (Kuuppo-Leinikki 1990; Uitto 1996).

One reason for the increase of the heterotrophic nano-

flagellates in the B. improvisus treatment could be that the

B. improvisus nauplii were unable to graze them efficiently.

The nauplii of another barnacle species, Semibalanus

balanoides, have been found to avoid motile prey when

Table 2 Heterotrophs (biomass w.w. lg L-1) at the start situation and after 44-h incubation in the control, Eurytemora affinis (E.aff) and

Balanus improvisus (B.imp) treatments

Taxon Start Control E. aff B. imp

Urotricha/Balanion spp. 40 ± 39 38 ± 38 9 ± 13 36 ± 20

Strobilidium/Strombidinium* 14 ± 4 146 ± 28 67 ± 52 99 ± 105

Total ciliate biomass* 58 ± 40 228 ± 107 76 ± 61 154 ± 87

Heterotr. dinoflag. ? Ebria tripartita 37 ± 34 6 ± 1 37 ± 61 14 ± 20

Heterotr. nanoflag* 406 ± 49 679 ± 365 484 ± 57 1,115 ± 280

Mean ± SD of the three replicates are given. Statistical significance of the differences between the treatments was analyzed with ANOVA and

Student’s t-test; * indicates statistically significant differences with at least p\ 0.05. The biomass of heterotrophic nanoflagellates was sig-

nificantly higher in the B. improvisus treatment compared to the start situation and the E. affinis treatment, and the biomass of Strobilidium/
Strombidinium spp. increased significantly in the control treatment compared to the start situation
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selecting their food (Moyse and Knight-Jones 1967; Tee-

garden et al. 2001). Still, the B. improvisus nauplii favored

cryptophytes for food even though cryptophytes are motile.

The heterotrophic nanoflagellates were smaller than the

cryptophytes (heterotrophic nanoflagellates cell length ca.

2.5–6 lm, width ca. 1.5–6 lm, cryptophytes cell length ca.

5–15 lm, width ca. 4.5–6.5 lm, respectively), which

might affect B. improvisus food selection. The other reason

for the increase of heterotrophic nanoflagellates in the

B. improvisus treatment could be an increase of bacteria,

since heterotrophic nanoflagellates utilize bacteria as food

(Kuuppo-Leinikki 1990), and bacteria are known to benefit

nutritionally from the sloppy feeding of mesozooplankton

(Vargas et al. 2007). The trophic cascade effect could be an

alternative explanation for the increase of heterotrophic

nanoflagellates, but there was no evidence for their release

from grazing pressure by ciliates in the B. improvisus

treatments.

The nutrient results described the effects of meso- and

microzooplanktonic grazing and decomposition, which

release nutrients from the biomass back to dissolved forms.
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Grazers affect plankton communities indirectly by chang-

ing the dissolved nutrient concentrations and ratios through

their sloppy feeding (Vargas et al. 2007) and by excreting

or retaining specific nutrients when aiming at stoichio-

metrical homeostasis (Sterner and Elser 2002). Both inor-

ganic N and P levels were low at the start of the experiment

and their ratio suggested N limitation of the community. As

particulate nutrient ratios did not indicate nutrient imbal-

ance of the communities and the potentially limiting

inorganic N increased during the experiment, we conclude

that grazing control was the dominant effect on phyto-

plankton communities.

The increase in the phytoplankton biomass implies that

the grazers had enough food during the incubation. This is

supported by literature data on copepod grazing. Nano-

plankton ingestion by Eurytemora affinis has been reported

as ca. 300–1,000 cells ind.-1 h-1 (Gasparini and Castelt

1997). Thus, the 20 individuals of E. affinis would ingest

15,000–500,000 nanoplanktonic cells in 24 h. At the start

situation, the abundance of phytoplankton and heterotro-

phic nanoflagellates was ca. 45 9 106 cells in the 1-L

experimental bottle (cyanobacteria are not included in this

number). In addition, E. affinis can use also ciliates as food.

The abundance of ciliates at the start situation was ca.

21,000 individuals in the 1-L experimental bottle. There-

fore, our results describe food item selection under abun-

dant supply.

The trophic cascade effect is usually important in the

Baltic Sea (Kivi et al. 1996), but as the results of this

experiment show, the grazing response is affected by the

initial composition of the phytoplankton assemblage. The

Baltic Sea phytoplankton community can be directly

shaped by selective mesozooplanktonic feeding at times

when the community is dominated by large-sized algae

such as Heterocapsa triquetra, and mesozooplanktonic

grazers favoring the species are abundant. Prior to our

experiment, the biomass of Heterocapsa triquetra had

increased in the mesocosm, where the abundance of

Eurytemora affinis was lower than during the laboratory

experiment. As the moderately (ca. threefold) increased

abundance of E. affinis significantly reduced the dominat-

ing dinoflagellates, termination of the occasional late-

summer blooms of H. triquetra could thus be due to

increased mesozooplanktonic grazing.
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E. Salminen, M. Sjöblom and A. Nevalainen for analyzing the dis-

solved and particulate nutrient samples. We also thank the DHYBRIS

project members for the cooperation during the mesocosm

experiment.

References

Anderson P (1994) Barnacles: structure, function development and

evolution. Chapman & Hall, London, p 357

Ban S, Burns C, Castel J, Chaudron Y, Christou E, Escribano R,

Umani SF, Gasparini S, Ruiz FG, Hoffmeyer M, Ianora A, Kang

H-K, Laabir M, Lacoste A, Miralto A, Ning X, Poulet S,

Rodriguez V, Runge J, Shi J, Starr M, Uye S, Wang Y (1997)

The paradox of diatom-copepod interactions. Mar Ecol Prog Ser

157:287–293

Berggreen U, Hansen B, Kiørboe T (1988) Food size spectra,

ingestion and growth of the copepod Acartia tonsa during

development: implications for determination of copepod pro-

duction. Mar Biol 99:341–352

Burns CW, Hegarty B (1994) Diet selection by copepods in the

presence of cyanobacteria. J Plankton Res 16:1671–1690

Cowles TJ, Olson RJ, Chisholm SW (1988) Food selection by

copepods: discrimination on the basis of food quality. Mar Biol

100:41–49

de Bernardi D, Giussani R (1990) Are blue-green algae a suitable

food for zooplankton? An overview. Hydrobiol 200(201):29–41

DeMott WR (1986) The role of taste in food selection by freshwater

zooplankton. Oecologia 69:334–340

DeMott WR, Zhang QC, Carmichael WW (1991) Effects of toxic

cyanobacteria and purified toxins on the survival and feeding of

a copepod and three species of Daphnia. Limnol Oceanogr

36:1346–1357

Engström J, Koski M, Viitasalo M, Reinikainen M, Repka S, Sivonen

K (2000) Feeding interactions of the copepods Eurytemora
affinis and Acartia bifilosa with the cyanobacteria Nodularia sp.

J Plankton Res 22(7):1403–1409

Table 3 The concentrations (lg L-1) of dissolved inorganic (NH4

and PO4) and particulate organic (POC, PON, POP) nutrients, and the

particulate organic nutrient mass ratios (lg/lg) at the start situation

and after 44-h incubation in the control, Eurytemora affinis (E.aff)

and Balanus improvisus (B.imp) treatments

Nutrient Start Control E. aff B. imp

NH4** 1.2 ± 0 6.3 ± 0.8 5.1 ± 1.2 6.4 ± 1.9

PO4** 1.9 ± 0.8 1.0 ± 1.7 0.2 ± 0.4 4.2 ± 0.9

POC 1,667 ± 158 1,634 ± 1.6 1,861 ± 92.0 1,850 ± 148

PON 239.0 ± 13.4 220.1 ± 6.1 232.8 ± 24.4 228.0 ± 8.6

POP 27.7 ± 1.5 27.8 ± 1.4 28.4 ± 0.3 28.8 ± 1.2

POC/

PON**

7.0 ± 0.3 7.4 ± 0.2 8.0 ± 0.4 8.1 ± 0.3

POC/POP 60.3 ± 7.2 59.0 ± 3.1 65.4 ± 3.7 64.2 ± 2.9

PON/POP 8.6 ± 0.7 7.9 ± 0.4 8.2 ± 0.9 7.9 ± 0.1

Mean ± SD from the three replicates of each treatment are given.

Statistical significance of the differences between the treatments was

analyzed with ANOVA and Student’s t-test; ** indicates statistically

significant differences with at least p\ 0.01. The NH4 concentrations

increased significantly during the incubation in every treatment,

including the control treatment. The PO4 values were significantly

higher in the B. improvisus treatment compared to the start situation

and the other treatments. The mean particulate C/N ratio increased

during the incubation in treatments with mesozooplanktonic grazers.

The Redfield ratio for C/N/P is 41:7:1 by mass (lg/lg) (Redfield

1934)
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INTRODUCTION

Blooms of the haptophyte Prymnesium parvum have
been reported around the world in brackish and
marine waters (Edvardsen & Paasche 1998). Studying
the characteristics of P. parvum has been motivated by
the large economic losses it has caused, especially in
fish farms (Edvardsen & Paasche 1998). P. parvum
damages fish by destroying their gills (Yariv & Hestrin
1961, Shilo 1971) through toxins the cells excrete into
the water (Shilo & Aschner 1953, Shilo & Rosenberger
1960). Taxonomical research suggests that hapto-
phytes P. parvum and P. patelliferum represent differ-

ent generations rather than separate gene pools, both
belonging to the species P. parvum (Larsen 1999).

Nutrional conditions influence the toxicity of Prym-
nesium parvum. Its toxicity may increase when nutri-
ents are limited, which causes cellular stress and
finally leads to excretion of toxins into the water
(Johansson & Granéli 1999b). This phenomenon is not
unique to P. parvum. It is found in another phyto-
plankton species Chrysochromulina polylepis (another
haptophyte), which is also more toxic when nitrogen
and phosphorus are limited (Johansson & Granéli
1999a). Furthermore, dinoflagellates like Alexandrium
minutum may contain more toxins in phosphorus
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(Lippemeier et al. 2003) or nitrogen-limited conditions
(Béchemin et al. 1999). Frangópulos et al. (2004) have
studied the link between nutrient uptake affinity and
toxicity in Alexandrium species. They found a correla-
tion between cellular toxicity of Alexandrium species
and a lower ability to take up inorganic phosphorus.
They showed that those species, which are the poorest
competitors in nutrient-limited conditions, were the
most toxic ones (Frangópulos et al. 2004).

Bloom-forming species manage to outcompete co-
occurring algae, and thereby reach a dominant status
in the phytoplankton community. Species, which
form blooms, must therefore have special characteris-
tics that support this development. Smayda (1997)
listed 4 adaptations that may have evolved to give
advantage to some species in situations when other
species are better competitors for nutrients: (1) nutri-
ent-retrieval migrations, (2) mixotrophic nutritional
tendency, (3) allelochemically enhanced interspecific
competition, and (4) antipredatory defence mecha-
nisms. The last 3 adaptions on Smayda’s list are
characteristics of Prymnesium parvum. They may
help to explain how P. parvum achieves better
growth and forms dense blooms. P. parvum is a
mixotroph and it can feed phagotrophically on differ-
ent-sized prey (Nygaard & Tobiesen 1993, Tillmann
1998, Legrand et al. 2001, Martin-Cereceda et al.
2003). It, however, cannot use nitrogen, which is
bound to dissolved organic matter (Stolte et al. 2002).
P. parvum is allelopathic to co-existing algae by
excreting toxins into the water (Fistarol et al. 2003,
Granéli & Johansson 2003b, Legrand et al. 2003), and
it may immobilise its prey before utilising it (Skov-
gaard & Hansen 2003). In addition, it may use its
toxins to damage or reduce the growth of its grazers,
for example dinoflagellates, ciliates and copepods
(Nejstgaard et al. 1995, Nejstgaard & Solberg 1996,
Koski et al. 1999, Fistarol et al. 2003, Granéli &
Johansson 2003a, Rosetta & McManus 2003, Till-
mann 2003). Allelopathy is important in aquatic
interactions (Legrand et al. 2003) as it can affect
algal succession (Keating 1977, 1978). Thus, the abil-
ity of P. parvum to use both allelopathic and mixo-
trophic features provides it to outcompete other
algae and harm its own grazers.

The maximum cell density reported in Prymnesium
parvum blooms is 1600 × 103 cells ml–1 (Edvardsen &
Paasche 1998). Edvardsen & Paasche (1998) report
that relatively dense blooms, i.e. cell abundance over
50–100 × 103 cells ml–1, are usually needed to cause
fish kills. On the other hand, Kaartvedt et al. (1991)
have reported an extensive fish kill with cell abun-
dance of less than 2 × 103 cells ml–1, indicating that
P. parvum may harm aquatic organisms at lower
densities, as well. Copepods and microzooplankton

can also be afflicted by P. parvum at low cell densi-
ties (Nejstgaard et al. 1995, Nejstgaard & Solberg
1996, Koski et al. 1999, Granéli & Johansson 2003a,
Rosetta & McManus 2003). The importance of alle-
lopathy of P. parvum on the structure of plankton
communities has been examined at high cell densi-
ties, for example 460 × 103 ± 27 cells ml–1, by Fistarol
et al. (2003), but evidence that allelopathy plays a
role at lower cell densities (less than or equal to 10 ×
103 cells ml–1) is scarce (Skovgaard & Hansen 2003,
Skovgaard et al. 2003).

Therefore, we focused our experiments on relatively
low cell densities of Prymnesium parvum (final cell
densities 2 and 5 × 103 cells ml–1) and observed the
effects on the algae cryptomonad Rhodomonas salina.
R. salina was chosen as a target species, because it is a
common cryptomonad in the Baltic Sea, and it occurs
in the plankton community at the same time as P. par-
vum. Additionally, R. salina and P. parvum are close in
size and form, and therefore they may be competitors
for resources and the same grazers may potentially
graze on them.

Besides the effects of Prymnesium parvum on
Rhodomonas salina, our other aim was to follow the
toxicity of P. parvum as haemolytic activity over a long
time period, as current information is based on mea-
surements made of a single sampling during culture
growth (Johansson & Granéli 1999b). Cellular organic
nutrient contents were used to estimate nitrogen and
phosphorus minimum demands in the cells, and to cal-
culate cellular nutrient ratios. The aim was to evaluate
the significance of nutrient limitation on both cellular
toxicity and the allelopathic potential of P. parvum.

MATERIALS AND METHODS

To examine the combined effect of nutrient limita-
tion and low cell densities, we used Prymnesium par-
vum cultures grown in three different nutrient treat-
ments. The experiments were carried out with diluted
cultures, and they contained both P. parvum cells and
their growth media. Allelopathy is usually examined
using cell-free filtrates excluding the bias of potential
competition between the cells and potential phago-
trophy. Since we worked with low cell densities, it
was necessary to keep the P. parvum cells in the
samples to ensure continuous toxin production during
the experiments, because excreted toxins are quickly
eliminated in light (Reich & Parnas 1962, Meldahl et
al. 1995).

Prymnesium parvum and Rhodomonas salina cul-
tures. P. parvum strain KAC 39 (Kalmar Algal Col-
lection, University of Kalmar) was grown in nine repli-
cate 15 l, non-axenic batch cultures in modified f/20
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medium (1/20 of modified f medium) (Guillard &
Ryther 1962), in Nalgene polycarbonate vessels for 8 d.
The growth media was prepared from filtered (0.2 μm
Sartobran capsule) and autoclaved Baltic Sea water
(salinity 6 psu). Nutrients, trace metals and vitamins
were filter-sterilised before being added to the sea-
water. The final nutrient concentrations of the modi-
fied f/20 medium were 58 μM NO3 and 3.6 μM PO4,
which gave the Redfield atomic N:P ratio of 16:1. Vita-
mins were added according to the MET 44 medium
(Schöne & Schöne 1982), modified to a final concen-
tration of 0.5, 0.5 and 0.1 μg l–1 of vitamins B12, biotin
and thiamin, respectively. Trace metals were added in
1/10 of the L1 medium (Andersen et al. 1997).

On Day 8 the batches were turned into semi-
continuous cultures (Johansson & Granéli 1999b):
20% of the culture was removed and the same
amount of new media was added daily. The 9 batches
were divided randomly into 3 groups (3 replicates of
each nutrient treatment): in +NP the N:P ratio of the
added media was 16:1 (58 μM NO3 and 3.6 μM PO4);
in –N it was 4:1 (16 μM NO3 and 4 μM PO4) and in
–P it was 80:1 (80 μM NO3 and 1 μM PO4). The cul-
tures were aerated gently, and the temperature was
kept at 16°C. Irradiance was 330 μmol photons m–2

s–1 outside the containers on the bright side and
<100 μmol m–2 s–1 on the dark side (measured with
Li-Cor LI-1000 DataLogger). The light: dark cycle
was 14 h light: 10 h dark. After 7 d of semi-
continuous culturing, samples were taken daily from
the outgoing medium for nutrient, cell density and
chemical composition (C, N, P) analyses.

Cryptomonad Rhodomonas salina (TV22/4, Tvär-
minne Zoological Station) was used in the experiments
as a non-toxic target species. It was cultured in the
modified f/20 medium as a non-axenic batch at 18°C,
in 75 μmol photons m–2 s–1 (Li-Cor LI-1000 Data-
Logger) with a light: dark cycle of 14 h light: 10 h dark.

Allelopathic effect of Prymnesium parvum on
Rhodomonas salina. On Days 16 and 18, subsamples
of P. parvum grown in different nutrient conditions
(–N, –P, +NP) were diluted with corresponding nutri-
ent modified media to a final cell density of 10 000 cells
ml–1. In parallel, R. salina culture was diluted with f/20
medium to a cell density of 10 000 cells ml–1. Five ml of
P. parvum and 5 ml of R. salina (Expt I), and 2 ml of
P. parvum and 8 ml of R. salina (Expt II) were mixed to
a total volume of 10 ml in 20 ml glass vials. Thus, the
final P. parvum:R. salina cell ratios were 1:1 (Expt I)
and 1:4 (Expt II), i.e. 5000 + 5000 cells ml–1 (Expt I) and
2000 + 8000 cell ml–1 (Expt II), respectively. Control
treatments were done by mixing 5 ml of corresponding
growth media (f/20, f/20–N or f/20–P) with 5 ml of
diluted R. salina culture in 20 ml glass vials. The mix-
tures were incubated in the same light and tempera-

ture conditions as described above for the P. parvum
cultures. Triplicate samples were removed at different
time intervals (0, 15, 60, 120, 180, 360 min and 23 h),
and the incubations were stopped at each time point
by fixing the samples with glutaraldehyde (final conc.
2% v/v).

The cell number of Rhodomonas salina was counted
with a light microscope using the Utermöhl technique
(Utermöhl 1958). At least 400 cells were counted in
each sample. The counted total cell density included
both intact cells as well as cells with a visible cell shape
but a damaged cell structure. The allelopathic effect of
Prymnesium parvum was expressed as the proportion
of damaged R. salina cells relative to the total number
of cells present at each time point. Feeding cells of
P. parvum were also observed as Skovgaard et al.
(2003), however, the abundance was low (<2 to 3 %)
during the incubations in all samples.

Analytical procedures. Nutrients and cellular
chemical composition: Free inorganic and particulate
organic nutrients were measured daily after seven
days of semi-continuous culturing. Inorganic nutrients
(NO3–N, PO4–P) were measured spectrophotometri-
cally using standard procedures (Grasshoff et al.
1983, Koroleff 1983). As the replicate cultures fol-
lowed each other well according to cell density and
free inorganic nutrient concentrations, the replicate
culture samples were pooled before measuring the
particulate organic nutrients. Samples (20 ml) for par-
ticulate organic C and N (POC, PON) were filtered
onto acid-washed and precombusted Whatman GF/F
filters and stored individually in petri dishes. Samples
(10 ml) for particulate organic phosphorus (POP)
were prepared similarly, but were placed into acid-
washed, precombusted scintillation vials with an
addition of MgSO4, dried at +80°C and stored capped
until being analyzed according to Solorzano & Sharp
(1980). The POC and PON were analyzed from the
filters with a mass spectrometer (Roboprep/Tracer-
mass, Europa Scientific UK).

Cell densities: Cell density in the Prymnesium
parvum cultures was counted from fresh samples using
a particle counter ELZONE (Particle Data). Daily
growth rates (μ) were calculated using the equation:

μ = ln N1 – ln (N0 × 0.8)

where N0 and N1 represented cell densities just before
the 20% dilution on consecutive days.

Haemolytic activity: Haemolytic activity (HA) was
determined from Prymnesium parvum cells and cell-
free filtrate. Three replicate cultures were pooled
before measuring the haemolytic activity. Cell-free fil-
trate was collected after filtering 10 ml of the culture
onto GF/C glass microfibre filters. Haemolytic sub-
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stances in the P. parvum cells were extracted with 2 ml
of methanol from the filter (Igarashi et al. 1998, Johans-
son & Granéli 1999a). The HA of both cell methanol
extract and the GF/C-filtrate on horse blood cells was
measured in duplicate (Igarashi et al. 1998, Johansson
& Granéli 1999a). The horse blood was washed and
resuspended in isotonic phosphate buffer (Fistarol et
al. 2003), after which 200 μl of horse blood cell suspen-
sion in the isotonic phosphate buffer and 50 μl of the
cell methanol extract or the GF/C-filtrate was pipetted
into microplate wells (Falcon, 96 wells) in different
ratios (0 to 100%). A standard curve was made with
saponin (Sn). After 1 d incubation at room temperature
in the dark, the microplates were centrifuged
(3000 rpm, 5 min, Beckman Allegra TM centrifuge),
and the supernatant (110 μl) was transferred to new
microplate wells (black Costar®, 96 wells). The ab-
sorbance at 540 nm was read on a Fluostar 403
microplate reader. The results were expressed as
saponin equivalent (SnEq) μg ml–1 in P. parvum cul-
tures and calculated further to saponin equivalent
(SnEq) pg cell–1.

