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Abstract 
 
 
Climate change predictions indicate that increased future rainfall in the north of Europe will 
result in elevated land run off, thus allochthonous material transported to the Baltic Sea will 
increase. Consequently, compounds including humic substances, organic matter and 
inorganic nutrients (N and P), all with different biological availabilities, will be transferred to 
the sea. Such compounds will be incorporated differently into the food web, influencing 
primary (PP) and bacterial (BP) production, phytoplankton and zooplankton composition as 
well as food web efficiency (FWE), which are our 3 tested hypotheses. Riverine inflow was 
simulated by the addition of natural soil extracts (one from a southerly (Daugava) and one 
from a northerly (Öre) site on a daily basis to 2000 L indoor mesocosms (at Umeå Marine 
Sciences Centre). These mesocosms contained a natural food web collected from the Baltic 
Sea, including bacteria, phytoplankton and zooplankton; plus the addition of 7 juvenile fish 
(Perca fluviatilis). 12 mesocosms were divided into 4 different treatments where the 
difference between treatment and respective control was made by the addition of soil extract. 
Results showed that the input of soil matter from both sites created a lower PP:BP ratio, 
increased net heterotrophy in the systems, and in general resulted in changes to the 
phytoplankton and zooplankton community composition. Fish production and FWE was 
however only reduced in the Daugava treatment. Understanding changes in FWE and the 
structure of the food web will be vital for management of this system under future climatic 
conditions.    
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1. Introduction  
 
 
1.1 Food web theory 
The concept of food web was developed after early work by Elton (1927), and later 
improvements by Lindeman (1942), and other scientists (MacArthur, 1955; May, 1973). Elton 
(1927), by studying the interaction between species, devised four general frameworks to 
explain the food web: food chain, size of food (there is a limit to food size that each species 
can consume), niche, and a pyramid of numbers in a community (the base of the pyramid 
being in larger quantity compared to the top consumers). Food chain is a basic relationship 
(primary producer -> consumer -> predator) between trophic levels. Food web is a link of 
food chains as organisms in a trophic level are normally interacting with other organisms in 
more than one trophic level (DeAngelis, 1992).  Scientists tried to understand how much 
energy is transferred from one trophic level to another considering the complex species 
interaction that can exist (Paine, 1980; DeAngelis, 1992). The higher is the trophic level in 
the food web, the greater is the loss of energy in the web. 
 
Food webs can be affected by competition, top-down effects (for example, effect of a top 
predator on plant biomass through suppression of herbivores) and bottom-up effects (for 
example, nutrient supply and light availability can affect the top predator through an increase 
in consumer biomass due to primary producer biomass increase) (DeAngelis, 1992). 
Furthermore, human activity can also affect the food web via bottom-up and/or top-down 
effects, for example, discharging sewage into aquatic ecosystems (increasing nutrient supply), 
over fishing (decrease of top consumer biomass), or on much larger scales via global climate 
change. 
 
In aquatic ecosystems, the main energy source comes from light, which is used by 
photosynthetic organisms to produce their biomass. This biomass is then passed through 
sequential trophic levels towards the top of the food web. In a generalised pelagic food web, 
as summarised in figure 1, autotrophic primary producers subsequently support bacterial 
production by releasing excess carbon compounds (autochthonous carbon sources which are 
highly bioavailable exudates) (Azam et al., 1983). Bacteria and phytoplankton thus 
contribute to the basal production on which the food web is reliant. However, food webs may 
not only dependent on autochthonous (inside the aquatic system) carbon but on organic 
matter and essential nutrients (mainly nitrogen and phosphorus) that come from 
allochthonous (from outside) sources. Thus the type and availability of these different 
sources of nutrients and carbon to diverse aquatic habitats (e.g. freshwater, marine and 
brackish water) can influence basal production and hence affect how the energy and 
nutrients are transferred in the food web.  
 
 
1.2 Pelagic food web functioning and efficiency (FWE) 
Food web efficiency (FWE) is defined as the energy transferred from basal producers 
(phytoplankton and bacteria) to the top predator in the food web (Berglund et al., 2007). 
FWE is dependent on the species composition of the primary producers and the 
stoichiometric quality of these organisms. If the stoichiometry of the basal species is not 
appropriate the efficiency of energy transference will be limited. For example, zooplankton 
can have access to an abundance of food but if this food is inedible, nutritionally insufficient 
or toxic the energy and nutrients that passes to the higher trophic level will be lower because 
the zooplankton do not fulfil their nutritional requirements. However, it is not only the base 
of the food web that can affect how energy transference occurs. Alternatively the number of 
trophic levels in a food web can have significant effect on the energy flow. For instance, if 
more trophic levels are added more losses of energy will occur, because the energy 
transference between trophic levels is between 5 to 15% (Wetzel, 2001; Berglund et al., 2007).  
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Figure 1. Generalised pelagic food web.

1986; Cadée & Hegeman, 1991) seem to be a good
field example for decreasing diatom importance under
decreasing Si:N or Si:P ratios. Here, we refer to the
Helgoland Straits time series because of its long dur-
ation (1962–1984 in Radach & Berg, 1986; but still
continuing) and its extraordinary temporal resolution
(daily sampling): ratios of the annual mean concen-
trations of dissolved Si to dissolved inorganic N have
declined from 0.66:1 in 1964 to 0.17:1 in 1982; an-
nual mean Si:P declined from 19:1 to 3.4:1 during the
same period. At the same time, the relative biomass
of diatoms decreased from 71 to 16%. This was partly
due to an increase of relative flagellate biomass during
the spring bloom. More importantly, more dissolved
N and P were left over after the spring bloom had
depleted Si and gave rise to summer blooms of the
colonial flagellate Phaeocystis and other flagellates.
More details about the proper interpretation of nutrient
ratio – microalgal relationships can be obtained from
Sommer (1999).

At the low end of the Si:N gradient, phytoplankton
species composition differs considerably, depending
on the absolute nutrient levels. In the oligotrophic
ocean, phytoplankton is dominated by picoplankton
(<2 µm; mainly the prokaryotes Synechococcus and
Prochlorococcus) and the smallest representatives of
eukaryotes (usually <5 µm). They frequently make up
>90% of biomass and even higher shares of primary
productivity (Stockner & Antia, 1986; Li et al., 1993,
Lindell & Post, 1995). Under the appropriate condi-
tions, the large, N2-fixing cyanobacterium Trichode-
smium might also be important. Smallness is usually
seen as an adaptation to take up extremely low nutrient
concentrations because of a favourable surface:volume
ratio (Raven, 1986). A recent experimental study with
phytoplankton of the ultraoligotrophic northern Red
Sea has supported the hypothesis, that low nutrient
concentrations exclude larger algae (Sommer, 2000).

Eutrophic waters with low Si:N during summer
stratification ratios are characterised by large unicel-

 
Figure 1: Generalised pelagic food web (Sommer et al., 2002) 
 
 
Phytoplankton, zooplankton and fish are classically considered as the main components of 
the pelagic food web. However, bacteria, via the microbial loop, can in certain instances have 
an important role in energy transfer and have in early 80s, therefore, been recognised as 
important source of energy in pelagic food webs (Azam et al., 1983). A food web based on 
phytoplankton production typically has a lower number of trophic levels compared to a food 
web based on bacterial production and therefore less energy and carbon is lost through 
respiration and inefficient feeding, making it an efficient system (Jansson et al., 2000). 
Normally a food web based on phytoplankton is more readily influenced by light and in 
simplistic terms the energy accumulated by these autotrophs is transferred to zooplankton 
(mostly larger ones such as copepods and cladocera) that subsequently transfer energy to fish 
that prey on them (figure 1). A food web based on bacteria and small phytoplankton is often 
more strongly influenced by organic material, especially the availability of allochthonous 
carbon sources (Jansson et al., 2000). This type of food web has more trophic levels where 
the bacteria are preyed on by ciliates, (or other heterotrophic/mixotrophic protists), that are 
then preyed on by small zooplankton (such as rotifers and small cladocera), which are preyed 
on by bigger zooplankton, that are finally preyed on by fish (figure 1). Due to the multiple 
energy transference steps to reach the top consumer this food web is less efficient (Berglund 
et al., 2007).  
 
