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Abstract 

 

Climate change is expected to increase the precipitation ~30% in higher latitudes during the next 

century, increasing the land runoff via rivers to aquatic ecosystems. The Baltic Sea will receive higher 

river discharges, accompanied by larger input of allochthonous dissolved organic matter (DOM) from 

terrestrial ecosystems. The salinity will decrease due to freshwater dilution. The allochthonous DOM 

constitute a potential growth substrate for microscopic bacterioplankton and phytoplankton, which 

together make up the basal trophic level in the sea. The aim of my thesis is to elucidate the bacterial 

processing of allochthonous DOM and to evaluate possible consequences of increased runoff on the 

basal level of the food web in the Baltic Sea. I performed field studies, microcosm experiments and a 

theoretical modeling study.  

Results from the field studies showed that allochthonous DOM input via river load promotes the 

heterotrophic bacterial production and influences the bacterial community composition in the 

northern Baltic Sea. In a northerly estuary ~60% of bacterial production was estimated to be sustained 

by terrestrial sources, and allochthonous DOM was a strong structuring factor for the bacterial 

community composition. Network analysis showed that during spring the diversity and the 

interactions between the bacteria were relatively low, while later during summer other environmental 

factors regulate the community, allowing a higher diversity and more interactions between different 

bacterial groups. The influence of the river inflow on the bacterial community allowed “generalists” 

bacteria to be more abundant than “specialists” bacteria.     

Results from a transplantation experiment, where bacteria were transplanted from the northern Baltic 

Sea to the seawater from the southern Baltic Sea and vice versa, showed that salinity, as well as the 

DOM composition affect the bacterial community composition and their enzymatic activity. The 

results showed that α-proteobacteria in general were favoured by high salinity, β-proteobacteria by low 

salinity and terrestrial DOM compounds and γ-proteobacteria by the enclosure itself. However, effects 

on the community composition and enzymatic activity were not consistent when the bacterial 

community was retransplanted, indicating a functional redundancy of the bacterial communities.   

Results of ecosystem modeling showed that climate change is likely to have quite different effect on the 

north and the south of the Baltic Sea. In the south, higher temperature and internal nutrient load will 

increase the cyanobacterial blooms and expand the anoxic or suboxic areas. In the north, climate 

induced increase in riverine inputs of allochthonous DOM is likely to promote bacterioplankton 

production, while phytoplankton primary production will be hampered due to increased light 

attenuation in the water. This, in turn, can decrease the production at higher trophic levels, since 

bacteria-based food webs in general are less efficient than food webs based on phytoplankton. 

However, complex environmental influences on the bacterial community structure and the large 

redundancy of metabolic functions limit the possibility of predicting how the bacterial community 

composition will change under climate change disturbances.  
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Introduction 

 

Amazingly, we share our world with organisms comprising the largest diversity and the largest total 

biomass on Earth, yet we are not even able to see them with the naked eye: the aquatic 

microorganisms. At the same time, the aquatic microorganisms play a fundamental role in supporting 

life on Earth, catalyzing crucial biogeochemical cycles and recycling essential substances, such as 

carbon, nitrogen and phosphorous. Approximately half of the global flux of important elements is 

processed by microorganisms (Fuhrman et al., 2015). The aquatic microorganisms exhibit different 

types of metabolism. Some microorganisms are phototrophic, the primary producers, referred in this 

thesis as phytoplankton (Fig. 1). They are the aquatic microscopic plants that use dissolved 

nutrients from the surrounding water, inorganic carbon and solar energy to build up their own 

biomass. Phytoplankton produce and release organic substances, known as autochthonous dissolved 

organic carbon (DOC), which constitute a major food source for higher trophic levels (Reynolds, 

2008). The autochthonous DOC is readily available to be consumed by heterotrophic bacteria, or 

secondary producers, which hereafter referred to bacterioplankton. They are small prokaryotic 

organisms that are normally less than 2 µm in diameter (Fig.1) and consume dissolved organic 

compounds to obtain energy for their growth and reproduction (Kirchman, 2008). In turn, the 

bacterioplankton use as a food source the DOC and then is being harvested by unicellular 

bacterivorous organisms, i.e. heterotrophic flagellates and ciliates (Azam et al., 1983; Kirchman, 

2008). Phytoplankton and the unicellular bacterivorous organisms are predated by multicellular 

zooplankton (Rolff and Elmgren, 2000; Berglund et al., 2007). Next, small fishes feed on multicellular 

zooplankton, linking the microscopic biosphere with the macroscopic organisms, supplying nutrients 

and energy to larger aquatic organisms (Vander and Vadeboncoeur, 2002; Karus et al., 2014). Hence, 

phytoplankton and bacterioplankton together form the base of the food web in aquatic ecosystems 

(Azam et al., 1983; Andersson et al., 1985; Berglund et al., 2007).  

DOM concentration and composition 

The autochthonous DOC, produced by phytoplankton, is composed of simple organic compounds that 

have low molecular weight (LMW), such as sugars, amino acids, proteins and lipids (Bertilsson and 

Jones, 2009). Besides the exudates, some autochthonous carbon is released as a consequence of 

zooplankton sloppy feeding (Lampert, 1978), since the size of most phytoplankton is large enough for 

multicellular zooplankton to feed on directly (Liu and Dagg, 2003). Similarly to algal exudates, the 

larger organisms also excrete and release organic substances into the autochthonous DOC pool 

(Lampert, 1978). Those compounds represent a major source of energy for bacterioplankton in aquatic 

ecosystems (Reynolds, 2008).  

In coastal areas, which constitute the transition zone between terrestrial and marine ecosystems, a mix 

of resources is being transported by rivers to the marine ecosystem and used by bacterioplankton and 

phytoplankton. This mixture is composed by terrestrial derived large and complex molecules of high 

molecular weight (HMW), originated from leaf and roots exudates, litter leakages and metabolites 

released by different soil organisms. This heterogeneous mix of terrestrial substances is discharged in 

lakes and coastal areas through the rivers in the form of allochthonous dissolved organic matter 

(DOM). It contains carbon and other nutrients important for microorganisms (Benner, 2009), but 

since HMW complex molecules are difficult to break down by bacteria (i.e. the derived lignin, fulvic 

and humic acids compounds derived from plants) the allochthonous DOC is considered as poor source 

of energy for microorganisms. Since phytoplankton production is generally limited by nutrients such 

as nitrogen and phosphorous, the allochthonous nutrients can benefit the phytoplankton. Bacteria, on 

the other hand, consume the allochthonous DOC in addition to the nutrients (nitrogen and 

phosphorous), competing for nutrients with phytoplankton, thereby channeling a portion of these 

terrestrial compounds into the food web. Subsequently, bacterioplankton consume autochthonous and 
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allochthonous DOC, depending on the concentrations in the water and the specific availability of the 

compounds in the DOM pool. 

Hydrological processes regulate the export of allochthonous DOM from terrestrial to aquatic 

ecosystems, where the magnitude and duration of the water flux determine the concentration and 

composition of allochthonous DOM in the recipient systems (Battin et al., 2009). Likewise, land use 

(agriculture, forestry, etc.) and land type (boreal forest, cropland, etc.) have a large influence on the 

nature and composition of the allochthonous DOM (Asmala et al., 2013; Hulatt et al., 2014). The 

organic carbon present in the DOM is composed by a heterogeneous continuum of substances, from 

allochthonous and autochthonous origin, available to bacteria on varied timescales (Guillemette and 

del Giorgio, 2011; Guillemette et al., 2013). Since it is a mix of LMW and HMW compounds,  the 

different chemical attributes will influence the bacterial biomass, the bacterial composition as well as 

the metabolic processing of the DOC (Benner, 2009; Guillemette and del Giorgio, 2011). The LMW  

compounds are rapidly consumed by bacteria (Berggren et al., 2010; Guillemette and del Giorgio, 

2011), while the complex HMW compounds decompose slower, since it require that the bacteria 

produce exo-enzymes, and become an important source for bacterial consumption after the LMW 

substances are depleted (Guillemette and del Giorgio, 2011). The production of exo-enzymes by 

bacteria enhance the loss of energy by increased respiration (del Giorgio and Cole, 1998). Hence, 

allochthonous DOM can significantly fuel the food web production in certain aquatic ecosystems, e.g. 

humic lakes (Ask et al., 2009a). However, the fate of DOM is largely affected by different 

environmental and biological factors. For example, the salinity has effects on the molecular structure 

of organic compounds, where flocculation is sequestering the carbon forming large particles that 

precipitate to the bottom (Lisitsyn, 1995). Furthermore, the organic compounds are sensitive to photo-

transformation affecting the amount of carbon available for biological consumption (Lignell et al., 

2008). Parallel to this, some bacterioplankton are able to produced HMW substances (Guillemette and 

del Giorgio, 2012). Due to the importance of carbon as an energy source, it is of relevance to 

understand the bacterial utilization of DOM in aquatic ecosystems. 