Statistical analyses. To analyse the results of the
Prymnesium parvum cultures, we used the 1-way
repeated measures analysis of variance
(ANOVA). To analyse the effects on
Rhodomonas salina, we used the 1-way
analysis of variance and the t-test. If
conditions for ANOVA (normality and
equality of variances) were not met, the
non-parametric Kruskal-Wallis test was
used instead. The Student-Newman-
Keuls method (SNK) was used for pair-
wise multiple comparisons if a signifi-
cant difference between the groups
was found. Analyses were performed
using SigmaStat for Windows 3.0.1
(SPSS) software.

RESULTS

Prymnesium parvum cultures

Growth

Three replicate Prymnesium parvum
cultures were grown for each nutrient
treatment. During Days 15 to 26, the cul-
tures which were diluted with nutrient
balanced (+NP) media had the highest
cell density, while in the –P and –N cul-
tures the cell densities corresponded to
86 ± 5% and 41 ± 5% of the +NP cul-
tures, respectively (Table 1, Fig. 1).

Cellular content

Nutrient concentrations used for daily dilutions
during semi-continuous culturing set the limits for cell
growth. With nutrient balanced media, the total par-
ticulate organic nitrogen and phosphorus concentra-
tions were close to the inorganic nitrogen and phos-
phorus concentrations in the growth media (Table 1).
In the –P cultures, the particulate organic nitrogen
concentration was high and the particulate organic
phosphorus concentration remained low (Table 1).
In the –N cultures, the nitrogen concentration was
slightly higher in the particulate organic form than
in the inflowing media, and the concentration of
particulate organic phosphorus was lower than in the
inflowing media (Table 1).

The POP content per cell differed significantly be-
tween treatments (ANOVA, p < 0.001) (Table 1, Fig. 2).
The highest content was in the –N treatment (SNK, p <
0.001) indicating that Prymnesium parvum cells are
capable of storing significant amounts of phosphorus,
whereas in the –P treatment, the POP content per cell
was the lowest (SNK, p < 0.001). The PON content in
the cells differed significantly in the treatments as well
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+NP –N –P

Nutrients in the
inflowing media
NO3–N (μM) 58 16 80
PO4–P (μM) 3.6 4 1
N: P 16.1:1 4:1 80:1

Nutrients in the
outflowing media
NO3–N (μM) 1.1 ± 0.2 0.5 ± 0.1 11.6 ± 1.7
PO4–P (μM) 0.6 ± 0.2 2.2 ± 0.2 0.3 ± 0.2

Cell density (cells ml–1)*** 3.6 ± 0.2 × 105a 1.5 ± 0.2 × 105b 3.1 ± 0.1 × 105c

Daily growth ratens 0.21 ± 0.07 0.18 ± 0.06 0.22 ± 0.08
POC (μM)*** 622.7 ± 56.9a 261.6 ± 59.8b 617.0 ± 79.1a

PON (μM)*** 59.0 ± 4.0a 24.1 ± 4.0b 60.5 ± 4.8a

POP (μM)*** 3.8 ± 0.4a 2.1 ± 0.4b 1.9 ± 0.3c

POC (pg C cell–1)** 20.5 ± 1.9a 22.2 ± 3.8a,b 24.6 ± 2.8b

PON (pg N cell–1)*** 2.3 ± 0.1a 2.4 ± 0.2b 2.8 ± 0.2c

POP (pg P cell–1)*** 0.32 ± 0.03a 0.46 ± 0.06b 0.19 ± 0.03c

POC: PONns 10.5 ± 0.6 10.8 ± 1.1 10.2 ± 0.9
POC: POP*** 166.4 ± 15.5a 124.3 ± 11.7b 339.6 ± 68.1c

PON: POP*** 15.8 ± 1.2a 11.6 ± 0.9b 33.1 ± 4.4c

Haemolytic activity
(SnEq pg cell–1)*** 105.0 ± 17.9a 135.9 ± 24.1b 200.1 ± 34.5c

Table 1. Prymnesium parvum cultures on Days 15 to 26 with 20% daily dilu-
tion. Inorganic nutrients (NO3–N and PO4–P) in the inflowing and outflowing
media (n = 10); daily growth rate (n = 12); particulate organic C, N and P in
the cultures and per cell; particulate organic C:N, C:P and N:P molar ratios
(n = 11) and haemolytic activity (n = 11). Mean ± SD. Levels of significance:
***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant; a,b,c indicate groups of
treatments with significant differences with at least p < 0.05. POC: particulate 

organic C; PON: particulate organic N; POP: particulate organic P



Uronen et al.: Toxicity and allelopathy of Prymnesium parvum

(ANOVA, p < 0.001): the PON content per cell was
higher in the –P treatment than in the +NP or –N treat-
ments (SNK, p < 0.001 for both), and furthermore, the
PON content per cell was higher in the –N treatment
than in the +NP treatment (SNK, p < 0.05). The POC
content per cell was higher in the –P cultures than in
the nutrient balanced cultures (ANOVA, p < 0.01;
SNK, p < 0.01), but there was no difference between
the other treatments (Table 1, Fig. 2).

The average N:P molar ratio in the particulate form
ranged from 11.6 to 33.1, with a minimum value of
10.1 in the –N treatment and a maximum value of 40.4
in the –P treatment (Fig. 3). In the nutrient balanced
treatment, the cultures were growing steadily with
a PON: POP molar ratio close to the Redfield ratio
(Table 1, Fig. 3), whereas in the –P cultures the cells
were phosphorus limited with a high PON:POP ratio.
On the contrary, in the –N cultures the PON:POP ratio
was lower than the Redfield ratio of 16:1, which indi-
cates nitrogen limitation in the cells. Thus, there was a
significant difference in the PON:POP ratios between
the treatments (ANOVA, p < 0.001) (Table 1, Fig. 3). In
all cultures, the POC:PON ratio was higher (10.2–10.8)
than the Redfield atomic ratio (6.6:1) (Table 1)

Haemolytic activity

All the cultures were haemolytic (Fig. 4). During
Days 16 to 26,  Prymnesium parvum cells had the high-
est haemolytic activity (HA) in the –P cultures and in
the –N cultures, whereas HA was lowest in the +NP
cultures (Table 1, Fig. 4). The haemolytic activity
varied within the treatments during this period. How-
ever, all the treatments differed significantly from each

other when compared over the whole time period
(ANOVA, p < 0.001; SNK, p < 0.001 for all treatments).
Analyses with cell-free filtrates showed no HA.

In order to study the relation of HA and nutrient
limitation in more detail, the N:P molar ratios were
scaled in proportion to the Redfield ratio (Fig. 5).
Hence, for example a ratio of 32:1 was interpreted as
an equally severe limitation as a ratio of 8:1, because
both ratios represented a 2-fold departure from to
the Redfield ratio of 16:1. As a result, this scaling

141
P

. p
ar

vu
m

 1
0

3  
ce

lls
 m

l–1
 

0

50

100

150

200

250

300

350

400

450
–P
–N
+NP

Day
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Fig. 1. Prymnesium parvum. Cell density (cells ml–1) in the
cultures with 3 nutrient treatments. The molar N:P ratio was
80:1, 4:1 and 16:1 in the dilution media used in the –P, –N and
+NP treatments, respectively. The arrow shows the beginning
of the 20% daily dilution. Values are mean ± SD (n = 3)

Day
10 12 14 16 18 20 22 24 26

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

p
g 

N
 c

el
l–1

0.0

p
g 

C
 c

el
l–1

0

5

10

15

20

25

30

35

40

–P
–N
+NP

0.5

1.0

1.5

2.0

2.5

3.0

3.5

p
g 

P
 c

el
l–1

Fig. 2. Prymnesium parvum. Particulate organic carbon
(POC pg cell–1), nitrogen (PON pg cell–1) and phosphorus

(POP pg cell–1) in the –P, –N and +NP treatments



procedure ensured that both nitrogen and phospho-
rus limitation were taken into account with the same
magnitude. The relation of the cellular PON:POP
ratios and HA had a high positive correlation (Pear-
son product moment correlation analysis 0.817, p <
0.0001), and the scaled N:P ratio could explain as
much as 67% (linear regression, r2 = 0.667; p <
0.001) of the variation in the HA (Fig. 5).

Effect on Rhodomonas salina

Expts I and II

During Expt I (Prymnesium parvum cell density 5 ×
103 cells ml–1), the Rhodomonas salina total cell density
decreased in all treatments (ANOVA, p < 0.001; com-
pared all times points within each treatment) (Fig. 6A).
Already during the first hour of incubation, the
R. salina cell density decreased in the –N and –P treat-
ments to 80 ± 0% and 77 ± 3%, respectively (Kruskall-
Wallis, p < 0.05; SNK, p < 0.05 for both treatments).

Mar Ecol Prog Ser 299: 137–148, 2005142

–P 
–N
+NP 
Redfield ratio

0

2

4

6

8

10

12

14

16

18

20

22

Day

10 12 14 16 18 20 22 24 26
0

50

100

150

200

250

300

350

400

450

500

P
O

N
:P

O
P

0

5

10

15

20

25

30

35

40

45

P
O

C
:P

O
N

P
O

C
:P

O
P

Fig. 3. Prymnesium parvum. Particulate organic nutrient
ratios (atomic N:P, C:N and C:P) in the –P, –N and +NP

treatments

30 

Day
10 12 14 1620 4 6 8 18 20 22 24 26

H
A

 S
nE

q
 p

g 
ce

ll–1

0

50

100

150

200

250
–P
–N 
+NP

  

Fig. 4. Prymnesium parvum. Haemolytic activity (HA SnEq pg
cell–1) in the –P, –N and +NP treatments. The arrow shows the
beginning of the semi-continuous dilution with nutrient
modified media. The lines represent the mean haemolytic
activity in each treatment during the apparent steady-state 

growth (16 to 26 d)

–P

PON: POP scaled to Redfield ratio

H
A

S
nE

q 
pg

 c
el

l–1

40
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

60

80

100

120

140

160

180

200

220

240

260

–N

+NP

Fig. 5. Prymnesium parvum. Haemolytic activity (HA SnEq
pg cell–1) versus the PON:POP ratio on Days 16 to 26. The
PON:POP ratios are scaled to the Redfield ratio and values
under 16:1 are scaled inversely. Regression line r2 = 0.667;

p < 0.001 (n = 33)



Uronen et al.: Toxicity and allelopathy of Prymnesium parvum

Thus, after 1 h, the cell density was significantly lower
in the –N and –P treatments than in the +NP treatment
(ANOVA, p < 0.001; SNK, p < 0.05 for both). R. salina
cells were also destroyed in the +NP treatment, but at
a slower rate than in the nutrient deficient treatments.
Finally, at the end of the 23 h incubation, the R. salina
cells were destroyed most efficiently in treatments –N
and –P, and least in the +NP treatment (ANOVA, p <
0.05; SNK, p < 0.05 for both) (Fig. 6A). No significant
difference could be found when comparing treatments
–N and –P. In Expt I, the proportion of damaged R.
salina cells, i.e. those cells that were present and with
a visible cell form but had damage in the cell structure,
rose to 11–18% within 15 min (ANOVA, p < 0.001;
SNK, p < 0.05 in all treatments) (Fig. 6B). Within 3 h,
the percentage of damaged cells increased to 37 ± 4%
in treatment –N; to 42 ± 4% in treatment –P, and to
26 ± 3% in treatment +NP (SNK, p < 0.05 in all treat-
ments) (Fig. 6B). After 23 h, the proportion of damaged

cells had decreased significantly in treatments –P and
+NP (ANOVA, p < 0.001; SNK, p < 0.05), because the
cells in worst condition had lysed and the whole cell
density had decreased (Fig. 6B).

In Expt II, with a lower Prymnesium parvum cell
density (2 × 103 cells ml–1), the effect on Rhodomonas
salina was weaker. Significant effects could only be
measured in the –N treatment, where 80 ± 6% and
79 ± 11% of the cells where present after 1 and 6 h, re-
spectively (ANOVA, p < 0.05; SNK, p < 0.05) (Fig. 7A).
Although only minor effects of P. parvum on R. salina
were seen in terms of the cell density, it was still pos-
sible to observe damage in the R. salina cell structures
over 23 h (Fig. 7B), and the treatments differed signifi-
cantly from each other (ANOVA, p < 0.05).

In control treatments, the Rhodomonas salina cell
density increased slightly and the proportion of dam-
aged cells ranged between 0 and 4% during the whole
incubation time (Fig. 6A,B).

Comparison of Expts I and II

After 23 h, the experiments with different Prymne-
sium parvum cell densities differed significantly from
each other. In treatments –P and –N, the higher
P. parvum cell density lysed Rhodomonas salina cells
more than the lower P. parvum cell density (t-test, p <
0.01 for both treatments). In contrast, in the +NP treat-
ment no statistical difference was found between the
experiments. In the –P treatment, the experiments
differed after 1 h, whereas there was no difference in
the –N treatment at the same time.

In the experiment with the higher Prymnesium par-
vum cell density, the cellular PON:POP ratio, which
was scaled to the Redfield ratio, could explain 75% of
the variation in the allelopathic effect (r2 = 0.751; p <
0.001) (Fig. 8A). However, no dependence could be
found in the second experiment with the lower ratio of
P. parvum and Rhodomonas salina (r2 = 0.000) (Fig. 8B).

DISCUSSION

Nutrients

In the nutrient-balanced cultures, Prymnesium
parvum grew steadily with a PON:POP ratio close to
16:1, which indicated that the cells were not limited by
phosphorus or nitrogen. In contrast, nutrient limitation
was obvious in the –N and the –P cultures, as the
particulate organic nutrient ratios deviated from the
Redfield ratio (Table 1, Fig. 3), and the residual inor-
ganic concentrations confirmed the limitation patterns
(Table 1). In the phosphorus-limited cultures the phos-
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phorus content per cell was on average 0.19 pg P cell–1,
which was lower than previously reported values (0.3 ±
0.1 pg P cell–1 [Johansson & Granéli 1999b]). The aver-
age PON contents of 2.4 and 2.3 pg N cell–1 in the
nitrogen-limited and nutrient balanced cultures were
also lower than reported previously (2.7 ± 0.3 and
3.7 ± 0.7 pg N cell–1, respectively [Johansson & Granéli
1999b]). Thus, the values from our cultures can be used
as estimates of minimum nutrient demands in the
P. parvum cells for maintaining the very basic cellular
functions.

The mean phosphorus content in the cells was 1.7-
and 2.4-fold higher in the +NP and –N cultures than in
the –P cultures, respectively. In contrast, the nitrogen
and carbon contents per cell were in the same range in
all the treatments (Table 1). This means that flexibility
of the cellular phosphorus content was higher than the
flexibility of the carbon or nitrogen contents. The cellu-
lar functions have different demands for carbon, phos-

phorus and nitrogen ratios (Sterner & Elser 2002). Be-
cause nitrogen and phosphorus are used for different
purposes in the cell, the tolerance for enduring limita-
tion of these nutrients differs as well. In the balanced
and phosphorus-limited cultures, growth rates were
determined by the dilution rate of semi-continuous
culturing (Table 1). Thus, the cells could maintain the
given growth rate with the nutrients provided, although
they could not maintain the Redfield N:P ratio in the
phosphorus-limited cells. Consequently, the N:P ratio
increased continuously during culturing. In contrast, ni-
trogen limitation was more constricted: the nitrogen-
limited cells had a N:P ratio closer to the Redfield ratio,
and the nitrogen concentration used in the –N cultures
could not support as high cell densities as the concen-
trations used in the –P and the +NP cultures. In our –P
cultures, there could have been indications of accumu-
lation of carbon in the cells (Skovgaard et al. 2003), as
the carbon content in the cells was higher and the cell
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density was lower than in the +NP cultures. However,
the POC:PON ratio was only slightly higher than
expected from the Redfield ratio, and there was no
difference between the nutrient treatments.

The Redfield ratio is generally used in nutrient bal-
anced treatments, because it is considered an estimate
of nutrient requirement ratio for algae. However, the
optimum N:P ratio may vary between algal species
(Hecky & Kilham 1988), and the critical N:P ratio,
which determines whether nitrogen or phosphorus is
the limiting nutrient for the species, may range be-
tween species and regions (Geider & La Roche 2002).
For example, the critical N:P ratio has been found to be
as high as 40 to 50:1 in the haptophyte Pavlova lutheri
with high growth rates (Terry et al. 1985). To our
knowledge, there are no studies on the nutrient
requirements of Prymnesium parvum, which could
elucidate the actual critical N:P ratio in this species.

Haemolytic activity

Imbalance in the cellular nutrient composition may
disturb the metabolism in the cells, which may lead to
an increase in toxin production (Johansson & Granéli
1999b, Fig. 5). In our study, haemolytic activity of
Prymnesium parvum was measured 14 times during
the whole culturing period. Daily results revealed
that HA varied largely within the treatments during
Days 16 to 26. Despite the variation within the treat-
ments, all the treatments differed significantly from
each other. In the +NP treatment, cellular HA was the
lowest while the PON:POP ratio was close to the Red-
field ratio. In contrast, the phosphorus limited –P cul-
tures were the most haemolytic ones (Fig. 4). Similar
results, based on HA measurements at one single
sampling occasion during culturing, were presented in
a previous study (Johansson & Granéli 1999b). Our
results confirm that the cellular nutrient ratio deter-
mines to a large extent the haemolytic activity of
Prymnesium parvum, and validate the conclusion that
nutrient stress increases toxicity in P. parvum.

HA could be measured in all cultures already during
the exponential growth phase, i.e. before the begin-
ning of semi-continuous dilution with the three nutri-
ent treatments (Fig. 4). After commencing dilution with
the nutrient depleted media, HA started to increase in
the –P and in the –N cultures. In contrast, HA re-
mained, on average, at the same level in the +NP treat-
ment during the 26 days of culturing. These results in-
dicate that P. parvum cells grown in balanced medium
are haemolytic. One reason for this result could be the
relatively high cell density in the cultures. The cell
density in our –P and +NP cultures were 6 to 7 times
higher than reported in previous studies (Johansson &

Granéli 1999b, Granéli & Johansson 2003b). Therefore,
the species could be toxic in balanced conditions as
well, if the cell concentration is high enough. The cul-
tures were continuously aerated with gentle bubbling
to prevent increase of the pH, which may influence the
growth rate of phytoplankton species and strengthen
the toxic effects of harmful algae (Schmidt & Hansen
2001, Hansen & Hjorth 2002).

HA was not detected in any of the Prymnesium
parvum cell-free filtrates. However, other studies car-
ried out with these cultures showed that the filtrates
had toxic effects on planktonic organisms (Barreiro et
al. 2005, A. Giannakourou et al. unpubl., S. Sopanen et
al. unpubl., P. Uronen et al. unpubl.). These results
indicate that the toxicity level in the filtrate might have
been under the detection limit in the HA test, or that
the substances toxic to other plankton might have been
different from haemolysins.

Allelopathic effects on Rhodomonas salina

Both Prymnesium parvum cell densities, which were
used in the allelopathic experiments, were relatively
low compared to the densities that have usually been
reported to cause severe damage to fish (Edvardsen &
Paasche 1998). However, even with these densities it
was possible to measure effects on the cryptomonad
Rhodomonas salina.

When Prymnesium parvum was used at the cell den-
sity of 5 × 103 cells ml–1, up to half of the Rhodomonas
salina cells disappeared during the 23 h incubation,
and over one third of the remaining cells were in bad
condition: they were swollen or the cell membranes
were damaged. The variation in the allelopathic effect
could mainly be explained with the cellular nutrient
ratio (Fig. 8A) and thus, the nutrient limited treatments
caused significantly more damage to R. salina than the
nutrient balanced cultures. Although the nutrient bal-
anced cultures were toxic as well when the haemolytic
activity was used as an indicator, the effect on R. salina
remained weaker. In the control treatments, exposure
to nutrient limiting growth media did not harm
R. salina cells, which indicates that the nutrient limited
media did not cause the harmful effect.

When Prymnesium parvum was used at the lower cell
density (2 × 103 cells ml–1), 80 to 85 % of the Rhodomonas
salina cells remained in the mixtures after 23 h, and
P. parvum grown in the nutrient balanced cultures
destroyed the R. salina cells to the same degree as
P. parvum grown in the –N and –P treatments. However,
the cells had similar damage in their cell membranes
than observed in the higher P. parvum cell density. Thus,
the allelochemicals had some effects on R. salina, but the
effects were weak. Our results are in accordance with

145



Mar Ecol Prog Ser 299: 137–148, 2005

the suggestion that mortality caused by P. parvum could
be affected not only by the density of P. parvum itself but
also by the density of the target organisms (Tillmann
2003). The target algae may bind toxins from the water
and hence reduce the free toxin molecules.

Bloom dynamics

A phytoplankton bloom starts with a low cell density,
and several factors determine whether it may eventu-
ally develop. Prymnesium parvum has several proper-
ties which enable it to gain dominance in the plankton
community and finally form blooms. Allelopathy is
widely recognised as a means for algae to interact with
each other, and inhibit the growth of their competitors
(Inderjit & Dakshini 1994). Consequently, this may
enable formation of toxin-producing blooms, when
other species are eliminated (Legrand et al. 2003). The
effect can be even stronger under conditions where
competing species suffer from stress, for example
nutrient limitation (Fistarol 2004).

