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Abstract 

Climate change scenarios predict that seawater temperature and precipitation will 
increase in the Baltic Sea region during the next century. In the northern part of the Baltic 
Sea, increasing inflows of the terrestrial allochthonous dissolved organic matter (ADOM) 
are expected to be a major consequence of elevated rainfall, which can alter light and 
nutrient availability for phytoplankton. The aim of my thesis was to elucidate effects of 
ADOM on phytoplankton production, community, size-structure and nutritional strategy 
along offshore south-north gradients in the Baltic Sea, as well as in estuarine systems 
exposed to seasonal variation in river discharge. Field studies, a mesocosm experiment and 
a modeling study were used to explore these issues.  

Results from the field studies and mesocosm experiment illustrated that the nutritional 
strategy, size-structure and cellular pigment content of the phytoplankton were governed 
by changes in ADOM, and thus in light and nutrient availability. A summer study along an 
offshore south-north gradient showed that the proportion of mixotrophic phytoplankton 
increased towards the north. In this area the concentrations humic substances (proxy for 
ADOM) were high, while the light availability and phosphorus concentrations were 
relatively low. The phytoplankton cells responded to reduced light availability by 
increasing their chlorophyll a: carbon ratio. Additionally, the levels of photoprotective 
pigments decreased from south to north, as a result of acclimation to a low-light 
environment and reduced exposure to ultraviolet radiation. According to ecological 
assumptions picophytoplankton should be favored in light- and nutrient-limited 
environments. However, the results did not follow that pattern, the proportion of 
picophytoplankton being highest in the relatively nutrient rich Baltic Proper. The study 
was performed during the decline of an extensive bloom of filamentous cyanobacteria, a 
successional phase in which picophytoplankton often dominate the phytoplankton 
community. 

The estuarine studies performed in the Bothnian Bay (Råne estuary) and in the 
Bothnian Sea (Öre estuary) showed different successions. In the Råne estuary no spring 
phytoplankton bloom occurred and highest primary production was observed during the 
summer. This absence of a spring bloom was explained by low phosphorus and high 
ADOM concentrations, while the summer maximum could be explained by higher 
temperature and nutrient concentrations. In the Öre estuary a marked phytoplankton spring 
bloom was observed as well as an ADOM sustained bacterial production phase. The later 
secondary peak of bacterial production observed in summer, concomitant with an extended 
secondary primary production peak, suggests that autochthonous dissolved organic matter 
supported the bacterial growth Furthermore, the photosynthetic efficiency (i.e. 
phytoplankton growth rates) was lower during spring, indicating that high ADOM, and 
thus lower light and phosphorus availability, disfavored phytoplankton growth. 

Our modeling study showed that climate change can impact the food web; however 
effects will be different between basins. In the southern Baltic Sea elevated temperature 
and nutrient discharge may promote nutrient recycling and oxygen consumption, 
potentially extending anoxic areas, sediment nutrient release and cyanobacteria blooms. In 
the north, increased inflow of ADOM may promote heterotrophic bacterial production and 
decrease primary production due to light attenuation and lower phosphorus availability. 
This will favor heterotrophic microbial food web and consequently lead to lower food web 
efficiency of the ecosystem.  

 
 

6



List of papers 

 

I. Paczkowska J, Rowe OF, Schlüter L, Legrand C, Karlson B, Andersson A (2016) 
Allochthonous matter – an important factor shaping the phytoplankton community 
in the Baltic Sea. Journal of Plankton Research, Accepted. 

II. Paczkowska J,  Rowe OF,  Figueroa D, Andersson A. Drivers of phytoplankton 
production and community structure in a sub-arctic estuary influenced by seasonal 
river discharge. Submitted.  

III. Andersson A, Paczkowska J, Brugel S, Rowe OF, Figueroa D, Kratzer S. Marked 
impact of allochthonous dissolved organic matter on estuarine primary and 
bacterial production. Manuscript 

IV. Paczkowska J, Brugel S, Rowe OF, Lefébure R, Brutemark A, Andersson A. 
Influence of allochthonous dissolved organic matter on a coastal phytoplankton 
community. Manuscript. 

V. Andersson A, Meier HEM, Ripszam M, Rowe OF, Wikner J, Haglund P, Eilola K, 
Legrand C, Figueroa D, Paczkowska J, Lindehoff E, Tysklind M, Elmgren R 
(2015) Projected future climate change and Baltic Sea ecosystem management. 
AMBIO 44 (Suppl 3): 345-356. DOI 10.1007/s13280-015-0654-8 
 

Papers V have been reprinted with kind permission from the publisher. 

 

 

 

I also contributed to the following articles during my PhD studies: 

1. Figueroa D, Rowe OF, Paczkowska J, Legrand C, Andersson A (2016) 
Allochthonous carbon-a major driver of bacterioplankton production in the 
subarctic northern Baltic Sea. Microbial Ecology 71: 789-801. 

2. Ripszam M, Paczkowska J, Figueira J, Veenaas C, Haglund P (2015) Dissolved 
organic carbon quality and sorption of organic pollutants in the Baltic Sea in light 
of future climate change. Environmental Science and Technology 49: 1445-1452. 

3. Rowe O F, Dinasquet J, Paczkowska J, Figueroa D, Riemann L, Andersson A. 
Major differences in dissolved organic matter characteristics and microbial 
processing over an extensive brackish water gradient, the Baltic Sea. Submitted to 
Science of the Total Environment. 