 
1.3 Trophic status and balance 
Bacteria and phytoplankton can compete for nutrients (nitrogen and phosphorus) and 
carbon, altering the balance of basal production. Since all the higher trophic levels depend on 
the energy from basal production, the outcome of this interaction can have profound effects 
on aquatic food webs. When the aquatic system is eutrophic (and light supply is sufficient) 
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the basal production is mainly based on phytoplankton (net autotrophy) (Brönmark and 
Hansson, 1998). In this kind of system, based on autotrophic production, we would expect a 
shorter and more efficient food web.  However, if the aquatic environment is relatively rich in 
carbon, as can be the case in humic-rich or oligotrophic environments, bacteria will have a 
large contribution to basal production (Tranvik, 1988; Karlsson et al., 2001; Sandberg et al., 
2004; Berglund et al., 2007). Furthermore, allochthonous carbon and humic substances are 
responsible for increased in light attenuation in aquatic systems (brown colour of the water), 
which can constrain phytoplankton growth, and these substances are better assimilated by 
bacterioplankton (Jansson et al., 2000; Kritzberg et al., 2004). In such instances bacterial 
production can contribute more to the basal production and will lead to a longer food web 
(and potentially to net heterotrophy).  
 
  
1.4 The Baltic Sea and climate change 
The Baltic Sea is one of the largest brackish water system in the world with a low diversity of 
species (Vuori et al., 2012). It has an area of 370 000 km2 (Walday and Kroglund, 2002), an 
average depth of 57 m and a maximum depth of 459 m (Walday and Kroglund, 2002). It is an 
enclosed sea and in the south it is connected to the North Sea through the Kattegat (Walday 
and Kroglund, 2002). The salinity increases from north to south of the Baltic Sea, ranging 
from 2%o to about 20%. 
 
The north is more affected by the inflow of river waters and south more affected by the saline 
water from the North Sea (Walday and Kroglund, 2002) (see figure 2).  
 

 
 
Figure 2. Map taken from Vuori, et al. (2012). The rivers worked on the thesis are surrounded by red boxes, the 
Öre river in the Bothnian Sea and the Daugava river in Baltic Proper. 
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With river inflow comes dissolved and particulate matter, and nutrients, of various 
bioavailabilities, where the quality and quantity of which are dependent on the catchment 
and its use (Hoikkala et al., 2015). This influences basal production (Harvey et al., 2015) and 
have consequences for food web efficiency. 
 
Since the Northern region is strongly influenced by river flow and consequently influenced by 
freshwater runoff, it is also likely to be strongly affected by future predicted climate change 
scenarios (prediction of elevated rainfall) as showed by Graham (2004). Furthermore, since 
the catchment area of the Baltic Sea is very influenced by human activities, especially forestry 
(northern areas), agriculture (southerly areas) and industry (HELCOM, 2007), which can, 
amongst other things, increase the availability of nutrients in the water, it is likely that water 
quality will be altered in coastal areas.  
 
The Öre river (Öreälven) is a forest river in the North of Sweden, where agricultural activity 
in the surrounding area is very low (Ågren et al., 2007) and forestry is the main land usage. 
In contrast, the Daugava river, situated in Latvia is very strongly influenced by agricultural 
practices in the surrounding areas and one of the major rivers responsible for the discharge 
of pollution in the Baltic Sea (Deksne, 2011). However, both rivers are affected by 
allochthonous substances, including DOC, nitrogen and phosphorus but in different 
quantities (Andersson et al., 2013) and of different origin. These nutrients, in differing (C, N 
and P) stoichiometric ratios, are transported to the Baltic Sea in the river systems and deposit, 
concurrent with fresh water, in coastal waters, which can affect the marine system in 
different ways. 
 
We performed an experiment where four treatments were designed, considering climate 
change predictions, to compare the influence of river inflow on coastal waters and compare 
two different catchment areas in the Baltic Sea, one from the north (Öre river, Bothnian Sea) 
and one from the south (Daugava river, southern Baltic Proper). Climate predictions indicate 
that northern areas of the Baltic Sea will have increased periods and intensities of rainfall 
and that in the south occasional strong and violent rainfall events (flash flooding) will 
become more likely. Consequently high inputs of organic and inorganic nutrients from 
allochthonous (terrestrial) source are likely to result from such rainfall events (Hägg et al., 
2010; Wikner and Andersson, 2012).  
 
 
1.5 Aim and Hypotheses 
The aim of this mesocosm study was to investigate the impact of climate change scenarios for 
river inflow and terrestrial runoff, from two different Baltic Sea regions (the Baltic Proper 
and the Bothnian Sea), on coastal ecosystem function. 
 
I hypothesize that in a future climate, coastal water receiving elevated levels of terrestrial 
matter due to elevated river inflow, will exhibit: 
 
1 – a change from phytoplankton dominance towards a reliance on bacterial production atthe 

base of the food web, inducing a potential shift in the system from net autotrophy to net 
heterotrophy. 

2 – a shift in phytoplankton and zooplankton community composition. 
3 - a decrease in pelagic food web efficiency as bacteria benefits from the soil addition, which 

creates a less efficient food web composed of additional trophic levels. 
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2. Materials and Methods 
 
 

2.1 Study Site 
An indoor mesocosm (figure 3) study was conducted at Umeå Marine Sciences Centre (UMF), 
Sweden, located on the northerly west coast of Baltic Sea, during the summer period from 
28th May until 25th June 2012. 
 
 

 
 
Figure 3. Experimental setup of the indoor mesocosms used in this study. Mesocosm treatment position in the 
room was randomly assigned. 
 
 
2.2 Experimental design 
The experiment was designed with 4 different treatments and three replicates of each: (1) Öre 
Control (ÖC), (2) Öre (Ö) with addition of soil extract from the banks of the Öre River, (3) 
Daugava Control (DC) and (4) Daugava (D) with addition of soil extract similar to the 
Daugava River region. This gave a total of 12 mesocosms and their positions were 
randomized around the room. In control treatments a nutrient solution containing nitrogen 
(N) and phosphorus (P) was added at the same concentrations as the respective soil 
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treatments, however no carbon (C) was added (Table 1). The addition of C, N and P was made 
daily.  
 
 
Table 1. Overview of the experimental treatments (treatments with CNP enrichment and control with NP enrichment). Daily 
addition of total Carbon, Nitrogen, and Phosphorous.    

Treatment C (µg L-1) N (µg L-1) P (µg L-1) 

Öre Control (ÖC) 0 0.76 0.026 

Öre (Ö) 20 0.76 0.026 

Daugava Control (DC) 0 3.2 0.14 

Daugava (D) 40 3.2 0.14 

 
 
2.2.1  Soil Sampling 
Soils were collected from the banks of rivers in two distinct catchment regions of the Baltic 
Sea, a northerly (forestry-type soil, Öre) and a southerly (more agricultural-type soil, 
Daugava). From these soils we produced our soil extracts to be used in the treatments. Soil 
was collected during May and June of 2012. 
 
Öre river catchment: The area had a mixed tree community with pine, spruce and birches. 
Other plants growing on the ground included: European blueberries, heather, lingonberry, 
sphagnum and marsh labrador. We removed the upper plant and leaf layer, and collected 
the underlying humic rich layer, above the mineral soil. The collected layer was about 3-10 
cm thick. We collected this type of soil at several distinct points over a distance of ~200 m 
along the Öre river bank. 
 
Daugava river catchment: Soil was collected in a catchment area in Poland from the 
banks of the Reda river. The catchment area is similar to the catchment area around the 
Daugava river, being situated in an agriculture area. The area is mainly occupied by pastures 
and meadows, with some broad-leaf forest. Samples were collected as above but along a 5 km 
stretch of the riverbank. 
 