In the long run only slight changes in survival and
growth rate may have a strong impact on the species
composition (Riegman 1998). Our experiments focused
on the first steps in a potential bloom formation pro-
cess. We observed that with a relatively low cell den-
sity, the allelopathic influence of Prymnesium parvum
was very weak, but it could still harm the co-existing
cryptomonads. When the higher cell density was used,
the negative effects on the cryptomonad cell density
were obvious. It is interesting to notice that when the
P. parvum cell density was low, differences between
the different nutrient treatments could not be found: all
the nutrient treatments had a similar weak effect on
Rhodomonas salina. However, the dilutions for the
experiments were made with fresh media with corre-
sponding nutrient modifications, which may have
temporarily relieved the nutrient limitation of the
P. parvum cells, and thereby may have weakened the
effects between the treatments. On the contrary, when
P. parvum was used at the higher cell density, the
effect on the target species was stronger in the nutrient
deplete cultures than in the nutrient balanced cultures. 

Since the cultures used were non-axenic, there were
bacteria available for Prymnesium parvum. It may feed
on associated bacteria, and thereby improve the phos-
phorus concentration in the cells (Nygaard & Tobiesen
1993, Legrand et al. 2001). Also, bacteria in the differ-
ent cultures may have been nutrient limited, which
may have affected their growth and their ability to
degrade the released toxins. However, to our knowl-
edge there are no studies on how effective bacteria are
in degrading the toxins of P. parvum. On the other
hand, P. parvum may have a positive indirect effect on

bacteria, because damage in coexisting algae can lead
to increased release of dissolved organic matter into
the water, which in turn, increases the biomass of
bacteria (P. Uronen et al. unpubl.).

The changes in the Prymnesium parvum abundance
have further impacts on other algae: The increase in its
own cell density and toxin production stimulates the
feeding behaviour of P. parvum itself (Skovgaard &
Hansen 2003, Skovgaard et al. 2003). In addition, the
effects on protozoan and metazoan grazers depend on
the cell concentration of P. parvum and on the avail-
ability of other algae: small amounts of P. parvum
together with good food may even improve the fecun-
dity of the grazers like copepods (Koski et al. 1999),
and ciliates may grow well as long as a non-toxic alga
is available (Rosetta & McManus 2003). Negative
effects may occur when the cell density of P. parvum
increases, the cells suffer from nutrient limitation, or
P. parvum is the single food source. These reasons may
lead to increased mortality of ciliates (Fistarol et al.
2003, Granéli & Johansson 2003a, Rosetta & McManus
2003) or the feeding and reproduction rates of rotifers
and copepods may decrease (Nejstgaard & Solberg
1996, Barreiro et al. 2005, S. Sopanen et al. unpubl.).
Hence, after a critical cell density is reached by the
harmful species, the development of the bloom may
accelerate dramatically due to the combined effect of
eliminating competitors and relieving grazing losses.
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Abstract

We used natural phytoplankton communities from four coastal regions to test diversity-functioning rela-

tionships, relations of N2-fixing cyanobacteria to nutrient imbalance, and the importance of metacommunity

dynamics. Resource availability was measured as total nitrogen and phosphorus. Resource imbalance was

determined as (1) the ratio of dissolved inorganic nitrogen to total phosphorus and (2) an experimentally

verified indicator quantified by modelling responses in 14C-based primary production to nutrient additions.

Resource availability explained variance in biomass, productivity, and species richness, as expected by the

Species Energy Theory, but not evenness. Linear mixed-effects models confirmed the overall relation between

productivity and resource availability, whereas other resource availability relations showed also notable clus-

tering by region. The Resource Ratio Theory predicting that diversity increases with the number of limiting

resources was not supported. Nutrient imbalance had a weak effect on the biomass of N2-fixing cyanobacte-

ria, but not their share of total phytoplankton biomass. Contrary to many previous studies on biodiversity-

ecosystem functioning relationships, we found a highly significant inverse relationship between evenness

and biomass. This indicates that species-rich natural phytoplankton communities form the basis for opportu-

nistic species to temporarily monopolize resources and create blooms. The result was consistent across

regions, although their community composition differed. Metacommunity dynamics were important, since

distance between the regions explained higher percentage of the variability than local resources together. As

the species able to monopolize resources vary widely in their role for aquatic food webs and environmental

consequences (e.g., food quality, toxicity), species-level trait data is essential to understand better diversity-

productivity relationships.

Essential community properties, i.e., diversity, biomass,

and productivity, and their relationships to available resour-

ces, have been actively studied especially in terrestrial eco-

systems, as they are connected to agriculture and other food

production for humans, but certainly also because aquatic

communities present methodological challenges, e.g., in rep-

resentative sampling in relation to community turnover.

This is most pronounced in microbial planktonic systems,

which are further complicated by the constant flux of both

resources and organisms, and the demanding taxonomical

resolution of the latter. Theories aiming to explain causali-

ties behind resources and community properties include the

Liebig’s Law of the Minimum (Liebig 1840), the Species-

Energy Theory (SET, Wright 1983), the Resource-Ratio Theo-

ry (RRT, Tilman 1982), and the recently evolved paradigm

“biodiversity-ecosystem functioning” (BEF, Naeem et al.

1994; Gross and Cardinale 2007; Hillebrand and Matthiessen

2009).

SET argues that available energy explains the variation in

species richness by controlling population sizes and the

probability of stochastic extinction (Wright 1983). Amount

of available energy would ideally be measured in units of

energy per time (joules per year), but any relative measure of

available energy serves. RRT predicts that species richness is

affected by the imbalance in the supply of two or more

resources, due to increased possibilities for competitive

replacements (Tilman 1982). The BEF paradigm has chal-

lenged the historical view of diversity merely reflecting

resource-driven productivity by reversing the causality—with

diversity suggested as a driver for ecosystem properties,

including biomass production and resource use efficiency

(Naeem et al. 1994; Gross and Cardinale 2007; Hillebrand

and Matthiessen 2009). In an attempt to elaborate the con-

nections between various ecosystem properties, Cardinale*Correspondence: sirpa.lehtinen@environment.fi
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et al. (2009) outlined a reciprocal productivity–diversity

hypothesis studying interactions among four distinct varia-

bles: (1) the overall quantity of limiting resources, (2) the

stoichiometric ratios of different limiting resources, (3) the

summed biomass produced by a group of potential competi-

tors, and (4) the richness of co-occurring species in a local

competitive community.

Empirical evidence for the alternative theories has

stemmed largely from observational spatial data, meta-

analyses, or long-term experimentation in terrestrial systems

(e.g., Tilman et al. 1996). Later, small-scale experimentation

with artificially assembled microbial communities has been

increasingly applied to diversity-productivity studies, especial-

ly in aquatic environments (e.g., Striebel et al. 2009; Gamfeldt

and Hillebrand 2011). The results of experimental studies

have accumulated evidence for biodiversity acting as a driver

of ecosystem processes and services (Cardinale et al. 2012).

Still, a basic shortcoming for comparing analyses of diversity–

productivity relationships—as well as a potential source of

apparent conflicts—is the heterogeneity in definitions and

available proxies both for “productivity” and “diversity” in

widely different systems (habitats, trophic levels, turnover

rates, natural vs. artificial), scales of observation, and data sets

(Cardinale et al. 2009; Svensson et al. 2012). It has been conse-

quently argued that it is unclear whether the outcomes of

experimental BEF studies can be transferred to complex natu-

ral communities and ecosystems (Miller et al. 2005; Hautier

et al. 2014; Hodapp et al. 2015).

Ptacnik et al. (2008) were the first to show that natural phy-

toplankton communities exhibit relations between resource

use efficiency (RUE) and diversity, which correspond to those

shown for higher organisms. However, recent studies by

Filstrup et al. (2014) and Hodapp et al. (2015) demonstrated a

strong inverse relationship between evenness and either phy-

toplankton biomass or RUE. Olli et al. (2014) showed with

long-term analyses that phytoplankton genus diversity, as well

as RUE, have increased in the past 40 yr in the Baltic Sea.

In this study, we analyze how community properties (spe-

cies richness, evenness, biomass, production) are intercon-

nected, and how they depend on resource (nitrogen and

phosphorus) availability and imbalance in natural phyto-

plankton communities, with experimentally controlled and

verified nutrient availability and limitation (imbalance). We

make use of a dataset where nutrient limitation was experi-

mentally assessed in laborious bioassays (Andersen et al. 2007;

Tamminen and Andersen 2007). While other studies have

relied on more derived information about nutrient limitation,

our dataset enables us to link information on community

parameters and environmental background directly with

experimentally validated information on nutrient limitation.

The data used in this study originate from a 3-yr experimen-

tal campaign covering a 1000-km gradient of Finnish coastline,

the northern Baltic Sea. Like most areas of the estuarine

brackish Baltic Sea (Hagstr€om et al. 2001 and references with-

in), the sub-basins Gulf of Finland and Archipelago Sea are

mainly N-limited during summer (Kivi et al. 1993; Kirkkala

et al. 1998; Tamminen and Andersen 2007), while the Bay of

Bothnia is predominantly P-limited (Tamminen and Andersen

2007). In addition to its northern location, the latter differs

from the other areas also by its lower salinity, and by the lowest

concentrations of total nutrients (HELCOM2009, 2014).

We also test if the biomass of N2-fixing, i.e., diazotrophic

cyanobacteria in the natural communities correlates with the

experimentally verified N limitation. This represents a spe-

cific, yet essential effect of nutrient imbalance on community

composition, as N2-fixing cyanobacteria are an important

component of the phytoplankton globally (Deutsch et al.

2007), as well as in the Baltic Sea, where the abundance of cya-

nobacterial blooms has intensified significantly in the past 50

yr, attributed to human-induced eutrophication (Funkey et al.

2014; Kahru and Elmgren 2014). It has been argued, in line

with the original homeostasis scenario of Redfield (1934) that

N limitation is necessarily transient in aquatic ecosystems,

because N2-fixers gain competitive advantage and reverse the

system back to P limitation (Schindler 1977; Tyrrell 1999).

This view has been, however, challenged both for freshwater

and marine systems (Howarth and Marino 2006; Elser et al.

2007; Tamminen and Andersen 2007; Scott and McCarthy

2010). It is therefore of interest to analyze how the presence of

N2-fixers relates to observed nutrient imbalance, in a coastal

system where N2 fixation is prevalent.

We thus used natural phytoplankton communities origi-

nating from geographically distinct coastal regions, repre-

senting varying levels of trophic state and contrasting

limitation patterns, in an experimental setting which made

it possible both to quantify primary production (CO2 fixa-

tion) and to verify nutrient availability and imbalance. We

carried out the diversity analyses with two descriptors that

have been considered independent dimensions of diversity

(yet debated; see Smith and Wilson 1996; Jost 2010; Tuo-

misto 2012): species richness (S) and Pielou’s evenness (J).

Specifically, we tested how SET, RRT, and BEF-based hypoth-

eses performed with natural phytoplankton communities:

1. Resource availability predicts total biomass and species

richness. We use total nutrients (nitrogen and phospho-

rus) as relative measures of available resources.

2. Phytoplankton diversity is highest at combined N and P

limitation. We verified limitation either experimentally

(Tamminen and Andersen 2007), or employing a chemical

limitation indicator (Ptacnik et al. 2010a).

3. Diversity predicts productivity. We tested how diversity

explained initial biomass, productivity, RUE, or responses

to experimental enrichment.

Inspired by the approach of Cardinale et al. (2009), we used

path analysis by structural equation models (SEMs) to further

examine the interactions between diversity, community

Lehtinen et al. Phytoplankton species richness, evenness, and production
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properties, and resource availability and imbalance. In addi-

tion, we studied how N2-fixing cyanobacteria (order Nosto-

cales) relate to resource availability and nutrient limitation

patterns, and to which extent the local phytoplankton com-

munity composition (species-level biomass composition) in

geographically distinct coastal regions is influenced by regional

metacommunities vs. local environmental variables, including

resource availability and imbalance. Such information is cur-

rently in high demand also for applied purposes, e.g., to under-

stand how phytoplankton monitoring data can be interpreted

in environmental assessments.

Material and methods

We utilize data from experimental bioassays on 62 natu-

ral phytoplankton communities along a nutrient limitation

gradient along the Finnish coast, northern Baltic Sea. Phyto-

plankton community composition was analyzed quantita-

tively at the start situation of the bioassay experiments. The

northernmost study site was situated in the Bay of Bothnia

(658 130N, 248 600E), and other sites were in the Archipelago

Sea (608 250N, 218 950E), western Gulf of Finland (608 140N,

258 140E) and eastern Gulf of Finland (608 420N, 278 650E)
(Fig. 1). Actual bloom situations were not covered in the

experiments, as the chlorophyll a (Chl a) levels remained at

moderate levels for the Baltic Sea (Table 1). The study was

carried out in June–October during years 1992–1994. From

the Bay of Bothnia, only samples taken in July–October

were included because of the later spring bloom in the

north. A detailed description of the study sites and the bio-

assay experiments is given in Tamminen and Andersen

(2007), but the most relevant information is provided

below.

The quantitative phytoplankton samples and water for

the bioassay experiments were taken simultaneously, with

some exceptions (1-d delay in nine sampling events, 2-d

delay in two sampling events, and 3-d delay in three sam-

pling events in the western Gulf of Finland). Total number

of sampling events was 62. Phytoplankton samples represent

the initial situation for the bioassay experiments. Phyto-

plankton samples were taken as integrated samples from

0 m to 2 m. The samples were preserved with acidic Lugol’s

solution and kept refrigerated in the dark until the analysis

with a Leica Diavert or Leitz Fluovert FS (western Gulf of

Finland) inverted light microscope using the Uterm€ohl

(1958) method. Smaller than 2 lm—sized phytoplankton

was not included into the study since it is not possible to

count them reliably with a light microscope. In order to

warrant a constant counting effort among samples, HEL-

COM recommendations were followed by selecting the set-

tling volume based on abundance of cells in a sample

(10 mL, 25 mL, or 50 mL) and counting at least 50 counting

units of each dominating taxon (the total count should

exceed 500 units per magnification) (HELCOM 2015). Two

different magnifications have been used (ca. 100X magnifi-

cation to count taxa>20 lm, ca. 500X magnification to

count taxa<20 lm). The biovolumes (wet weight, lg L21)

were calculated based on size measurements and cell shape

approximations by simple solids (as in Hillebrand

et al.1999; Olenina et al. 2006). All samples were counted

by the same person except samples from the western Gulf of

Finland, minimizing variability in species identification. Pie-

lou’s evenness J (Pielou 1966) calculation was based on

species-level biomass results.

For the bioassay experiments, a 50-L sample was taken

from the euphotic surface layer by pooling casts taken at 1 m

intervals down to twice the Secchi depth. The bioassay experi-

ments were run in eight experimental 6-L units. No prescreen-

ing was applied, i.e., the ambient plankton community was

present intact. The experiments started by adding phosphate

(20 lg P L21) and/or ammonium (80 lg N L21) in a 23 2 facto-

rial design with replicates. All experiments were carried out at

in situ temperature in a thermostated water bath under the

locally prevailing light–dark cycles, with daylight-spectrum

fluorescent tubes (Philips TLD 965) producing an irradiance of

100 lmol quanta m22 s21 inside the polycarbonate bottles to

Fig. 1. Map showing the four coastal regions (red dots) along the Finn-

ish coastline of the Baltic Sea: BB5Bay of Bothnia, AS5Archipelago
Sea, wGOF5western Gulf of Finland, eGOF5 eastern Gulf of Finland.
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ensure that the natural communities were not light-limited

during experiments.

Experimental units were sampled for primary productivity

at the start, at 24 h, and at 48 h. Primary production was

measured using the 14C-technique (for details of all measure-

ments, see Tamminen and Andersen 2007). Chl a was sam-

pled at the start, at 24 h, at 48 h, and at 72 h, and measured

fluorometrically. To quantify phytoplankton total biomass,

we use wet weight biomass results in analyses, but conclu-

sions based on Chl a values were concordant (results not

shown). Dissolved inorganic nitrogen (DIN), dissolved inor-

ganic phosphorus (DIP), total nitrogen (TN), and total phos-

phorus (TP) were measured from the initial sample in

duplicate according to standard methods. DIN was calculated

as the sum of ammonium, nitrate, and nitrite. The ratio of

dissolved inorganic nitrogen to total phosphorus (DIN : TP,

mol : mol) was used to express the N : P limitation of initial

communities (Ptacnik et al. 2010a).

Resource use efficiency (RUE) of a phytoplankton communi-

ty was calculated by relating a biomass proxy (Chl a) or primary

productivity to the amount of a potentially limiting resource

(total phosphorus). RUEchl was thus calculated as the natural

logarithm of the ratio between Chl a and TP concentrations,

both expressed in weight units (lg L21; Ptacnik et al. 2008),

and RUEPP accordingly, as the natural logarithm of the ratio

between daily primary productivity (lg C L21 d21) and TP con-

centration (lg L21). Short-term responses of primary productiv-

ity to enrichments were analyzed from experimental units

which received both P and N addition during the bioassay

experiment, as the difference between initial and 48-h samples.

Linear regression analysis (R software, www.r-project.org)

was used to initially test (1) the effects of resource availability

(TP, TN) on phytoplankton community parameters (biomass,

productivity, species richness, evenness); (2) diversity–produc-

tivity relationships (species richness and evenness vs. biomass,

productivity, RUEchl, RUEPP); and (3) the effects of community

Table 1. Basic information for the four coastal regions. The mean value6 standard deviation is given. Species richness is calculated
as number of species in a sample. Pielou’s evenness is calculated using species-level biomass results. Limitation indicator L14C is
based on primary production response on nutrient additions during the bioassay experiment: L14C: 215N-limited, 115 P-limited,
05 combined or no limitation. Resource use efficiency RUEchl5 ln(Chl a/TP). RUEPP5 ln(Primary production/TP).

Bay of Bothnia (BB)

Archipelago Sea

(AS)

Western Gulf of

Finland (wGOF)

Eastern Gulf of

Finland (eGOF)

Coordinates 658 13’N, 248 60’E 608 25’N, 218 95’E 608 14’N, 258 14’E 608 42’N, 278 65’E

Number of samples 16 15 15 16

Salinity psu 2.660.4 6.060.2 5.160.3 3.760.4

Temperature 8C 12.962.6 14.662.9 12.463.4 14.763.2

Species richness 2169 1964 3768 2668

Pielou’s evenness 0.5860.15 0.4860.29 0.6560.14 0.6260.12

Phytoplankton biomass

mg L21

0.4660.60 1.161.19 0.9260.79 0.9660.56

Chl a mg L21 2.761.7 3.260.9 4.762.5 5.161.3

Primary production lg

C L21 d21

64641 1566100 157674 183698

RUEchl 21.1060.48 21.7760.27 21.7560.52 21.3160.35

RUEPP 2.0660.47 2.0460.42 1.7860.59 2.1360.46

DIN

(NO21NO31NH4)

lg N L21

56.1620.1 12.767.6 36.8632.3 19.9615.8

DIP (PO4) lg P L21 0.760.3 3.162.2 7.066.9 2.262.5

DSi (SiO2) mg Si L21 1.5660.19 0.2760.14 0.4360.25 0.0960.07

PON lg N L21 47617 69619 92625 104619

POP lg P L21 561 963 1162 1264

POC lg P L21 5166109 584667 6246122 7566117

TN lg N L21 252.1619.0 339.8647.0 423.0681.4 378.0634.3

TP lg P L21 6.961.6 18.363.1 24.264.5 19.364.5

DIN : TP (mol : mol) 18.469.1 1.560.7 3.162.3 2.161.2

L14C 0.7360.59 20.1460.80 20.4260.54 20.3760.66

DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus; DSi, dissolved silicate; PON, particulate organic nitrogen; POP, particulate

organic phosphorus; POC, particulate organic carbon; TN, total nitrogen; TP, total phosphorus.
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properties on responses to increased nutrient availability dur-

ing the experiments (species richness, evenness, and RUEchl
vs. short-term productivity response). Total autotrophic bio-

mass (wet weight) was cubic root transformed for the

regression analyses. Data points are color-coded by region in

Figs. 2 and 3 for illustrative purpose.

Since our aim was to identify general trends in the

diversity-functioning relationships across potential spatial
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Fig. 2. Resource availability (total phosphorus (TP lg L21), upper row; total nitrogen (TN lg L21), lower row) explaining phytoplankton biomass
(cubic root transformed), daily primary productivity (lg C L21 d21), species richness, and Pielou’s evenness in four coastal regions (color codes). Red
dashed lines show the confidence interval of 95% for the linear regression analyses. The p-value and the adjusted R2 are shown. * indicates statistically

significant linear regression.
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Fig. 3. Species richness (upper row) and Pielou’s evenness (lower row) explaining phytoplankton biomass (cubic root transformed), daily primary

productivity (lg C L21 d21), and resource use efficiency calculated based on Chl a (RUEchl) or daily primary productivity (RUEPP), in four coastal
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gradients/scales in environmental conditions and species

composition, we complemented the ungrouped univariate

regressions with linear mixed-effects models (LMEs), where

the hierarchical structure of the data is represented as a ran-

dom effect of region on regression intercepts. For LME, we

used the nlme package for R (lme, Pinheiro and Bates 2000;

Pinheiro et al. 2016).

The effects of nutrient imbalance (N, P, or combined N

and P limitation, respectively) on parameters describing the

structure or functioning of the phytoplankton community

were tested after dividing the experiments into the three lim-

itation categories according to two criteria: (1) experimental-

ly verified limitation of primary productivity, L14C, and (2)

a chemical limitation indicator, DIN : TP (Ptacnik et al.

2010a). Experimentally verified nutrient limitation was

quantified by modeling the responses in primary production

(14C-uptake) to nutrient additions, but a similar pattern

emerged from corresponding Chl a responses (data not

shown; see Tamminen and Andersen 2007). For details of

limitation analyses, see Andersen et al. (2007) and Tammi-

nen and Andersen (2007). By subtracting the probability of

N limitation from the corresponding probability of P limita-

tion, Ptacnik et al. (2010a) calculated a one-dimensional lim-

itation indicator (L) which is also utilized in this study. The

indicator value ranges from 21 to 11, where the endpoints

represent pure N and P limitation, respectively, and the mid-

point represents combined or no limitation. Communities

were considered N-limited if the L14C was�20.33, P-limited

if the L14C was�0.33, and NP-limited if the L14C was

20.33 to 0.33. Two communities were non-limited based on

primary production responses, and they were excluded from

the analyses. For a specific analysis of the Resource Ratio

Theory, an “imbalance index” was created by taking the

absolute value of L14C, yielding values from 0 (perfect N : P

balance) to 1 (exclusive N or P limitation).

