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Abstract 

Thiamine (vitamin B1) is involved in several basal metabolic processes. It is an 

essential compound for many organisms and in aquatic systems it is mainly produced 

by phytoplankton and prokaryotes and transferred to higher trophic levels through 

grazing and predation. The occurrence of thiamine deficiency in top predators has 

been reported from several aquatic systems. In the Baltic populations of the Atlantic 

salmon (Salmo salar) this has been observed since 1974 and recently thiamine 

deficiency has also been reported for Baltic sea birds. 

 

This thesis aims at investigating the processes that govern the flow of thiamine from 

the primary producers to top predators via zooplankton grazers and planktivoric fish. 

We show that abiotic stress factors such as salinity, temperature and light conditions 

can alter the thiamine content of phytoplankton. We also show that abiotic factors 

indirectly can affect the stress resistance of zooplankton grazers by changing the 

nutritional quality of their food. During eight offshore expeditions we found that the 

in situ thiamine content of zooplankton grazers was directly affected by that of the 

phytoplankton diet. By comparing the yearly averages of thiamine concentration in 

Baltic herring and the occurrence of thiamine deficiency in Baltic salmon we found a 

connection between the thiamine content of herring and salmon. When we looked at 

the thiamine content of the pelagic food web of the Baltic Sea as a whole we found a 

pattern of trophic dilution; the higher the trophic level of an organism (i.e. the further 

away from the source of thiamine in the food web), the lower was its thiamine 

content. 

 

In all, the results of this thesis suggests a bottom up effect on the thiamine status of 

the higher trophic levels of  the Baltic Sea and that external factors, both natural and 

man-made, have the capability to affect the thiamine status of the plankton 

communities and thereby in the whole Baltic pelagic food web. Thiamine and other 

micronutrients are not something generally considered in the environmental 

management of aquatic systems but the results of this thesis suggest that ecological 

disturbances indirectly can have negative effects on top predators via a disrupted 

supply of essential substances. 
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Sammanfattning 

Tiamin (vitamin B1) behövs för en rad grundläggande metaboliska processer. Det är 

ett essentielt ämne för många organismer, vilket innebär att det måste tillföras via 

kosten för de organismer som inte själva kan tillverka tiamin. I akvatiska system 

produceras det framför allt av växtplankton och bakterier och transporteras sedan 

högre upp i näringsväven genom betning och predation. Tiaminbrist har rapporterats 

hos topp-predatorer i flera akvatiska system. Hos lax i Östersjön har tiaminbrist 

rapporterats i varierande grad årligen sedan 1974 och de senaste åren har tiaminbrist 

även rapporterats hos flera arter av sjöfågel. 

 

Målet med den här avhandlingen är att öka kunskapen om de processer som styr 

produktionen av tiamin i Östersjön och vad som styr dess flöde genom näringsväven 

från växtplankton till topp-predatorer. Resultaten visar att yttre faktorer såsom 

salthalt, temperatur och ljusförhållanden kan påverka tiamininnehållet i växtplankton. 

Resultaten visar också att förhållandena som växtplanktonen växer i indirekt kan 

påverka hur motståndskraftiga djurplankton som äter dem blir mot yttre stress som 

UV-strålning genom att förändra näringsinnehållet i växtplanktonen. Fältstudier 

visade att djurplanktonens tiamin-koncentration var beroende av tiamin-

koncentrationen hos de växtplankton som fanns tillgänglig som mat. När man jämför 

hur stor andel av laxen i Östersjön som lider av tiaminbrist ett år med tiamininnehållet 

i strömming samma år ser man en negativ koppling: de år som strömmingen innehöll 

minst tiamin var tiaminbristen som mest utbredd hos laxen. Om man ser på Östersjöns 

pelagiska näringsväv som en helhet finner man att tiamin-concentrationerna sjunker 

med stigande trofi-nivå. Ju högre trofinivå (dvs ju längre en organism är från 

växtplanktonen, ekosystemets tiamin-källa, i näringsväven) en organism har, desto 

lägre tiamin-koncentration har den. 