 
 

7



Author contributions  
 
Joanna Paczkowska´s (JP) contribution:  
 
Paper I. JP designed and performed the field study in collaboration with the supervisors 
and the research group. JP measured humic substances, pigments concentrations and 
analyzed the results statistically. JP wrote the paper in collaboration with the supervisors 
and other co-authors. 
Paper II. JP contributed to the planning and performed the field study. JP measured humic 
substances, CDOM, Chl a, SPM and analyzed the results statistically. JP wrote the paper in 
collaboration with the supervisors and other co-authors. 
Paper III: JP participated in the preparation and analyses of the results, and contributed to 
the writing of the paper. 
Paper IV: JP participated in the experiment, measured: humic substances, CDOM, SPM 
and analyzed the results statistically. JP wrote the paper in collaboration with the 
supervisors and other co-authors. 
Paper V: JP contributed to planning, design and writing of the paper. She also analyzed 
field data. 

 
 

8



Introduction 

 

Marine phytoplankton contribute to half of the primary production on the planet and 
play an important role in shaping the structure and function of the marine food webs (Field 
et al. 1998, Falkowski 2012). Despite their small size, they account for 1-2 % of the total 
photosynthethic biomass on earth and provide organic compounds that underpin both 
pelagic and benthic food webs (Falkowski 1994, Dahlgren et al. 2010). Environmental 
conditions, including those induced by climate change, can directly or indirectly influence 
phytoplankton. These environmental conditions may have direct consequences, such as: 
increased temperature or increased precipitation; or indirect consequences such as: 
decreased salinity or increased riverine inflows of allochthonous dissolved organic matter 
(ADOM) (Meier et al. 2012, Andersson et al. 2015). Such changes will induce responses in 
the phytoplankton community and affect e.g. their taxonomic composition, size-structure, 
nutritional strategy, biomass and production. Furthermore, any such change can have 
impacts on higher trophic levels and the efficiency with which nutrients and energy are 
transferred within the food web (food web efficiency, FWE) (Dahlgren et al. 2010, 
Lefébure et al. 2013). In simple terms a food web based on autotrophic primary production 
is classically considered to involve few trophic transfer steps and thus be efficient (high 
FWE), whereas a food web supported by bacterial production has numerous transfer steps 
and lower efficiency since losses occur at each step. 

 

Basal production in the Baltic Sea  

The Baltic Sea is a complex ecosystem, where primary productivity is regulated by 
e.g. nutrients, light availability, and temperature. Furthermore, these factors differ widely 
along the extensive latitudinal gradient, across which strong seasonal and catchment 
differences occur. In the northernmost part, the Bothnian Bay, the annual primary 
production is 10-fold lower than in the south, which is explained by a combined effect of 
phosphorus (P) limitation and lower light availability for phytoplankton (Dahlgren et al. 
2010, Andersson et al. 2015). This is due to the large amount of ADOM delivered by rivers 
and the shorter productive season (Andersson et al. 1996, Tamminen and Andersen 2007, 
Andersson et al. 2015). In the more southerly basins, the primary production is 
predominantly nitrogen (N) limited (Graneli et al. 1990, Tamminen and Andersen 2007). It 
is notable that primary production in the southern parts of the Baltic has increased over the 
past 20 years, probably due to increased nutrient load (Table 1) (Wasmund and Siegel 
2008). Another contributor to basal production is heterotrophic bacterial production, for 
which the annual production remains relatively constant across this gradient. However, 
taken together the relative contribution of phytoplankton production to overall basal 
production decreases in a northerly direction, constituting almost 90% in the Baltic Proper 
but only 30% in the Bothnian Bay (Andersson et al. 2015). Rivers entering the northern 
Baltic Sea carry high amounts of ADOM due to the forest-peatland characteristics of the 
surrounding catchments (Stepanauskas et al. 2002, Räike et al. 2012, Hoikkala et al. 2015). 
Peatlands are recognized as one of the largest terrestrial “carbon-storages” in the world 
(Dean and Gorham 1998). The freshwater inflows deliver large volumes of ADOM-rich 
water to the coast, which influences the nutrient concentrations and light availability; two 
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major drivers of phytoplankton composition, production and photosynthetic processes in 
marine ecosystems. 

 

Table 1. Primary production in the Baltic Sea (from Wasmund and Siegel 2008 based on 
Kaiser et al. 1981 and Wasmund et al. 2001). 

 

Region Primary production (g C m-2 year-1) 

 

Kattegat / Danish strains 

Baltic Proper 

Gulf of Riga 

Gulf of Finland 

Bothnian Sea 

Gulf of Bothnia 

Baltic Sea average 

Kaiser et al. (1981) 

90 - 120 

90 - 125 

80 - 100 

70 

70 

18 

84 

Wasmund et al. (2001) 

190 

200 

261 

82 

52 

17 

50 

Additionally, ADOM contains potentially bioavailable carbon compounds that 
heterotrophic bacteria may utilize, allowing them to become less dependent on 
autochthonous carbon produced by phytoplankton (Figueroa et al. 2016). This change in 
the balance of the basal production can allow bacteria to outcompete phytoplankton for 
nutrients, since they are smaller and thus better competitors for essential nutrients, such as 
phosphorus (Tranvik 1989; Drakare et al. 2002, Jansson et al. 2007).  

 

Influence of light on phytoplankton 

Light is essential for phytoplankton, particularly for the autotrophic taxa. The 
suitability of the underwater light field, in combination with the factors described above, 
are critical in determining productivity levels, as well as other structural or functional 
aspects. ADOM-induced browning of recipient waters reduces light availability for 
phytoplankton, which leads to decreased primary production (Thrane et al. 2014, Seekell et 
al. 2015). However, there are two main processes by which phytoplankton respond to 
changes in light availability: adaptation and acclimation, although these occur on very 
different time-scales. Adaptation is a relatively slow process occurring over evolutionary 
time scales and is due to genetic modification of phytoplankton species to the new 
conditions, whereas photo-acclimation takes place rapidly (seconds to days) and includes: 
changes in the phytoplankton cellular pigment concentrations, respiration or growth rate. 
These changes offer optimized light capture or improved enzymatic activity (Raven and 
Geider 2003, Dubinsky and Stambler 2009, Brunet et al. 2013).  