Foo d web and production in aquatic ecosystems 

Traditionally, phytoplankton has been considered as the main provider of nutrients and DOC for 

bacteria. This model is known as the classical food web that considers phytoplankton as the main food 

source for zooplankton. On the other hand, bacterioplankton consumes a large fraction of the 

autochthonous DOC, which is used for biomass production and respiration (Fuhrman and Azam, 

1982). However, the importance of bacterioplankton as energy producer is not included in the classical 

food web model. In fact, the autochthonous DOC released by phytoplankton together with the 

allochthonous DOC are decomposed by bacteria through the ‘microbial loop’ in aquatic food webs 

(Azam et al., 1983; Cole, 1999). The bacterial incorporation of energy and nutrients is significant for 

the food web, emphasizing their importance as a functional group within the food web, and 

Figure 1: Images of phytoplankton (left) and bacterioplankton (right) communities (Photo: Chatarina Karlsson 
och Nina Dagberg respectively). 
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highlighting the potential importance of allochthonous DOC in many different ecosystems, for 

example: in clear and humic lakes in Sweden (Karlsson et al., 2002; Daniel et al., 2005), in a 

subtropical estuary in Brazil (Barrera-Alba et al., 2009) and in temperate coastal areas in Australia 

(Hitchcock and Mitrovic, 2015). 

Bacteria are smaller than phytoplankton (Fig. 1), and in marine systems mainly the small unicellular 

organisms, i.e. flagellates and ciliates, feed on bacteria. Some zooplankton, e.i. cladocerans, can also 

feed on bacteria directly (Faithfull et al., 2012), but they are not as abundant in the Baltic Sea 

compared to freshwater (Sandberg et al., 2004). Hence, the small flagellates and ciliates make up an 

intermediate trophic level, through which energy is channeled before reaching the multicellular 

zooplankton (Andersson et al., 2006). At each trophic level, a large part of the consumed carbon is lost 

in metabolic processes such as respiration and excretion, or by sloppy feeding (Azam et al., 1983). 

Consequently, since “bacteria-based food webs” holds more trophic levels than  “phytoplankton-based 

food webs”, the transfer of energy become less efficient (Berglund et al., 2007). However, bacteria are 

able to consume allochthonous DOC in addition to autochthonous DOC, thereby incorporating an 

external carbon source (terrestrial carbon) in to aquatic food webs and hence supporting ecosystem 

productivity (Daniel et al., 2005; Ask et al., 2009b). Simultaneously, the allochthonous DOM contains 

humic substances and colored DOM that absorb light, dimming the water and restricting the light 

necessary for the primary production (Carpenter et al., 1998; Ask et al., 2009a). Allochthonous DOM is 

thus a fundamental factor, modifying the productivity in aquatic ecosystems influenced by terrestrial 

input in multiple ways. 

Bacterial community structures and functional groups 

The role of bacteria in the aquatic ecosystem and their function in environmental processes is not 

clearly understood, mostly due to methodological limitations, although, the development of molecular 

techniques has increased our knowledge on bacterioplankton significantly during the last decades. 

Furthermore, the improvement in accuracy of methods to measure the bacterial production, 

respiration, abundance and community composition have also increased our knowledge on the 

phytoplankton-bacterioplankton ecological interactions and how they adapt to environmental changes. 

The use of molecular methods has revealed an unknown and vast biodiversity, which varies with the 

influence of biological and environmental interactions, and has highlighted processes that still remain 

unclear (Azam and Malfatti, 2007; Gasol et al., 2008). For instance, the incorporation of 

allochthonous DOC and nutrients by bacterioplankton depends on the characteristics of the organic 

compounds, the availability of those substances to bacterial decomposition (Benner, 2009; Berggren 

and del Giorgio, 2015), and on the ability of the bacteria to consume those specific compounds (Teira 

et al., 2009a; Gómez-Consarnau et al., 2012). Different bacterial groups are known to respond to 

different environmental conditions, as for example the α–proteobacteria  SAR11 dominate in nutrient-

rich waters with low DOC concentration (Teira et al., 2009b). Changes in environmental conditions 

modify the structure of bacterial communities which in turn may change the ecological function of the 

ecosystem (Berglund et al., 2007; Lefébure et al., 2013). Therefore, microbial ecologists now try to find 

couplings between bacteria and processes occurring in aquatic ecosystems (Galand et al., 2015). 

Different bacterial groups adapt to different physicochemical factors, showing spatial division on their 

distribution that shape more or less separated communities (microbiomes), i.e. different nutrient 

concentrations and salinity in the sea or in coastal areas distribute bacterial groups in irregular 

patterns in the water (Sipura et al., 2005; Sjöstedt et al., 2012; Herlemann et al., 2014). For example, 

in estuaries the bacterioplankton community composition often varies along the salinity gradient 

(Sjöstedt et al., 2012; Herlemann et al., 2014). Furthermore, cross ecosystem comparisons showed that 

the bacterial community composition as well as their metabolic processing of DOM are different in 

freshwater compared to marine systems, due to the salinity and to the divergence of the bacteria 

metabolic pathways (Dupont et al., 2014; Eiler et al., 2014). Some groups, such as the α-proteobacteria 

SAR11 were described. efficiently assimilating glucose in the Atlantic Ocean and being dominant 
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members of the bacterioplankton biomass (Malmstrom et al., 2005). In a different study, while in 

Delaware estuary, this group and other α-proteobacteria consumed LMW compounds in the natural 

DOM pool, the bacteroidetes dominated the decomposition of HMW compounds (Cottrell and 

Kirchman, 2003). The consumption of HMW by bacteroidetes has also been reported in freshwater 

(Attermeyer et al., 2014). Amino acids are consumed efficiently by  γ-proteobacteria in marine water 

(Alonso-Sáez and Gasol, 2007). Otherwise, β-proteobacteria efficiently consume river discharged 

DOM and are abundant in freshwater (Cottrell and Kirchman, 2003; Kisand and Wikner, 2003). 

Hence, the bacterial groups contribute in different degree to the total bacterial production, e.g. 

depending on their capacity to assimilate the different types of dissolved organic substances (Cottrell 

and Kirchman, 2003; Elifantz et al., 2005; Teira, Martínez-García, et al., 2009). 

The community structure is in general driven by the variable responses of different bacteria to the 

environmental conditions. However, there are also important biological interactions that influence the 

bacterial community structure (Azam and Malfatti, 2007). Phytoplankton affect bacteria directly by 

releasing autochthonous DOC, promoting the growth of bacterial groups that consume LMW 

compounds (Pinhassi et al., 2004; Sarmento and Gasol, 2012). In addition, bacteria also release 

organic compounds which can influence their own community (Guillemette and del Giorgio, 2012). 

The relationship between taxonomic composition and DOM degradation is not clearly understood, 

directing much of the current research focus towards mechanisms that connect ecological and 

biogeochemical processes. Some studies suggest that the spatial and temporal variation in bacterial 

activity and community composition relate to changes in characteristics of the DOM (Findlay et al., 

2003; Teira et al., 2009; Gómez-Consarnau et al., 2012; Dinasquet et al., 2013), reflecting the presence 

of a community functional response to changes in resource supply. However, other studies have shown 

that the community composition lack a functional response in terms of the community structure 

(Langenheder et al., 2005). The influence of DOM on the bacterial community assemblage could also 

be connected with the  nutrient status, where the functional role of bacteria become evident only under 

low nutrient condition, i.e. the α-proteobacteria are abundant at low carbon concentration in 

freshwater ecosystems with low nutrients concentration (Eiler et al., 2003). Considering the origin of 

DOM, Attermeyer et al. (2014) showed that no connection exists between the DOM origin and the 

bacterial community composition. Moreover the observed variations were only due to the chemical 

properties of the DOM, while a larger fraction of LMW compounds can be consumed by many types of 

bacteria whereas HMW compounds can be consumed by more specialized ones. Since HMW 

degradation need metabolic pre-processing, i.e. exo-enzymes production, it is possible that those 

functions occurs only in a few bacteria species (Logue et al., 2015). On the other hand, Ricão et al. 

(2015) found that exposure of a bacterial assemblage to different amino acids, which are LMW 

compounds, did not change the community composition confirming that many species of bacteria can 

process amino acids. However, even if those associations had been described, the functional roles of 

bacteria cannot be predicted using only the phylogenetical information, since the degradation of 

specific DOM compounds are widely distributed in many bacteria species that can be similar or 

phylogenetically different (Logue et al., 2015). Then, the patterns of bacterial DOM degradation differ 

largely from the phylogenetical classification used nowadays, increasing the complexity to understand 

the functional role of bacterioplankton.  

Dissolved organic matter and salinity in the Baltic Sea in a changing climate 

The Baltic Sea is a semi-enclosed brackish water sea ecosystem, located in the north European boreal 

and subarctic area (Fig. 2). It collects the river loads from 1.7 million km2 of highly populated 

catchments covering 14 different countries. It comprises a sensitive ecosystem, presenting a natural 

salinity gradient from north to south, ranging from ~2 in the Bothnian Bay (northern Baltic Sea) to ~7 

salinity units in the Baltic Proper (southern Baltic Sea) (Kautsky and Kautsky, 2000). In the north, 

there is a large influence of river inflow, whereas the southern Baltic Sea is more influenced by 

incoming water from The North Sea (HELCOM, 2007). The Baltic Sea is relatively poor regarding the 
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amount of species, however it hosts both marine and freshwater species, and the diversity generally 

increases with the increase in salinity (Kautsky and Kautsky, 2000; HELCOM, 2009). 