A large independent batch of soil extract was made for each of these distinct soils following 
these ratios: 30 g of soil was mixed with 200 mL of Milli-Q water and treated with 7 g of an 
ion exchange resin (Amberlite IRC 7481). This method helps release organic and inorganic 
nutrients connected with the soil and remove potentially toxic substances such as heavy 
metals. The soil solution was stored at 4°C for 48 hours in darkness with regular mixing and 
then sieved through 90 µm mesh to take out larger particles and the ion exchange resin 
(Lefébure et al., 2013). The nutrients and organic carbon concentrations were measured and 
the required volume of each soil extract solution was added daily, as described in table 1. The 
soil solution was first added three days before the experiment was initially sampled to allow a 
period of acclimatisation for the food web. 
 
 
2.2.2  Water collection and mesocosm preparation 
A peristaltic pump was used to gently collect the water by passing it through a 1.5 mm mesh 
in order to exclude small fish, but not damage or remove the natural pelagic food web (i.e. 
bacteria, phytoplankton and zooplankton). The water was collected in the Bothnian Sea 
(63°32’86’’N, 19°56’160’’E) in late May and transported to the laboratory in large 1 m3 plastic 
containers. The water was collected in a depth of 4 m and had an in situ temperature of 6°C. 
On return to the laboratory water was transferred from the transport containers into the 
mesocosms by gentle pumping and water was dispersed evenly between all 12 mesocosms to 
ensure water in all mesocosms was as homogenous as possible. During pumping and 
transport water was kept out of direct sunlight so as to avoid significant alterations to 
phytoplankton status. Mesocosm temperature was steadily increased over subsequent days to 
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a final temperature of 15°C. A seven days period was maintained for acclimatization of the 
food web before the experiment was initiated.  
 
The mesocosms used are made of polyethylene with a depth of 5 m, a diameter of 73 cm and 
volume of 2000 L. The tanks were kept at a constant temperature of 15°C. To prevent 
stratification of the water column, air was gently bubbled at 0.75 m depth and thermal 
cycling was employed, resulting in a cycling of the whole water column within 2 hours. To 
mimic water turn over of the Baltic Sea, 40 L of water were exchanged every second day 
(sampling water included in this volume) and replaced with 40 L of 0.2 µm filtered water 
pumped into UMF from a collection point ~2km offshore. Light was provided by 150 W metal 
halogen lamps (MASTERColour CDM-T 150W/942 G12 1CT) suspended over each individual 
tank and kept in a cycle of 12 hours light and 12 hours dark. 
 
To have a complete food web from basal production to fish, 7 young-of-the-year 
zooplanktivorous fish, perch (Perca fluviatilis), were added to each mesocosm. Fish were 
hatched in the laboratory from field collected eggs and healthy individuals of a similar size 
and weight were selected. Healthy signs were swimming or free movement and the fish had 
mainly ingested their yolk sacks so were approaching free feeding.  
 
 
2.2.3  Mesocosm sampling 
Sampling was carried out twice a week, a total of 9 events, on the following days: 0, 3, 7, 10, 
14, 17, 21, 24 and 28. Standard parameters were measures on all sampling occasions but 
other parameters that may have caused a damaging depletion of the food-web (e.g. excessive 
zooplankton removal) were sampled less frequently. Fish were only samples at the start (sub 
sample of fish stocks used to seed the experiment) and end of the experiment (all fish 
possible to recover). All water sampling was carried out using a syphoning hose that extended 
to around 2 m deep into the mesocosm, thus giving a mixed water sample. Water was 
collected in 25 L clean and acid washed plastic containers and samples for each parameter 
removed from these (as seen in Figure 3) after gentle inversion of the containers. 
  
 
2.3  Physico-chemical sampling and measurements 
Standard measures for temperature, PAR (Photosynthetically Active Radiation), conductivity, 
oxygen concentration and pH were taken on all sampling days. Temperature, conductivity 
and oxygen were measured using a Sea Guard Sensor and pH was measured using a 
laboratory pH meter. PAR light level was maintained at around 400 µmol quanta m-2 s-1 at 20 
cm depth (prior to treatments) by setting the height of the individual lamps above the 
mesocosms. PAR was measured using a PAR Licor sensor at different depths in each tank: 0, 
0.1, 0.2, 0.4, 0.6, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.5 m. The light attenuation was 
determined by the coefficient of the exponential function that describes the relationship 
between depth (m) and PAR. 
 
 
2.4  Nutrients 
Nutrient concentrations (µg L-1) were measured twice a week for each tank. Total Nitrogen 
(Total N), Ammonium (NH4), Nitrate (NO3), Nitrite (NO2), Total Phosphorus (Total P) and 
Phosphate (PO4) were quantified. Silica (Si) was measured only on days 0, 10 and 28. 
Standard accredited procedures used by the Swedish Marine Monitoring Program were used 
(Lefébure et al., 2013). 
 
 
2.5  Humic Substances, CDOM and DOC  
Humic substances (µg L-1), CDOM (g 440) and DOC (mg L-1) were measured twice a week in 
each tank. For Humic substances, 100 mL of water was poured in brown bottles and 
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absorbance measured with a spectrofluorometer. For CDOM 150 mL of water was filtered 
through a 0.22 µm filter membrane (polycarbonate) that were previously rinsed with 10% 
HCl to remove any organic contamination. After filtration samples were measured using a 
spectrophotometer. For DOC analysis, 50 ml of water was filtered through 0.22 µm pore size 
filter (Gelman Supor®) and 375 µL of 1.2 M HCL was added. DOC was measured using a 
high temperature carbon analyzer (Shimadzu TOC-5000) (Lefébure et al., 2013). 
 
 
2.6  Bacteria Production 
Bacterial production (BP) was measured twice a week using the 3H-thymidine technique 
described by Fuhrman and Azam (1982). Water (1 mL) was taken and added to four separate 
eppendorf tubes. Three of these were samples and one was a ‘killed’ control (killed prior to 
incubation). 0.2 µL 3H-thymidine (activity 84.4 Ci/mmol) was added to each tube. Samples 
were incubated in the dark for 1 hour in a thermos containing water directly from the 
mesocosms (i.e. same temperature). To stop the reaction, 100 µL of 50% TCA (trichloroacetic 
acid) was added to each tube and samples were frozen at -20°C (the same process for above 
‘killed’ controls). After that, samples were washed as described by Fuhrman and Azam (1982) 
and 1 mL scintillation cocktail (Optiphase, Hi-Safe 3) added to each. Samples were then read 
in a Beckman 6500 scintillation counter. Bacterial production was calculated as µg C L-1 d-1. 
 
 
2.7  Primary Production 
Primary production (PP) was measured twice a week at 7 different depths (0.0, 0.1, 0.2, 0.4, 
0.6, 1.0 and 2.0 m). We then integrated PP over the different depths to have an estimate for 
one mesocosm. We used the 14C technique described by Gargas (1975) to measure PP. A 
single dark incubated sample was prepared and processed in a sealed container in a climate 
room. Samples were incubated in situ inside the mesocosm tanks in scintillation vials for 4 
hours. Each depth had 2 replicates. After stopping the incubation, 5 ml of incubated water 
was retained, 150 µl of 6M HCl was added to each vial and they were bubbled with air for 30 
minutes to remove excess unicorperated 14C. Then, 15 mL of scintillation cocktail (Optiphase 
HiSafe 3) was added to each sample and mixed thoroughly. Like the bacterial production 
measurements, the samples were read in the Beckman 6500 scintillation counter. Primary 
production was calculated as µg C L-1d-1. 
 
 
2.8  Phytoplankton community composition  
Phytoplankton samples were collected on all sampling days and preserved in a 50 ml falcon 
tube with Lugol’s solution. However, three days, representative of start, mid and end points 
of the experiment have currently been analysed: day 0, 17 and 28. The phytoplankton were 
identified to class. The identification was carried out by expert in the field as described by 
Lefebure et al. (2013) and phytoplankton carbon content calculated as Menden-Deuer and 
Lessard (2000). 
 