Among the light-harvesting pigments, chlorophyll a (Chl a) and carotenoids are 
present in all phytoplankton species (Jeffrey et al. 1997). Under light limited conditions, an 
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increase in Chl a to carbon biomass ratio (Chl a:C) has been observed both in natural 
phytoplankton communities and during laboratory studies, which allows cells to improve 
their light harvesting capacity and maintain a high photosynthetic efficiency (Falkowski et 
al. 1985, MacIntyre et al. 2002). In general, changes in the phytoplankton Chl a content 
occur more rapidly than for other pigments. Additionally, it has been shown that 
phytoplankton cell size is a crucial variable that influences the Chl a content (Staehr et al. 
2002). Smaller cells in general have higher Chl a specific absorption coefficients, which is 
a result of the larger surface-to-volume ratio and thus more even distribution of Chl a 
within the cell (Raven 1998, Kirk 2011). In addition to their photosynthetic function, the 
carotenoids are responsible for protecting phytoplankton cells against the harmful effects 
of ultraviolet radiation (Kirk 2011). They can be divided into two groups: photosynthetic, 
which dominate the carotenoid pool in highly productive ecosystems, and photoprotective, 
which play a more important role in low productive ecosystems (Gibb et al. 2000, Barlow 
et al. 2002). As with Chl a, the production of carotenoids can be modulated, with a 
relatively high proportion of photo-protective pigments when the irradiance and 
temperature are high and nutrient concentrations low. 

 

Impact of nutrients on phytoplankton 

In the northern Baltic Sea, phosphorus is the main factor controlling primary 
production and shaping phytoplankton composition (Andersson et al. 1996, Tamminen and 
Andersen 2007). High concentrations of dissolved organic matter, particularly humic-rich 
substances, have a direct influence on the bio-availability of phosphorus, since it becomes 
immobilized by iron-humic aggregates (Jones et al. 1993). Via photolysis or microbial 
enzymatic degradation this can be reversed, making the bound phosphorus available for 
phytoplankton (DeHaan 1992, Bronk et al. 2007). Under low-nutrient and light-limiting 
conditions, picophytoplankton can become dominant as small cells have higher surface-to-
volume ratios, which facilitates rapid nutrient uptake and higher light absorption 
efficiency. In addition they divide more rapidly than larger cells (Chrisholm 1992, Raven 
1998, Litchman et al. 2007). However, a higher contribution of picophytoplankton results 
in extra trophic steps since food webs are size structured (i.e. larger predators feeding on 
larger-sized prey), contributing to reduced food web efficiency as 70-90% of the carbon 
and energy are lost at each additional internal trophic transfer step (Legendre and 
Rassoulzadegan 1995). With increasing nutrient concentrations small cells are replaced by 
larger ones, which leads to shorter food chains and thus higher food web efficiency 
(Legendre and Rassoulzadegan 1995). Moreover, previous studies have shown that 
variations in nutrient concentrations not only introduce changes in the overall size-
structure of the phytoplankton community, but also in the cell size of individual species 
(Sommer et al. 2016). In environments with a strong seasonal variation, phytoplankton 
show large changes in cell sizes over time. A clear shift from larger to smaller cells is 
observed during the phytoplankton seasonal succession. During the nutrient rich spring 
bloom the phytoplankton community is dominated by relatively large autotrophic cells 
(microphytoplankton), while after the nutrients have been depleted and the water warms 
smaller cells become dominant represented by nano- and picophytoplankton (Sommer et 
al. 1986, Andersson at al. 1996, Legrand et al. 2015).  
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Influence of temperature on phytoplankton 

Temperature is generally considered to be an indirect driver of change in 
phytoplankton community composition and size structure, as well as the ratio between 
bacterial and phytoplankton growth, due to the inverse relationship between nutrient 
availability and phytoplankton growth (Andersson et al. 1994, Muren et al. 2005, Sommer 
et al. 2016). During summer, higher temperature and thus stronger stratification leads to 
nutrient limitation, which in turn influences phytoplankton growth and composition. 
Higher relative contributions of smaller cells have been found in warm and nutrient-poor 
conditions, while the importance of larger cells increases in cold and nutrient-rich waters 
(Agawin et al. 2000, Moran et al. 2010). As phytoplankton growth rate depends both on 
their size and the temperature, smaller cells play a more important role at higher 
temperature, compared to larger cells (Brown et al. 2004, Pearl and Huisman 2009). In the 
northern Baltic Sea, the shortest picocyanobacteria generation time was observed during 
the summer (~1-2 days), while it raised to ~120 days during winter (Andersson et al. 
1994). 

The predicted warming of the Baltic Sea would also modify the timing and magnitude 
of the seasonal succession of phytoplankton and alter size-selective grazing of copepods, in 
part since heterotrophic processes would be preferentially supported (Sommer et al. 2007, 
Sommer and Lengfellner 2008).  

 