Nowadays, much research focuses on the carbon cycle, due to the large anthropogenic emissions of 

carbon dioxide. Since the industrial revolution the global carbon fluxes have been altered, resulting in 

marked changes to the global climate (IPCC, 2014). The general interest in the carbon processing and 

cycling in the biosphere has increased, including the regulation of carbon fluxes at the microbial level. 

A clearer understanding of such processes will enable better models and predictions to be made 

related to the emissions of carbon dioxide from forests, oceans and human activity. In subarctic and 

boreal areas, climate change is projected to have significant effects on both temperature and hydrology 

(Meier et al., 2012; IPCC, 2014). It is fundamental to understand the regulation of productivity and the 

structure of the food web in the Baltic Sea, in order to evaluate the effects of climate change in this low 

productive ecosystem. As a semi-enclosed marine ecosystem, it provides a unique natural gradient in 

salinity, productivity, river discharges and seasonality. As riverine loads are expected to increase, it is 

important to evaluate the consequences, such as the change in salinity, and impact on ecosystem 

productivity. In the Bothnian Sea, the timing of snow melt is expected to change, loading 

allochthonous DOM to the sea during extended periods of time (Hänninen et al., 2000; Graham et al., 

2008). The increase in terrestrial input will provide bacteria with elevated amounts of carbon sources 

and reduce the quality of the light environment for phytoplankton (Carpenter et al., 1998; Sandberg et 

al., 2004; Andersson et al., 2013). In the south of the Baltic Sea, the Baltic Proper (Fig. 2), an increase 

in nutrient loads and temperature is expected to promote primary production and oxygen 

Figure 2: Locations of the sampling sites in the Baltic Sea: 
Råne, Öre and Emån estuaries. 
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consumption (Meier et al., 2012; Andersson et al., 2013). In coastal areas, estuaries are expected to be 

affected by the increased terrestrial loads, promoting bacteria over phytoplankton during periods with 

intense river discharges (Wikner and Andersson, 2012). Consequently, the balance between 

phytoplankton and bacteria will be altered, resulting in a modified trophic balance (Sandberg et al., 

2004; Andersson et al., 2013). Such alterations, particularly over long periods of time, could modify 

the structure, function and productivity of the food web in the Baltic Sea. Understanding the 

bacterioplankton-phytoplankton assemblages and their ecological function, could help to predict how 

the effects of climate change can modify the channeling of the DOC in the food web and its effect on 

the productivity of the aquatic ecosystem. The coupling between the bacterial community composition 

and the functional response may have an important influence on basal productivity in the Baltic Sea, 

especially in the north of the Baltic Sea, and may influence carbon and nutrient cycles.  

Objectives 

The aim of my thesis is to acquire a conceptual understanding of the regulation of bacterioplankton 

production and community composition in marine/brackish water environments influenced by 

terrestrial discharge. I aimed at elucidating the interaction between bacterioplankton and their 

physicochemical environment with a special focus on allochthonous DOM and salinity. 

As my study system, I chose the Baltic Sea, as it is highly influenced by the surrounding terrestrial 

environment and as climate change is expected to cause large physicochemical alterations to its 

ecosystem. More specifically my goal was to: 

I. Find out if allochthonous DOM regulates bacterioplankton production and community 

composition in estuarine systems.  

II. Elucidate if there are interactive effects of salinity and allochthonous DOM changes on the 

bacterioplankton community composition and activity. 

III. Conceptualize climate change effects on pelagic systems where the allochthonous DOM load 

is expected to increase and salinity to decrease. 

Materials and methods  

To approach these research questions, I performed field studies and micro/mesocosm experiments. 

Field samplings were performed in three different basins of the Baltic Sea (the Bothnian Bay, the 

Bothnian Sea and the Baltic Proper) and a microcosms experiment was conducted where bacterial 

communities were transplanted between two Baltic Sea basins (the Bothnian Bay and the Baltic 

Proper).  

Established laboratory techniques were used to analyse bacterial activity, primary production and 

physicochemical factors for paper I, IV and V. For paper IV, DNA samples were collected in the Råne 

estuary and preserved frozen until the DNA extraction. For paper II and III a microcosm experiment 

was performed, where the DNA extraction was done directly after the collection of the samples. The 

same protocol for DNA analysis and Illumina Miseq sequencing was followed in paper II and IV, as 

described further below.  

Field sampling: 

The field sampling was performed during spring-summer 2010 and 2011 in three different estuaries in 

the Baltic Sea: the Öre (at the Bothnian Bay; 63° 31.498 N, 19° 43.822 E), Emån (in the Baltic Proper; 

57° 7.800 N, 16° 30.250 E ) and Råne estuaries (in the Bothnian Bay; 65° 50.362 N, 22° 22.197 E). The 

sampling stations were positioned in a gradient from the river mouths and seawards, covering an area 

of up to ~15 km2. 



7 
 

Water was collected at 1 m depth and analysed or preserved within 4 hours. Temperature, 

photosynthetically active radiation (PAR), primary production and bacterial production were 

measured in situ. Conductivity and pH were measured in the laboratory. Samples were collected and 

preserved following standard methods for analysis of total organic carbon (TotC), nitrogen (TotN), 

phosphorous (TotP), humic substances, suspended organic substances (SPM) and coloured dissolved 

organic matter (CDOM). 

Bioavailability assay: 

A carbon bioavailability assay was performed in the Råne estuary during each sampling 

occasion (paper I). Water from six sampling stations was collected from the river to the most distant 

seaward station, capturing the coastal natural gradient of allochthonous DOC. The water used as 

culture media was filtered (0.7 µm) directly after the collection and preserved at 4 °C until the 

experiment started. The inoculum was collected and stored at 4 °C until the experiment started, within 

48 hours after sampling. In the laboratory, the inoculum and culture media from each station were 

mixed (in proportion 1:10 respectively), then the starting mix was distributed in six sterile culture 

bottles where, three were kept as control (no addition) and the other three bottles were amended by 

nutrient addition (NP) to exclude eventual bacterial nutrient limitation. The cultures were incubated 

in darkness during 10 days, at the mean temperature measured in the field. The bacterial production 

and DOC concentration were measured in each bottle at day 0, 2, 6 and 10. The results of these 

experiments were used to calculate the availability of DOC, the bacterial growth efficiency (BGE, 

calculated as bacterial production per carbon consumption in the cultures) and the proportion of in 

situ bacterial production that was potentially fuelled by in situ allochthonous DOC. 

Transplant microcosm experiments: 

In the beginning of July 2013, water for the culture media was collected at the Linnaeus Microbial 

Observatory station in the Baltic Proper (BAL: 56° 55.851 N, 17° 03.640 E) and in the Bothnian Sea 

(BOT: 63° 31.0000 N, 19° 48.1166 E). The water was collected at 2 m depth at each location, kept in 

darkness in clean sterile and acid-washed polycarbonate bottles and transported to the laboratory 

within 12 hours. Then, both waters were sterile filtered (0.2 µm Sterivex Millipore filter), distributed 

into 2 l clean sterile and acid-washed polycarbonate bottles and subsequently autoclaved before to 

storage at 16 °C until the experiment started. In the middle of July 2013, the inoculum waters were 

collected at the same locations and at 2 m depth as the culture media water. In situ measurements of 

temperature, salinity and nutrient concentration were carried out. The inoculums were collected 

simultaneously in BAL and BOT, kept in dark in clean sterile and acid-washed polycarbonate bottles 

and transported to the laboratory within 12 hours. The experiment consisted of two parts: a 

transplantation and a re-transplant experiment. In the transplantation experiment, the inoculum 

water was mixed with the culture media (in proportion 1:20 respectively) according to the following 

scheme: the BAL inoculum (BALb) was inoculated into 3 bottles of BAL media (BALsw), for the BAL 

controls (BALb>BALsw), and into 3 bottles with BOT media (BOTsw), the BAL transplanted bacteria 

(BALb>BOTsw). The same procedure was performed with the BOT community: for the BOT controls 

(BOTb>BOTsw) and the transplanted BOT community (BOTb>BALsw). The transplant experiment 

was run during 5 days.  Afterwards, using the transplanted cultures BALb>BOTsw and BOTb>BALsw 

as inoculum, the retransplanted experiment was performed. The two inoculums were added to media 

from both locations (in a proportion of 1:20 respectively), by triplicate into BOTsw and BALsw, and 

ran during 4 days. All microcosms were incubated in darkness at 16 °C and inverted twice a day. 

Measurement of salinity, DOC concentration, bacterial abundance, bacterial production and 

extracellular enzymatic activity were performed. To analyse the changes of the bacterial community 

composition, DNA samples were collected at the last day of incubation, at day 5 for the transplant and 

at day 4 for the retransplant experiment. 
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Molecular analyses: 

Samples of DNA were obtained from bacterial biomass collected by filtration (0.2 µm supor filters). 