 
2.9  Total phytoplankton biomass (Chl a) 
Chlorophyll a was measured twice a week with two independent samples (100 mL each) for 
each mesocosm. Samples were filtered onto Whatman 25 mm GF/F filters and stored 
overnight at -80°C. The next day they were transferred to a 15 mL falcon tube containing 95% 
ethanol, shaken with metal beads to disrupt the cells, centrifuged, and analyzed using a 
spectrofluorometer. Measurements were made at 433 (nm) excitation wavelength and 673 
(nm) emission wavelength. 
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2.10  Zooplankton community composition 
Zooplankton samples were collected on 5 sampling days (once a week): day 0, 10, 17, 24 and 
28. A 64 µm mesh was used and they were preserved in a 50 mL falcon tube with Lugol for 
the wet biomass calculation (µg L-1) and identification. They were identified to the species 
level by an expert in the field and Copepods were separated into nauplii, copepodites and 
adults. The others groups were not separated further. 
 
 
2.11  Fish Production  
To calculate fish production, a subsample of fish used to seed the tanks were wet weighed at 
the beginning of the experiment to give a generic starting value (0.9 mg). This was done due 
to the small size and fragile nature of the fish precluding handling, and no handled fish were 
subsequently introduced to the mesocosms. At the end of the experiment (day 28) fish were 
recovered from each separate mesocosm. Length and weight were recorded. Fish growth (µg 
C d-1) was calculated and from that fish production was calculated as µg C L-1d-1. 
 
 

 
Figure 4. Fish collected from the experiment on day 28. 
 
 
2.12  Food Web Efficiency 
Food Web Efficiency (FWE) was calculated for all treatments, including the controls. It was 
defined as fish production per total basal production as the equation: 
 

FWE= 
FP 

BP + PP 
 
Where, FP is the fish production, BP is the bacterial production and PP is the primary 
production. Calculations were made using the units µg C L-1d-1 (Lefébure et al., 2013).  
 
 
2.13  Statistical analysis 
The statistical analyses were done using Microsoft Office Excel 2007, R-software (R 
Development Core Team, 2012) and STATISTICA 7.0 (Statsoft, Inc., Tulsa, OK, U.S.A.). FWE 
was analysed with a one-way ANOVA. Nutrients, humic substances, CDOM, DOC, basal 
production (bacterial and primary production), zooplankton and phytoplankton biomasses 
and chlorophyll a were analysed over time using repeated measures ANOVA. When needed 
the data was log transformed to fit the assumptions of sphericity. When the data did not fit 
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the assumption of repeated measures ANOVA, I used the repeated measures MANOVA, 
which is a robust test when sphericity is not fulfilled. Pearson’s correlation was used to show 
the relationship between humic substances and CDOM. The significant p-value was defined 
as p< 0.05. 
 
There were no comparisons of the dependent variables between all four treatments (Öre, Öre 
control, Daugava and Daugava control), in other words, statistics were carried out separately, 
comparing only the treatment with the respective control. Separating out the two treatments 
was done since it became clear during the experiment that the sheer volume of soil extract 
required to meet the planned stoichiometric ratios in the experiment imposed confounding 
factors (essentially extreme darkening of the Daugava treatments) resulting in light becaming 
a major driving factor. Thus separation of the two treatments enabled other factors to be 
considered. 
 
 

3. Results 
 
 
3.1  Temperature, pH, conductivity and oxygen 
These physico-chemical variables were relatively constant across all mesocosms (treatments 
and controls) throughout the experiment; hence they are described here by their respective 
averages ± 1 SD : temperature (15.4 ± 0.9 °C), pH (7.6 ± 0.1), conductivity (5.6 ± 0.2 S m -1) 
and oxygen (273.8 ± 6.4 mg L-1). 
 
 
3.2 Light 
Light attenuation (mean ± 1 SD) was constant throughout the experiment in Öre (1.8 ± 0.1 m-

1), Öre control (1.1 ± 0.1 m-1) and Daugava control (1.2 ± 0.1 m-1) (figure 5). On the other hand, 
light attenuation in Daugava increased about two fold from the start (2.4 m-1) to the end (4.1 
m-1) of the experiment. Light attenuation in both Öre and Daugava had significant differences 
from their respective controls (table 5) indicating that the daily addition of soil increased the 
attenuation of light, i.e. made the water more coloured. 
 
 

0"

1"

2"

3"

4"

5"

0" 7" 14" 21" 28"

Li
gh
t&A

(
en

ua
-o

n&
(m

11
&)&

Days&

Öre"Control" Öre" Daugava"Control" Daugava"
 

Figure 5. Light attenuation (m-1) during the 28 days experiment in different treatments: Öre (diamond) / Öre 
Control (square) - black solid lines; Daugava (triangle)/ Daugava Control (circle) - brown, dashed lines. 
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3.3 Nutrients 
In general there was a significant positive effect of the daily additions in the Öre and Daugava 
treatments (figure 6 and figure 7) for Total N, NH4, NO3, NO2, Total P, and PO4 
concentrations, but the effects on these variables depended on time (table 2). NH4 from 
Daugava did not interact with time (table 2). These results imply that the addition of soil did 
not only make the water darker, but generally increased the concentration of total dissolved 
nutrients (N and P) potentially available in the system. Yet, NH4 and PO4 accumulated in the 
water till day 14 before levelling off or decreasing (figure 6 and figure 7), and NO3 generally 
showed a steady decrease with time (figure 7). 
 
Silica concentrations remained relatively constant in all treatments from day 0 to day 10 (see 
Figure 7 c) but declined afterwards in all but not in the Öre Control mesocosms, indicating 
Sillica utilization (Table 3).  
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Figure 6. Nutrient concentrations (µgN L-1) of a) Total Nitrogen (Total N), b) Ammonium (NH4), c) Nitrate (NO3) 
and d) Nitrite (NO2) during the 28 days of the experiment in different treatments: Öre (diamond) / Öre Control 
(square) - black solid lines; Daugava (triangle)/ Daugava Control (circle) - brown, dashed lines. Error bars denote 
± 1 SD (n=3). 
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Figure 7. Nutrient concentrations (µgP L-1, µgSi L-1) of a) Total Phosphorus (Total P), b) Phosphate (PO4) and c) 
Silica (Si) during the 28 days of the experiment in different treatments: Öre (diamond) / Öre Control (square) - 
black solid lines; Daugava (triangle)/ Daugava Control (circle) - brown, dashed lines. Silica was collected only on 
days 0, 10 and 28. Error bars denote ± 1SD (n=3). 
 
 
Table 2. Repeated measure ANOVA results for the effects of time, treatments (Öre and Daugava) and the combination of both on 
the following nutrient (µg L-1) variables: Total Nitrogen (Total N), Ammonium (NH4), Nitrate (NO3), Nitrite (NO2), Total 
Phosphorus (Total P) and Phosphate (PO4). Data was transformed when necessary, denoted by ‘log’ after the name of the 
variable. Significant values (α<0,05) are in bold. 

Repeated measure ANOVA        
Variables Time (df = 8) Öre (df = 1) Time x Öre (df = 8) 

  F p F p F p 

Total N log 49.09 <0.001 753.00 <0.001 20.03 <0.001 

NH4 log 67.85 <0.001 41.46 0.003 5.58 <0.001 

NO3 log 70.12 <0.001 190.88 <0.001 15.19 <0.001 

NO2 log 2.57 0.03 4.13 0.1 3.02 0.01 

Total P log 13.18 <0.001 121.33 <0.001 3.10 0.01 

PO4 log 7.43 <0.001 21.77 0.01 9.85 <0.001 

Repeated measure ANOVA   
     

Variables Time (df = 8) Daugava (df = 1) 
Time x Daugava (df = 
8) 

  F p F p F p 

Total N log 98.22 <0.001 3906.99 <0.001 129.26 <0.001 

NH4 log 129.26 <0.001 56.73 0.002 1.82 0.1 

NO3 log 61.13 <0.001 220.89 <0.001 12.92 <0.001 

NO2 log 4.09 0.002 232.35 <0.001 7.67 <0.001 

Total P log 15.79 <0.001 1561.68 <0.001 17.12 <0.001 

PO4 log 10.96 <0.001 82.29 <0.001 2.59 0.03 
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Table 3. Repeated measure MANOVA results for the effects of time, treatments (Öre and Daugava) and the combination of both 
on Silica (µg L-1). Data was log transformed transformed (log). Significant values (α<0,05) are in bold. 
 