The study area  

The Baltic Sea is a 415 000 km2 semi-enclosed and high-latitude brackish-water 
ecosystem, heavily exposed to anthropogenic pollution and susceptible to climate change 
(Andersson et al. 2015, HELCOM 2013). It is divided into five main sub-basins, separated 
by shallow sills (Fig. 1) and over 85 million people from nine surrounding countries 
inhabit its catchment area. Due to extensive freshwater inflow in the north and the 
influence of North Sea saline waters entering via the Kattegat in the south, a salinity 
gradient exists, ranging from 1-3 psu in the Bothnian Bay to 25-30 psu in the Kattegat. 
Both marine and freshwater phytoplankton species occur, however species richness 
decreases along this south-north gradient, being 13% higher in the Baltic Proper than in the 
northern basins. Taxonomic groups such as chlorophyceae and cyanophyceae are common 
in the north due to the lower salinity, while diatoms and dinoflagellates generally reside in 
more saline waters of the south (Ojaveer et al. 2010). River inflow, particularly in the 
north, transports ADOM to the Baltic Sea ecosystem, which contributes to the relatively 
brown color of the water and higher concentrations of humic substances in the north 
(Mikulski and Falkenberg 1986, Deutsch et al. 2012). Furthermore, differences in 
concentrations of inorganic nitrogen and phosphorus between basins occurs, with relatively 
high nitrogen and low phosphorus concentrations in the north, contributing to phosphorus 
limitation (Andersson et al. 1996). In contrast, nitrogen is the main limiting factor for 
phytoplankton growth in the south. These differences in nutrient status, in combination 
with temperature and light, define basin specific trends in phytoplankton growth, timing of 
phytoplankton succession and community composition. For example the growing season 
starts one to two months earlier in the Baltic Proper than in the northern basins (Kautsky 
and Kautsky 2000).  
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Regional climate scenarios indicate that in the northern Baltic Sea area, both the 
seawater temperature and precipitation will increase during the next coming century 
(Meier 2012). The seawater temperature may increase ~4°C and the riverine inflows rise 
~20-30%, which will be accompanied by increased discharges of colored ADOM, elevated 
nutrients loads and decreased pH (Meier 2012). How climate change will effect the 
phytoplankton composition and productivity is a crucial question as the outcome will give 
insights into the potential ecological consequence for the food web that it underpins. 

 

 

Figure 1. The study area showing the sampling stations along the south-north gradient 
(numbered open circles) and the Råne, Öre and Emän estuaries (filled circles).  

 

 

Influence of allochthonous dissolved organic matter on phytoplankton 

Dissolved organic matter (DOM) plays an important role in carbon and nutrient 
cycles, for example nitrogen and phosphorus (Cleveland et al. 2004, Bolan et al. 2011). 
DOM is a mixture of aromatic and aliphatic carbon-rich compounds, which depending on 
their origin can vary in their structural complexity and their molecular weight, and thus in 
their availability for microorganisms. It is transported to the ecosystem from terrestrial 
source via rivers and streams (allochthonous) or have autochthonous origins, e.g. produced 
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by phytoplankton in the ecosystem through exudation or cell lysis (Nygata 2000). Previous 
studies have shown that aliphatic carbon-rich compounds, characterized by low molecular 
weight are more readily utilized by bacteria and contribute to higher growth efficiencies 
(Tranvik and Jørgensen 1995, Bertilsson and Tranvik 1998). The ability of heterotrophic 
bacteria to assimilate carbon from DOM decreases with the increasing proportion of 
aromatic compounds in the pool. Additionally, seasonal variation in river discharge, due to 
rainfall or snowmelt runoff and differences in the properties of the catchment area affect 
the characteristics and supply of organic matter to the coast (Skoog et al. 2011, Asmala et 
al. 2013). 

Rivers entering the northern part of the Baltic Sea represent circa half of the 
freshwater inputs that enter the entire Baltic Sea, and due to the forest-peatland dominated 
characteristics of these catchment areas ADOM is a significant factor. It has been shown 
that ADOM makes up to ~80% of the total pool in the northern basin, with the importance 
of these aromatic compounds declining in a southerly direction, the lowest value of 67% 
observed in the Baltic Proper (Stepanauskas et al. 2002, Alling et al. 2008, Ripszám et al. 
2015). ADOM directly influences phytoplankton by changing the light availability and 
nutrient concentrations, and since it contains potentially bioavailable carbon that can 
support heterotrophic bacterial growth, the balance of basal production may be altered 
(Tranvik 1989, Jansson et al. 2007). This was observed during spring in a sub-arctic 
estuary where basal production was dominated by bacteria production, suggesting that 
external carbon allowed heterotrophic bacteria to become decoupled from phytoplankton 
(Figueroa et al. 2016). Since ADOM generally contains aromatic, high-molecular-weight 
compounds, which have low bioavailability for bacterial growth, higher bacterial 
production observed was due to the massive supply via rivers (Hulatt et al. 2013, Figueroa 
et al. 2016). 

In lakes strongly influenced by ADOM, the heterotrophic bacterial production and 
proportion of mixotrophic flagellates in the phytoplankton community are relatively high 
compared to clear-water lakes (Jansson 1996, Bergström et al. 2003). The mixotrophs, 
which both have photosynthesic capacity and consume other organisms, belong to diverse 
taxonomic groups, e.g. dinophyceans, prymnesiophyceans and chrysophyceans (Jones 
1994, 2000). It has been suggested that mixotrophs can outcompete both specialist 
autotrophs and heterotrophs under light and nutrient-limited conditions, as they can utilize 
light when conditions are suitable and obtain essential nutrients and organic compounds 
via phagotrophy when food particles are available (Caron et al. 1993, Nygaard and Tobiese 
1993). Previous studies have shown that under favorable conditions, mixotrophic 
flagellates can constitute as much as 86% of bacterial predation (Havskum and Riemann 
1996). Such changes at intermediate levels within the food web (e.g. nanoflagellate 
protozoa) will in turn influence the biomass of mesozooplankton (Berggren et al. 2010), 
having consequences throughout the food web. Even if mixotrophs are well studied in 
humic lakes, much less is known about their presence in estuaries influenced by fluctuating 
environmental condition.  

 

 
 

14



Objectives 

The aim of my thesis was to elucidate factors governing the production, size-structure 
and nutritional strategy of the Baltic Sea phytoplankton community. I focused on the 
effects of allochthonous dissolved organic matter (ADOM) and nutrients, as the 
importance of these factors in plausible climate change scenarios for this region are clear. 
Specifically I wanted to: 

Assess factors governing the phytoplankton community along an offshore south-north 
gradient in the Baltic Sea during different seasons. 