The standard method of phenol-chloroform extraction protocol was used, as described in Riemann et 

al. (2000). Subsequently, the DNA was extracted and amplified using HPLC purified bacterial primers 

(forward: 341F and reverse: 805R) as in Helermann et al. (2011). A second amplification was carried 

out (in one duplicate per sample) where the samples were marked with a barcode following the 

protocol of Hugerth et al. (2014), with small modifications on the PCR conditions to increase the 

quality of the PCR reaction. The obtained amplicons were purified and sequenced on the Illumina 

Miseq platform at Science for Life Laboratory (SciLife), for 300bp with paired-end setting. The 

Illumina Miseq raw data was processed with the UPARSE pipeline (Edgar, 2013). The SINA/SILVA 

database was used for taxonomical identification. The data set was quality controlled, clustered and 

identified at 97% identity of 16SrRNA in paper II and 95 % identity in paper IV. The chloroplast, 

mitochondrial and eukaryotic sequences were excluded from the analyses. 

Statistical analyses: 

Different statistical analyses were used for each study. In paper II maximum likelihood and Unifrac 

analyses were used to find the bacterioplankton responding to each treatment. In paper IV, maximum 

likelihood, distance matrix, network analyses, modularity analyses and module correlations with the 

environmental factors were done to find interaction with the bacterioplankton and interactions 

between different operational taxonomic units OTUs within the community from each month. The 

different studies included multidimentional scaling analyses, multivariate analyses of partial least 

squares (paper I, IV), non-metric multidimensional scaling (paper II and IV) and linear models (paper 

I) to explain the bacterioplankton responses to environmental disturbances. Models coupling the 

physico-biogeochemical factors were proposed, considering the lower and the higher trophic levels of 

the food web, to display the consequences of anthropogenic induced climate change at the different 

basins of the Baltic Sea. 
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Paper I. Allochthonous Carbon—a major driver of bacterioplankton production in 

the Subarctic Northern Baltic Sea: 

In the first study I focused on the effect of river discharged allochthonous DOM and other 

environmental factors on the bacterioplankton production (BP) in the subarctic Råne estuary. Due to 

large river discharges in the area the salinity (~2) was low and the concentration of allochthonous DOC 

was relatively high. However, there was a marked temporal variation of the allochthonous DOM in the 

estuary, since the river discharges were highest in spring and decreased during the summer, where 

these fluctuations were followed by changes in BP. 

The results showed that allochthonous DOM influenced the BP to a high degree. BP was higher in 

spring (Fig. 3A), when the estuary received large river discharges of allochthonous DOM (Fig. 3B), 

than in late summer, when the discharges were low. Likewise, the BP was higher at the river mouth, 

where allochthonous DOM was more concentrated, and decreased in a seaward direction. The BP was 

positively correlated with the terrestrial discharges and allochthonous DOM related factors (DOC, 

CDOM and humic substances). Concomitant with the large allochthonous DOM concentration in the 

estuary, the bacterioplankton was limited by carbon. The allochthonous DOM is known to contain 

large amounts of complex high HMW substances, less available to bacteria than LMW. The availability 

of DOC for bacterial uptake was on average 2%, but varied in time and space from 0 to 15%. Even 

though the allochthonous DOC bioavailability was in general low, it potentially contributed up to 

~60% of the BP (Fig. 3C). At the most seaward station BP was limited by nitrogen or phosphorous 

during the whole study season, while closer to the river it was limited by carbon, especially during 

spring time. In summer phytoplankton production (PP) was higher, supplying the bacteria with 

autochthonous DOC, and thus nitrogen or phosphorous became the limiting factor for BP. 

The basal production, here defined as the sum of BP and PP, was dominated by BP when 

allochthonous DOM was highest. However, basal production switched to a PP dominance when 

allochthonous DOM inflow decreased in the summer (Fig. 3A). These results suggest that under a 

climate change scenario with increased precipitation and river discharges, allochthonous DOM will 

promote BP over PP, turning the trophic balance towards heterotrophy. This will lead to increased CO2 

emissions from the ecosystem, by increasing bacterial respiration of the HMW compounds from the 

allochthonous DOC, and by an elongation of the food web with more trophic levels. In a long time 

perspective such large losses of carbon and energy may decrease the efficiency of the food web in 

coastal systems. 

Figure 3: Total basal production (A), DOC 
concentration and humic substances (B) and 
proportion of DOC fuelling the BP in the Råne 
estuary, between May and August 2011 (C). Error 
bars are +/- standard deviation. 
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Paper II. Transplant experiments uncover Baltic Sea basin-specific responses in 

bacterioplankton community composition and metabolic activities: 

In order to understand the adjustment of bacteria to the future runoff conditions in coastal areas of the 

Baltic Sea, a microcosm transplant-retransplant experiment was performed using natural bacterial 

assemblages from two different basins: the Baltic Proper (BALb) and the Bothnian Sea (BOTb). The 

expected increase in allochthonous DOM and decrease in salinity, is likely to influence the BP and 

growth (Kritzberg et al., 2004; Rochelle-Newall et al., 2004; Logares et al., 2013). The bacterial 

community structure could change as a consequence of the stimulation of the BP (Barrera-Alba et al., 

2009; Figueroa et al., 2015; Hitchcock and Mitrovic, 2015) and the altered salinity (Herlemann et al., 

2011; Sjöstedt et al., 2012), affecting potentially the community functioning. The transplant and 

retransplant experiment provided insights about the bacterial community structure and its influence 

on ecosystem processes occurring in the Baltic Sea basins. The Bothnian Bay basins, with low salinity 

and high allochthonous DOM concentration, may reflect the future conditions in the coast of the 

southern Baltic Proper, which presently has a salinity ~7 and a low allochthonous DOM. 

The bacterial community composition as well as their metabolic activity changed after the 

transplantation. In general, γ-proteobacteria became dominant in all microcosms. In particular, 

Alteromonadaceae was triggered when the Bothnian Sea community was grown in Baltic Proper 

water, and some Rheinheimera populations showed good adaptability, being abundant in transplanted 

cultures. The α-proteobacteria, such as Rhodobacteraceae, were more abundant in the Baltic Sea 

community than in Bothnian Sea community, and grew better in the saline water from the Baltic 

Proper. β-proteobacteria, on the contrary, were found to grow better in water with low salinity. For 

example, Burkholderiaceae originating from the Baltic Proper community was triggered when growing 

in Bothnian Sea water. The bacteroidetes Flavobacteriaceae were abundant in the Bothnian Sea 

community compared to the Baltic Sea community. Changes in the community were followed by 

changes in the metabolism, the leu-aminopeptidase activity increased during the experimental 

incubation in all transplanted cultures, while the beta-glucosidase activity was higher in Bothnian Sea 

cultures that was the water with higher concentration of allochthonous DOC.  

The retransplantion started with higher bacterial abundances than in the transplanted experiment. 

The β-proteobacteria reached higher abundances in retransplanted Baltic Proper community. The α-

proteobacteria from the Bothnian Sea grew better when moved to the saline Baltic Proper water. The 

γ-proteobacteria The Alteromonadaceae from the Bothnian Sea, and the β-proteobacteria 

Burkholderiaceae from Baltic Proper, were also favoured in the retransplant experiment. Some 

originally rare specialist and generalist bacteria were promoted by the treatments and the fast 

disturbance, becoming abundant in the microcosms. The new environmental conditions promote 

development of a rare species modifying the bacterial community composition. Some bacteria 

undetected during the transplant experiment were primed in the retransplanted cultures, such as the 

α-proteobacteria Brevundimonas from the Baltic Proper community and three Limnobacter 

populations of the β-proteobacteria. One population of the γ-proteobacteria Pseudomonadaceae, 

originally from the Baltic Proper, was triggered when cultured in Bothnian Sea water and was primed 

further in the retransplanted cultures. However, the metabolic activity did not follow the structural 

bacterioplankton changes as in the retransplant experiment, it either reflected the concentration of 

DOC in the water. 

Taken together, environmental disturbances seem to modify the bacterioplankton structure and 

functioning, altering the succession in the community succession due to differential response of the 

bacteria. The final community might depend on the bacterioplankton composition existing when the 

disturbance occurred, including the rare taxa. However, no clear functional response by the bacterial 

community was found, since no coupling between specific metabolic activity and the community 

composition was observed. The increase in the metabolic activity of the Baltic Sea bacterioplankton 

growing in Bothnian Sea water supports the suggestion that climate change will promote heterotrophy. 
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Priming effects may induce metabolic and community changes which could cause long-term 

modifications to biogeochemical process. 

Paper III. Selective degradation of different dissolved organic matter compounds by 

regionally transplanted bacteria: 

Bacterial communities are to a high degree shaped by the assimilation capacity of different bacteria to 

varying dissolved carbon sources (Elifantz et al., 2005; Teira, Martínez-García, et al., 2009). 

Consequently, the changes in bacterioplankton community in the transplant (Fig. 4A) and the 

retransplant (Fig. 4B) experiment could be due to differences in the DOM composition in the two 

Baltic Sea basins. Therefore, I analysed changes of the DOM composition in relation to bacterial 

community composition in the same transplant-retransplant experiment as in paper II. 