Repeated measure 
MANOVA        

Silica log Time (df = 2) 
Treatment (df = 
3) 

Time x Treatment (df 
= 2) 

  F p F p F p 

Öre 1103.68 <0.001 142.08 0.007 311.63 <0.001 

Daugava 204.15 <0.001 19.35 0.05 16.06 0.02 

 
3.4 Humic Substances, CDOM and DOC 
Humic substances and CDOM normally followed the same pattern. To show that, a Pearson’s 
correlation was carried out with both treatments separately. They were positively correlated 
(both Öre and Daugava: p < 0.001, R = 0.97). There was a positive effect of the treatments 
Öre and Daugava on the variables CDOM, humic substances and DOC (figure 8). These 
variables were always higher in the treatments (soil addition: Öre and Daugava) than in their 
respective controls meaning that the soil addition increased the load of these substances. 
Concentrations of humic substances, CDOM and DOC were all affected significantly, 
compared to their respective controls, in both treatments, and over time (table 4). Humic 
substances, DOC and CDOM concentrations (mean ± 1 SD)  in both controls had almost the 
same concentrations throughout the whole experiment (CDOM: ÖC, 1.57 ± 0.6 g, DC, 1.53 ± 
0.1 g; HUMIC: ÖC, 21.8 ± 1.5 µg L-1, DC, 22.4 ± 1.0 µg L-1), whereas these parameters showed 
an increase during the time of experiment in the treatments receiving soil extract. 
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Figure 8. a) Humic Substances (µg L-1) b) CDOM (g440) and c) DOC (mg L-1) during the 28 days of the experiment. 
Different treatments: Öre (diamond) / Öre Control (square) - black solid lines; Daugava (triangle)/ Daugava 
Control (circle) - brown, dashed lines. Error bars denote ±1 SD (n=3). 
 
 
Table 4. Repeated measure ANOVA results for the effects of time, treatments (Öre and Daugava) and the combination of both on 
the following variables: Humic Substances (µg L-1), CDOM (g440) and DOC (mg L-1). Significant values (α<0,05) are in bold.  

Repeated measure 
ANOVA 

  
     

Variables Time (df = 8) Öre (df = 1) Time x Öre (df = 8) 

  F p F p F p 

HUMIC 85.18 <0.001 81.40 <0.001 122.10 <0.001 

CDOM 2.71 0.03 131.02 0.001 11.67 <0.001 

DOC 7.94 <0.001 1063.85 <0.001 27.24 <0.001 

Repeated measure 
ANOVA 

  
     

Variables Time (df = 8) Daugava (df = 1) Time x Daugava (df 
= 8) 

  F p F p F p 

HUMIC 671.73 <0.001 214.60 <0.001 800.99 <0.001 

CDOM 417.18 <0.001 3126.81 <0.001 494.69 <0.001 

DOC 18.55 <0.001 949.85 <0.001 49.09 <0.001 

 
 
3.5 Total basal production (bacterial + phytoplankton)  
 
 
3.5.1  Öre mesocosms 
There was a significant effect of the treatment on the total basal production in Öre (figure 9 a 
and b), but this effect was not consistent during the whole experiment (table 5). The same 
pattern was observed for bacterial production alone and the BP:PP ratio (bacterial 
production:primary production ratio), i.e. there was an effect of the treatment but it was 
dependent on the phase of experiment. The bacterial production increased until day 17 and 
then started to decrease until day 28 in the Öre (figure 10 a). Primary production (figure 10 
b) in both Öre and Öre Control at day 0 were very high compared to the other days (Day 0: 
ÖC, 20.69 ± 1.14 µgC L-1d-1, Ö, 16.88 ± 6.17 µgC L-1d-1; Day 7 to 28: ÖC, around 4.90 ± 1.40 
µgC L-1d-1, Ö, around 5.85 ± 1.64 µgC L-1d-1).  
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3.5.2  Daugava mesocosms 
The basal production (figure 9 c and d), bacterial production, primary production and the 
BP:PP ratio in Daugava were significantly different from Daugava control (table 5) but 
bacterial production did not change over time. Bacterial production was positively affected in 
the Daugava treatment (figure 10 c), however, primary production was negatively affected 
(figure 10 d) and decreased in both Daugava and Daugava control,  but most strongly in the 
treatment with soil addition (which showed a decrease from 10.42 µgC L-1d-1 (Day 0) to 
around 2.5 µgC L-1d-1 (from day 7 until day 28). 
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Figure 9. BP and PP percentage (%) as well total basal production (µgC L-1d-1) over the 28 day experiment. a) Öre 
Control; b) Öre; c) Daugava Control and d) Daugava. 
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Figure 10. Bacterial (a) and Primary (b) production (µgC L-1d-1) of Öre River mesocosms and Daugava River 
mesocosms (c and d, respectively) over the 28 day experiment. Error bars denote ±1 SD (n=3). 
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Table 5. Repeated measure ANOVA results for the effects of time, treatments (Öre and Daugava) and the combination of both on 
the following variables: light attenuation (m-1), Chl a (µg L-1), bacterial production (µgC L-1d-1), primary production (µgC L-1d-1), 
total basal production (µgC L-1d-1) and the BP:PP ratio. Data was transformed when necessary noted with ‘log’ after the name of 
the variable. Significant values (α<0,05) are in bold. 
 

Repeated measure ANOVA Time Öre Time x Öre 

Variables Df F p Df F p Df F p 

Light attenuation 3 0.73 0.5 1 395.21 <0.001 3 82.00 <0.001 

Chl a 8 59.69 <0.001 1 0.054 0.8 8 8.55 <0.001 

BP 8 13.13 <0.001 1 0.98 0.4 8 6.40 <0.001 

PP 7 30.62 <0.001 1 0.22 0.7 7 1.57 0.2 

BP+PP 7 7.36 <0.001 1 0.68 0.5 7 6.12 <0.001 

BP:PP 7 2.38 0.05 1 0.046 0.8 7 2.407 0.05 

Repeated measure ANOVA Time  Daugava  Time x Daugava 

Variables Df F p Df F p Df F p 

Light attenuation 3 4.45 0.02 1 664.85 <0.001 3 8.10 0.003 

Chla 8 72.16 <0.001 1 169.65 <0.001 8 7.91 <0.001 

BP 8 2.73 0.02 1 18.82 0.01 8 1.93 0.09 

PP 7 11.72 <0.001 1 43.44 0.003 7 3.06 0.02 

BP+PP 7 2.51 0.04 1 1.29 0.3 7 2.32 0.05 

BP:PP log 7 6.38 <0.001 1 111.26 <0.001 7 3.68 0.006 

 
 
3.6 Phytoplankton community composition  
Diatomphyceae, Chloropycaea, Nostocophyceae (cyanobacteria), Cryptophyceae and 
Chrysophyceae were the most common classes of phytoplankton in the experiment (>90% of 
total biomass). Those that were present but with a smaller contribution to the total 
phytoplankton biomass were Dinophyceae, Ebridea, Euglenophyceae, Prasynophyceae and 
Prymnesiophyceae. Those remaining members of the community that contributed relatively 
minor abundances have been classified as Others.  
 
Öre and Daugava treatments had a significant effect on the total biomass of phytoplankton 
(tables 6 and 7) during the 28 days experiment, with a slightly positive effect of the soil input 
(see figure 11) from day 17 until day 28, where the diatoms were dominant group in both Öre 
and Daugava treatments compare to the controls. 
 