Assess factors governing the phytoplankton community in estuarine systems exposed 
to seasonal variation in river discharge. 

Mechanistically study the effect of increasing ADOM on natural phytoplankton 
communities. 

These questions were addressed in five different studies. 

 

Materials and methods 

To approach my research questions I performed field studies, large scale experimental 
studies and participated in an overview study exploring potential effects of climate change 
on management needs in the Baltic Sea. The field studies were carried along the south-
north gradient of the Baltic Sea, as well as in three estuaries located in different major 
basins of the Baltic Sea (Bothnian Bay, Bothnian Sea and the Baltic Proper). A mesocosm 
experiment was employed to study the effect of increased inputs of ADOM on a natural 
phytoplankton community from a coastal region of the northern Baltic Sea. 

Field studies  
Paper I: Studies in the open-waters of the Baltic Sea 

Drivers of the phytoplankton community composition, size-structure and nutritional 
strategy in the open sea were studied by performing field studies along a south-north 
gradient in the Baltic Sea. Fourteen stations were sampled at ~2 meters depth during late 
summer 2011 and winter-spring 2012, using a Ferry Box system. Standard laboratory 
techniques were used to analyze humic substances (HS, a proxy for ADOM), total 
phosphorus (Tot P), total nitrogen (Tot N), and pigments concentrations. Temperature and 
salinity were measured by in situ sensors installed in the Ferry Box system. Analysis of 
nano- and microplankton was carried out using the Utermöhl technique (Utermöhl 1958), 
while epifluorescence microscopy or flow cytometry were used for the analysis of 
picoplankton. Plankton cells were divided according to their nutritional strategy: 
(autotrophic, heterotrophic and mixotrophic) and size-structure: < 2 µm 
(picophytoplankton), 2-10 µm (ultraphytoplankton), 10-20 µm (nanophytoplankton) and 
> 20 µm (microphytoplankton) according to Olenina et al. (2006). 

To study physiological acclimation to different environmental conditions we analyzed 
the chlorophyll a content of the cells (chlorophyll a concentration divided by total 
phytoplankton carbon biomass) and the photoprotective pigment index (PI) of the 
phytoplankton: 
PI = (diadinoxanthin + diatoxanthin + zeaxanthin)/ Chl a 
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Paper II, III and V: Estuarine studies 

Drivers of phytoplankton and bacterial production and phytoplankton community 
composition were studied in three estuaries located in different basins of the Baltic Sea, in 
the Råne estuary (Bothnian Bay), Öre estuary (Bothnian Sea) and Emån estuary (Baltic 
Proper). Samples were collected at 1 m depth at 8-19 stations across the productive season. 
Primary (PP) and bacterial (BP) production were measured using the 14C uptake method in 
situ and the 3H-thymidine incorporation technique, respectively. Measured 
physicochemical variables included: Secchi depth, photosynthetically active radiation 
(PAR), pH, conductivity, Tot N, Tot P, HS, dissolved organic carbon (DOC), colored 
dissolved organic matter (CDOM) and suspended particulate matter (SPM). PP:Chl a 
(primary production divided by chlorophyll a) and PP:C (primary production divided by 
total phytoplankton carbon biomass) were calculated as indices of photosynthetic 
efficiency. Phytoplankton were analyzed as described for paper I, however, the cells were 
grouped into pico (< 2 µm), nano- (2-20 µm) and microplankton (> 20 µm). 

Experimental study  
Paper IV: Effect of ADOM on a coastal phytoplankton community 

A 28-day mesocosm experiment was performed in spring 2012, to study the influence 
of increasing inflows of ADOM and inorganic nutrients on a coastal phytoplankton 
community. The experiment was designed to elucidate how increased inflows of ADOM 
will affect the plankton community in a coastal area in the northern Baltic Sea. The 
mesocosm facility at Umeå Marine Sciences Centre was used for this experiment. It 
consists of twelve 5 m high indoor tanks, each with a volume of 2000 l. The seawater was 
collected from the Bothnian Sea (63º33'N, 19º56'E) and contained a natural pelagic food 
web inclusive of bacteria-phytoplankton to mesozooplankton. To mimic natural predation, 
seven young-of-the-year perch (Perca fluviatilis) were introduced to each mesocosm. The 
experiment comprised four treatments, each replicated in triplicate: (1) ADOML (2) 
ADOMH (3) CtrlL (4) CtrlH. In the ADOML and ADOMH treatments, natural ADOM 
extracts were added to obtain 6 mg l-1 and 8 mg l-1 of DOC, which means 50 and 100% 
DOC increase in the seawater (Hägg et al. 2010). Natural ADOM extracts were prepared 
from soils collected from the bank of the Öre River (northern Bothnian Sea, Sweden), a 
dominantly forested catchment; and from the bank of the Reda River, situated in the 
southern Baltic Sea, Poland, surrounded mainly by agricultural land. Inorganic N and P 
were added to the controls, to obtain inorganic nutrient concentrations matching the 
respective ADOM treatments. 