Since nutrient limitation is usually not verified experi-

mentally from phytoplankton responses in routine monitor-

ing, we analyzed the data also by using the molar ratio of

dissolved inorganic nitrogen to total phosphorus (DIN : TP,

mol : mol), which is widely available in monitoring data, to

divide the communities into corresponding three limitation

categories. Communities were considered N-limited if the

molar DIN : TP ratio was�2, P-limited if the ratio was�5.1,

and NP-limited if the ratio was 2–5.1 (Ptacnik et al. 2010a).

While both limitation indices (L14C, DIN : TP) are

expressed as univariate variables, there is no reason to

assume monotonous responses over their gradients. There-

fore, we applied ANOVA (aov, R software) and the Studen-

tized range statistic, Tukey’s “Honest Significant Difference”

method (TukeyHSD, R software) to detect statistically signifi-

cant differences between the three limitation categories. The

TukeyHSD created a set of confidence intervals on the differ-

ences between the means of the levels of the limitation cate-

gories with the 95% family-wise probability of coverage.

Multivariate relationships between variables were

explored by structural equation modelling (SEM; e.g., Grace

2006) using the lavaan package for R (Rosseel 2012). Regres-

sion relationships in the models were chosen to represent

the basic SET, RRT, and BEF hypotheses outlined in the

introduction with total P (TP) and DIN : TP as exogenous

variables and phytoplankton biomass, primary productivity,

and either richness or evenness as endogenous variables. All

variables used in SEM model fits were standardized to zero

mean and unit standard deviation to simplify comparison of

path weights and covariances. Model adequacies were

inferred from non-significant chi-square goodness-of-fit tests

and modification indices<2. SEM path structures and cova-

riances were visualized with the SemPlot package (Epskamp

2015) using the “tree” layout, and with exogenous variances

hidden since they are unity on standardized variables.

Non-metric Multidimensional Scaling (NMDS) (metaMDS,

R software package “vegan”) was used to ordinate communi-

ties based on Bray–Curtis dissimilarities in their species-level

phytoplankton community composition (Oksanen et al.

2015). The communities are positioned in the NMDS ordina-

tion space based on their species-specific biomass composi-

tion, and the species can likewise be ordinated. In the

NMDS, we used cubic root transformation for phytoplankton

biomass (wet weight).

Importance of local environmental variables vs. geograph-

ic location in explaining the phytoplankton species-level

biomass (cubic root transformed) composition was tested

with Permutational Multivariate Analysis of Variance Using

Distance Matrices (PERMANOVA) (adonis, R software package

“vegan”) (Oksanen et al. 2015). Local environmental param-

eters included in the Adonis test were salinity, temperature,

TP, TN, DIN : TP ratio, and L14C. Geographic location was

included in the analysis as relative distance between sam-

pling locations (Fig. 1) using a 4-level numerical variable, 1

representing the most eastern location (eastern Gulf of

Finland51; western Gulf of Finland52; Archipelago Sea53;

Bay of Bothnia55). Distance for the Bay of Bothnia was

doubled due to its distance compared to the other locations.

As Adonis is sensitive to the sequence of parameters in the

model, the selection of the entry order was done by first test-

ing each parameter as the first variable on their turn, and

selecting the final order of parameters based on their respec-

tive R2 values. The non-significant parameters in the prelimi-

nary ranking round were omitted from the final Adonis test.

Results

Basic information for the four sampling regions is given

in Table 1. Each region had some special characters. Bay of

Bothnia differed from the other stations in freshwater influ-

ence and oligotrophy, as salinity, mean concentrations of

DIP, PON, POP, POC, TN, TP, and Chl a, phytoplankton bio-

mass, and primary productivity were lowest there, while DIN
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6



and DSi concentrations and DIN : TP ratio were highest.

Archipelago Sea was the most saline region. In the western

Gulf of Finland, TN and TP concentrations and species rich-

ness were highest. RUEPP, and Chl a, POC, PON, and POP

concentrations were highest in the eastern Gulf of Finland.

Effects of resource availability on phytoplankton commu-

nity parameters (biomass, productivity, species richness,

evenness) were first tested by using total phosphorus (TP;

Fig. 2, upper row) and total nitrogen (TN; Fig. 2, lower row)

as explanatory variables in linear regression models. Species

richness and primary productivity correlated significantly

with both TP and TN, and biomass with TP. Still, amount of

variance in species richness and primary productivity

explained by TP (adj.R250.12, R250.28, respectively) and

TN (adj.R250.10, adj.R250.12, respectively), and variance

in biomass explained by TP (adj.R250.05), was not very

high. Correlations of nutrients with evenness were non-

significant. In this study, microscopically obtained wet

weight biomass is shown in figures, but results using Chl a

were concordant (results not shown).

Since our data has a clear hierarchical structure, 62 com-

munity samples grouped by four regions, we conducted the

corresponding analyses also with LME with region as a ran-

dom effect, to account for spatial clustering of the response

variables. In accordance with the results of the linear regres-

sion models, LME showed a significant fixed effect of TP on

primary productivity (p<0.001) (Table 2). Unlike the results

of the linear regression models (Fig. 2), fixed effects of TP on

phytoplankton biomass and species richness and of TN on

primary productivity and species richness were all non-

significant. Most of the explained variance was captured by

the random effect of region, although the random effect var-

iance was higher than the residual variance only in the LME

model for species richness.

Diversity–productivity relationships were first tested with

linear regression models by using species richness (Fig. 3,

upper row) and Pielou’s evenness measure (Fig. 3, lower row)

as explanatory variables for biomass, primary productivity,

and productivity proxies (resource use efficiency based on

Chl a (RUEchl) or primary productivity (RUEPP). Highest bio-

mass (p<0.001) and RUEPP (< 0.05) co-occurred with lowest

evenness levels. Other correlations were weak or negligible

(Fig. 3). Evenness showed higher coefficients of determina-

tion than species richness, the highest describing the inverse

relation between evenness and biomass. The highly signifi-

cant negative relationship between evenness and biomass

was shown also by the fixed effect of the corresponding LME

model (p<0.001) (Table 3). Even though standard deviation

of the random effect was lower than the residual standard

deviation in all LME models, neither biomass nor RUEPP had

significant fixed effects on evenness when adjusting p-values

for multiple testing by the false discovery method (Benja-

mini and Hochberg 1995; R function p.adjust), as they did

based on the linear regression models (Fig. 3).

Since regression analyses indicated that samples clustered

based on regions for species richness (see color codes in Fig.

3), we analyzed this also with ANOVA. Species richness was

significantly higher in the western Gulf of Finland compared

to the three other coastal regions (ANOVA; df558, F516.4,

p<0.0001).

The effects of community properties on responses to

increased nutrient availability during the bioassay experi-

ments (primary productivity increase after 2 d) were tested

for species richness, evenness, and RUEchl. Based on both lin-

ear regression models and LMEs, neither evenness, species

richness, nor RUEchl showed association with the short-term

productivity responses (results not shown).

The effects of nutrient imbalance (N, P, or combined N

and P limitation, respectively) on phytoplankton communi-

ties were tested with ANOVA and TukeyHSD after dividing

the communities into three limitation categories (N-limita-

tion, P-limitation, combined N and P limitation) according

to two criteria (experimentally verified limitation of primary

productivity, L14C; chemical limitation indicator, DIN : TP;

Table 2. Results of linear mixed-effects model (LME) with phytoplankton biomass, primary productivity, species richness, and Pie-
lou’s evenness as dependent variables, total phosphorus (TP) and total nitrogen (TN) as fixed effects, and region as a random effect
on intercepts. Degrees of freedom was 49.

Dependent variable

Fixed

effect Value SE t-value p-value

Adjusted.

p-value

Random

effect SD Residual SD

Phytoplankton biomass TP 0.2155 0.1380 1.5618 0.1248 0.2806 0.6870 0.9141

TN 20.2738 0.1827 1.4988 0.1403 0.2806 0.4580 0.9259

Primary productivity TP 0.5185 0.1206 4.298 0.0001* 0.0008* 0.3787 0.8244

TN 0.1996 0.1639 1.2176 0.2292 0.3667 0.6560 0.8376

Species richness TP 20.0666 0.1890 20.3522 0.7262 0.7534 0.8664 0.7127

TN 20.0602 0.1512 0.3983 0.6921 0.7534 0.5214 0.6730

Pielou’s evenness TP 20.0622 0.1970 20.3159 0.7534 0.7534 0.2373 0.9560

TN 0.3478 0.24656 1.5586 0.1255 0.2806 0.3778 0.8957

* Indicates statistically significant p-value (p < 0.05).
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see “Material and methods” section). Both limitation indices

showed that total biomass and primary productivity were

very significantly (p<0.001) higher in the N-limited than in

the P-limited communities (Table 4). The biomass of N2-fix-

ing cyanobacteria showed the same pattern, albeit with less

significance (p<0.05; Table 4). Additional significant differ-

ences between limitation groups were detected only with

L14C as the limitation indicator (Table 4): the number of

species was higher in N-limited communities than in P-

limited ones (p<0.01), whereas RUEchl was higher in P-

limited communities than in NP-limited ones (p<0.05). Spe-

cies richness, evenness, RUEPP, short-term primary productiv-

ity response, and the share of N2-fixing cyanobacteria of

total biomass failed to show significant relations to

limitation patterns determined with either indicator (data

not shown).

When the nutrient limitation categories (N- or P-limita-

tion) were collapsed into a single imbalance index, ranging

from perfect balance to exclusive single nutrient limitation,

no association with species richness or evenness was

observed (adj.R2<0.02, data not shown).

For path analysis, we constructed identical SEMs for rich-

ness and evenness (Fig. 4), accounting for exogenous effects

of resource availability (here TP) on primary productivity

and richness/evenness, and of resource ratios (here DIN : TP)

on biomass and richness/evenness. Endogenous paths related

richness/evenness to biomass, and biomass to primary pro-

ductivity. Both models were adequate representations of the

Table 4. ANOVA results for parameters which significantly differed between the N-, NP, and P-limited communities.
RUEchl5 resource use efficiency calculated based on Chl a. Parameters that did not show significant variation between the N-, NP-,
and P-limited communities were Pielou’s evenness, resource use efficiency calculated based on primary productivity (RUEPP), short
term primary productivity response, and share of N2-fixing cyanobacteria of total phytoplankton biomass (results not shown). Divid-
ing of communities into limitation classes based on L14C values: N-limited if the L14C was<20.33, P-limited if the L14C was>0.33,
and NP-limited if the L14C was 20.33 to 0.33. Dividing of communities into limitation classes based on DIN : TP ratios; N-limited if
the molar DIN : TP ratio was<2, P-limited if the ratio was>5.1, and NP-limited if the ratio was 2–5.1. Degrees of freedom was 59.

F p-value Tukey HSD 95% family-wise conf. level

Limitation based on L14C

Phytoplankton biomass 10.14 <0.001* Higher in N-lim than in P-lim

Daily primary productivity 8.32 <0.001* Higher in N-lim than in P-lim

Species richness 5.565 <0.01* Higher in N-lim than in P-lim

RUEchl 3.165 <0.05* Higher in P-lim than in NP-lim

Biomass of N2-fixing cyanobacteria 3.161 <0.05* Higher in N-lim than in P-lim

Limitation based on DIN : TP

Phytoplankton biomass 14.15 <0.001* Higher in N-lim than in P-lim

Daily primary productivity 11.15 <0.001* Higher in N-lim than in P-lim

Biomass of N2-fixing cyanobacteria 3.373 0.05 Higher in N-lim than in P-lim

* Indicates statistically significant p-value (p < 0.05).

Table 3. Results of linear mixed-effects model (LME) with phytoplankton biomass, primary productivity, and resource use efficiency
calculated based on Chl a (RUEchl) or daily primary productivity (RUEPP) as dependent variables, and species richness and Pielou’s
evenness as fixed effects, and region as a random effect on intercepts. Degrees of freedom was 49.

Dependent variable

Fixed

effect Value SE t-value p-value

Adjusted.

p-value

Random

effect SD Residual SD

Phytoplankton biomass Richness 0.1402 0.1549 0.9049 0.3700 0.4933 0.0697 0.9732

Evenness 20.8377 0.0939 28.9214 <0.0001* <0.0001* 0.0698 0.5671

Primary productivity Richness 20.0316 0.2511 20.1257 0.9005 0.9751 0.3882 0.8690

Evenness 20.3018 0.1219 22.4745 0.0169* 0.0676 0.0355 0.8412

RUEchl Richness 20.0054 0.1730 20.0314 0.9751 0.9751 0.1641 0.8224

Evenness 20.4287 0.1902 22.2534 0.0287* 0.0765 0.2826 0.7511

RUEPP Richness 20.1614 0.1369 21.1790 0.2441 0.3906 <0.0001 <0.0001

Evenness 20.4125 0.2174 21.8971 0.0637 0.1274 0.2833 0.9261

* indicates statistically significant p-value (p < 0.05).
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covariance structures in the sense that they had chi-square

goodness-of-fit p-values50.528 and 0.664, respectively (both

with three degrees of freedom), as well as modification

indices<1.1 and<1.4.

The two models were very similar in the sense that all

paths not involving richness/evenness showed practically

the same weights (Fig. 4). The strong positive effects of

nutrient availability and biomass on production are obvious,

and the relatively strong negative effects of DIN : TP on bio-

mass indicate higher biomasses under N limitation. The

main resource-related difference was the stronger link from

TP to richness (“SET effect”) than to evenness. The “BEF

effect” (richness to biomass) is quite negligible, while the

corresponding path from evenness to biomass was very

strongly negative. The latter probably reflects that the

reverse path, describing decreasing evenness in bloom situa-

tions, is more plausible.

The non-metric multidimensional scaling (NMDS) posi-

tioned the communities (Fig. 5, left panel) and the typical

species characterizing the communities (Fig. 5, right panel)

in the NMDS ordination space based on their species-specific

biomass composition. Geographic location was strongly

expressed in species composition, as the communities clus-

tered according to their geographical origin, even though

samples from the Bothnian Bay and from the eastern Gulf of

Finland formed two distinct clusters due to year-to-year dif-

ferences in the community composition (Fig. 5, left panel).

In the eastern Gulf of Finland, samples were characterized

by, e.g., the N2-fixing cyanobacterium Dolichospermum, non-

N2-fixing cyanobacteria from order Oscillatoriales, colonial

cyanobacteria from order Chroococcales, diatoms from gen-

era Chaetoceros, and chlorophyte Planctonema lauterbornii

(syn. Binuclearia lauterbornii) (Fig. 5, right panel). The sam-

ples from the eastern Gulf of Finland were separated into

two groups based on sampling year: in year 1994, crypto-

phytes were more abundant and chlorophytes less abundant

compared to the other study years. In the western Gulf of

Finland, samples were characterized by, e.g., the N2-fixing

cyanobacteria Aphanizomenon flos-aquae, dinoflagellates from

genus Dinophysis, and diatom Thalassiosira baltica. Samples

from the Archipelago Sea were characterized especially by

the importance of the diatom Coscinodiscus granii. The sam-

ples from the Bay of Bothnia separated into two groups

based on sampling year: most samples taken from the Bay of

Bothnia were characterized by diatom Diatoma tenuis and

chrysophytes Uroglena sp. and Dinobryon divergens. The other

group of the Bay of Bothnia samples consisted of samples

from year 1992, and in those samples the species composi-

tion was more similar to the species composition in the

western Gulf of Finland.

To address the relative importance of conceptually differ-

ent drivers for phytoplankton community structure, we used

permutational multivariate analysis of variance using dis-

tance matrices (PERMANOVA) to analyze the contributions

of local physical (temperature, salinity) and resource-related

(total nutrients, nutrient limitation) variables, together with

a regional (shoreline distance) determinant of phytoplank-

ton community composition (Table 5). Salinity explained

14% of the variability in phytoplankton community compo-

sition, while resource-related local variables amounted to ca.

8% (TN 4.4%, DIN : TP 3.2%). Temperature and TP effects

Fig. 4. Path diagrams for structural equation models relating exoge-
nous variables representing resource availability (TP) and resource ratios
(DIN : TP) on the left side of diagram to endogenous variables phyto-

plankton biomass (Biom), primary productivity (Pprod), and either rich-
ness (panel A) or evenness (panel B). Positive/negative path coefficients

and covariances are colored green/red with line thicknesses weighted by
absolute values. Path coefficients are indicated by single-headed arrows
while covariances are double-headed. Covariances between exogenous

variables (which are not fitted but are taken directly from the sample
covariance matrix) are not shown, Path diagrams are drawn with the

semPlot package for R (Epskamp 2015).
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were not significant. Shoreline distance between the sam-

pling stations explained 13% of the variability in the phyto-

plankton community composition (Table 5).

Discussion

The relationships between community properties (diversi-

ty, biomass, productivity), and their dependence on resource

availability and imbalance have been studied from different

perspectives, including the Species-Energy Theory (SET,

Wright 1983), the Resource-Ratio Theory (RRT, Tilman

1982), and the biodiversity ecosystem functioning (BEF) par-

adigm (Naeem et al. 1994; Gross and Cardinale 2007; Hille-

brand and Matthiessen 2009). It is conceivable that all these

approaches describe necessary, but not sufficient, dimensions

to explain productivity–diversity relationships in nature.

Cardinale et al. (2009) thus suggested that observed diversi-

ty–productivity relationships are shaped by the interplay of

four distinct, non-interchangeable variables: quantity of lim-

iting resources, resource imbalance, total biomass, and

Fig. 5. The non-metric multidimensional scaling (NMDS) was run with species-level phytoplankton biomass results. Left panel shows the ordination
of samples originating from four coastal regions (color code). Right panel shows the species ordination, i.e., which species characterized the samples

situated in the corresponding ordination in the left panel. Abbreviations in the right panel: Act, Actinocyclus spp.; Aped, Apedinella spp.; Apha, Aphani-
zomenon spp.; Botr, Botryococcus spp.; Chaet, Chaetoceros spp.; Chah, Chaetoceros holsaticus; Chlam, Chlamydomonas spp.; Chroo, Chroococcales;

Chryrom, Chrysochromulina sensu lato; Cla, Closterium acutum; Cos, Coscinodiscus granii; Diat, Diatoma tenuis; Dict, Dictyosphaerium spp.; Dinac,
Dinophysis acuminata; Dinb, Dinobryon spp.; Dind, Dinobryon divergens; Dinro, Dinophysis rotundata; Dino, Dinophyceae; Dipl, Diploneis spp.; Disy,
Didymocystis spp.; Dolich, Dolichospermum spp.; Eup, Eupodiscales; Eutr, Eutreptiella spp.; Fragil, Fragilaria spp.; Hemi, Hemiselmis virescens; Herot, Het-

erocapsa rotundata; Koli, Koliella spp.; Krh, Kirchneriella spp.; Meri, Merismopedia warmingiana; Mono, Monoraphidium spp.; Moto, Monoraphidium con-
tortum; Nitzsch, Nitzschia spp.; Ochr, Ochromonadales; Oscill, Oscillatoriales; Paul, Pauliella taeniata; Pela, Pseudopedinella elastica; Plag, Plagioselmis

prolonga; Plal, Planctonema lauterbornii; Ptri, Pseudopedinella tricostata; Pyra, Pyramimonas spp.; Pyrv, Pyramimonas virginica; Spha, Sphaerocystis spp.;
Thal, Thalassiosira baltica; Urog, Uroglena spp.

Table 5. Results of a permutational multivariate analysis of var-
iance using distance matrices (PERMANOVA) for those parame-
ters which significantly explained species-level phytoplankton
composition in samples originating from four coastal regions.
Parameters which did not explain phytoplankton species-level
composition significantly were total phosphorus, experimentally
verified limitation indicator L14C, and temperature. Degrees of
freedom was 59.

Sums of

sqs

Mean

sqs F. Model R 2 p-value

Salinity 2.133 2.13311 13.2557 0.14444 0.001*

Distance 1.912 1.91189 10.9574 0.12946 0.001*

TN 0.654 0.65358 3.7458 0.04426 0.001*

DIN : TP 0.473 0.47339 2.7131 0.03205 0.007*

Residuals 9.5966 0.17448 0.64980

Total 14.7686 1.00000

TN, total nitrogen; DIN, dissolved inorganic nitrogen; TP, total

phosphorus.
* Indicates statistically significant p-value (p < 0.05).
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species richness, and tested this approach with observation-

al, large-scale phytoplankton data. They emphasized that

experimentally controlled studies, with manipulations of

resource quantities, their ratios, and species richness would

be desirable to examine the joint impacts of the factors on

community biomass and productivity.

Our data set allows us to analyze interrelations of these

non-interchangeable variables in an experimental setup, to

assess their significance in natural species-rich phytoplankton

communities. Most importantly, we can utilize direct carbon

fixation measurements for community productivity, together

with experimentally verified limitation patterns of natural

communities, instead of the rather remote proxies for produc-

tivity and resource imbalance available in observational stud-

ies (e.g., Ptacnik et al. 2008; Cardinale et al. 2009). Our study

did not involve manipulations of species richness, but it sam-

pled local communities over a wide gradient of total nutrient

resources (P, N), their ratios (imbalance), biomass, and com-

munity composition. Besides contributing to analysis of local

interplay between resources and community properties, we

therefore addressed also the role of regional connectivity for

local community composition.