 
3.6.1  Öre mesocosms 
Regarding Öre mesocosms, Diatoms and Chlorophyceae biomasses were significantly 
different (table 6) between the treatments, with a positive effect of Öre treatment on diatoms, 
especially on day 28 (Diatoms: ÖC, Day 0: 19,67 ± 2,99 µg L-1; Day 17: 0,58 ± 0,25 µg L-1 and 
Day 28: 1,96 ± 1,22 µg L-1/ Ö, Day 0: 19,00 ± 2,88 µg L-1; Day 17: 3,96± 2,34 µg L-1 and Day 
28: 16,76± 6,62 µg L-1). Diatom biomass at this point was 8 fold higher than the control. 
Chlorophyceae were also positively effected (Chlorophyceae: ÖC, Day 0:  14,45 ± 0,97 µg L-1; 
Day 17: 0,20 ± 0,15 µg L-1 and Day 28: 0,11 ± 0,10 µg L-1/ Ö, Day 0: 13,57 ± 2,70 µg L-1; Day 
17: 1,08 ± 0,34 µg L-1 and Day 28: 2,16 ± 0,58 µg L-1) where biomass was 20 fold higher in the 
treatment than the control at the end of the experiment, clearly indicating that the soil input 
together with the attenuation of the light can change the composition of the phytoplankton 
community.   
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Figure 11. Phytoplankton community biomass (µg L-1) on days o, 17 and 28 of the experiment. a) Öre Control; b) 
Öre; c) Daugava Control and d) Daugava. Error bars denote ± 1 SD (n=3) from the total phytoplankton biomass. 
 
 
Table 6. Repeated measure ANOVA and repeated measure MANOVA results for the effects of time, Öre treatment and the 
combination of both on the phytoplankton community biomass (µg L-1): total phytoplankton, Diatoms, Chlorophyceae, 
Cyanobacteria, Cryptophyceae and Chrysophyceae. Data was transformed when necessary noted with ‘log’ after the name of the 
variable. Significant values (α<0,05) are in bold. 
 

Repeated measure 
ANOVA 

  
     

Phytoplankton Time (df = 2) Öre (df = 1) Time x Öre (df = 2) 

  F p F p F p 

Total phytoplankton 77.28 <0.001 14.92 0.02 8.41 0.01 

Diatoms 31.40 <0.001 25.98 0.007 6.87 0.02  

Chlorophyceae log 348.88 <0.001 112.01 <0.001 17.10 0.001 

Cyanobacteria 2.11 0.2 1.77 0.2 1.20 0.3 

Cryptophyceae 7.17 0.02 7.12 0.06 0.21 0.8 

Repeated measure 
MANOVA 

  
     

Phytoplankton Time (df = 2) Öre (df = 3) Time x Öre (df = 2) 

  F p F p F p 

Chrysophyceae log 5.99 0.09 4.08 0.2 4.83 0.12 
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Figure 12. Phytoplankton community percentage biomass on days o, 17 and 28 of the experiment. a) Öre Control; 
b) Öre; c) Daugava Control and d) Daugava. 
 
 
3.6.2  Daugava mesocosms  
In addition to Diatoms, Chlorophyceae and Cryptophyceae biomasses were significantly 
different over time in both control and Daugava tretament. Cyanobacteria was higher in 
control than in Daugava tretament (see table 7). As shown on figure 11 c and d, from day 0 to 
day 17 the soil treatment had a negative effect on the biomass of Diatoms (Diatoms: DC, Day 
0: 22,59 ± 4,85 µg L-1 and D, Day 0: 13,83 ± 1,91 µg L-1) but from day 17 to day 28 the effect 
was positive (Diatoms: DC, Day 17: 0,92 ± 0,28 µg L-1 and Day 28: 2,51 ± 0,94 µg L-1/ D, Day 
17: 3,84 ± 2,58 µg L-1 and Day 28: 9,90 ± 3,60 µg L-1). The same happened with the biomass 
of Clorophyceae, negative effect from day 0 to day 17 (Chlorophyceae: DC, Day 0: 15,04 ± 
2,21 µg L-1 and D, Day 0: 11,68 ± 1,39 µg L-1) and a positive effect afterwards (Chlorophyceae: 
DC, Day 17: 0,25 ± 0,23 µg L-1 and Day 28: 0,14 ± 0,09 µg L-1 / D, Day 17: 1,66 ± 0,55 µg L-1 
and Day 28: 0,59 ± 0,39 µg L-1). Diatoms were the dominant group in both the control and 
the Daugava treatment throughout the experiment (figure 12 d). 
 
 
Table 7. Repeated measure ANOVA results for the effects of time, Daugava treatment and the combination of both on the 
phytoplankton community biomass (µg L-1): total phytoplankton, Diatoms, Chlorophyceae, Cyanobacteria, Cryptophyceae and 
Chrysophyceae. Data was transformed when necessary noted with ‘log’ after the name of the variable. Significant values 
(α<0,05) are in bold. 
 

Repeated measure 
ANOVA       
Phytoplankton Time (df = 2) Daugava (df = 1) 

Time x Daugava (df = 
2) 

  F p F p F p 

Total phytoplankton 67.82 <0.001 0.01 0.9 6.05 0.03 

Diatoms 47.62 <0.001 0.18 0.7 12.14 0.004 

Chlorophyceae log 406.79 <0.001 8.49 0.04 14.82 0.002 

Chrysophyceae 4.73 0.04 2.50 0.2 2.47 0.1 

Cyanobacteria 0.19 0.8 16.62 0.02 0.01 0.9 

Cryptophyceae 5.57 0.03 0.02 0.9 8.92 0.01 
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3.7 Total phytoplankton biomass (Chl-a) 
There was a negative effect of the Öre treatment on the Chl-a until day 14, but from this day 
onwards the effect on the Chl-a was slightly positive. On the other hand, the Daugava 
treatment always had a negative effect on the Chl-a, however toward the end of the 
experiment the Chl-a values tended to be more similar.  
 
Chl-a in Daugava continued to drop until day 14 and then until the end of the experiment 
there was no significant change. In the other 3 treatments, with the exception of a minor 
increase at day 7, Chl-a generally decreased steadily until day 14 and then stabilized with no 
significant change. However the Öre treatment had a two-fold increase from day 24 to day 28 
(Ö: Day 24: 1.64 ± 0.27 µg L-1 and day 28: 2.38 ± 0.73 µg L-1) (figure 13, table 5). 
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Figure 13. Chlorophyll a (µg L-1) during the 28 of experiment in different treatments: Öre (diamond) / Öre Control 
(square) - black solid line; Daugava (triangle)/ Daugava Control (circle) - brown, dashed line. Error bars denote 
±1 SD (n=3). 
 
 
3.8 Zooplankton community composition  
The main species found in the mesocosms were: 1. Copepoda - Eurytemora affinis, 
Limnocalanus macrurus, Acartia bifilosa; 2. Cladocera - Bosmina coregoni maritima, 
Pleopis polyphemoides Leuckart; and 3. Rotifera - Synchaeta spp. (baltica + monopus), 
Keratella quadrata platei, Keratella cochlearis recurvispina (Jägersk.), Keratella 
cruciformis eichwaldi Levander. 
Zooplankton biomass generally peaked in the middle of the experiment (figure 14), especially 
evident in the controls of both treatments. These high biomass levels correspond to the low 
biomass levels of phytoplankton (see figure 11) at the same sampling occassion. On day 17 
total phytoplankton decreased by almost three quarter of the biomass compared to day 0 in 
all mesocosms and zooplankton biomass generally increased 8 fold. 
 