Mesocosms were sampled twice a week for humic substances, DOC, total phosphorus 
(Tot P), total nitrogen (Tot N), inorganic nutrients (nitrate, nitrite, ammonium and 
phosphate), Chl a, primary and bacterial production, picophytoplankton biomass, bacterial 
biomass, while samples for measurement of silica, phytoplankton, ciliates and zooplankton 
composition were taken at the beginning, middle and end of the experiment (Day 0, 17 and 
28). Additionally, PP:Chl a and Chl a:C were calculated in a similar way as in the field 
studies. Every 7 days, vertical irradiance profiles were measured from the surface to 4.5 
meters and the light attenuation coefficient (Kd) was calculated from the slope of the linear 
regression of the natural logarithm of down-welling irradiance versus depth. 
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Statistical analyses  

Principal component analyses (PCA) were used to identify physicochemical variables 
responsible for patterns in size-structure, nutritional strategy of phytoplankton, basal 
production and pigment content (Paper I, II, III and IV). Changes in the phytoplankton 
composition were examined by non-metric multidimensional scaling (NMDS) based on a 
Bray-Curtis similarity matrix, while analyses of similarity (ANOSIM) were performed to 
test differences in phytoplankton communities (Paper I and II). To test differences in 
physicochemical and biological variables, the Student’s t-test (Paper I) and nonparametric 
analysis of variance (ANOVA Kruskal-Wallis test; p<0.05) (Paper II) were performed 
while Spearman’s (Paper I) and Pearsons correlations (Paper II, III) were used to find 
relationships between variables. A one-way repeated measures ANOVA, followed by 
Tukey’s post-hoc tests, was used to test the effects of ADOM additions on phytoplankton 
size-structure, nutritional strategy, composition and production in the mesocosm 
experiment (Paper IV). Raw data were either logarithmically transformed or arcsin-square 
root transformed to fulfill the assumptions of normality and homoscedasticity. Data 
analysis was performed in SPSS Statistics 22, Primer 6 and Canoco 5 softwares. 

 

 

Results and discussion 
 

Paper I: Allochthonous matter – an important factor shaping the phytoplankton 
community in the Baltic Sea 

In coastal waters, ADOM not only influences the light availability for phytoplankton, 
but also regulates physicochemical variables and fuels the heterotrophic microbial food 
web. To obtain an overview of how humic substances (proxy of ADOM) and other 
physicochemical variables influence the nutritional strategy, size-structure and pigment 
content of the phytoplankton in the Baltic Sea, we performed field studies along a 1000 km 
south-north transect during summer and winter-spring seasons.  

Our results showed that ADOM was one of the most important factors governing the 
phytoplankton community during the late summer period. A higher proportion of 
mixotrophs was found in the ADOM-rich northern waters (Fig. 2), where phosphorus-light 
limiting conditions promoted nano- and micro-plankton with diverse feeding mechanisms. 
The bacterial:primary production ratio is relatively high in the north, because of high 
ADOM concentrations and low phosphorus concentrations (Paper V: Andersson et al. 
2015). This indicates that the heterotrophic microbial food web, including mixotrophs, 
would be favored in this area. In contrast the proportion of autotrophs decreased towards 
the north. The increasing brown color of the ADOM from south to north led to an 
increased Chl a:C ratio, an acclimation strategy to facilitate light harvest and sustain 
efficient photosynthesis under lower light intensities, while photo-protective pigment 
concentrations declined due to the decreasing risk of photo-oxidative damage.  

In the south picocyanobacteria dominated the phytoplankton community (Fig. 2). This 
was somewhat surprising but can be explained by a preceding bloom of filamentous 
cyanobacteria. Thus the inorganic nutrients may have been depleted during that period, 
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promoting small unicellular picocyanobacteria, which have a competitive advantage due to 
their high affinity for nutrient uptake under limiting conditions.  

During the winter-spring, microphytoplankton were the dominant size group in all 
basins, composed mainly of autotrophic dinoflagellates, and the relative contribution of 
autotrophs and mixotrophs remained constant across the south-north gradient (Fig. 2). 
According to the regional climate change scenarios, an increase in precipitation and thus 
riverine inflows of ADOM will be one of the main factors influencing the phytoplankton 
community in the Baltic Sea. My results suggest that one consequence could be that the 
phytoplankton size-structure and composition observed in the north (Fig. 2) may move 
gradually further south in the Baltic Sea, which will cause an increase in the importance of 
mixotrophs within the phytoplankton community. 

 

 

 

 

Figure 2. Phytoplankton biomass divided into four size groups (< 2, 2-10, 10-20 and 
> 20 µm) (A, B), proportion (%) of autotrophs (C, D) and mixotrophs (E, F) during 
summer and winter-spring sampling events. 
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Paper II: Drivers of phytoplankton production and community structure in a sub-
arctic estuary influenced by seasonal river discharge 

The forested and peatland dominated catchments surrounding the northern Baltic Sea 
deliver high amounts of colored DOM, but relatively low concentrations of phosphorus, to 
the sea. In fact, the Baltic Sea exhibits one of the highest DOC concentrations in the world. 
The water has a characteristic brown color and strong phosphorus limitation prevails in the 
north (Andersson et al. 1996, Stepanauskas et al. 2002, Räike et al. 2012). The Bothnian 
Bay, situated in the northernmost part of the Baltic Sea, is a low productive ecosystem with 
a tenfold lower primary production compared to southern basins (Paper V: Andersson et 
al., 2015). In this paper, I studied drivers of the phytoplankton community composition, 
size-structure, nutritional strategy and production in an estuary in the Bothnian Bay, the 
Råne estuary. I found a relatively high contribution of picophytoplankton to phytoplankton 
biomass during the spring river flush, as compared to summer, which may be explained by 
small cells being more competitive under phosphorus limited conditions and their higher 
light absorption capacities (Fig. 3). However, it should be noted that the biomass of 
picophytoplankton increased in the summer, as a result of the higher specific growth rates 
of smaller cells at higher temperature.  