Resource availability and imbalance in shaping

community properties

Our results showed that biomass and productivity were

the highest when more resources (especially TP) were avail-

able (Fig. 2; Table 2). The weaker correlation with TN is likely

to reflect the large and spatially variable share of refractory

dissolved organic N in the total N pool in the Baltic Sea

(Hoikkala et al. 2012). Resource availability had an overall

effect on species richness (Figs. 2, 4A), along the lines of the

Species Energy Theory (SET; Wright 1983), although regional-

ly clustered variation was also evident (Table 2). Evenness

was not explained by resource availability. Experimental

studies using artificial communities have indicated evenness

to decrease with increasing nutrient supply (Gamfeldt and

Hillebrand 2011; Hillebrand and Lehmpfuhl 2011), but our

results suggest that evenness of natural species-rich commu-

nities is not regulated by total nutrient availability in the

temporally and spatially highly dynamic environment of the

phytoplankton. This conclusion is further supported by even-

ness not varying much between the coastal regions, in con-

trast to species richness, biomass, and productivity (Table 1),

despite the consistent regional differences in species-level

community composition (Fig. 5).

The Resource Ratio Theory (RRT, Tilman 1982) predic-

tion that species richness would be the highest when more

than one resource is limiting, was not supported. N-limited

and P-limited communities differed in their species rich-

ness, but balanced nutrient supply (combined P and N limi-

tation) did not support higher species richness or evenness

(Table 4). The imbalance index, which does not take into

account the currency of limitation, was not related to

species richness or evenness. Gamfeldt and Hillebrand

(2011) found the lowest evenness in artificially assembled

communities when nutrient supply was the most imbal-

anced. This discrepancy further indicates that diversity

dynamics of natural, species-rich communities are more

complex than experimentation with communities that are

artificially assembled from the material available in culture

collections. Still, nutrient imbalance explained both bio-

mass and production (Table 4), as did resource availability

(Figs. 2, 4; Table 2). Biomass and total daily 14C primary

productivity very clearly peaked under N limitation, and

were lowest under P limitation, whereas the productivity

proxies (RUEchl, RUEPP) showed weak or no relationships

with nutrient imbalance (Table 4).

Path analyses (SEM, Fig. 4) basically supported the strong

negative effect of biomass on evenness, but also a smaller

positive effect of productivity. The biomass effect is probably

linked to bloom monopolization and dominance. The posi-

tive effects of both TP and DIN : TP indicates that richness

increases with both amount of P and degree of P-limitation.

The BEF-type linkage from richness to biomass was very

weak and insignificant, while the corresponding path from

evenness to biomass had negative sign indicating reverse

causality.

Nutrient imbalance (in the form of N limitation)

explained only weakly the biomass of N2-fixing cyanobacte-

ria, but the association was weaker than between nutrient

imbalance and total biomass, and consequently the share of

N2-fixing cyanobacteria of total phytoplankton biomass did

not correlate at all with nutrient imbalance (Table 4). This

contrasts the assumption that competitive advantage of

diazotrophs is realized in natural aquatic systems as a simple

function of N limitation, and suggests that filamentous N2-

fixing cyanobacteria are primarily regulated by other factors

than ambient nutrient imbalance. Common explanations

include resistance to grazing, which allows these relatively

slow-growing species (Lehtim€aki et al. 1997) to reach bloom

densities, as well as tolerance to low light conditions

(Scheffer et al. 1997). The slow build-up of bloom biomass

levels obviously depends on longer-term nutrient dynamics,

including in situ (Tamminen 1989) vs. external (Kononen

et al. 1996; Vahtera et al. 2007) phosphorus supplies, the lat-

ter driven by local hydrographical conditions like upwelling

and vertical mixing in frontal areas (see Olli et al. 2015).

The reason why the share of N2-fixing cyanobacteria did not

correlate with nutrient imbalance could also be connected

to N2-fixation supporting not only the cyanobacteria them-

selves, but also other species since cyanobacteria leak signifi-

cant amounts of nitrogen (Ohlendieck et al. 2007; Ploug

et al. 2010, 2011). Equating ambient N limitation and occur-

rence of N2-fixing cyanobacteria blooms (e.g., Schindler

1977; Tyrrell 1999) appears to be based on a juxtaposition of

conclusions from incompatible spatial and temporal scales.
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The inverse relations between evenness and community

performance

Our results showed that evenness had stronger relation-

ships to functional community properties (biomass, produc-

tivity) than species richness (Figs. 3, 4). While species

richness did not explain biomass, primary productivity or

RUE in our data set, there was a highly significant inverse

relation between evenness and biomass. When evenness was

the lowest, both phytoplankton biomass and RUEPP were the

highest. This result supports findings presented recently by

Filstrup et al. (2014) and Hodapp et al. (2015), even though

it appears contradictory to several earlier results: terrestrial

studies showing that high diversity, measured usually with

species richness, supports higher productivity (e.g., a global

meta-analysis by Zhang et al. 2012); to experimental plank-

ton community studies showing that high species richness

supports higher productivity (Striebel et al. 2009; Stocken-

reiter et al. 2014); and to observational lake and coastal

plankton studies showing that genus richness supports

higher RUE (Ptacnik et al. 2008). In the latter, highest RUE

values were seen at low to moderate richness, although the

mean peaked at high diversity. Negative or non-linear rela-

tionships between evenness and biomass have been docu-

mented with terrestrial plant studies (Mulder et al. 2004).

The connections of evenness with functional community

properties might be best understood in context of the natu-

ral regime of planktonic ecosystems. The natural communi-

ties in our study did not represent actual bloom situations,

as seen in prevailing biomass or Chl a levels (Table 1), but

the inverse patterns of evenness with biomass or productivi-

ty were as could be expected during algal bloom events,

when one or few highly competitive species temporarily suc-

ceed in monopolizing available resources, leading to low

evenness. Robustness of the negative evenness-productivity

relation is supported by the recurring tendency for regions

to cluster when relating nutrient resources to biomasses or

productivity (Fig. 2; Table 2) both in regression analyses,

LME models and NMDS ordination. While communities

from distinct coastal regions differed clearly in their species

composition (Fig. 5), the negative relationship between

evenness and biomass was consistent within separate regions

as well (Fig. 3; Table 3).

It appears that in planktonic, species-rich natural commu-

nities, characterized by high overall variability (the physical

framework, resource availability, and species turnover), high

productivity and RUE are supported by recurrently shifting,

narrow time windows suitable for events of temporary

resource monopolization by few opportunistic species. The

inherently fluctuating, or “bloom-oriented’ mode of life of

natural planktonic communities might well be the key

explanation for the apparent contrasts in their diversity-

productivity results to those obtained both in terrestrial sys-

tems, and with artificially assembled aquatic communities in

controlled, stable environments. These planktonic “event

dynamics” are smoothed out, or entirely missed, in sparsely

sampled observational data sets. Richness and evenness may

also reflect community responses to the environment from

different time scales. Evenness particularly expresses the very

recent success of few potentially successful species under cur-

rent environmental conditions, while species richness may

rather be an echo from the past, integrating spatial back-

ground (horizontal advection, connectivity etc.) and a longer

temporal signal (remnant populations from formerly success-

ful taxa).

Resources and other local determinants of community

composition vs. metacommunities

Species turnover, refurbishing species richness of local

planktonic communities after episodic phases of resource

monopolization by most successful competitors, requires

supply of new taxa from neighboring areas, i.e., dispersal

from metacommunities (Vyverman et al. 2007; Ptacnik et al.

2010b). In the planktonic realm, and especially in the appar-

ent continuum of marine ecosystems, species transfer

appears particularly effective due to the free-floating life

mode of the communities.

NMDS analysis showed that coastal phytoplankton com-

munity composition (species-level biomass composition) dif-

fered clearly between the four regions (Fig. 5). It is

conceivable that the diluted predictive power of the univari-

ate analyses, which became evident when grouping by

region in the LME models, might be a reflection of stoichio-

metric and other trait differences between regional commu-

nities. Total nitrogen concentration and nutrient limitation

pattern (DIN : TP ratio) were the only local resource-related

variables affecting significantly community composition in

the Adonis results (explaining 4.4% and 3.2% of the variabil-

ity, respectively). Distance between the regions, indicating

the role of metacommunities in the assembly of local phyto-

plankton communities, explained 13% of the variability, i.e.,

a higher fraction than that of local resources together. In

addition to distance, also salinity (the largest single explana-

tory variable at 14%) could mainly indicate regionality,

instead of representing a truly local variable acting on the

physiological level of organisms, since the regions showed

quite constant salinities at the local level, while salinity dif-

fers systematically among stations (Table 1).

Species richness was significantly higher in the western

Gulf of Finland compared to the other regions. Since this

location is most exposed to water exchange with several

adjacent areas, including the main Baltic Sea basin

(Gasi�unait _e et al. 2005; Vahtera et al. 2005), species turnover

through increased connectivity is also potentially higher in

this area compared to the other regions. Our analyses there-

fore support the role of planktonic metacommunities in

shaping local community composition and ensuring species

turnover, responsible for maintaining local diversity (Ptacnik

et al. 2010c).
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Species that were able to monopolize the resources, forming

high biomass and generating low evenness, differed spatially

between the regions, and temporally during the summer season.

However, the diversity–evenness–productivity relationships of

the communities appeared comparable. For the functioning of

the food web, or for environmental consequences, species iden-

tities do matter. The prevailing species composition causes cas-

cading effects within the food web, as species forming high

biomass can, e.g., be harmful or harmless, or represent high or

low-quality food for grazers (Olli et al. 1996; Kozlowsky-Suzuki

et al. 2003; Uronen et al. 2007; Sopanen et al. 2009). Thus,

species-level information of the community would be essential

for also for applied functional assessments (e.g., Marine Strategy

Framework Directive of the European Union (MSFD; 2008/56/

EC); Rogers et al. 2010), since it cannot be replaced by only sum-

mative measures like total biomass, productivity proxies, or dis-

tributional indices of the community. However, species-level

inventories should be augmented with species-specific trait

information.

Diversity and function—species as carriers of traits

Diversity has been shown also to increase the stability of

plankton communities (Ptacnik et al. 2008). We tested if a

more diverse community was able to use experimentally

added nutrients more efficiently, as a resource-related distur-

bance. Species richness or evenness did not explain the

short-term productivity responses, in contrast to expecta-

tions. Maybe more surprisingly, neither did prevailing RUE

predict the productivity increases due to additional resour-

ces. It appears that species-level traits (nutrient affinities,

maximum growth rates) that are masked by community-

level properties or proxies, are essential for in situ responses

to sudden changes in resource availability.

Our results showing the consistent inverse relationship

between evenness and phytoplankton biomass or RUE,

despite the varying species composition, suggest that these

relationships are driven by community dominance patterns,

as opposed to being driven by any particular taxa. This find-

ing complements the assumption that identities and charac-

teristics of dominating species have an impact on BEF

relationships (Hillebrand et al. 2008), and studies showing

that a few dominant species may be behind the inverse rela-

tionship between evenness and RUE (Filstrup et al. 2014;

Hodapp et al. 2015).

Phytoplankton species identity information alone has lim-

ited explanatory power for the prediction of winner species

in planktonic windows of opportunity, and for the conse-

quences of events of resource monopolization, in the

absence of quantitative information on their ecological

traits. These traits include description of competitive

strength within a set of environmental conditions (nutrient

affinities, maximum growth rates, light harvesting machin-

ery, resistance to grazing, allelopathic potential etc.), but

also the “consumer angle,” i.e., stoichiometric composition

and other nutritional value for grazers, toxicity, palatability

etc. (Litchman and Klausmeier 2008).

Quantitative modelling of functional connections between

resources, species richness, evenness, and production, as well

as food web transfer properties like edibility and toxicity,

would therefore require descriptions of species as carriers of

sets of traits. In planktonic ecosystems, accumulation of such

information is still in a rudimentary phase, but during the

ongoing global and local changes in all aquatic environments,

progress in trait-based community ecology would be essential

to deepen our understanding of the multifaceted relationships

between productivity and diversity.

References

Andersen, T., T. S. Saloranta, and T. Tamminen. 2007. A sta-

tistical procedure for unsupervised classification of nutri-

ent limitation bioassay experiments with natural

phytoplankton communities. Limnol. Oceanogr.: Meth-

ods 5: 111–118. doi:10.4319/lom.2007.5.111

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false dis-

covery rate: A practical and powerful approach tomultiple test-

ing. J. R. Stat. Soc. Ser. B 57: 289–300. doi:10.2307/2346101

Cardinale, B. J., H. Hillebrand, W. S. Harpole, K. Gross, and

R. Ptacnik. 2009. Separating the influence of resource

‘availability’ from resource ‘imbalance’ on productivity-

diversity relationships. Ecol. Lett. 12: 475–487. doi:

10.1111/j.1461-0248.2009.01317.x

Cardinale, B. J., and others. 2012. Biodiversity loss and its impact

on humanity. Nature 486: 59–67. doi:10.1038/nature11148

Deutsch, C., J. L. Sarmiento, D. M. Sigman, N. Gruber, and J.

P. Dunne. 2007. Spatial coupling of nitrogen inputs and

losses in the ocean. Nature 445: 163–167. doi:10.1038/

nature05392

Elser, J. J., and others. 2007. Global analysis of nitrogen and

phosphorus limitation of primary producers in freshwater,

marine and terrestrial ecosystems. Ecol. Lett. 10: 1135–

1142. doi:10.1111/j.1461-0248.2007.01113.x

Epskamp, S. 2015. semPlot: Unified visualizations of structur-

al equation models. Struct. Equ. Modeling 22: 474–483.

doi:10.1080/10705511.2014.937847

Filstrup, C. T., H. Hillebrand, A. J. Heathcote, W. S. Harpole,

and J. A. Downing. 2014. Cyanobacteria dominance influ-

ences resource use efficiency and community turnover in

phytoplankton and zooplankton communities. Ecol. Lett.

17: 464–474. doi:10.1111/ele.12246

Funkey, K. P., D. J. Conley, N. S. Reuss, C. Humborg, T.

Jilbert, and C. P. Slomp. 2014. Hypoxia sustains cyanobac-

teria blooms in the Baltic Sea. Environ. Sci. Technol. 48:

2598–2602. doi:10.1021/es404395a

Gamfeldt, L., and H. Hillebrand. 2011. Effects of total resour-

ces, resource ratios, and species richness on algal productiv-

ity and evenness at both metacommunity and local scales.

PLOS One 6: e21972. doi:10.1371/journal.pone.0021972

Lehtinen et al. Phytoplankton species richness, evenness, and production

13



Gasi�unait _e, Z. R., and others. 2005. Seasonality of coastal

phytoplankton in the Baltic Sea: Influence of salinity and

eutrophication. Estuar. Coast. Shelf Sci. 65: 239–252. doi:

10.1016/j.ecss.2005.05.018

Grace, J. B. 2006. Structural equation modeling and natural

systems. Cambridge Univ. Press.

Gross, K., and B. J. Cardinale. 2007. Does species richness

drive community production or vice versa? Reconciling

historical and contemporary paradigms in competitive

communities Am. Nat. 170: 207–220. doi:10.1086/518950
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Summary

1. We analysed the functional composition of coastal phytoplankton communities (n = 7941)

along the gradient from marine to brackish waters of the Baltic Sea, using species-specific mor-

phological and ecological functional traits (ability to fix atmospheric nitrogen, mixotrophy, use

of silica in cell walls, formation of chains or colonies, motility, accessory pigment composition,

and size), to describe and measure the functional differences between species.

2. Mean pairwise functional distance of phytoplankton communities increased from spring to

mid- and late summer in all regions, due to higher pigment diversity, increased share of mixo-

trophic and nitrogen-fixing species, more diverse size distribution and reduced dominance of

silica users.

3. A null model that simulated the expected community composition from empirical spatial

distribution and environmental preferences of individual taxa was used to partition the effects

of habitat filtering and biotic interactions on the community assembly.

4. About every fourth community departed significantly from random expectations, signalling

the notable effect of biotic interactions in the assembly of natural phytoplankton communities.

Key-words: coastal waters, community assembly, functional traits, phytoplankton, species

pool

Introduction

Understanding and explaining the assembly of local com-

munities from the regional species pool is a central goal

for both theoretical and applied ecology. Functional

groups of free-living phototrophic protists and cyanobacte-

ria in the plankton (commonly referred to as phytoplank-

ton) exhibit well-known preferences to seasonal and spatial

variations in temperature, salinity, light, presence of

resources and predators (Barton et al. 2013). These define

the coarse biogeography and seasonality of plankton func-

tional traits. This knowledge is implemented in global

plankton models explaining broad biogeographical and

seasonal patterns in phytoplankton traits (Ward et al.

2012; Edwards, Litchman & Klausmeier 2013). However,

it is poorly understood how much functional similarity

and biotic interactions between phytoplankton species

determine the assembly of natural communities, compared

with the progress made in terrestrial ecosystems and com-

munities (Goetzenberger et al. 2012).

Functional traits of an organism are phenotypic charac-

teristics that mediate growth, reproduction and survival

(Violle et al. 2007), and determine its fitness for given bio-

tic and abiotic conditions (Litchman & Klausmeier 2008).

Functional traits reveal ecological differentiation between

species and represent one of the most relevant components

of biodiversity that affect ecosystem processes. Functional

trait information, alongside with phylogeny, has also been

employed to infer the mechanisms that drive the commu-

nity assembly (Grime 2006). Classical niche theory and the

hypothesis of limiting similarity assumed that there is a

limit to how similar coexisting species can be (MacArthur

& Levins 1967), predicting that coexisting species will be

more different than expected at random (divergence). Con-

comitantly, coexisting species may be more similar than

expected (convergence) resulting from habitat filtering, due

to shared ecological tolerances (Cornwell, Schwilk & Ack-

erly 2006; Grime 2006). With an increasing number of

studies unravelling the community assembly rules, the

mechanisms behind species coexistence and community

assembly have proven to be more sophisticated, and it is

now recognized that both convergence and divergence can

signal multiple drivers, and also positive interactions, such

as facilitation, affect the community assembly (Valiente-

Banuet & Verd�u 2007). Furthermore, competitive exclu-

sion can result in coexistence of both ecologically more*Correspondence author. E-mail: riina.klais@ut.ee

© 2016 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and
no modifications or adaptations are made.

Functional Ecology 2016 doi: 10.1111/1365-2435.12784



dissimilar and more similar species than expected at ran-

dom. The theory of competition-relatedness explains these

contrasting patterns with two types of functional differ-

ences between species that affect the assembly process – fit-

ness differences and niche differences. When only fitness

differences determine the outcome of coexistence, resulting

pattern should be convergence in trait values, since all less

fit species will be out-competed. When the niche differences

drive the community assembly, limiting the competitive

exclusion only to those species pairs that share the niche

preferences, ecologically dissimilar species coexist, despite

their fitness differences, leading to divergent signal in

respective trait values (Chesson 2000; Mayfield & Levine

2010). Since the exclusion of one species in a pair of simi-

lar species takes very long time in the nature, the resulting

pattern of apparent neutral coexistence inspired the theory

of emergent neutrality (Vergnon, Dulvy & Freckleton

2009; Segura et al. 2011).

Convergence or divergence as deviations from random

expectation in trait values is quantified by comparing some

functional diversity metric of the observed communities

against a null model – a randomized set of species drawn

from a strategically defined species pool. Definition of the

species pool is critical for the interpretation of non-ran-

dom signatures resulting from such comparison. To sepa-

rate the effect of biotic interactions and habitat filtering,

the species pool used in randomization has to simulate spe-

cies composition resulting from only one of the effects, for

example exclude all the species that cannot be present in a

sample because of their environmental preferences, while

including all (or at least most) of the species that could be

present (de Bello et al. 2012). Correct definition of such

species pools has proven to be a major challenge and is

often at risk of subjectivity.

The aim of this study is to describe the spatial and sea-

sonal patterns of functional structure of the phytoplankton

across the marine to brackish and latitudinal gradients

(54 N–60�5 N) of the Baltic Sea, and to infer the drivers of

the phytoplankton community assembly. To achieve this,

we used the species’ environmental preferences with respect

to season, location, temperature and salinity, to constrain

the species pools and simulate the expected community

composition for any combination of environmental condi-

tions, in order to separate the signals of habitat filtering

and biotic interactions in the resulting functional structure

of phytoplankton.

Materials and methods

SAMPL ING OF PHYTOPLANKTON

We used data of 7941 observed planktonic communities of auto-

and mixotrophic single-celled protists and cyanobacteria (679

taxa, of these 236 diatoms, 100 chlorophytes, 98 cyanobacteria, 74

dinoflagellates, 39 chrysophytes, other groups represented less fre-

quently) from the Baltic Sea (hereafter phytoplankton), collected

between 1982 and 2008 within national monitoring programmes

of the countries around the Baltic Sea (Olli et al. 2013). The data

set consisted of fully quantitative records of taxonomic composi-

tion and biomass values (lg L�1) of the recorded taxa. Abun-

dances (cells L�1) were transformed to biomass values using

species-specific cell volumes provided by the microscopists, and

assuming a density of 1.

The phytoplankton communities represent samples from the

integrated surface mixed layer, spatially aggregated into four

regions of the Baltic Sea (Fig. 1). The Baltic Sea covers wide envi-

ronmental gradients, both seasonally (sea surface temperature)

and spatially (eutrophication, salinity). Salinity spans from almost

fully marine at the transition from the North Sea to the Baltic Sea

(Kattegat) to almost freshwater in the inner bays and gulfs – Gulf

of Riga and Gulf of Finland, but varies also due to irregular saline

water inflows from the North Sea, and interannual variation in

precipitation. Most of the Baltic Sea is nitrogen-limited, as is com-

mon to marine systems (Tamminen & Andersen 2007). Seasonal

succession of phytoplankton community composition in the Baltic

Sea is characterized by the development of recurring blooms (Gra-

siunaite et al. 2005) – the spring blooms of fast-growing, large-

celled diatoms and cold-water dinoflagellates (Klais et al. 2011),

blooms of positively buoyant nitrogen-fixing cyanobacteria in the

summer (Olli, Klais & Tamminen 2015), and another modest dia-

tom bloom in the autumn, if the wind-induced mixing brings new

nutrient into the euphotic layer (van Beusekom et al. 2009).