 
3.8.1  Öre mesocosms  
The zooplankton community in general was affected by the addition of soil. A negative effect 
of the Öre treatment on copepodite biomass was present (Table 8), indicating a decrease 
until the end of the experiment (figures 14 aand b). Copepodite was the dominant group on 
day 0 (figure 15) to be replaced by an increase of small cladocerans from day 17 until the end 
of the experiment (Mean	  ± 1 SD. Cladocera:  Ö, Day 0: 0.24 ± 0.12 µg L-1 and Day 28: 8.97 ± 
6.93 µg L-1;) with Bosmina coregoni maritime being the most dominant member. 
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Copepodites were negatively influenced by the soil addition (figure 14), especially on day 17 
(Mean	  ± 1 SD. Copepodites: ÖC, Day 17: 29.67 ± 8.4 µg L-1 and Ö: 5.43 ± 1.4 µg L-1).  
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Figure 14. Zooplankton community biomass (µg L-1) on the days o, 10, 17, 24 and 28 of the experiment. a) Öre 
Control; b) Öre; c) Daugava Control and d) Daugava. Error bars denote ± 1 SD (n=3) from the total zooplankton 
biomass. 
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Figure 15. Zooplankton community percentage biomass on days o, 10, 17, 24 and 28 of the experiment. a) Öre 
Control; b) Öre; c) Daugava Control and d) Daugava. 
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Table 8. Repeated measure ANOVA and repeated measure MANOVA results for the effects of time, Öre treatment and the 
combination of both on the phytoplankton community biomass (µg L-1): total zooplankton, adult copepods, copepodites, total 
copepods, Nauplii, Cladocera and Rotifera. Data was transformed when necessary noted with ‘log’ after the name of the variable. 
Significant values (α<0,05) are in bold. 

Repeated measure 
ANOVA 

  
     

Zooplankton Time (df = 4) Öre (df = 1) Time x Öre (df = 4) 

 
F p F p F p 

Total zooplankton 25.53 <0.001 2.42 0.1 6.39 0.002 

Adult copedods 7.88 <0.001 10.16 0.03 1.09 0.3 

Copepodites log 45.71 <0.001 13.05 0.02 11.56 <0.001 

Total copepods 34.88 <0.001 11.53 0.02 20.03 <0.001 

Repeated measure 
MANOVA 

  
     

Zooplankton Time (df = 4) Öre (df =4) Time x Öre (df = 4) 

  F p F p F p 

Nauplii log 2215.02 0.01 9.83 0.2 753.90 0.03 

Cladocera log 17258.46 0.006 3.11 0.4 437.76 0.04 

Rotifera log 251.33 0.05 1.19 0.6 2.96 0.41 

 
 
3.8.2  Daugava mesocosms  
Adult copepods, copepodites, total copepods, nauplii, Cladocera and Rotifera were all 
significantly different between treatments and the total zooplankton biomass showed a 
negative effect (see table 9) of soil addition. This was more evident from day 17 towards the 
end, indicating that the high addition of soil from Daugava led the zooplankton communities 
to decrease in biomass and changed the community composition (figure 14). At the end of the 
experiment the majority of the total biomass in Daugava Control was in the form of 
cladocerans whereas the Daugava treatment was mostly composed of rotifers, cladocerans 
and copepodites (figure 14 and 15). 
 
Table 9. Repeated measure ANOVA and repeated measure MANOVA results for the effects of time, Daugava treatment and the 
combination of both on the phytoplankton community biomass (µg L-1): total zooplankton, adult copepods, copepodites, total 
copepods, Nauplii, Cladocera and Rotatoria. Data was transformed when necessary noted with ‘log’ after the name of the 
variable. Significant values (α<0,05) are in bold. 

Repeated measure 
ANOVA 

  
     

Zooplankton Time (df = 4) Daugava (df = 1) 
Time x Daugava (df 
= 4) 

 
F p F p F p 

Total zooplankton 52.93 <0.001 100.28 <0.001 39.27 <0.001 

Adult copedods log 15.16 <0.001 8.71 0.04 3.06 0.05 

Nauplii 33.08 <0.001 27.17 0.006 6.27 0.003 

Total copepods log 30.30 <0.001 30.08 0.005 13.97 <0.001 

Cladocera 9.96 <0.001 7.14 0.06 8.47 <0.001 

Rotatoria log 105.57 <0.001 10.59 0.03 14.37 <0.001 

Repeated measure 
MANOVA 

  
     

Zooplankton Time (df = 4) Daugava (df =4) 
Time x Daugava (df 
= 4) 

  F p F p F p 

Copepodites log 6457.04 0.009 58.97 0.1 1662.62 0.02 

 
 
3.9 Fish Production and Food Web Efficiency 
In general fish survival was high, with an average survival rate of 80% (a minimum survival 
rate of 5 of 7 fish per tank). Fish production (FP) and food web efficiency (FWE) followed the 
same pattern for all mesocosms and were generally lower in the treatments than in the 
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controls (figure 16). This effect was significant only in Daugava (table 10) where the fish 
production decreased from 0.24 (DC) to 0.12 (D) µgC L-1d-1 and FWE decreased by 
approximately half from 1.1 to 0.5%.  
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Figure 16. Fish production and food web efficiency (b and d) on both treatments. a) fish production of  Öre River; 
b) food web efficiency of Öre River; c) fish production of  Daugava River and d) food web efficiency of Daugava 
River. Error bars denote ± 1 SD (n=3). 
 
Table 10. ANOVA results for Öre and Daugava treatments on the food web efficiency. Significant value (α<0,05) is in bold.  

ANOVA FWE Öre (df = 1) FWE Daugava (df = 1) 

  F p F p 

FWE 0.72 0.4 95.31 <0.001 

 
 

4. Discussion 
 
 
The addition of soil to both treatments was chosen to provide insights into future climate 
change scenarios in coastal waters of the Baltic Sea, where an increase in precipitation 
frequency and intensity will carry elevated levels of terrestrial matter through rivers to the 
Baltic Sea coast. The discharge of humic and nutrient rich waters into the Baltic Sea will 
change the physicochemical and thus biological properties of the recipient waters (Wikner 
and Andersson, 2012). Our mesocosm study showed that such alterations to coastal waters 
indeed influence basal production (including the balance between bacterial vs. primary 
production), phytoplankton and zooplankton composition, and food web efficiency (FWE). 
Below, I discuss the results as three different topics to consider them in relation to my 
hypotheses. First, I discuss the relationship between autotrophy and heterotrophy. Secondly, 
I discuss the change in phytoplankton and zooplankton community composition. Thirdly, I 
discuss FWE, the likely causes of changes in it and its potential implications. 
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4.1 Net autotrophy vs. net heterotrophy  
By evaluating the ratio of PP:BP one can say whether basal production in the treatments were 
net autotrophic or net heterotrophic. If the ratio of PP:BP is greater than 1, the system is net 
autotrophic (i.e. phytoplankton primary production is the dominant form of basal 
production). If the ratio PP:BP is less than 1, the system is net heterotrophic.  Thus, in the 
beginning of the experiment, all mesocosms were net autotrophic, except the Daugava 
treatment (Day 0: ÖC = 4, Ö = 2.3, DC = 4, D = 0.7). Subsequently all mesocosms became net 
heterotrophic (temporal average from day 7 to day 28: ÖC = 0.25, Ö = 0.3, DC = 0.6, D = 
0.09), as shown in figure 10. 
 
As expected, the addition of soil had a distinct impact on basal production in the Daugava 
treatment. Pelagic primary production was reduced as much as ~4-fold compared to its 
respective control, while bacterial production increased about 2-fold (figure 10 c and d) and 
the total basal production remained relatively constant (figure 9 c and d). The addition of 
terrestrial matter is a potential source of carbon, nitrogen and phosphorus to aquatic 
ecosystems (Figueroa et al., under revision; Meili, 1992). One would expect that the 
enrichment of the system with phosphorus and nitrogen through soil addition might instigate 
phytoplankton production. Nevertheless, it has been shown that this not always results in 
increasing the total ecosystem productivity (e.g. Karlsson et al., 2009). Firstly, terrestrial 
organic matter addition is usually related to an increase in light attenuation (Ask et al., 2009), 
as our results shows (e.g. figure 5 and figure 8). Consequently, an increase in the input of this 
matter can turn the phytoplankton light limited as it seemed to be the case in Daugava 
treatment. At the same time, carbon is an important energy source for bacteria and external 
inputs of carbon, even where the carbon is only partially bioavailable to the bacteria 
(Figueroa et al., under revision; Asmala et al., 2013), can have strong implications for the 
balance of basal production (Hoikkala et al., 2015). Interestingly, through various pathways 
(as discussed below) these basal changes can have implication for fish production (Figueroa 
et al., under revision; Karlsson et al., 2015), as was found in the Daugava treatment, which 
had a reduction of fish production as well as a 50% reduction in the FWE. 
 