Three different components of the DOM were measured optically, the Fmax1 associated to terrestrial 

organic carbon from wetlands and forested streams, the Fmax2 associated to terrestrial agricultural 

compounds deriving from animal waste and fertilizers and the Fmax3 associated to autochthonously 

produced amino acids tryptophan and tyrosine (Stedmon and Markager, 2005). The Bothnian Sea 

water showed larger concentrations of Fmax1 and Fmax2 compared to Baltic Proper water, while the 

Fmax3 concentration and the total DOC concentration were similar in both basins. All components of 

the DOM explained the change in bacterioplankton composition, but only the terrestrial Fmax2 and 

autochthonous Fmax3 components were strongly correlated with bacterial groups present in at the last 

day of culturing. The total DOC concentration was not coupled with any specific bacterial group, 

probably because the DOC is also subject to the influence of other factors, such as flocculation or DOC 

production by bacteria. 

Bacteria exhibited different enzymatic activity in the different cultures; explicitly the beta-glucosidase 

and leu-aminopeptidase activity differed between cultures. Some communities showed fast adaptation 

to the source present in the media, as in BALb>BOTsw turning to carbohydrates metabolism when the 

terrestrial DOM was high. However, no clear connection between the DOM components and the 

change in the bacterial groups was observed at the phyla/class taxonomical level. Nevertheless, the 

structural change in the bacterioplankton together with a change in the community metabolism, 

confirm that modifying the proportions of the DOM components can change the bacterioplankton 

ecological function, where priming of certain bacteria will modify the community in a long-time 

Figure 4: OPLS biplots distribution of bacterial groups and the DOM components Fmax1, Fmax2 and Fmax3 
for the transplant (A) and retransplanted cultures (B). The OPLS components contain 99% and 86% of the 
original data for the transplanted and retransplanted experiment respectively. 

A B 
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perspective. A combination of the original bacteria present in the communities and functional 

interactions will determine the assemblage that develop after the disturbances. However, it was not 

feasible to determine possible future community structures, at the phyla/class of bacteria, for the 

expected climate conditions. 
 

Paper IV. Coupling between bacterial community composition and allochthonous 

organic matter in a subarctic estuary:  

In the first study of my thesis I showed that river discharge of allochthonous DOM promoted 

bacterioplankton production in Råne estuary (Paper I: Figueroa et al., 2015). In paper IV I studied if 

river discharge also caused a change in the structure of the bacterial community. I carried out a genetic 

amplicon-based identification study in order to elucidate possible relations between bacterial 

responses connected to the terrestrial carbon compounds and other environmental factors. 

I found both temporal and spatial variation in the bacterial community structure. The allochthonous 

DOM related factors (DOC, CDOM and humic substances) were the only environmental factors 

influencing the bacterial community during the whole study period. In May the bacteria had relatively 

low abundance and the community showed low richness and low evenness. β-proteobacteria 

dominated the community, however this group decreased from the river in a seaward direction. The 

proportion of Bacteriodetes increased seawards (Fig. 5A). Both β-proteobacteria and Bacteriodetes are 

known to contain bacterial species that degrade humic matter (Hutalle-Schmelzer et al., 2010). During 

Figure 5: Bacterial group proportions in Råne estuary between May and August (A) and network analysis 
showing the level of interaction between the bacterial traits (B). 

B A 
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June and July the community became more diverse and the proportion of Planctomycetes and 

Verrcomicrobia increased. In August the community was diverse; Verrucomicrobia, β-proteobacteria, 

Bacteriodetes, γ-proteobacteria and Planctomycetes were relative abundance compared to early spring 

(Fig. 5A). The community evenness was relatively similar during the season, being highest in July and 

lowest in May. 

The bacterial community changed during the season, reflecting the variation in hydrological 

conditions, as shown in the network analysis (Fig. 5B). The community was less structured in May, 

when the river discharges were large. As the river runoff reduced from May to August, the bacteria 

were regulated by other environmental factors such as nutrients and pH (Niño-García et al., 2016). 

The bacteria became more abundant, more species were present and established more interactions 

with each other (Fig. 5B). The allochthonous DOM was the only factor influencing the community 

during the whole season, although it regulated different bacterial groups in different degree, as the 

modularity analysis showed. The next environmental factor influencing the bacterial community was 

pH, which may have sorted the bacterial populations by changing the DOM quality or by direct effects 

on the cell physiology (Fierer et al., 2007). Up to 60% of the bacteria were found to be generalists, 

which may be explained by a large variation of the environmental conditions in the estuary.  Since 

generalist bacteria have functional redundancy, no connection between specific bacterial groups was 

detected in the study. However, a common pattern was that β-proteobacteria and Bacteriodetes 

clustered together, even when they were regulated by different factors. No functional response could 

be described at the phyla/family taxomical level for this association.  

Paper V. Projected future climate change and Baltic Sea ecosystem management: 

Understanding the impact of climate change disturbances on the Baltic Sea ecosystem is fundamental 

for future management programs that are based on the ecosystem productivity. As my previous studies 

showed, it is clear that the increase in terrestrial discharges will modify the basal production and can 

alter the food web. For future planning of the Baltic Sea management, we developed explanatory 

schematic models to work towards future estimations on the food web interactions and ecosystem 

productivity. Special consideration was accounted for the release of organic pollutants, which is 

recognized as a large problem in the Baltic Sea, e.g. affecting the local biodiversity. We performed a 

study on potential climate changes by performing modeling studies, literature surveys and field studies 

in three coastal estuaries: the Råne estuary, Öre estuary and the Emån estuary.  

The results suggest that in the Bothnian Bay (Råne estuary), climate change induced increase in 

allochthonous DOM inflow which might promote heterotrophic bacterial production due to the 

Figure 6: Schematic representation of future food webs in the Bothnian Bay (A), southern Bothnian Sea (B) 
and Baltic Proper (C). The green arrow show the transfer of energy from PP and the brown arrows from BP. The 
trophic position in the food web are: (1, 2) bacteria, (1) phytoplankton, (2, 3) flagellates, (3, 4) ciliates, (2, 4, 5) 
zooplankton and (3, 5, 6) fish. (Illutration: Mats Minnhagen)  
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external inflow of suitable growth substrate for the bacteria. Phytoplankton primary production may 

decrease due to the brownification of the seawater and resultant increased light attenuation. The food 

web might be based on bacteria (Fig. 6A), including more trophic levels than present. In the southern 

Baltic Proper, climate change will increase nutrient discharges, which together with higher water 

temperature, will intensify nutrient recycling (Fig. 6C). It might increase the primary production and 

the oxygen consumption extending anoxic and hypoxic areas. The nutrient release from sediments will 

increase and cause intensified cyanobacterial blooms, with an altered food web channelling. It is likely 

that a combined effect will occur in the Bothnian Sea, where increased nutrient inputs will promote 

primary production and increased inputs of allochthonous DOM to some degree will hamper the 

primary production. The food web may still be mainly phytoplankton based (Fig. 6B).  

Imported hydrophobic organic contaminants from the terrestrial system is likely to increase with the 

river inflow, potentially exposing the marine organisms to higher concentrations of pollutants. 

However, the allochthonous DOM also affects the fate of pollutants, where DOC in the Bothnian Bay 

showed larger sorption of organic pollutants than in the Baltic Proper. In the future climatic scenario 

larger concentration of halogenated aromatic and polycyclic compounds will be absorbed by 

allochthonous DOM, which in turn is utilized by bacteria with unknown consequences for the food 

web. Future management programs need to take the effects of climate change in consideration and 

cover the bacterioplankton in monitoring programs.  

Conclusion and future perspectives 

Overall the results of this study, suggest that climate-induced increase of allochthonous DOM inflow to 

the northern Baltic Sea will alter the balance between bacterioplankton and phytoplankton production, 

which in turn will influence the entire food web. Heterotrophic bacterial production will be promoted, 

while the phytoplankton primary production can be hampered. It is likely that the total ecosystem 

productivity will decrease due to establishment of more internal trophic levels, increasing the 

respiration and energy loss from the system. The structure of the bacterioplankton community will 

change, as a consequence of changes in DOM-quality, salinity and pH, altering the metabolic 

processing of DOM. 

My results show that bacterial communities to a high degree are regulated by the DOM composition 

and the ability of different bacteria to consume varying DOM compounds. A change in the DOM inflow 

and composition thus can induce changes in bacterial communities in a long time perspective, 

promoting the development of rare bacterial populations that were established as common population 

after the disturbances. I found that in a subarctic estuary in the northern Baltic Sea, allochthonous 

DOM influenced bacterial community composition all through the productive season. Other 

environmental factors, like temperature and phosphorus concentrations, were only important for the 

bacterial community structure late in summer when the terrestrial river discharge was low. However, 

the possibility to project community shifts is limited, since bacterial communities showed large 

functional redundancy. Further investigations of the functional role of bacteria are needed. We need to 

elucidate mechanisms for associations of different bacterial groups occurring in natural communities. 

For example, it would be interesting to clarify the functional roles of β-proteobacteria and 

Bacteriodetes, which forms clusters in environments influenced by allochthonous DOM.  

The Baltic Sea ecosystem is characterized by gradients in e.g. salinity, terrestrial river discharges, DOM 

composition, nutrient load and biodiversity. Climate change is likely to have quite different effects in 

the north and the south of the Baltic Sea, which needs to be considered for future ecosystem 

management. A decrease in productivity in the north and an increase of eutrophication in the south 

have to be managed using different conceptual models. However, since many projected changes, e.g. 

increases in allochthonous DOM inputs, first will affect the base of the food web, it is necessary to 

include descriptors of the microbial food web structure and function in monitoring programs in the 

Baltic Sea.  