FUNCT IONAL TRA ITS

We assigned qualitative functional traits to the historical records a

posteriori. The assigned traits are relevant for phytoplankton

resource acquisition and survival (Litchman & Klausmeier 2008):

organism size, ability of atmospheric nitrogen fixation, buoyancy

control, capacity to use silica in cell walls, motility, potential to

form chains or colonies, mixotrophy and composition of accessory

pigments (chl c, chl b and phycobilins). Trait values were assigned

based on literature review, web search and expert knowledge

(Table 1).

Organism size is considered a key trait in phytoplankton ecol-

ogy, restraining the surface-to-volume ratio, growth rate, nutrient

uptake and storage capacity, sinking rate, but also affecting the

Fig. 1. The regional location of phytoplankton communities used

in the analysis: Kattegat (1124 samples), Southern Baltic (593

samples), Gulf of Riga (888 samples) and Gulf of Finland (3041

samples). Further 2295 samples were scattered throughout the

Baltic Sea and were only used to estimate the species environmen-

tal preferences along environmental gradients.

© 2016 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society., Functional Ecology
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predation risk. Organism size presents a critical trade-off between

being small, fast-growing, easily floating, but prone to predation,

and being large, slow-growing, prone to sinking, but grazing resis-

tant (Smayda 1970; Banse 1976; Thingstad et al. 2005). Organism

size was accounted for by two variables – the mean and standard

deviation of log-transformed cell volumes as reported by micro-

scopists. Colony formation poses a trade-off similar to cell size.

Colonies tend to be more grazing resistant, but are weaker nutri-

ent competitors due to the lower effective surface-to-volume ratio

(Thingstad et al. 2005).

Variation in accessory pigments composition allows differences

in spectral use of light that can provide opportunities for species

coexistence under light limitation (Stomp et al. 2004; Falkowski &

Raven 2007). Mixotrophy – ability to combine auto- and hetero-

trophic nutrition – is a generalist strategy, which is advantageous

under low nutrient conditions (Litchman & Klausmeier 2008).

Atmospheric dinitrogen fixation ability can give a substantial com-

petitive advantage under nitrogen limitation (Herrero & Flores

2008). Motility and buoyancy allow phytoplankton to regulate

their vertical position, select for optimal light and nutrient condi-

tions, but also avoid sinking losses.

For the plastic traits, such as colony and chain formation,

mixotrophy and nitrogen fixation, the trait value refers to a poten-

tial of a function, not whether it was expressed in any particular

community.

FUNCT IONAL STRUCTURE OF THE COMMUNITY

To measure the functional structure of the phytoplankton commu-

nity, we used the mean pairwise functional distance of species in a

sample, weighted by the product of species’ biomasses of each pair

[mean pairwise distance (MPD); function ‘mpd’ or the R package

‘PICANTE’, modified to exclude species distances with itself]. Func-

tional distance between pairs of species was calculated from the

seven traits described above, as Gower distance (function ‘gowdis’

of the R package ‘PICANTE’) due to its virtue to allow combination

of binary and continuous traits and different weighting of traits.

Pigmentation trait combined the presence of three main accessory

pigments (chl c, chl b and phycobilins), each given a weight of 1/3.

Size trait combined of two variables, mean and standard deviation

of organism size, both given a weight of 1/2.

To describe spatiotemporal variability of traits, we calculated

community-weighted mean (CWM) values for the individual traits

in samples and show their spatial and seasonal variation. For bin-

ary traits, CWM is the biomass proportion of species having a

trait value 1, that is the proportions of nitrogen fixing, buoyant,

motile, chain forming or silica using species. CWMs of binary

traits identify also the effects that individual traits have on the sea-

sonal patterns of MPD, because MPD increases as the biomass

proportion of a binary trait approaches 0�5. Since individual pig-

ments were down-weighted in the calculation of the Gower dis-

tance and thus also the MPD, we do not show the CWM of

individual pigments, but instead MPD that was calculated from

the presence of the three pigments. For organism size, CWM is

the biomass-weighted mean size of organisms in the sample, and

we calculated it from both the taxon-specific mean size in func-

tional trait table and the actual sizes reported with particular com-

munities. The former describes the seasonal variation due to

changing species composition (species turnover) and the latter the

additional effect of intraspecific plasticity of size. CWM of size

does not directly describe its effect on the MPD of samples, and

we also calculated the MPD from the two traits that represented

size in the trait table.

NULL MODEL CONSTRUCT ION

The null model represented the expected community composition

based on the empirical spatio-temporal distribution and environ-

mental preferences of species, constrained to match the species

richness of the observed sample. The null model construction was

a two-stage process. First, using a generalized additive model

(GAM; function ‘gam’ in R package ‘MGCV’; binomial error distri-

bution with logit link), we predicted the probability of presence of

a species in a particular community as a function of geographic

location (latitude and longitude), salinity, temperature, day-of-the-

year and year of observation. Secondly, once the species was cho-

sen to be present in the community, its biomass was predicted

with a second GAM (gamma error distribution with log link).

Here, the species biomass was estimated by the same spatio-tem-

poral and environmental predictors, superimposed with Gaussian

noise equal to �2 standard errors of GAM. For rare species, the

biomass distribution could not be estimated with GAM, and the

Table 1. Functional traits used in the analysis, and the groups that possessed the trait value 1

Trait Groups where present Description

Mixotrophy Cryptophytes, haptophytes, dinoflagellates,

chrysophytes, prymnesiophytes (some)

Ability of autotrophic organisms to gain additional energy

via heterotrophy. All obligatory heterotrophic species

were excluded from the analysis.

N2-fixing Cyanobacteria (some) Ability to fix atmospheric nitrogen (N2), present in some

heterocystous cyanobacterial species.

Motility All dinoflagellates, cryptophytes, euglenoids,

haptophytes, some chlorophytes, most

chrysophytes

Flagellated species. Ability to swim, three-dimensionally.

Buoyancy Some cyanobacteria Ability of cyanobacteria with gas vesicles to control the

vertical position in the water column.

Silica All diatoms, some chrysophytes Ability to use of biogenic silica as cell wall material.

Colony/chain All cyanobacteria, plastic for most frequent

groups, except for cryptophytes, where no taxa

was colony forming

Ability to form colonies or chains.

Accessory pigments Possession of photopigments chlorophyll b, chlorophyll c,

phycobilins

Organism size Mean cell volume in log scale, and its standard deviation.

In filamentous or colonial species, cell volume refers to

the volume of counting unit, that is the entire colony, or

fragment of filament.

© 2016 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society., Functional Ecology
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mean biomass of all observations of the species was used instead.

The process was reiterated 1000 times for every observed sample,

and each time MPD of the simulated sample was calculated

(MPDsim). The two-stage process was needed, because species

presence–absence and biomass could not be simulated with a sin-

gle statistical error distribution. Day-of-the-year and year of

observation accounted for the seasonality and long-term turnover

of the species distribution, respectively (Olli et al. 2013). Our pre-

dictor variables are not independent. Salinity and temperature cor-

relate with spatial location and sampling day-of-the-year.

However, our goal was to combine the predictor variables to

account for all (or most) of the community assembly caused by

environmental filtering.

S IGNAL OF B IOT IC INTERACT IONS

Observed MPD (MPDobs) more extreme than the distribution

of MPDsim signalled the effect of biotic interactions in com-

munity assembly. Departure of MPDobs from the null model

was considered statistically significant when <2�5% of MPDsim

were lower (convergence) or higher (divergence) than the

observed community MPD. The 2�5% corresponds to accept-

able rate of type I error, accounting for false positives in

model validation, where the null model considers a truly ran-

dom sample as non-random.

Results

Sea surface temperature, salinity and total phytoplankton

biomass showed clear seasonality and regional patterns

(Fig. 2). Also, seasonality explained 7–35% of the variabil-

ity of phytoplankton functional community composition

(MPD) (Fig. 3). MPD of phytoplankton communities was

lower during spring bloom and higher during mid- to late

summer in all regions. Regionally, MPD tended to be

lower in Kattegat. More equal shares of all taxonomic

groups were observed in summer months in all regions

(Fig. 3e–h) and probably contributed to the seasonally

higher MPD.

Overall, 24�7% of the phytoplankton communities did

not conform with the null model expectations, with 12%

significantly divergent (>97�5% of MPDsim values lower

than MPDobs) and 12�7% significantly convergent

(>97�5% of MPDsim values higher than observed MPD)

(Fig. 3). Departure from the null model was most fre-

quently detected in Kattegat, up to 35% of the communi-

ties. In particular, community divergence in Kattegat

(20% of communities) was twice as frequent as in other

regions (Fig. 3i–l).

Nitrogen fixation, buoyancy and mixotrophy comprised

usually less than half of the total biovolume, and the bio-

mass proportion of these traits increased towards summer

(Fig. 4a–c). Nitrogen fixation (and buoyancy) was more

prominent in the Gulfs of Finland and Riga, mixotrophy

in the southern Baltic Proper and Kattegat. Motile spe-

cies generally dominated in all regions but Kattegat, and

their proportion increased only modestly in summer

(Fig. 4d). Colonial species and silica users were more

common in spring blooms, or when they comprised on

average half of the biovolume, except in Kattegat, where

the spring blooms were strongly dominated by diatoms

(Fig. 4e,f). Mean size of organisms decreased towards

summer and increased again in autumn in all regions,

except Kattegat. The organisms were on average larger in

Kattegat, and the mean size started to increase already in

April, both when using the mean size per taxon, or

actual sizes reported in samples (Fig. 4g). The MPD of

size (Fig. 4h) had low seasonal variation, except for the

Southern Baltic Proper, and was in opposite phase with

community-weighted mean size (Fig. 4g), suggesting a

lower MPD in times when mean size was larger. The pig-

ment composition of communities diversified towards

summer in the northern basins, but despite remarkable

differences in mean values, was seasonally surprisingly

stable in Kattegat and Southern Baltic (Fig. 4i). Stronger

seasonality in the MPD of pigments was found in the

Gulfs of Finland and Riga, with highest values in late

summer and autumn.

Discussion

The functional structure of phytoplankton community,

measured as MPD, varied seasonally and regionally in the

Baltic Sea. There was a strong tendency for functionally

more similar phytoplankton in spring bloom communities,

and for increasing functional diversity towards summer.

This was a recurrent feature in all regions. MPD was on

average somewhat lower in Kattegat, which is a dynamic

transitional zone bordering the fully saline North Sea.

Notably, 24�7% of the phytoplankton communities were

dominated by either functionally more similar (conver-

gent) or less similar (divergent) species than expected at

random. Again, the transitional Kattegat revealed a par-

ticularly strong disagreement between the null model and

observations.

Fig. 2. The seasonal and spatial variability

of (a) surface salinity, (b) temperature and

phytoplankton biomass (c). The smooth

curves are GAM predictions of the vari-

ables against day-of-the-year.
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When using binary traits as in the present study, func-

tional difference in the community is generally highest

when the species with trait values 1 and 0 are present in

similar shares of total biomass. Therefore, community-

weighted mean values of motile, N2-fixing, chain-forming

and mixotrophic species elevate MPD when approaching a

proportion 0�5. Based on that, and the CWM values of

individual traits in Fig. 4, low MPD in spring is in all

areas due to absence of N2-fixing and buoyant species and

low share of mixotrophic species. In the northernmost

basins (gulfs of Riga and Finland), also the pigment diver-

sity tends to be lower in spring.

The canonical spring blooms, common in temperate and

boreal coastal waters, are characterized by turbulent

and nutrient-rich environments, supporting ephemeral and

fast-growing species, often the diatoms (Smayda & Trainer

2010). The Baltic Sea is an exception to this general

diatom dominance during spring, with an anomalous niche

overlap of diatoms and large cold-water dinoflagellates

(Klais et al. 2011). Although the two groups differ in

important functional traits like motility and silica use and

have traditionally been considered as discrete and contrast-

ing functional groups (Klais et al. 2011; Hinder et al.

2012), they have many traits in common when considering

the functional variability within the phytoplankton at

large: both are mostly autotrophic in spring, similar in size

and pigment composition, and neither group is capable of

fixing N2. Once the spring bloom is terminated by the

depletion of inorganic nitrogen and onset of thermal strati-

fication of the water column (Lignell 1993), alternative

strategies of resource acquisition like N2-fixation and

mixotrophy gain importance, which was reflected in the

increase of MPD during summer. Lower MPD values in

Kattegat were due to year-round absence of N2-fixers and

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 3. Seasonal and regional variability of MPD (a–d), key phytoplankton groups (e–h) and probability of detecting divergent or conver-

gent communities (i–l). Points in a–d mark single communities and curved lines the GAM smooth of the day-of-the-year with 29 standard

errors as dashed lines. Dev.expl. is the deviance explained by the smooth function, a proxy of the strength of the seasonal signal in MPD.

Values (%) on the panels (i–l) show the average percentage of convergent and divergent communities.
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buoyant species, but also due to low pigment diversity,

caused by the dominance of diatoms and dinoflagellates

which have relatively similar pigment composition.

The mean size of organisms decreased from spring to

summer, which is in agreement with experimental studies

showing negative relationship between water temperature

and phytoplankton cell size (Sommer et al. 2006). Further,

using the cell size as recorded by the microscopists resulted

in consistently larger mean cell size during summer than

fixed cell size per taxon. This indicates seasonal plasticity

of the size trait, and a within species tendency of larger

cells in summer, which is expected under stronger grazing

pressure. Also, lower mean size of organisms coincided

with slightly higher MPD of the size trait. This suggests

that in communities with smaller cells on average, size dif-

ference between dominating species was larger.

Assuming that the null model accounted for all, or at

least most of the environmental filtering, we deduce that

about one-fourth of the natural phytoplankton communi-

ties were measurably shaped by the biotic interactions

between taxa. Our null model approach relies on the pre-

mise that the response of species to environmental gradients

corresponds to their fundamental niche and is not systemat-

ically affected by competition with other species. Conse-

quently, deviations from the fundamental niche, perceived

as the realized niche, result from biotic interactions. If biotic

interactions shaped the species’ realized niche estimations

significantly, part of the biotic interaction signal (deviance

from expectation) will be suppressed and incorporated in

the null model. Therefore, we consider our proportion of

non-random signal to be on a conservative side, possibly

underestimating the importance of biotic interaction in

community assembly. However, it is also possible that the

null model did not include all relevant environmental vari-

ables, in which case some of the convergence signal could

also arise from the residual effect of environmental filtering.

To the best of our knowledge, this is the first study to

separate and quantify the effect of biotic interactions and

habitat filtering in the natural phytoplankton communities,

on large basin-wide and seasonal scales. Majority of the

communities were in the limits of null model prediction

(75�3%). This conforms with the notion of phytoplankton

being primarily driven by abiotic environment (Barton

et al. 2013).

In the remaining 24�7% of communities, significant

departures from null model were detected to both direc-

tions, functional divergence and convergence. Both diver-

gence and convergence in functional composition can

theoretically result from the competition, depending on

what type of differences – niche or fitness differences –
determine the outcome of community assembly (Chesson

2000; Mayfield & Levine 2010). In plant ecosystems, rela-

tive importance of niche differences depends on the habi-

tat heterogeneity that poses different constraints on

species, thereby weakening their competition, soil type

being one such example (Mayfield & Levine 2010). As an

analogue, water column stability, and related light and

nutrient conditions, but also grazing pressure, play an

important role in the habitat heterogeneity for phyto-

plankton. Stratified and nutrient-depleted water provides

opportunities for motile species, nitrogen fixers, mixo-

trophic species. Turbidity benefits the taxa with more

diverse pigment composition capable of harvesting wave-

lengths of light that penetrate deeper in the water (Litch-

man & Klausmeier 2008). Mixed water column favours

the species that are better adapted to fluctuating light

Fig. 4. Seasonal and regional patterns of

the CWM values of individual traits (a–g)
and MPD of size and pigments (h, i).

Dashed lines in the CWM of size (g) are

based on actual size distribution of organ-

isms in the samples and the solid lines on

taxon-specific mean sizes.
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levels, and the presence of herbivores will penalize the

small cells that otherwise would out-compete larger cells

owing to their higher nutrient affinities and shorter gener-

ation times (Kiørboe 1993).

At the same time, positive interactions, for example the

facilitation, have gained more attention among ecologists

in the last two decades, also in marine realm (Bulleri

2009). In a series of invasibility experiments with freshwa-

ter green algae, Narwani et al. (2013), Venail et al. (2014)

and Fritschie et al. (2014) demonstrated the interspecific

facilitation, measured as an increase in growth rate of the

species when invading the culture of another species.

Experimental studies with nitrogen-fixing cyanobacteria

have also shown positive effects of elevated abundances of

these species on the growth of other, non-nitrogen-fixing

species, especially under nitrogen limitation (Agawin et al.

2007; Carey et al. 2014). Hence, the deviations from null

model detected here do not imply necessarily the negative

interactions between species, but may also be due to posi-

tive interactions, for example when the higher proportion

of nitrogen-fixing species allows also other, functionally

very different, non-nitrogen-fixing species to attain higher

abundances during oligotrophic summer conditions.

The advantage of using long-term monitoring time series

is the increasing accuracy of estimating the species envi-

ronmental preferences that is essential to partition the vari-

ation in community assembly into components determined

by environmental filtering and biotic interactions. How-

ever, using the historical phytoplankton monitoring data

to assess community assembly has also its pitfalls. Our

analysis relied on the accuracy of taxonomic information

provided. Both the expertise of microscopists and the

nomenclature have changed over the decades. To account

for the changes in taxonomy, we updated the taxonomy to

the currently valid taxa, using the World Register of Mar-

ine Species data base (Costello et al. 2013), but this will

not safeguard against misidentification of taxa. Since iden-

tification of species depends on their morphology, it allows

still to estimate the functional composition of the commu-

nity. The second concern is the availability and accuracy

of functional trait values, particularly for plastic traits, for

example colony-forming vs. solitary cells, as several species

can switch between solitary to colonial forms depending

on the environment. There is evidence of shortening of

chains as a response to predation pressure – for example,

chains of diatom Skeletonema marinoi and dinoflagellate

Alexandrium tamarense break down when copepods are

added to the medium (Selander et al. 2011). Kruk &

Segura (2012) advised not to use the taxonomy based

pre-specified trait information, since plastic trait values

may be expressed under particular environmental pressure

(this includes also the N2-fixation and mixotrophy). Conse-

quently, the actual trait value needs to be confirmed with

observation, which usually is not possible with historic

time series. While we can only agree with this statement,

the state of some plastic traits, like mixotrophy, cannot be

confirmed even with visual inspection of routine

monitoring samples. We therefore chose an approach

where the plastic traits refer to the potential of performing

the particular function. Further, we argue that switching

on the plastic function, for example mixotrophy or N2-

fixation, exerts a considerable cost to the organism. There-

fore, a notable contribution of species with particular trait

in the total biomass is likely only when the costly trait pro-

vides a substantial competitive advantage over other

resource acquisition strategies, and hence was expressed.

Concomitantly, some environmental variables are not

readily available for historic time series, which may affect

the null model. As an example, the mixed layer depth is

only crudely accounted for by the season and geographic

location, but may be an important determinant of light

and nutrient availability as sensed by phytoplankton.

Conclusions

Use of functional traits in phytoplankton ecology is still in

its early stages, and the availability of trait information is

often critical. Quantitative physiological traits (e.g. growth

rate, nutrient uptake kinetics) are not known over the wide

taxonomic groups. Also, the morphological traits like sur-

face-to-volume ratios and maximum dimensions of organ-

ism are not readily available. Despite these obvious

limitations, trait-based approaches remain an appealing

opportunity for bringing new insights into the phytoplank-

ton ecology. Our analysis of thousands of phytoplankton

samples indicates that about every fourth community

departs significantly from random expectations, signalling

the notable effect of biotic interactions in the assembly of

natural phytoplankton communities.
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Combining the existing knowledge on links between functional characteristics of

phytoplankton taxa and food web functioning with the methods from long-term data

analysis, we present an approach for using phytoplankton monitoring data to draw

conclusions on potential effects of phytoplankton taxonomic composition on the next

trophic level. This information can be used as a part of marine food web assessments

required by the Marine Strategy Framework Directive of the European Union. In this

approach, both contemporary taxonomic composition and recent trends of changes are

used to assess their potential consequences for food web functioning. The approach

consists of four steps: (1) long-term trend analysis of class-level and total phytoplankton

biomass using generalized additive models (GAMs) and calculating average biomass

share of each phytoplankton class from the total phytoplankton biomass, (2) comparing

the current phytoplankton community composition and its long-term changes with

non-metric ordination analysis (NMDS) of genus-level biomass, (3) describing which taxa

(the most accurate taxonomic level) are primarily responsible for forming the biomass and

for causing the possible changes, and (4) interpretation of the phytoplankton results to

assess the potential effects on the next trophic level. Within step 4, special attention

is given to the following characteristic of taxa: potential suitability or quality as food

for grazers, harmfulness, size, and trophy. These characteristics are selected based on

existing scientific knowledge on their relevance to the higher trophic levels. In this article,

we present the concept of the suggested approach and demonstrate the phytoplankton

analyses with multi-decadal monitoring data from the northern Baltic Sea. We also

discuss the future development of the approach toward a food web index by combining

or replacing the taxonomic analyses with functional trait-based approaches.