 

 

Figure 3. Principal component analysis (PCA) biplots of the physicochemical variables in 
the Råne estuary: humic substances (HS), DOC, CDOM, Tot P, Tot N, Temp, secchi, 
SPM, salinity, pH and basal production: bacteria production (BP), primary production 
(PP), the relative contribution of phytoplankton size-structure: pico- (< 2µm), nano- (2-
20 µm), micro- (> 20 µm) phytoplankton, relative contribution of nutritional strategy (AU: 
autotrophs, HT: heterotrophs and MX: mixotrophs) during the study period (●- May; ○ – 
June, □ – July, ▲- August) 
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The relative contribution of nanophytoplankton showed a similar trend as 
picophytoplankton, i.e. highest contribution during spring and lower during the summer. 
The mixotrophic Chrysochromulina spp. dominated the nanoplankton community. The 
dynamics of nanoplankton may be explained by the dynamics of ADOM, since it not only 
influences the light and the nutrient concentrations, but also transports bioavailable carbon 
for heterotrophic bacteria. Higher bacterial production was observed in spring due to 
higher amount of ADOM transported via the river, while the primary production increased 
during summer as a consequence of decreasing water discharge and increasing 
temperature. This was paralleled by a higher relative contribution of mixotrophs suggesting 
that this group of organisms can be promoted under nutrient-light limited conditions since 
they can supplement their nutrient requirements through the consumption of bacteria. The 
proportion of microphytoplankton was positively correlated with Tot P and temperature, 
while the phytoplankton community showed a clear shift from a dominance of diatoms to 
filamentous cyanobacteria over time. During spring, diatoms were favored probably 
because of higher suspended matter load, water turbulence and the Tot N/P ratio, while 
filamentous cyanobacteria capable of atmospheric nitrogen fixation became a dominant 
group with decreasing nitrogen concentrations. A higher Chl a:C ratio was observed at 
stations located at the river mouth where the light intensities were lower, inducing an 
acclimation of phytoplankton cells, increasing their photosynthetic efficiency under 
shading conditions.  

 

 

Paper III: Marked impact of allochthonous dissolved organic matter on estuarine 
primary and bacterial production 

Phytoplankton and heterotrophic bacteria are key functional groups that form the base 
of aquatic food webs (basal production). How these groups interact, in dependence on each 
other or in competition for pools of essential yet limited nutrients, is extremely important, 
not just to the productive balance at the base of the food web, but also for higher trophic 
levels that are reliant on them as food and nutrient sources. In this study the patterns of 
seasonal discharge of riverine waters rich in colored allochthonous dissolved organic 
matter (ADOM) were extremely distinct, particularly so at our initial sampling event that 
coincided with the peak of the spring flush (Fig. 4). ADOM represents a viable resource 
for heterotrophic bacteria and may facilitate their decoupling from autochthonous 
phytoplankton produced DOM. This was especially evident during the spring river flush 
where the production and growth rates of heterotrophic bacteria were promoted (Fig. 4). In 
contrast, the photosynthetic efficiency (i.e. phytoplankton growth rates) was reduced 
during spring, particularly due to phosphorus concentrations, the latter being the limiting 
nutrient within this sea region.  

In spring heterotrophic bacterial production dominated basal production (almost 100% 
in the river mouth), however, during summer the primary and bacterial production were 
approximately equal. Furthermore, during the summer period the secondary peak of 
bacterial production appears to have been supported predominantly by autochthonous 
phytoplankton production, owing to the lower river discharges of ADOM and the 
prevailing conditions being more suited to higher levels of phytoplankton exudation. 
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Figure 4. Distribution of (A) total phosphorus, (B) humic substances concentration, (C) 
primary production and (D) bacterial production from spring to summer in the Öre estuary. 
Values were averaged per sampling occasion for all stations. Error bars denote the standard 
error. 

 

Overall, our study shows that ADOM has a strong influence on the function of coastal 
phytoplankton and bacterial communities. The elevated discharge of ADOM rich riverine 
water can clearly affect, even control, the balance of basal production and this will 
undoubtedly have an influence on the structure, function and efficiency of higher trophic 
levels. Moreover, in regions such as the northern Baltic Sea, where climate change 
predictions indicate that there will be significant increases in river inflow to coastal waters 
due to elevated rainfall in the surrounding catchments, these findings are particularly 
pertinent. As such it may be possible to incorporate the balance between phytoplankton 
and bacterial production into management strategies as an indicator of environmental 
change in aquatic systems.   
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Paper IV: Influence of allochthonous dissolved organic matter on a coastal 
phytoplankton community 

The mesocosm experiment was carried out to elucidate how increasing inflows of 
allochthonous dissolved organic matter and inorganic nutrients, together with grazing, will 
influence the size-structure, nutritional strategy and community structure of a natural 
coastal phytoplankton community, and to monitor the balance of basal production. Our 
results showed that phytoplankton was driven by nutrients associated with ADOM while 
light availability and grazing had a lesser influence. The relative contribution of 
autotrophic picophytoplankton was higher under low inorganic nutrient concentrations 
while high amount of ADOM promoted microphytoplankton (Fig. 5). An increase in 
picophytoplankton in parallel with higher mesozooplankton and lower ciliates biomass was 
found, which together indicated that grazing by higher trophic levels decreased predation 
pressure on small cells. Furthermore, a slightly higher proportion of heterotrophs was 
observed under higher ADOM and nutrients concentrations, while mixotrophs were 
promoted under stronger phosphorus limitation. In darker, nutrient-rich waters the Chl a:C 
ratio increased which allowed phytoplankton cells to maintain photosynthetic efficiencies 
at a similar level to those in clear water condition. Our study indicates that increasing 
ADOM in the coastal zone would lead to a decrease in primary production, however the 
size-structure and nutritional strategy of phytoplankton will depend on the specific nutrient 
loads associated to the specific discharged ADOM. 

 

 

Figure 5. Proportion of biomass of different phytoplankton size–classes: pico- (< 2 µm), 
nano- (2-20 µm), micro- (> 20 µm) during the mesocosm experiment. 
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Paper V: Projected future climate change and Baltic Sea ecosystem management. 

Clear climate change projections for the Baltic Sea are beginning to emerge, and 
recent studies have improved the methodologies for these predictions and defined expected 
physicochemical outcomes. However, how these alterations to the environment will 
influence the food webs of the Baltic Sea, and therefore management strategies, is an on-
going research challenge. In this paper, we summarize the current knowledge on this 
subject and describe initial explanatory schematic food web models that can be developed 
to better incorporate future climate change predictions. We explore literature, field and 
experimental data and encompass a range of important environmental stressors (e.g. 
pollutants) and spatial aspects. 