15 
 

Author contributions 

Daniela Figueroa´s (DF´s) contribution: 

Paper I.  DF designed and performed the field study in collaboration with supervisor and the 

research group. DF measured bacterial production, performed the bioassay and 

analysed the results statistically. DF wrote the paper in collaboration with the 

supervisors and other co-authors.   

Paper II.  DF contributed to the planning and design of the study. She took part in the 

experiment, analysed DOC and performed some of the statistical analyses. DF 

contributed to writing of the paper.  

Paper III:  DF contributed to the planning and design of the study. She took part in the 

experiment, analysed DOM components and performed most of the statistical analyses. 

DF wrote the paper in collaboration with supervisor and other co-authors. 

Paper IV:  DF designed and performed the field study in collaboration with the supervisors and the 

research group. She performed the molecular, bioinformatic and statistical work in 

collaboration with co-authors. DF wrote the paper in collaboration with supervisor and 

other co-authors. 

Paper V:  DF contributed to planning, design and writing of the paper. She also analysed field 

data. 

 

Acknowledgements 

This thesis was supported by the Swedish strategic research programme ECOCHANGE (via the 

Swedish Research Council FORMAS), Umeå University and Umeå Marine Sciences Centre (UMF). I 

thank Håkan Eriksson for producing the map, and Jenny Ask, Owen Rowe, Janne Karlsson, Patricia 

Rodríguez and Amaryllis Vidalis for the proofreading and for constructive comments to improve 

preliminary versions of the thesis. I thank Kristina Viklund, Chatarina Karlsson and Nina Dagberg for 

the nice plankton photos and Daria Chrobok for helping with the graphics. I would also want to thank 

the excellent Geneco research school that supported me with advanced courses on computational 

genetics and for the inspiring exchange and net-working experiences. 

 

 

 

 

 

 

 
 

 



16 
 

Thanks 

Tussen “GRACIAS” to everybody! 

I am deeply grateful to my supervisor Agneta Andersson who gave me the opportunity to join her in 

this research track, thank you for your support, during both good and difficult moments of my live in 

Umeå. I thank you for highly valuing on my work and for your comprehension, even when sometimes 

it was not easy for you to follow my deep research reflections in “Swenglish”. I appreciate your 

encouragement for my ideas and my interest in the microbial world. I hope we can continue 

developing some of those ideas further in my new research challenge. I also want to thank my co-

supervisor Johan Wikner, thank you for your support, your comments about the Baltic Sea and 

friendly attitude to me, thanks for considering me to be part of the steering board in UMF.  

I thank all people at the Marine Research Center in Norrbyn, UMF, for your support and the nice 

moments we shared. Kristina (alias ”Nina”) och Chatarina, tack för ert skratt, positiva energi och ert 

stöd. Mikael och Henrik, tack för ni vänligt och tålmodigt deltog i vår arbete både på UMF och ute på 

sjön. Tack till gänget för att ni alltid var där när jag behövde något litet på labbet eller när jag hade 

någon konstig fråga om metoder, och för ert vänliga sällskap under fika och luncher. 

I want to thank all people involved in the practical work for this thesis: Owen R. and Joanna P., for the 

field work sampling and laboratory work; Juanjo, Sachia, Fidel, Fernanda, Jonas, Andreas, Åsa B., 

Evelina for the inspiring work during a joint mesocosm experiment.  

I thank the nice and open research environment at the Linnaeus University: Jarone Pinhassi and 

Catherine Legrand for the discussions and interesting comments that we shared in different meetings. 

Thank for the great experience in Kalmar and meetings that I enjoyed with the southern team: 

Markus, Mireia, Carina and the large team that recurrent meet in conferences. 

I am grateful to Markus Lindh and Eric Capo for the interesting and enriching discussions during the 

collaborative work. You are an inspiration source in research. 

I am grateful to the meetings and courses organized by the Geneco and Climbeco research schools, 

increasing my perspective in research. It also expand my perspectives to other work possibilities as a 

scientist. It helped me to keep in contact with people at Lund University and provided excellent 

network opportunities. The courses offered by Geneco were excellent for my research development in 

molecular methods and bioinformatics. Thanks for the great meetings in Skåne and the excellent 

atmosphere to discuss and brain storm. 

Thanks everybody at EMG that had some time for sharing comments and talks with me during those 

long five years. And a special thanks to Barbara Giles and Christian Bigler, part of my follow up group, 

thanks for your support; and Ulla-Carlsson for the nice teaching experience with you and the positive 

feedback. Also thanks to the technical and administrative personal, which help us to solve our troubles 

with payments and computers in the jungle of “university rules”.  

To the people that have follow and shaped my live in Umeå, which indirectly contributed to this 

project, with a set of nice experiences and sharing moments together, moments of happiness and tears, 

both certainties and confusions: 

Thanks Birte for the first invitation for lunch at the fika room when I was new at EMG. And thanks for 

continue sharing some moments from time to time, together with Lennart, Emi and Mio.  

Patricia Rodríguez, gracias por descubrirme y brindar momentos mágicos de reflexión y de historias, 

arreglando la vida y la ciencia. Gracias además por abrirme a un mundo de personas que día a día 

llenan mi tiempo con experiencias enriquecedoras. 

A-my-vida Amaryllis, you are one of the “indispensable”, thank you for your support and for the best 

political discussions I had in Umeå, it is incredibly enriching to speak with you. Besitos for you. 

Carolina, gracias por tu cariño, apoyo y porque me aceptaste en el FB. Sé que cuento contigo siempre, 

mi buena amiga. Gracias por el turrón y los bailes y por haber empezado tu vida en Umeå por casa. 



17 
 

Hugs to you three: Erik G, Antonio and Marcus, for being there every day making the corridor to be 

nicer and dynamic, I thank you for the best “office cakes” in the previous “field-office”. 

Fernanda, Francisco y Benjamin, muito brigado! I hope we share more smiles and jokes together. 

Thanks for the talks and the support, we keep in contact, for talks and music. 

Tack Martin, för din hjälp på distans och for att du lyssna. Jag hoppas på det bästa för dig. Muchas 

gracias!. 

To the lunch and coffee team, we always had some nice conversations and laughs. Thanks Alessia, 

Manuela, Dominique, Åsa, Carsten, Danny, Björn, Gerard, Pia and all others that I would want to 

mention but I don´t get just now in letters. 

Thanks to my people outside the university, for your support and for the lovely moments together. A 

Diana, mi Dianita, gracias por estar aquí y por ser simplemente alegre, gracias por Geronimo y por 

tener aquí junto a Jonas para compartir algunos momentos. All people in Lund and in other countries 

that share experience in life and knowledge in science.  

Finally thanks to my family, it has been a long time on distance but you have always been around. 

Thanks to all of you and for encouraging me, for your comprehension and tolerance. Love, love and 

more love for you.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 
 

References 

Alonso-Sáez, L. and Gasol, J.M. (2007). Seasonal variations in the contributions of different bacterial 
groups to the uptake of low-molecular-weight compounds in Northwestern Mediterranean 
coastal waters. Appl. Environ. Microbiol. 73: 3528–3535. 

Andersson, A., Jurgensone, I., Rowe, O.F., Simonelli, P., Bignert, A., Lundberg, E., and Karlsson, J. 

(2013). Can Humic Water Discharge Counteract Eutrophication in Coastal Waters? PLoS One 8: 
e61293. 

Andersson, A., Lee, C., Azam, F., and Hagström, A. (1985). Release of aminoacids and inorganic 
nutrients by heterotrophic marine micro-flagellates. Mar. Ecol. Prog. Ser. 23: 99–106. 

Andersson, A., Samuelsson, K., Haecky, P., and Albertsson, J. (2006). Changes in the pelagic microbial 
food web due to artificial eutrophication. Aquat. Ecol. 40: 299–313. 

Ask, J., Karlsson, J., Persson, L., Ask, P., Byström, P., and Jansson, M. (2009a). Terrestrial organic 

matter and light penetration: Effects on bacterial and primary production in lakes. Limnol. 
Oceanogr. 54: 2034–2040. 

Ask, J., Karlsson, J., Persson, L., Ask, P., Byström, P., and Jansson, M. (2009b). Whole-lake estimates 
of carbon flux through algae and bacteria in benthic and pelagic habitats of clear-water lakes. 
Ecology 90: 1923–1932. 

Asmala, E., Autio, R., Kaartokallio, H., Pitkänen, L., Stedmon, C.A., and Thomas, D.N. (2013). 
Bioavailability of riverine dissolved organic matter in three Baltic Sea estuaries and the effect of 
catchment land use. Biogeosciences 10: 6969–6986. 

Attermeyer, K., Hornick, T., Kayler, Z.E., Bahr, A., Zwirnmann, E., Grossart, H.-P., and Premke, K. 

(2014). Enhanced bacterial decomposition with increasing addition of autochthonous to 
allochthonous carbon without any effect on bacterial community composition. Biogeosciences 11: 
1479–1489. 