Keywords: food web, phytoplankton community composition, marine strategy framework directive, long-term

monitoring, environmental assessment
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INTRODUCTION

In marine pelagic ecosystems, phytoplankton is the key organism
group responsible for practically all primary production. In the
Marine Strategy Framework Directive of the European Union
(MSFD; 2008/56/EC), and subsequent Commission Decision
(2010/477/EU), the requirements for assessing the status of
marine food webs were set. Looking back in time, the role
of phytoplankton as the foundation of food webs was one
of the main motivators for the first large-scale phytoplankton
investigations undertaken in northern seas, among them the
Baltic Sea, already in the early 1900s (cf. Kyle, 1910; Richardson,
2002).

On a general level, primary production, often calculated
based on algorithms using surface concentration of chlorophyll-
a derived from remote sensing images on ocean color as an
important parameter, is considered to be a good predictor of
the potential fisheries yield of the world’s oceans (Chassot et al.,
2007, 2010). Chassot et al. (2007) found also in the European
seas, including the Baltic Sea, a strong linkage between primary
productivity (estimated from chlorophyll-a derived from ocean
color) and fisheries yield over long time scales from several
years to decades. On the other hand, Friedland et al. (2012)
found primary production alone to be a poor predictor of
global fishery yields, but instead their results showed that
chlorophyll-a concentration, particle-export ratio, and the ratio
of secondary to primary production were positively associated
with yields. However, chlorophyll-a concentration is a proxy
for total phytoplankton biomass. It does not indicate taxonomic
composition. Phytoplankton biomass may be formed by high
or low-quality food or by toxic or nontoxic species, potentially
differing greatly from each other as a food source for the higher
trophic levels (Olli et al., 1996; Kozlowsky-Suzuki et al., 2003;
Uronen et al., 2005; Sopanen et al., 2009). Thus, analyzing
phytoplankton community composition reveals the ability of the
primary producers to sustain effective trophic transfer, which is
the basis for zooplankton and fish growth.

Prey size is one of the primary characteristics which determine
the next trophic level (grazers such as mesozooplankton)
(Sommer et al., 2000; Katechakis et al., 2002; Stibor et al.,
2004). It is known that microzooplankton feed on phytoplankton
with cell volumes <500 to 1000μm3 (Sommer et al., 2005),
while copepods are known to feed on both microzooplankton
as well as medium to moderately large-sized phytoplankton
(100–100,000μm3, Sommer and Sommer, 2006). In addition to
creating optimal prey size spectrum for different grazers, cell
size affects physiological, and ecological processes such as light
absorption, nutrient uptake, and sinking (Kriest and Oschlies,
2007; Finkel et al., 2010; Acevedo-Trejos et al., 2015). The
dominance of small phytoplankton is the basis for enhanced
cycling through the microbial loop and less efficient transfer of
production to higher trophic levels (Glibert, 2016).

In addition to cell size, the suitability of phytoplankton as food
for the next trophic level is affected by its life form (colonies,
filaments etc.), and cell morphology as well as its biochemical
properties, e.g., the amino acid, vitamin, sugar, fatty acid, mineral,
and toxin content (Koski et al., 1998). A complicating factor

is that differences in the presence and concentration of these
compounds are partly species-specific (or even strain-specific;
Md Amin et al., 2011) and partly related to the physiological state
of cells, thus varying with phytoplankton growth rate and cell age
(Koski et al., 1998). Different grazer species also react differently
to the same phytoplankton food (Engström et al., 2000; Md Amin
et al., 2011).

Toxins produced by phytoplankton vary widely in their
composition and effects (Granéli and Turner, 2008). In the Baltic
Sea, although current knowledge suggests that the transfer rate
of phytoplankton toxins through food web is low (Karjalainen
et al., 2005, 2007; Setälä et al., 2011), toxic phytoplankton are
considered a potential risk for co-occurring organisms, as well as
for high-trophic-level consumers through toxin bioaccumulation
in the food web (cf. Kuuppo et al., 2006; Sipiä et al., 2006;
Setälä et al., 2009, 2014). In the Baltic Sea, phytoplankton
toxins have been found in e.g., copepods (Lehtiniemi et al.,
2002; Setälä et al., 2009; Sopanen et al., 2011), bivalves (Sipiä
et al., 2001; Setälä et al., 2014), Baltic herring, flounder and
roach, as well as eider (Sipiä et al., 2006; Karjalainen et al.,
2008) with immediate effects of these compounds including
reduced feeding and growth rates in fish larvae (Karjalainen
et al., 2007), and even mortality in copepods (Sopanen et al.,
2008) and fish (Lindholm and Virtanen, 1992). Allelopathy, i.e.,
the production of allelochemicals which negatively influence the
growth and survival of other phytoplankton species, may have an
effect on phytoplankton composition and thus affect grazers by
modifying the availability of their preferred food (Reigosa et al.,
2006).

Mixotrophy is a common feature in phytoplankton, and it
is considered to be an important indicator of the efficiency of
food webs (Mitra et al., 2014). Mixotrophic phytoplankton is
capable of utilizing dissolved and/or particulate organic matter,
including bacteria, for their nutrition in addition to phototrophy.
Even though a mixotrophy-dominated food web may be more
efficient than a traditional phototrophy-based food web in
nutrient depleted situations (Mitra et al., 2014), the change from a
phytoplankton-based food web toward a bacteria-based food web
might yield considerably lower fish productivity (Berglund et al.,
2007).

N2-fixation by the diazotrophic cyanobacteria may be
an important function for the entire food web (Montoya
et al., 2004; Karlson et al., 2015). In the Baltic Sea, it is
has been shown that ca. 40–80% of the fixed nitrogen is
released as dissolved bioavailable nitrogen for redistribution
in the food web (Ohlendieck et al., 2007; Wannicke et al.,
2009, 2013; Ploug et al., 2011). Larsson et al. (2001) have
estimated that N2-fixation in the Baltic Sea Proper is 180–
430 kt N year−1, and this amount would be sufficient to
sustain 30–90% of the pelagic net community production
during summer. Still, based on results by Olli et al. (2015),
the effects of the N2-fixing cyanobacteria on individual co-
occurring phytoplankton taxa include both negative and positive
effects, with no obvious phylogenetic or functional trait-based
patterns.

In this article, we present an approach for using the
phytoplankton taxonomic composition on evaluating its
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potential effects on the next trophic level. The approach
consists of four steps: (1) long-term trend analysis of class-level
and total phytoplankton biomass using generalized additive
models (GAMs) and calculating average biomass share of each
phytoplankton class from the total phytoplankton biomass, (2)
comparing the current phytoplankton community composition
and its long-term changes with non-metric ordination analysis
(NMDS) of genus-level biomass, (3) describing which taxa (the
most accurate taxonomic level) are primarily responsible for
forming the biomass and for causing the possible changes, and
(4) interpretation of the phytoplankton results to assess the
potential effects on the next trophic level. Potential suitability
as food for grazers, harmfulness, cell size, and trophy are
the characteristics of the dominant or increased or decreased
taxa which are specifically considered when interpreting the
results (step 4), based on existing knowledge on their relevance
to the next trophic level (e.g., Koski et al., 1998; Sommer
et al., 2000; Berglund et al., 2007; Sopanen et al., 2008). Even
though we demonstrate the approach with northern Baltic Sea
phytoplankton data, the approach can be used for other sea areas
as well since the methods are applicable with any long-term
data and the functional characteristics which are specifically
considered (quality as food, harmfulness, trophy, cell size) are
common to all phytoplankton communities.

MATERIALS AND METHODS

Concept
The aim of the present approach is to obtain an overview of the
existing phytoplankton community composition and its possible
ongoing changes and draw conclusions on their potential effects
on the next trophic level in order to use this information
as a part of marine food web assessments required by the
MSFD. The approach consists of four steps (Figure 1). While
interpreting the results (step 4), characteristics of taxa which
are specifically regarded include potential suitability or quality
as food for grazers, harmfulness, size, and trophy. A conceptual
model presenting linkages between functional characteristics of
phytoplankton taxa and high and low trophic transfer efficiency
in pelagic food webs is presented in Table 1.

The approach requires quality-checked, comparable
long-term quantitative phytoplankton biomass data. By
phytoplankton, we mean microscopic planktonic auto- and
mixotrophic algae and cyanobacteria which can be recognized
using a light microscope (i.e., picoplankton is excluded, and
trophy is assigned based on light microscopy). The data should
be collected at least yearly from a geographical area (can
include several stations) where the phytoplankton community
composition and seasonal progression are similar. Only data
collected during the same phase of the seasonal succession
should be analyzed together to avoid adding seasonal variance
in the results. Seasonal period when both phytoplankton and
zooplankton are abundant (and trophic coupling between
phytoplankton and zooplankton is potentially the highest)
should be preferred. The number of samples per year should
remain the same in the long-term analyses to ensure equal
representation of the years.

Data
The proposed approach is demonstrated with Finnish
national marine monitoring data collected as part of the
HELCOM COMBINE monitoring program (HELCOM, 2015).
Phytoplankton samples (n = 286) were collected once a year
between July 15th and September 15th in 1979–2014 from
10 offshore monitoring stations situated in the Bothnian Bay,
Bothnian Sea, Åland Sea, Gulf of Finland, and northern Baltic
Proper (Figure 2). The sampling season was late summer, i.e.,
the period when zooplankton abundance and biomass are the
highest in the area (Ojaveer et al., 1998), following the warming
of the water and development of thermocline in the surface
layer, but before the downwelling period which breaks up
the thermocline. The data are stored in the Finnish national
database OIVA (http://www.syke.fi/en-US/Open_information;
in Finnish), the ICES database (http://ecosystemdata.ices.dk/
inventory/index.aspx), and the COPEPOD database (http://
www.st.nmfs.noaa.gov/copepod/data/fimr/index.html).

The methodology followed the HELCOM COMBINE manual
(HELCOM, 2015): integrated water samples were taken from the
surface layer (0–10m) by mixing equal amounts of water from
the depths of 1, 2.5, 5, 7.5, and 10m. Samples were preserved
with acidic Lugol’s solution (1ml per 300ml sample), and kept
refrigerated (+4 to +10◦C) in the dark prior to microscopic
analysis within a year of sampling. Microscopy was done
with an inverted light microscope using the Utermöhl method
(Utermöhl, 1958). A volume of 50ml (or 25ml, depending on
the density of cells, HELCOM, 2015) of sample was settled in a
settling chamber. A magnification of 125x was used to count the
species larger than 30μm as well as taxa belonging to the order
Nostocales; 250x magnification was used to count the 20–30μm
sized species, colonies belonging to the order Chroococcales
with a cell size larger than 2μm, as well as taxa belonging
to the order Oscillatoriales; and 500x magnification was used
to count species smaller than 20μm as well as Chroococcales
colonies with cells smaller than 2μm. With each of the three
magnifications, 60 ocular squares were analyzed, aiming to
count at least 400 counting units with each magnification.
Picoplankton (cells <2μm) counting is not possible with this
technique.

During microscopic analysis and when converting the
counting results into biomass (wet weight μg per liter), the
taxon-specific counting units, size classes, and biovolume
formulae of the HELCOM PEG (Phytoplankton Expert Group)
taxon and biovolume list v. 2014 were used (Olenina et al.,
2006; the annually updated biovolume list is available at
http://helcom.fi/helcom-at-work/projects/phytoplankton).
Only taxa estimated to be auto- or mixotrophic (based
on light microscopy and the HELCOM PEG taxon
and biovolume list) were included in the analyses,
while heterotrophic taxa, cysts, and benthic taxa (which
sporadically occur in the plankton) were excluded.
Unidentified <10μm autotrophic monads (unicellular)
and flagellates were grouped into “Unidentified.” The
nomenclature of the HELCOM PEG biovolume list follows
that of the World Register of Marine Species (WoRMS,
http://www.marinespecies.org/about.php).
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FIGURE 1 | The approach to using phytoplankton long-term data to assess potential effects of phytoplankton community composition and its

changes on the next trophic level.

TABLE 1 | A conceptual model of the linkage of phytoplankton community properties (defined as functional characteristics) to high and low trophic

transfer efficiency in pelagic food webs (DOM = dissolved organic matter).

Phytoplankton community Grazer community Food web structure Transfer efficiency from

primary producers to top

trophic levels

High-quality food items for optimal grazer

community (high nutritional value, optimal

size and other properties, non-toxic, etc.) or

efficient total particulate productivity (efficient

autotrophy-based community, low

respirational losses, efficient nutrient

utilization, low DOM production, mixotrophy,

etc.)

Optimal for key pelagic fish (e.g., large

copepods)

Direct phytoplankton-based grazing food

chain

High

Low-quality food items for optimal grazer

community (low nutritional value, toxic,

successful grazing deterrence, etc.) or

leading to complex or inefficient food webs

(very small cell size, high DOM production,

complicated mixotrophy-based community,

high respirational losses, inefficient nutrient

utilization, etc.)

High share of low-quality food items (e.g.,

small zooplankton or gelatinous plankton)

Complicated food web with high

respiratory losses (e.g., due to extra

trophic levels in microbial loop-based

communities) or grazers with low value to

predators (dead-end grazers)

Low

Step 1: Class-Level and Total Biomass

Trend Analyses
The statistical analyses were performed using the R software (R
Core Team, 2014). Time series for phytoplankton class biomasses
in each area were analyzed using Generalized Additive Models
(GAM, R package “mgcv,” Wood, 2014). GAMs are well-suited
to analyze long-term trends in phytoplankton biomasses (Hastie

and Tibshirani, 1990). A GAM is a generalized linear model
with a linear predictor involving a sum of smooth functions of
covariates, and by specifying the model only in terms of smooth
functions, rather than detailed parametric relationships, it allows
for rather flexible specification of the dependence of the response
on the covariates (Wood, 2006). Curves estimated with GAM are
plotted on the data to visualize the direction of the statistically
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FIGURE 2 | The Finnish HELCOM COMBINE offshore monitoring stations (red dots) in the northern Baltic Sea. Sampling has been performed annually in

late summer (from mid-July to mid-September) since 1979. BOB, Bothnian Bay; BOS, Bothnian Sea; GOF, Gulf of Finland; NBP, Northern Baltic Proper; ÅS, Åland

Sea.

significant long-term changes (i.e., decreasing, increasing, or
non-linear trends).

We used class-level data for the GAMs since classes combine
taxa with some similar characteristics into a convenient number
(ca. 10) of groups. The autotrophic endosymbiont-bearing ciliate
Mesodinium rubrum was only included in the phytoplankton
counts since 1986, and therefore its trend was analyzed only
since that year and its biomass was not included into the trend
analyses of total phytoplankton biomass. Classes Chlorophyceae
and Charophyceae were grouped into phylum Chlorophyta. In
addition to the classes, biomass trends of unidentified taxa,
and the total phytoplankton biomass were analyzed separately.
Biomass data was modeled as annual averages of all stations
within a sea area calculated from the late summer samples. The
possible autocorrelation between years was modeled with AR1
(autocorrelation structure with lag 1). Curves estimated with
GAMwere plotted on the data for visually checking the direction
of the significant long-term changes (plots not shown). The
average total phytoplankton biomass and average biomass share

(%) of each phytoplankton class from the total phytoplankton
biomass was calculated based on the whole long-term data set
(1979–2014), except forM. rubrum, whose average biomass share
was calculated using the total phytoplankton biomass (including
M. rubrum) during 1986–2014.

Step 2: Genus-Level Community Analysis
The Non-metric Multidimensional Scaling (NMDS, function
metaMDS, R package “vegan,” Oksanen et al., 2016) was
used to make a visual ordination of samples based on the
similarities and dissimilarities in the genus-level phytoplankton
community composition. NMDS is commonly considered as the
most robust unconstrained ordination method in community
ecology (Legendre and Legendre, 1998; McCune and Grace,
2002). NMDS projects the observed community dissimilarities
nonlinearly onto an n-dimensional (usually 2-dimensional)
ordination space and it can handle nonlinear taxon responses.
NMDS visualizes the phytoplankton community composition
by positioning the samples in the ordination space based on
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their taxon-specific biomass composition. The names of the taxa
characterizing the samples can likewise be plotted. The NMDS
ordination graphs thus give an overview of the phytoplankton
community composition and its spatio-temporal changes, to
support the results of GAMs which reveal changes in the
biomasses of different phytoplankton classes separately.

We used genus-level biomass data for the NMDS, since
consistent species-level identification is not always possible and
genus-level data may be more robust to differences in skill and
effort among the individual phytoplankton analysts. Genus-level
data is also recommended over class-level data since notable
genus-level changes may occur even though class biomasses
and their shares remain unchanged. Since some genera were
not identified consistently by the different microscopists, they
were grouped into order-level or into a taxa complex for the
NMDS, even though they had been stored into the OIVA
database separately: all cryptophyte genera were grouped into
the order Cryptomonadales, all genera belonging to the order
Chroococcales except for the genera Snowella and Woronichinia
were grouped into the order Chroococcales, all genera belonging
to the order Ochromonadales were grouped under the order
name, and the genera Koliella,Monoraphidium, andNephrodiella
were collectively named the “Monoraphidium complex.” Due
to the properties of the community analyses (Legendre and
Legendre, 1998) i.e., in order to improve the comparability of
the data across the time series and to avoid that sporadically
occurring genera confuse the results, genera which were present
in less than 5% of the samples (with very low biomasses in
all cases) were excluded from the NMDS analyses, resulting in
a total of 53 taxa (genera, orders, and complexes) included in
the analysis. Taxa which were excluded from the NMDS were
acknowledged within the step 3 (most accurate taxonomic level
examination). Biomass values were square-root transformed, and
the Bray-Curtis dissimilarity was used as the distance metric.

Step 3: The Examination of the Dominant

Taxa on the Most Accurate Taxonomic

Level
The most accurate taxonomic level data was analyzed by simple
biomass ratio analyses showing which taxa dominate the biomass
of each phytoplankton class (step 1, GAMs). The role of the
dominant taxa in each class was confirmed by running a
separate GAM for these taxa to see if the result agreed with
that of the total class. Using the conventional methods of
phytoplankton monitoring (i.e., light microscopic analysis of
preserved samples), not all taxa can be determined to species
level, and thus it was necessary for the analyses to consider
some higher than species-level taxa in the same manner as the
actual species. Within step 3, taxonomic level was anyways more
detailed than in the community analysis (step 2, NMDS) to be
able to acknowledge, e.g., only sporadically occurring taxa.

Step 4: Interpretation of Results
Within interpretation, all results from steps 1–3 are considered.
The taxon-specific (mostly species-specific) characteristics
specifically considered when interpreting the results are the

potential quality as a food source for grazers, harmfulness, size,
and trophy (Table 1). Since these characteristics may be affected
by even the life stage of the cells or vary within strains, only the
potential of taxa to possess the characteristics can be considered
when interpreting the results. If the class-level GAM results were
based primarily on taxa for which there exists knowledge on
these functional properties, the statistically significant long-term
trends (p < 0.05) may be used to indicate if the ongoing changes
are positive or negative for grazers. For taxa which are considered
low-quality food, as well as for taxa which are potentially harmful
or toxic to other organisms of the food web, the preferred
trend is “decreasing or no change,” while for taxa which are
considered high-quality food the preferred trend is “increasing
or no change.”

Careful interpretation of the results is important. Even though
communities differ geographically and with seasons, the same
types of characteristics (quality as food, harmfulness, trophy, size)
are common to all phytoplankton communities. Factors possibly
affecting the phytoplankton community or causing changes in
it are not studied within the approach, but existing studies on
physical, chemical, and other biological data can be discussed.

RESULTS

Step 1: Class-Level and Total Biomass

Trends
In our demonstration data set from the northern Baltic Sea, the
average total phytoplankton biomass during the study period
(1979–2014) was the lowest in the Bothnian Bay (191 ± 267μg
l−1, mean ± S.D.), and the highest in the Gulf of Finland
(average 520 ± 483μg l−1). The average total phytoplankton
biomass was 427 ± 355μg l−1 in the northern Baltic Proper,
294 ± 212μg l−1 in the Bothnian Sea, and 365 ± 159μg
l−1 in the Åland Sea. The Bothnian Bay differed from the
other areas also based on its phytoplankton composition. For
example, the average share of cyanobacteria was there only
ca. 2% of the total phytoplankton biomass, while the average
share of cyanobacteria was ca. 27–37% in the other sea areas
(Table 2).

The class-level data was analyzed for long-term trends
in each of the five sea areas using GAMs and the results
are summarized in Table 2. Statistically significant increasing
trends were found for cyanobacteria (class Nostocophyceae)
in the Bothnian Sea, Åland Sea and the Gulf of Finland,
for prymnesiophytes (class Prymnesiophyceae) in all sea areas
but the Bothnian Sea, euglenophytes (class Euglenophyceae)
in the Åland Sea, and prasinophytes (class Prasinophyceae) in
the northern Baltic Proper. The autotrophic ciliate M. rubrum
increased in the Bothnian Sea and northern Baltic Proper.
Cryptophytes (class Cryptophyceae) decreased in all sea areas
except the Bothnian Sea, and diatoms (class Diatomophyceae)
in the Bothnian Bay. The biomass of unidentified taxa
decreased in all sea areas, and biomass of total phytoplankton
in the Bothnian Bay. Statistically significant, but non-linear
variability was shown by diatoms and prasinophytes in the
Bothnian Sea.
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TABLE 2 | Results of the generalized additive models (GAMs) for detection of long-term trends (p-values; bold = significant trend, p < 0.05; direction:

blue, decreasing; red, increasing; purple, non-linear).