The Öre treatment did not respond in the same way as the Daugava treatment. Contrary to 
our expectations of higher PP in the Öre control (figure 10 b), the primary production did not 
differ between the Öre treatment and the control. Bacterial production was different between 
treatments (figure 10 a), but only on few sampling days. It thus seems that light was not a 
major limiting factor in the Öre treatment. Although this treatment received soil compounds 
the addition appeared to not alter the light climate in these mesocosms to a critical point for 
the primary producers (figure 5), which in turn did not limit primary production and only 
slightly boosted the BP (figure 9). As a result, both fish production and FWE were not 
significantly different from the control.  
 
 
4.2 Phytoplankton and zooplankton composition 
As expected, phytoplankton composition (figure 11) and zooplankton composition changed 
(figure 14) due to the treatments. As pointed by Andersson et al. (2013), the loading of 
nutrients together with humic substances may counter eutrophication symptoms in the Baltic 
Sea. Normally, eutrophication is caused by the addition of high nitrogen and phosphorus 
concentrations to the aquatic system that results in the bloom of cyanobacterial species. 
However, cyanobacteria had very low biomass in our treatments. Hence our data corroborate 
with the idea that the addition of soil matter. In in both Daugava and Öre treatments, 
diatoms instead became the dominant phytoplankton group (figure 11;), which resulted in a 
reduction of the dissolved silica concetrations by the end of the experiment.In the beginning 
of the experiment, chlorophyceae and diatoms were the main algal groups, but diatoms may 
have outcompeted chlorophyceae, or the later was heavily grazed by zooplankton.  As it has 
been reported, diatoms are fast growing algae that are benefited by reduced light conditions  
(Reynolds, 2006) and grow consuming a large amount of dissolved silica from the water 
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(Sommer and Stabel, 1983; Martin-Jézéquel et al., 2000). Furthermore, diatoms can absorb 
organic matter (humic substances) from the water (Prakash et al., 1973), which may have 
happened in the soil addition treatments, because low light supply can trigger the 
mixotrophic behaviour (Lewin, 1953). Even though, diatoms were the dominant algal group, 
it seems that they were mainly inedible or of poorer nutritional quality in the Daugava 
treatment, because Daugava treatment also showed a lower zooplankton biomass. As has 
been shown by Faithfull et al. (2011) inedibility of algae can be translated in lower energy 
transference to consumers (zooplankton). In Daugava, it seems that this algal inedibility 
effect translated further to the top consumer which showed reduced growth in this treatment. 
 
The zooplankton community did change in the mesocosms. At the beginning, copepods were 
the main group, but they were replaced by cladocerans in both Daugava and Öre treatments 
(figure 14). The availability of suitable food appeared insufficient to sustain copepods 
population, i.e. it is also possible that copepods were food limited (Carlsson et al., 1995). Fish 
may also have consumed the copepods, which are the preferable food for small perch 
(Frankiewicz and Wojtal-Frankiewicz, 2012), despite that usually copepods are efficiently 
adapted to the predation pressure, investing energy in escaping strategies and reducing the 
development rate. On the other hand, in dark waters it seems that filter-feeding behaviour is 
more profitable and organisms such as cladocerans benefit in this environment (figure 15). 
As these organisms do not select their food they eat everything that is in the water column 
including algae, bacteria and particulate matter. Nevertheless, bacteria do not seem to be an 
especially suitable food source for cladocerans, because they may lack essentials biochemicals 
such as fatty acids (Wenzel et al., 2012). That likely contributed to the lower cladoceran 
biomass in the high bacterial production of Daugava treatment compared to the control 
(figure 14 c and d). In the case of Öre treatment, the algae biomass was higher than the 
control during the experiment which provided better food for zooplankton. Since 
phytoplankton have fatty acids and better nutrients balance than bacteria it benefited the 
cladocerans.  
As the results showed, changes in light condition will change available food resources for 
zooplankton, consequently affecting the composition of the zooplankton community and 
total zooplankton biomass which may have impacts in higher trophic levels. 
 
 
4.3 Fish production and Food Web Efficiency 
The addition of soil extract can influence production at higher trophic levels by altering the 
balance of basal production and/or altering the community composition of the food web. In 
this study we observed both effects. Soil addition may affect positively primary producers in 
two ways. Firstly, it provides nutrients, and secondly it protects primary producers against 
UV-radiation, because compounds contained in the soil extract act as filters of harmful UV-
radiation (Williamson et al., 1996). Nevertheless, if the soil addition is too high, the positive 
effects are counteracted by the negative effect of shading by the organic matter. This is 
because when a certain threshold of shading by terrestrial input is crossed, the light becomes 
a limiting factor for phytoplankton. Then, the light stress becomes more significant for 
phytoplankton growth than the benefits of nutrient supply and UV protection. Consequently, 
the higher trophic levels start suffering from less food supply and also from less quality in the 
available food and eventually causing fish production to  decline (Finstad et al., 2014).  
 
It appears that in the Daugava treatment the level of soil addition crossed this threshold 
where the primary producers became light limited and the pathway of energy transfer was 
inneficient, resulting in a fish production decline. It is also possible that the dark colour of 
Daugava treatment waters may have affected the fish not only through bottom-up effects, but 
also by affecting the visual feeding behaviour and encounter rates of prey of the fish 
(Estlander et al., 2010). This may have further contributed to the remarked decrease in 
Daugava treatment fish production and FWE. 
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Lefébure et al. (2013) explored the addition of organic matter and increased temperature in a 
climate change scenario in an experiment where they tested the impact opf these factor of 
food web efficiency of the Baltic Sea coastal food-web. Results from this study are different 
from Lefébure et al. (2013). They showed that when bacteria became the dominant 
contributor to basal production and this resulted in a high FWE, whereas our results indicate 
that the FWE based on bacteria is reduced, which is in accordance with other studies 
(Berglund et al., 2007; Jansson et al., 2007). It seems that the food availability for fish, as 
stated previously, is an important contributor to the low FWE in our experiment (Daugava 
treatment). Lefebure iet al. (2013) had higher bacterial production in their mesocosms with 
soil addition, leading to a higher availability of food for mixotrophic phytoplankton, which 
contributed as a source of available carbon that was grazed by zooplankton, ending up in fish 
growth. It should however be noted that their study was initiated at a different part of the 
season and for a different time-scale. It is possible that there is a minimum of bacterial 
biomass necessary to increase the FWE via microbial loop (Faithfull et al., 2012) and 
probably this minimum criteria was not met in the Daugava treatment.  
 
 

5. Conclusion 
 
 
Based in my results we can conclude that climate change scenario predictions which are 
expected to result in higher soil input and turbidity in the Baltic Sea, especially coastal waters, 
will turn this ecosystem towards a net heterotrophic status. This will certainly be the case 
during times of heavy river flow such as during rain events. However, although generally 
stronger in the treatments we did not predict that these changes would also happen in the 
experimental controls. It thus seems that the Baltic Sea is already a system that relies 
strongly on heterotrophic processes. This alteration of basal production, especially on longer 
time scales, will have impacts on the composition of the phytoplankton and zooplankton 
communities, altering their quantity and quality as food resources.  
 
This will then have implications on the transfer of energy from the base of the food web to the 
top consumer, which will face reduced production if the critical threshold of soil matter 
addition (causing light attenuation, boosting bacterial processes, or both) is crossed.  It 
appears that in the north region of the Baltic Sea, where the Öre river is found, the soil matter 
composition will not be high enough to affect the FWE. In Daugava, which is situated in the 
south region, DOC concentrations  in the soil seem to be  higher and may therefore be high 
enough to negatively affect fish production in the future, mainly through light limitation of 
the ecosystem. Experiments such as this one reported here are essential to understand the 
response of aquatic ecosystems to future climate change and is of importance to the 
management of these ecosystems. 
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