Attermeyer, K., Tittel, J., Allgaier, M., Frindte, K., Wurzbacher, C., Hilt, S., et al. (2014). Effects of 
Light and Autochthonous Carbon Additions on Microbial Turnover of Allochthonous Organic 
Carbon and Community Composition. Microb. Ecol. 69: 361–371. 

Azam, F., Fenchel, T., Field, J.G., Gray, J.S., Meyer-Reil, L.A., and Thingstad, T.F. (1983). The 
Ecological Role of Water-Column Microbes in the Sea. Mar. Ecol. Prog. Ser. 10: 257–263. 

Azam, F. and Malfatti, F. (2007). Microbial structuring of marine ecosystems. Nat. Rev. Microbiol. 5: 

782–91. 

Barrera-Alba, J.J., Gianesella, S.M.F., Moser, G.A.O., and Saldanha-Corrêa, F.M.P. (2009). Influence 
of allochthonous organic matter on bacterioplankton biomass and activity in a eutrophic, sub-
tropical estuary. Estuar. Coast. Shelf Sci. 82: 84–94. 

Battin, T.J., Luyssaert, S., Kaplan, L.A., Aufdenkampe, A.K., Richter, A., and Tranvik, L.J. (2009). The 
boundless carbon cycle. Nat. Geosci. 2: 598–600. 

Benner, R. (2009). Molecular indicators of bioavailability of dissolved organic matter. In, Findlay,S. 

and Sinsabaugh,R.L. (eds)., Aquatic Ecosystemms: interactivity of dissolved organic matter. 
Elsevier Science. Massachusetts., pp. 121–137. 

Berggren, M. and del Giorgio, P. a. (2015). Distinct patterns of microbial metabolism associated to 
riverine dissolved organic carbon of different source and quality. J. Geophys. Res. Biogeosciences 
120: 989–999. 



19 
 

Berggren, M., Laudon, H., Haei, M., Ström, L., and Jansson, M. (2010). Efficient aquatic bacterial 

metabolism of dissolved low-molecular-weight compounds from terrestrial sources. Int. Soc. 
Microb. Ecol. 4: 408–416. 

Berglund, J., Müren, U., Båmstedt, U., and Andersson, A. (2007). Efficiency of a phytoplankton-based 
and a bacteria-based food web in a pelagic marine system. Limnol. Oceanogr. 52: 121–131. 

Bertilsson, S. and Jones, J. (2009). Supply of dissolved organic matter to Aquatic Ecosystems: 
Autochthonous Sources. In, Findlay,S.E.G. and Sinsabaugh,R.L. (eds)., Aquatic Ecosystemms: 
interactivity of dissolved organic matter. Massachusetts., pp. 3–24. 

Carpenter, S.R., Cole, J.J., Kitchell, J.F., and Pace, M.L. (1998). Impact of dissolved organic carbon, 

phosphorus, and grazing on phytoplankton biomass and production in experimental lakes. 
Limnol. Oceanogr. 43: 73–80. 

Cole, J.J. (1999). Aquatic microbiology for ecosystem scientists: New and recycled paradigms in 
ecological microbiology. Ecosystems 2: 215–225. 

Cottrell, M.T. and Kirchman, D.L. (2003). Contribution of major bacterial groups to bacterial biomass 
production (thymidine and leucine incorporation) in the Delaware estuary. Limnol. Oceanogr. 
48: 168–178. 

Daniel, C., Gutseit, K., Anesio, A.M., and Granéli, W. (2005). Microbial food webs in the dark: 

Independence of lake plankton from recent algal production. Aquat. Microb. Ecol. 38: 113–123. 

Dinasquet, J., Kragh, T., Schrøter, M.-L., Søndergaard, M., and Riemann, L. (2013). Functional and 
compositional succession of bacterioplankton in response to a gradient in bioavailable dissolved 
organic carbon. Environ. Microbiol. 15: 2616–2628. 

Dupont, C.L., Larsson, J., Yooseph, S., Ininbergs, K., Goll, J., Asplund-Samuelsson, J., et al. (2014). 
Functional Tradeoffs Underpin Salinity-Driven Divergence in Microbial Community 
Composition. PLoS One 9: e89549. 

Edgar, R.C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. 

Methods 10: 996–998. 

Eiler, A., Langenheder, S., Bertilsson, S., and Tranvik, L.J. (2003). Heterotrophic Bacterial Growth 
Efficiency and Community Structure at Different Natural Organic Carbon Concentrations. Appl. 
Environ. Microbiol. 69: 3701–3709. 

Eiler, A., Zaremba-Niedzwiedzka, K., Martínez-García, M., McMahon, K.D., Stepanauskas, R., 
Andersson, S.G.E., and Bertilsson, S. (2014). Productivity and salinity structuring of the 
microplankton revealed by comparative freshwater metagenomics. Environ. Microbiol. 16: 
2682–2698. 

Elifantz, H., Malmstrom, R.R., Cottrell, M.T., and Kirchman, D.L. (2005). Assimilation of 

polysaccharides and glucose by major bacterial groups in the Delaware Estuary. Appl. Environ. 
Microbiol. 71: 7799–7805. 

Faithfull, C., Huss, M., Vrede, T., Karlsson, J., and Bergström, A.-K. (2012). Transfer of bacterial 
production based on labile carbon to higher trophic levels in an oligotrophic pelagic system. Can. 
J. Fish. Aquat. Sci. 69: 85–93. 

Fierer, N., Morse, J.L., Berthrong, S.T., Bernhardt, E.S., and Jackson, R.B. (2007). Environmental 
Controls on the Landscape-Scale Biogeography of Stream Bacterial Communities. Ecology 88: 
2162–2173. 



20 
 

Figueroa, D., Rowe, O.F., Paczkowska, J., Legrand, C., and Andersson, A. (2015). Allochthonous 

Carbon—a Major Driver of Bacterioplankton Production in the Subarctic Northern Baltic Sea. 
Microb. Ecol. 

Findlay, S.E.G., Sinsabaugh, R.L., Sobczak, W. V., and Hoostal, M. (2003). Metabolic and structural 
response of hyporheic microbial communities to variations in supply of dissolved organic matter. 
Limnol. Oceanogr. 48: 1608–1617. 

Fuhrman, J.A. and Azam, F. (1982). Thymidine incorporation as a measure of heterotrophic 
bacterioplankton production in marine surface waters - evaluation and field results. Mar. Biol. 
66: 109–120. 

Fuhrman, J.A., Cram, J.A., and Needham, D.M. (2015). Marine microbial community dynamics and 

their ecological interpretation. Nat. Rev. Microbiol. 13: 133–146. 

Galand, P.E., Salter, I., and Kalenitchenko, D. (2015). Ecosystem productivity is associated with 
bacterial phylogenetic distance in surface marine waters. Mol. Ecol. 24: 5785–5795. 

Gasol, J.M., Pinhassi, J., Alonso-Sáez, L., Ducklow, H.W., Herndl, G.J., Koblízek, M., et al. (2008). 
Towards a better understanding of microbial carbon flux in the sea. Aquat. Microb. Ecol. 53: 21–
38. 

del Giorgio, P. a. and Cole, J.J. (1998). Bacterial growth efficiency in natural aquatic systems. Annu. 

Rev. Ecol. Syst. 29: 503–541. 

Gómez-Consarnau, L., Lindh, M. V., Gasol, J.M., and Pinhassi, J. (2012). Structuring of 
bacterioplankton communities by specific dissolved organic carbon compounds. Environ. 
Microbiol. 14: 2361–2378. 

Graham, L.P., Chen, D., Christensen, O.B., Kjellström, E., Krysanova, V., Meier, H.E.M., et al. (2008). 
Projections of Future Antropogenic Climate Change. In, Bolle,H.-J., Menenti,M., and Rasool,I. 
(eds)., Assessment of Climate Change for the Baltic Sea Basin. Geesthacht (Germany)., pp. 133–
205. 

Guillemette, F. and del Giorgio, P. a. (2011). Reconstructing the various facets of dissolved organic 

carbon bioavailability in freshwater ecosystems. Limnol. Oceanogr. 56: 734–748. 

Guillemette, F. and del Giorgio, P.A. (2012). Simultaneous consumption and production of fluorescent 
dissolved organic matter by lake bacterioplankton. Environ. Microbiol. 14: 1432–43. 

Guillemette, F., McCallister, S.L., and Del Giorgio, P. a. (2013). Differentiating the degradation 
dynamics of algal and terrestrial carbon within complex natural dissolved organic carbon in 
temperate lakes. J. Geophys. Res. Biogeosciences 118: 963–973. 

HELCOM (2009). Biodiversity in the Baltic Sea. 

HELCOM (2007). Climate Change in the Baltic Sea area Helsinki. 

Herlemann, D.P.R., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J.J., and Andersson, A.F. (2011). 
Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. Int. 
Soc. Microb. Ecol. 5: 1571–1579. 

Herlemann, D.P.R., Manecki, M., Meeske, C., Pollehne, F., Labrenz, M., Schulz-Bull, D., et al. (2014). 

Uncoupling of bacterial and terrigenous dissolved organic matter dynamics in decomposition 
experiments. PLoS One 9: e93945 (1–12). 