Area Bothnian Bay Bothnian Sea Åland Sea Gulf of Finland Northern Baltic Proper

n 29 (*24) 30 (*25) 28 (*22) 35 (*28) 35 (*28)

p Share p Share p Share p Share p Share

Nostocophyceae 0.945 2.10 0.023 30.89 0.002 26.69 0.024 39.02 0.144 37.61

Cryptophyceae 0.001 21.95 0.717 9.85 0.007 12.80 0.019 13.64 0.001 12.24

Dinophyceae 0.176 3.59 0.346 13.79 0.711 14.37 0.989 18.56 0.939 18.27

Prymnesiophyceae 0.003 7.83 0.184 11.87 0.017 11.40 0.006 4.16 <0.001 5.35

Chrysophyceae 0.672 10.53 0.591 12.09 0.260 9.71 0.307 4.21 0.561 5.14

Diatomophyceae <0.001 16.87 <0.001 5.32 0.131 8.15 0.264 3.92 0.909 4.55

Euglenophyceae 0.228 0.50 0.711 2.76 0.022 0.30 0.098 1.17 0.402 1.71

Prasinophyceae 0.743 22.32 0.006 9.83 0.968 8.73 0.536 9.14 0.046 9.22

Chlorophyta 0.237 5.53 0.332 0.66 0.787 0.33 0.227 0.85 0.140 1.21

Mesodiniuma 0.682 24.15 <0.001 3.57 0.169 2.17 0.107 6.45 <0.001 4.32

Unidentified <0.001 8.77 <0.001 2.98 <0.001 7.52 <0.001 5.32 <0.001 4.71

Total phytoplankton <0.001 100.00 0.447 100.00 0.481 100.00 0.980 100.00 0.932 100.00

The average biomass share (%) of each phytoplankton class from the total phytoplankton biomass is also given. Samples were collected from the Finnish HELCOM COMBINE offshore

monitoring stations once a year between July 15th and September 15th in 1979–2014. The recording of Mesodinium rubrum started in 1986, and thus trends in its biomass were

calculated for the period 1986–2014, and the species is not included in the biomass of the total phytoplankton community, except for calculation of its biomass share from the total

phytoplankton biomass (including M. rubrum).
aBiomass trends for Mesodinium rubrum cover the period 1986–2014 only.

n = number of sampling years (* = number of sampling years for Mesodinium rubrum).

Step 2: Genus-Level Community Changes
Based on the NMDS analysis, community composition was
clearly different only in the Bothnian Bay compared to the other
sea areas (Figure 3). Chlorophyte (phylum Chlorophyta in the
GAM) genera Desmodesmus, Elakatothrix, Dictyosphaerium, and
Botryococcus, as well as the diatoms (class Diatomophyceae)
Diatoma and Skeletonema characterized the Bothnian Bay
samples. Nevertheless, the composition changed simultaneously
in the same direction during the study period 1979–2014 in
all sea areas (Figure 3). The genera Aphanizomenon, Nodularia,
Chrysochromulina, and Cryptomonas were shown to be primarily
responsible for the biomass formation and the statistically
significant trends of cyanobacteria (class Nostocophyceae
in GAM), prymnesiophytes (class Prymnesiophyceae), and
cryptophytes (class Cryptophyceae), respectively (Tables 1, 2).

Step 3: Most Accurate Taxonomic Level

Examination
The taxa primarily responsible for the biomass formation and the
statistically significant trends in each class are listed in Table 3.
Most important characteristics of the taxa are also included in
the Table 3.

Step 4: Interpretation
Total phytoplankton biomass decreased in the Bothnian Bay,
but other significant trends in the total phytoplankton biomass
were not observed (Table 2). In addition to the lowest total
phytoplankton biomass, the Bothnian Bay differed from the other
areas also based on its phytoplankton composition (Table 2).
However, the community analysis demonstrated an ongoing
change toward the same direction in all five sea areas, also

in the Bothnian Bay (Figure 3). Suikkanen et al. (2013) found
a significant increasing trend for chlorophyll-a concentration
during the study period 1979–2011 in the same monitoring
stations situated in the northern Baltic Proper, Gulf of Finland,
and Åland Sea. In the Bothnian Sea, there was a significant
increasing trend for chlorophyll-a (GAM, p < 0.001, n =

27) during 1979–2012 (unpublished data), In the Bothnian
Bay, no trend in chlorophyll-a was observed (GAM, p =

0.101, n = 27) during 1979–2012 (unpublished data), Thus,
our results showed no trends for total phytoplankton biomass
(excluding picoplankton) in areas where chlorophyll-a increased,
and a decreasing trend for total phytoplankton biomass for the
Bothnian Bay where chlorophyll-a showed no trend.

Of the classes with statistically significant long-term changes,
cyanobacteria, prymnesiophytes, and cryptophytes are the ones
with potentially the most important food web effects in terms
of harmfulness, food quality, and trophy in our study area.
Both species of cyanobacteria, Aphanizomenon flosaquae and
Nodularia spumigena, primarily responsible for the observed
increasing trends of the class Nostocophyceae are N2-fixing,
i.e., diazotrophic (Table 3). N. spumigena produces hepatotoxin,
nodularin, which accumulates in the pelagic and benthic food
web and are toxic for mammals (Sipiä et al., 2001; Karjalainen
et al., 2007; Sopanen et al., 2009; Karlson and Mozuraitis, 2011),
while the Baltic Sea isolates of Aphanizomenon have proven non-
toxic, despite the toxicity of several freshwater strains (Lehtimaki
et al., 1997).

The most important genus explaining the increasing trends
in prymnesiophytes, Chrysochromulina spp. sensu lato, includes
potentially harmful algal bloom species which can form fish-
killing ichtyotoxins as well as allelopathic substances which
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FIGURE 3 | A demonstration of the non-metric multidimensional scaling (NMDS) results based on northern Baltic Sea phytoplankton monitoring data.

NMDS was used to cluster samples (A) based on genus-level biomass composition. The 53 genera (and orders and complexes) that the analysis is based on are

plotted separately for clarity (B). The color scale represents sampling years from 1979 (red) to 2014 (blue). The HELCOM sea areas investigated were BOB, Bothnian

Bay; BOS, Bothnian Sea; GOF, Gulf of Finland; NBP, Northern Baltic Proper; ÅS, Åland Sea. Taxa: ACTI, Actinocyclus; AKSH, Akashiwo; AMPH, Amphidinium; APHA,

Aphanizomenon; BACI, Bacillariales; BOTR, Botryococcus; CHAE, Chaetoceros; CHROO, Chroococcales; CHRYROM, Chrysochromulina; CRYPTO,

Cryptomonadales; CYCL, Cyclotella; CYLI, Cylindrotheca; DESM, Desmodesmus; DIAT, Diatoma; DICT, Dictyosphaerium; DINB, Dinobryon; DPHYS, Dinophysis;

DOLI, Dolichospermum; ELAK, Elakatothrix; EUPO, Eupodiscales; EUTR, Eutreptiella; GLEN, Glenodinium; GONY, Gonyaulax; GLES, Gymnodiniales; GYMN,

Gymnodinium; GYRO, Gyrodinium; HETE, Heterocapsa; MANT, Mantoniella; MICR, Micromonas; MCPLX, Monoraphidium complex; NEPH, Nephroselmis; NITZ,

Nitzschia; NODU, Nodularia; OCHR, Ochromonadales; OLLI, Ollicola; OOCY, Oocystis; OSCI, Oscillatoriales; PERLES, Peridiniales; PLNE, Planctonema; PLNG,

Planktolyngbya; PROC, Prochlorothrix; PROR, Prorocentrum; PROT, Protoceratium; PSAN, Pseudanabaena; PSELLA, Pseudopedinella; PSFI, Pseudoscourfieldia;

PYRA, Pyramimonas; SKEL, Skeletonema; SNOW, Snowella; THAL, Thalassiosira; UNID, Unidentified monads and nanoflagellates; UROG, Uroglena; WORO,

Woronichinia.

are harmful for other phytoplankton species (Reigosa et al.,
2006; Granéli and Turner, 2008). In case of toxicity, we
used the precautionary principle, i.e., expecting that taxa
including potentially toxic strains may be toxic even though
we cannot define from the monitoring data if the toxicity was
actually present in the community. Another important group of
phycotoxin producers is dinoflagellates, but their biomass did not
show any statistically significant late-summer trends.

In addition to the increasing risk of potential harmful algal
bloom effects in the ecosystem, the observed phytoplankton
community changes can have direct food web effects through
the changes in the food quality for micro- and mesozooplankton
grazers. Cyanobacteria and prymnesiophytes have been shown to
be low-quality food for herbivorous zooplankton (de Bernardi
and Giussani, 1990; Sopanen et al., 2008), while cryptophytes,
which decreased in most of the study area, are considered high-
quality food (Lehman and Sandgren, 1985). On the other hand,
the cyanobacteriumN. spumigena is known to be a good thiamine
source for zooplankton (Sylvander et al., 2013), and thus optimal
food may contain a small share of it.

Since Chrysochromulina spp. sensu lato includes mixotrophic
species, its increase may indicate a shift from an autotrophic,
phytoplankton-based food web toward a more mixotrophic,
bacteria-based food web. The reason for increasing mixotrophy
(importance of the microbial loop) may be either availability of
extra energy to the food web due to additional dissolved matter
from land, or less efficient food web functioning if the dissolved

matter originates from the food web (e.g., direct DOM excretion,
decomposition of cyanobacterial blooms, “sloppy feeding” of
zooplankton). Based on a study by Berglund et al. (2007), a
shift toward a more bacteria-based food web may reduce pelagic
productivity at higher trophic levels in the Baltic Sea, since in the
bacteria-based food web carbon passes additional trophic levels
through flagellates and ciliates before reachingmesozooplankton,
while in the phytoplankton-based food web there is a direct
pathway from phytoplankton to mesozooplankton.

In the demonstration, all five sea areas were analyzed together
in the NMDS to point out that the phytoplankton community
composition is quite similar in all studied offshore areas except
in the Bothnian Bay, but the ongoing community change was
toward the same direction in all five sea areas. The comparison of
results of the trend analyses and the community analysis showed
that taxa with statistically significant GAM trends (Table 3)
were located quite in the middle of the NMDS ordination
plot (genus-level, Figure 3) suggesting that their importance in
the study area as a whole has not changed markedly during
the study period despite the distinct significant increase or
decrease in their biomass in particular sea areas. Thus, there
is obviously an ongoing phytoplankton community change in
the northern Baltic Sea area which cannot be fully explained
by changes in biomasses of single taxa in the different sea
areas. Based on the recent study by Suikkanen et al. (2013),
ongoing changes in the northern Baltic Proper, Gulf of Finland,
and Åland Sea are most probably due to complex interactions
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TABLE 3 | Taxa causing the statistically significant trends shown in Table 2 (Colors are explained in Table 2).

Main taxa (class) responsible for

biomass and trends, and their

characteristics

Bothnian

Bay

Bothnian

Sea

Åland Sea Gulf of

Finland

Northern Baltic

Proper

Aphanizomenon flosaquae

(Nostocophyceae)

*N2-fixing

*filamentous

*buoyant

*low-quality food for mesozooplankton,

but a thiamine source

*potentially toxic/harmful for mammals

*allelopathic

75%

p = 0.001

84%

p = 0.009

67%

p = 0.002

Nodularia spumigena (Nostocophyceae)

same as A. flosaquae

12%

p = 0.048

Cryptomonas spp.

(Cryptophyceae)

*autotrophic/mixotrophic

*mostly nanoflagellates

*favored food for mesozooplankton

47%

p < 0.001

60%

p = 0.009

35%

p < 0.001

Chrysochromulina spp. sensu lato

(Prymnesiophyceae)

*nanoflagellates

*mixotrophic

*low-quality food for mesozooplankton

*potentially toxic/harmful for fish

*allelopathic

100%

p = 0.003

100%

p = 0.015

97%

p = 0.003

99%

p < 0.001

Diatoma tenuis (Diatomophyceae)

*requires silica

69%

p = 0.001

Eutreptiella spp. (Euglenophyceae)

*mostly nanoflagellate-sized in the

study area

100%

p = 0.022

Pyramimonas spp. (Prasinophyceae)

*nanoflagellates

96%

p = 0.007

For each class with significant trends according to GAM, the share (%) of main taxa of the total class biomass in each sea area is indicated, followed by the p-value of the GAM run for

that individual taxon. Some characteristics of the main taxa are also listed.

between warming, eutrophication and increased top-down
pressure.

In conclusion, in the Baltic Sea phytoplankton, certain
taxonomical groups have a direct link to functional
characteristics. Cyanobacteria and prymnesiophytes are
low-quality food and potentially harmful, and cryptophytes
are considered high-quality food. The community analysis
(Figure 3) and some trends (Tables 2, 3) in our data show an
ongoing change into an unsatisfactory direction. In the next
EU MSFD assessment in 2018, phytoplankton class-level trends
with statistically significant p-values in the offshore Gulf of
Finland, the Åland Sea, and the northern Baltic Proper should
be negative (instead of the current positive) for cyanobacteria
and prymnesiophytes, and positive (instead of the current
negative) for cryptophytes. In the Bothnian Sea, the trend
for cyanobacteria should be negative (instead of the current
positive) and new unwanted changes should not appear. In the
Bothnian Bay, the trend for prymnesiophytes should be negative
(instead of the current positive), and the trend for cryptophytes
should be positive (instead of the current negative), and new
unwanted changes should not appear. In addition, the results of

the community analysis should also be supportive for the results
of the trend analyses in 2018.

DISCUSSION

Motivation for the Approach
In this article, we present a novel approach for using the
phytoplankton taxonomic community composition to draw
conclusions on its potential effects on the next trophic level,
the goal being to facilitate the use of this information as a
part of the assessment of the structure and functioning of the
pelagic marine food web as required by the Marine Strategy
Framework Directive (MSFD) of the European Union. Within
this approach, a number of phytoplankton properties (potential
suitability or quality as food for grazers, harmfulness, size,
trophy) can be used to assess the potential efficiency of the pelagic
food web, which cannot be deducted from other monitoring data.
This supplements the currently insufficiently utilized bottom-
up approach, which can then be combined with the results
of the present zooplankton indicators (Gorokhova et al., 2015)
for a more holistic assessment (cf. Gowen et al., 2011; Pyhälä
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et al., 2014). The analyses of pressures and management options
will follow the holistic analysis. Developing phytoplankton
indicators has proven to be challenging (HELCOM, 2013),
but it is definitely necessary at least for the food web
assessments (Rogers et al., 2010). Currently, an indicator based
on phytoplankton community composition does not exist in
the Baltic Sea area, instead chlorophyll-a concentration is
the only phytoplankton-based indicator used to assess the
environmental status in the Baltic Sea (HELCOM core indicators,
http://www.helcom.fi/baltic-sea-trends/indicators/).

Evaluation of the Strengths and

Weaknesses
The main strength of the present approach is the possibility of
applying it to all kinds of quantitative phytoplankton biomass
data (as long as data within one analysis follow harmonized
methods and taxonomy), since the approach does not include
ready-made presumptions of any certain indicator taxa or
taxonomic groups forming life forms (Tett et al., 2008) or size
categories (Lugoli et al., 2012; Roselli and Basset, 2015). Instead,
we point out some functional characteristics which should be
considered. Those functional characteristics (potential suitability
as food for grazers, harmfulness, size, trophy) are common to
all phytoplankton communities, and were selected based on
existing knowledge on their relevance to the next trophic level
(e.g., Koski et al., 1998; Sommer et al., 2000; Berglund et al.,
2007; Sopanen et al., 2008). Using these functional characteristics
within the interpretation of the taxonomic results is novel
compared to some other recent approaches on analyzing long-
term phytoplankton monitoring data (e.g., Suikkanen et al.,
2013; Godhe et al., 2015; Haraguchi et al., 2015). Finally,
the simple analyses can be done using the freely available R
software. The only slight downside of the presented approach
is that it will never be an “insert data, push the button, and
get the results” type of an indicator: since the assumptions
concerning the phytoplankton community composition are not
fixed, interpretation of the results is an extremely important
part of the approach and requires expert knowledge on local
phytoplankton ecology.

Reporting consistent and detailed metadata and
complementary information of the procedures enables selecting
comparable data for the analyses (Zingone et al., 2015). Sampling,
preservation, storage, analysis, taxonomical identification,
nomenclature, and biomass calculation need to follow the
same procedures throughout the data used in an analysis. In
the Baltic Sea area, using phytoplankton monitoring data is
feasible since harmonized methods for sampling, microscopy,
and biomass calculations developed within the HELCOM
PEG group are followed in most of the surrounding countries
(HELCOM, 2015). Within the Baltic Sea area, microscopists
partaking in HELCOM monitoring are trained annually in
the HELCOM PEG workshops, and they participate regularly
in species identification and counting proficiency tests (e.g.,
Vuorio et al., 2015). This is important since in a study including
seven European sea areas, the main proportion of the recorded
variation between cell densities was explained by the variation
between the taxonomists counting the samples (Dromph et al.,
2013). In Europe, also the Biological Effects Quality Assurance in

Monitoring (BEQUALM) program, using the scheme developed
by the UK National Marine Biological Analytical Quality
Control (NMBAQC), develops quality standards for community
structure analysis and organizes phytoplankton proficiency tests.

When performing the analyses for the first time for an
area, a multi-decadal data should be used whenever possible,
in order to facilitate distinguishing actual trends from inter-
annual variation. Long-term analyses may also enable detecting
a period or periods when community composition changed
abruptly, indicating possible regime shifts (Möllmann et al.,
2015). In addition, multi-decadal data series may in some
cases help to estimate the community composition during
the time when it was less affected by anthropogenic activities
(i.e., being more close to reference conditions or pristine
status). A suitable updating frequency of the analyses of
presented approach is at least not shorter than 6 years,
in accordance with the reporting period of the EU MSFD.
When estimating how many years of monitoring data are
required for the analyses, it should be considered that single
samples are only random fractions representing the continuously
fluctuating and dynamic phytoplankton community (Dromph
et al., 2013). Thus, low sampling frequency may be a weakness
when using phytoplankton monitoring data in assessments.
In our demonstration data, the sampling frequency was only
once per year but the study period was as long as 36
years. A higher sampling frequency would possibly allow
detecting changes already within a shorter monitoring period.
Sampling should cover the periods of tightest coupling between
phytoplankton and grazers. In the northern Baltic Sea, for
example, late summer is the period of the highest zooplankton
productivity (Ojaveer et al., 1998) and therefore the season to be
focused on.

Offshore and coastal areas should be analyzed separately,
because phytoplankton composition in coastal waters usually
differs from that in the open sea (e.g., Griffiths et al., 2016). In
coastal areas, environmental conditions as well as phytoplankton
communities may vary significantly within short distances
(Griffiths et al., 2016), and thus it needs to be considered if coastal
phytoplankton communities should be analyzed separately even
for each station. Data from different offshore stations located
within the same sea area may be analyzed together to describe
community changes in the area. In that case, annual biomass
averages for each season and sea area can be used in the trend
analyses.

We recommend using phytoplankton biomass (wet weight
per volume) as the input for the analyses because it is often
more relevant from the food web perspective than abundance
(counting units per volume). The size of different phytoplankton
species, and consequently the biovolume of the food sources,
varies considerably, which is not evident when using abundance
data. Furthermore, biomass data are conveniently converted
into carbon biomass data (Menden-Deuer and Lessard,
2000), which are usually utilized in food web models
(e.g., Lignell et al., 2013).

The results of trend analyses (GAMs) and community analyses
(NMDS) should be interpreted together since their results are
complementary to each other and may reveal different aspects.
Trend analyses study each taxon separately while community
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analyses aim at a more holistic view. The reason for using
different taxonomic levels in the analyses is due to differing
properties of the analyses.

If the possible bottom-up and top-down factors (e.g., Ware
and Thomson, 2005; Casini et al., 2008; Prowe et al., 2012)
affecting the phytoplankton community are to be discussed
within the interpretation of the results (step 4), existing
knowledge on those is needed. However, this is not a requirement
for using the suggested approach since the analyses of pressures
and management options should follow only after a holistic
analysis including also other compartments (physical, chemical,
and biological) in addition to phytoplankton community
composition.

Northern Baltic Sea As an Example Area
Northern Baltic Sea was selected as an example area, since there is
almost 40 years of phytoplankton monitoring data from that area
and its ecology and phytoplankton and zooplankton dynamics
are well studied (e.g., Wulff et al., 2001). Recent studies have
reported long-term changes in the Baltic Sea phytoplankton
and zooplankton communities (Suikkanen et al., 2013), Secchi
depth (Dupont andAsknes, 2014), and several physical, chemical,
and biological parameters (Lennartz et al., 2014). Changes have
been linked to interactions between warming, eutrophication,
and increased top-down pressure (e.g., Suikkanen et al., 2013;
Elmgren et al., 2015). Despite the special characteristics (brackish
water, clear seasonal succession) of the Baltic Sea, it is a suitable
sea area for the demonstration since the functional characteristics
which are specifically considered within the suggested approach
(quality as food, harmfulness, trophy, cell size) are common to all
phytoplankton communities, also for the northern Baltic Sea.

Future Development
The next step will be to compile information on food
quality traits, test different trait-based methods (Litchman and
Klausmeier, 2008; Litchman et al., 2012, 2015; Barton et al., 2013;
Edwards et al., 2015), and finally develop a widely applicable
phytoplankton community composition index based on the
functional properties. To be able to proceed in this, quantitative

information on the biochemical properties of phytoplankton
taxa as well as on the specific nutritional needs of the higher
trophic levels is required, including information on direct
toxicity and harmfulness. Species-specific trait analysis should
be supplemented with detailed cell size structure analysis, since
pelagic predator-prey size ratios are variable (Hansen et al.,
1994; Wirtz, 2012). Based on the results of our demonstration
and earlier studies with different approaches and end results
(e.g., Berglund et al., 2007; Mitra et al., 2014; Hoikkala et al.,
2015), food web modeling would be extremely beneficial for
understanding food web interactions connected to auto- and
mixotrophy and optimal grazer feeding dynamics.
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