As described in previous papers within this thesis it is clear that some of the effects of 
climate change will markedly impact the food web of the Baltic Sea. This is particularly 
true for the basal producers, the heterotrophic bacteria and autotrophic phytoplankton, with 
which the food web is rooted. Changes to basal production will have knock on effects at 
higher trophic levels, influencing the structure, function and overall productivity of the 
Baltic Sea food web (Fig. 6). 

Inflows of dissolved organic matter (DOM) can have numerous effects on the marine 
ecosystem. DOM may alter the transport and partitioning of organic pollutants, with 
potential consequences for marine organisms, and it has a direct influence on the light 
climate, in addition to supplementing heterotrophic bacteria with an external carbon 
source. While some of the consequences remain unclear, for example, if DOM-pollutant 
complexes can more readily enter the food web through heterotrophic pathways, others are 
more clearly defined.  

 

 

Figure 6. Simplified schematic view of climate-altered food webs in the Bothnian Bay 
(left), southern Bothnian Sea (middle), and Baltic proper (right) in summer. Green arrows 
represent autochthonous and brown arrows allochthonous production. Organisms included 
in the food webs and their trophic position (in parenthesis): bacteria (1, 2), phytoplankton 
(1), flagellates (2, 3), ciliates (3, 4), zooplankton (2, 4, 5), and fish (3, 5, 6). Illustration by 
Mats Minnhagen. 
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Increased inflows of DOM promote heterotrophic bacterial production since DOM can 
represent a viable growth substrate, and these compounds result in concurrent disturbance 
of the marine light climate. This heightened light attenuation (brownification) can be 
detrimental to autotrophic photosynthetic primary producers, the phytoplankton, 
decreasing primary production. Thus DOM discharge and elevated temperature may result 
in a promotion of heterotrophic bacterial processes at the expense of phytoplankton. This 
would result in a food web based more heavily on bacteria (in the north) and consequently 
increased trophic steps and lower food web efficiency. In the southern Baltic Sea elevated 
temperature and nutrient discharge may promote nutrient recycling and oxygen 
consumption; potentially extending anoxic areas, sediment nutrient release and 
cyanobacteria blooms. All such changes alter the structure and function of the food web 
and thus the channeling of energy and nutrients to higher trophic levels. 

In addition to further studies on this topic it is suggested that management consider a 
better incorporation of bacteria and phytoplankton into monitoring strategies, to gain a full 
overview of how nutrients, DOM and temperature influence the root of the food web, 
particularly with a climate change perspective. Furthermore, it is suggested that standard 
monitoring techniques be reviewed with this in mind, such as the use of chlorophyll as a 
proxy for phytoplankton biomass and environmental status.  
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Conclusion and future perspectives 

Results of my studies suggest that future climate change, especially increasing 
delivery of ADOM via rivers, will influence the composition, size-structure, production 
and nutritional strategy of the phytoplankton community as a result of altered light and 
nutrient availability. Autotrophs appear particularly susceptible to these changes and the 
heterotrophic microbial food web may be selectively favored, which in turn can lead to 
decreased food web efficiency of the ecosystem. 

According to theoretical assumptions, pico- and nanophytoplankton would be favored 
in low-light and nutrient-limited conditions, due to their relatively high affinity for 
nutrients and high photosynthetic efficiencies, while larger cells should thrive in nutrient 
rich conditions. However, in the offshore study performed along a south-north gradient, the 
phytoplankton community was dominated by picocyanobacteria in the nutrient-rich south 
of the Baltic Sea, and therefore the theroretical assumption did not hold true. The 
successional stage certainly played an important role for this observed pattern, because the 
sampling campaign was performed directly after the decline of an extensive bloom of 
filamentous cyanobacteria. Smaller-sized plankton is often promoted during the decline 
phase of cyanobacteria blooms.  

Both the field and experimental studies showed that the phytoplankton cells acclimate 
to decreasing light availability by increasing their Chl a:C ratio. This adaptation enables 
the phytoplankton to maintain the photosynthetic capacity under changing environmental 
conditions. The levels of photoprotective pigments decreased from south to north, in 
keeping with increasing levels of ADOM and thus a decreasing impact of ultraviolet 
radiation. Furthermore, increasing ADOM inputs were observed to promote heterotrophic 
bacterial production at the expense of primary production, which in turn favored the 
mixotrophic plankton. Such changes as observed in our field and experimental studies add 
further complexities that need to be considered in models and management strategies. It is 
however clear that changes in basal production would have consequences for higher 
trophic levels, as indicated by our food web model. 

Estuaries are complex ecosystems, which are exposed to multiple and variable 
stressors. The environmental conditions are continuously changing. To verify patterns and 
regulating factors which I found to be important for the phytoplankton communities, it is 
necessary to perform more intensive field studies along the Baltic south-north gradient, as 
well as to include responses and feed-backs from higher trophic levels. It may be useful to 
apply stable isotope techniques to identify food sources and energy pathways, and 
molecular methods for taxonomic identification and transcriptional activity.  

In both research and aquatic monitoring Chl a is often used as a proxy for 
phytoplankton biomass. My studies shows that measurement of Chl a is a less accurate 
estimate of phytoplankton biomass than microscopic analysis, because the phytoplankton 
change their cellular chlorophyll content depending on the light availability. As the light 
availability in the Baltic Sea is expected to be modified due to climate change, it is 
advisable to perform proper microscopic analyses of the phytoplankton biomass, size-
structure and nutritional strategy. Such data can directly be used in modeling studies to 
assess food web efficiency and ecological function of the Baltic Sea ecosystem. 
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