Hitchcock, J.N. and Mitrovic, S.M. (2015). After the flood: changing dissolved organic carbon 



21 
 

bioavailability and bacterial growth following inflows to estuaries. Biogeochemistry 219–233. 

Hugerth, L.W., Wefer, H. a., Lundin, S., Jakobsson, H.E., Lindberg, M., Rodin, S., et al. (2014). 
DegePrime, a program for degenerate primer design for broad-taxonomic-range PCR in 
microbial ecology studies. Appl. Environ. Microbiol. 80: 5116–5123. 

Hulatt, C.J., Kaartokallio, H., Asmala, E., Autio, R., Stedmon, C.A., Sonninen, E., et al. (2014). 
Bioavailability and radiocarbon age of fluvial dissolved organic matter (DOM) from a northern 
peatland-dominated catchment: effect of land-use change. Aquat. Sci. 76: 393–404. 

Hutalle-Schmelzer, K.M.L., Zwirnmann, E., Krüger, A., and Grossart, H.P. (2010). Enrichment and 

cultivation of pelagic bacteria from a humic lake using phenol and humic matter additions. FEMS 
Microbiol. Ecol. 72: 58–73. 

Hänninen, J., Vuorinen, I., and Hjelt, P. (2000). Climatic factors in the Atlantic control the 
oceanographic and ecological changes in the Baltic Sea. Limnol. Oceanogr. 45: 703–710. 

IPCC (2014). Fifth Assessment Report of the Intergovernmental Panel on Climate Change 2014 
Geneva. 

Karlsson, J., Jansson, M., and Jonsson, A. (2002). Similar relationships between pelagic primary and 

bacterial production in clearwater and humic lakes. Ecology 83: 2902–2910. 

Karus, K., Paaver, T., Agasild, H., and Zingel, P. (2014). The effects of predation by planktivorous 
juvenile fish on the microbial food web. Eur. J. Protistol. 50: 109–21. 

Kautsky, L. and Kautsky, N. (2000). The Baltic Sea, including Bothnian Sea and Bothnian Bay. Seas 
Millenn. An Environ. Eval. 121–133. 

Kirchman, D.L. (2008). Microbial Ecology of the Oceans. 2 edition. Kirchman,D.L. (ed). John Wiley & 

Sons. Ney Jersey, USA. 

Kisand, V. and Wikner, J. (2003). Combining culture-dependent and -independent methodologies for 
estimation of richness of estuarine bacterioplankton consuming riverine dissolved organic 
matter. Appl. Environ. Microbiol. 69: 3607–3616. 

Kritzberg, E.S., Cole, J.J., Pace, M.L., Granéli, W., and Bade, D.L. (2004). Autochthonous versus 
allochthonous carbon sources to bacteria: Results from whole-lake 13C addition experiments. 
Limnol. Oceanogr. 49: 588–596. 

Lampert, W. (1978). Release of dissolved organic carbon by grazing zooplankton. Limnol. Oceanogr. 

23: 831–834. 

Langenheder, S., Lindström, E.S., and Tranvik, L.J. (2005). Weak coupling between community 
composition and functioning of aquatic bacteria. Limnol. Oceanogr. 50: 957–967. 

Lefébure, R., Degerman, R., Andersson, A., Larsson, S., Eriksson, L.O., Båmstedt, U., and Byström, P. 
(2013). Impacts of elevated terrestrial nutrient loads and temperature on pelagic food-web 
efficiency and fish production. Glob. Chang. Biol. 19: 1358–1372. 

Lignell, R., Hoikkala, L., and Lahtinen, T. (2008). Effects of inorganic nutrients, glucose and solar 

radiation on bacterial growth and exploitation of dissolved organic carbon and nitrogen in the 
northern Baltic Sea. Aquat. Microb. Ecol. 51: 209–221. 

Lisitsyn, A.P. (1995). The marginal lter of the ocean. Oceanology 34: 671–682. 



22 
 

Liu, H. and Dagg, M. (2003). Interactions between nutrients, phytoplankton growth, and micro- and 

mesozooplankton grazing in the plume of the Mississippi River. Mar. Ecol. Prog. Ser. 258: 31–
42. 

Logares, R., Lindström, E.S., Langenheder, S., Logue, J.B., Paterson, H., Laybourn-Parry, J., et al. 
(2013). Biogeography of bacterial communities exposed to progressive long-term environmental 
change. Int. Soc. Microb. Ecol. 7: 937–48. 

Logue, J.B., Stedmon, C.A., Kellerman, A.M., Nielsen, N.J., Andersson, A.F., Laudon, H., et al. (2015). 
Experimental insights into the importance of aquatic bacterial community composition to the 
degradation of dissolved organic matter. ISME J. 1–13. 

Malmstrom, R.R., Cottrell, M.T., Elifantz, H., and Kirchman, D.L. (2005). Biomass Production and 

Assimilation of Dissolved Organic Matter by SAR11 Bacteria in the Northwest Atlantic Ocean 
Biomass Production and Assimilation of Dissolved Organic Matter by SAR11 Bacteria in the 
Northwest Atlantic Ocean. Appl. Environ. Microbiol. 71: 2979–2986. 

Meier, H.E.M., Hordoir, R., Andersson, H.C., Dieterich, C., Eilola, K., Gustafsson, B.G., et al. (2012). 
Modeling the combined impact of changing climate and changing nutrient loads on the Baltic Sea 
environment in an ensemble of transient simulations for 1961-2099. Clim. Dyn. 39: 2421–2441. 

Niño-García, J.P., Ruiz-González, C., and del Giorgio, P.A. (2016). Interactions between hydrology and 
water chemistry shape bacterioplankton biogeography across boreal freshwater networks. ISME 
J. 1–12. 

Pinhassi, J., Sala, M.M., Havskum, H., Peters, F., Guadayol, Ò., Malits, A., and Marrasé, C. (2004). 

Changes in Bacterioplankton Composition under Different Phytoplankton Regimens †. Appl. 
Environ. Microbiol. 70: 6753–6766. 

Reynolds, C.S. (2008). A Changing Paradigm of Pelagic Food Webs. Int. Rev. Hydrobiol. 93: 517–531. 

Ricão Canelhas, M., Eiler, A., and Bertilsson, S. (2015). Are freshwater bacterioplankton indifferent to 
variable types of amino acid substrates? FEMS Microbiol. Ecol. 

Riemann, L., Steward, G.F., and Azam, F. (2000). Dynamics of Bacterial Community Composition and 

Activity during a Mesocosm Diatom Bloom. Appl. Environ. Microbiol. 66: 578–587. 

Rochelle-Newall, E.J., Pizay, M.D., Middelburg, J.J., Boschker, H.T.S., and Gattuso, J.P. (2004). 
Degradation of riverine dissolved organic matter by seawater bacteria. Aquat. Microb. Ecol. 37: 
9–22. 

Rolff, C. and Elmgren, R. (2000). Use of riverine organic matter in plankton food webs of the Baltic 
Sea. Mar. Ecol. Prog. Ser. 197: 81–101. 

Sandberg, J., Andersson, A., Johansson, S., and Wikner, J. (2004). Pelagic food web structure and 

carbon budget in the northern Baltic Sea: potential importance of terrigenous carbon. Mar. Ecol. 
Prog. Ser. 268: 13–29. 

Sarmento, H. and Gasol, J.M. (2012). Use of phytoplankton-derived dissolved organic carbon by 
different types of bacterioplankton. Environ. Microbiol. 14: 2348–2360. 

Sipura, J., Haukka, K., Helminen, H., Lagus, A., Suomela, J., and Sivonen, K. (2005). Effect of nutrient 
enrichment on bacterioplankton biomass and community composition in mesocosms in the 
Archipelago Sea , northern Baltic. J. Plankt. Resea 27: 1261–1272. 

Sjöstedt, J., Koch-Schmidt, P., Pontarp, M., Canbäck, B., Tunlid, A., Lundberg, P., et al. (2012). 

Recruitment of members from the rare biosphere of marine bacterioplankton communities after 



23 
 

an environmental disturbance. Appl. Environ. Microbiol. 78: 1361–1369. 

Stedmon, C.A. and Markager, S. (2005). Resolving the variability of dissolved organic matter 
fluorescence in a temperate estuary and its catchment using PARAFAC analysis. Limnol. 
Oceanogr. 50: 686–697. 

Teira, E., Martínez-García, S., Lønborg, C., and Alvarez-Salgado, X.A. (2009). Growth rates of different 
phylogenetic bacterioplankton groups in a coastal upwelling system. Environ. Microbiol. Rep. 1: 
545–554. 

Teira, E., Nieto-Cid, M., and Álvarez-Salgado, X.A. (2009). Bacterial community composition and 

colored dissolved organic matter in a coastal upwelling ecosystem. Aquat. Microb. Ecol. 55: 131–
142. 

Wikner, J. and Andersson, A. (2012). Increased freshwater discharge shifts the trophic balance in the 
coastal zone of the northern Baltic Sea. Glob. Chang. Biol. 18: 2509–2519. 

Vander Z., M.J. and Vadeboncoeur, Y. (2002). Fishes as integrators of benthic and pelagic food webs 
in lakes. Ecology 83: 2152–2161. 

 