 

Sammanfattningsvis pekar resultaten av den här avhandlingen på en ”bottom-up”-

effekt på tiamin-koncentrationerna i de högre trofiska nivåerna i Östersjön. Detta 

innebär att tiamin-koncentrationerna hos organismer på höga trofiska nivåer, som t.ex. 

lax och sjöfågel, styrs av processer som sker på lägre trofiska nivåer, t.ex. 

växtplankton. Tiaminkoncentrationerna hos djur i Östersjön kan alltså indirekt 

påverkas av att växplankton  utsätts för olika förhållanden. Tiamin och andra 

vitaminer är inte något som brukas tas i beaktande vid förvaltning av akvatiska 

miljöer men den här avhandlingen visar att miljöfaktorer indirekt kan påverka flödet 

av tiamin genom näringsväven och eventuellt medverka till de allvarliga 

bristsjukdomar som rapporteras hos flera djur i Östersjön. 
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Introduction 

 

Biochemistry and general properties of thiamine 

 

Thiamine (Vitamin B1) is a water-soluble vitamin with various important roles in 

animals and plants. Its pyrophosphate ester, thiamine diphosphate (TDP), is a cofactor 

in a number of metabolic reactions. It is involved in the synthesis of acetyl coenzyme 

A and is critical for the carbohydrate metabolism through the citric acid cycle 

(Lonsdale 2006). It is also involved in the synthesis of nucleotides as a cofactor for 

transketolase in the pentose phosphate pathway. In addition to its direct involvement 

in metabolic reactions, thiamine also has antioxidative activity in both animals 

(Lukienko et al. 2000) and plants (Tunc-Ozdemir et al. 2009). In humans, thiamine 

deficiency has, in conjunction with oxidative stress, been shown to be involved in 

several neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s 

disease (Gibson & Zangh 2002).  

 

Thiamine exists in several forms but in the organisms studied in this thesis, three 

forms dominate: free thiamine (TF) and thiamine monophosphate (TMP) act as 

precursors and metabolic intermediates while thiamine diphosphate (TDP) is the 

active form of the vitamin. When ingested, all thiamine forms are dephosphorylated 

by phosphatases in the gut and later rephosphorylated intracellularly. This uptake 

process has been reported in both vertebrates (Rindi and Laforensa 2000) and 

invertebrates (De Jong et al. 2004). When considering the dietary uptake of thiamine, 

the level of phosphorylation is therefore not a relevant factor. 

 

With the exception of some microbial intestinal synthesis with limited availability to 

the host (Wostmann & Knight 1961), thiamine is not synthesised in animals. 

Therefore, animals are dependent on dietary sources of thiamine. In humans too low 

thiamine intake causes beriberi, a disease with a wide array of both neurological and 

cardiological symptoms (Haas 1988). Diets consisting mainly of “empty calories” (i.e. 

consumption of a high amount of calories associated with low or no mineral/vitamin 

content) can cause thiamine deficiency as carbohydrate metabolism increases without 

a corresponding increase in thiamine uptake (Lonsdale 2006). Starvation can also lead 

to thiamine deficiency when carbohydrate metabolism is inhibited and mainly 

replaced with fat metabolism. No active role of thiamine in fat metabolism has been 

documented and instead, it is excreted with urine, which eventually may lead to a 

deficiency (Hillbom 2006). 

 

In contrast to what is known for most other vitamins, an external source of thiamine is 

needed also for many photoautotrophs (Croft et al. 2006). Twenty-seven percent of 

the 332 phytoplankton species reviewed by Tang (2010) are thiamine auxotrophs 

(unable to produce thiamine de novo). Thiamine auxotrophs usually do not lack the 

complete thiamine biosynthetic pathway but rather one or more critical genes. Many 

thiamine auxotrophs can therefore still synthesise thiamine if the correct precursors 
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are provided (Croft et al. 2006). This can, from an evolutionary view, be seen as an 

indication that the ability to produce thiamine has been lost independently in different 

genera. The frequency of thiamine auxotrophy is variable within many genera but at 

the phylum level some trends occur; small flagellates belonging to the Cryptophyta, 

Euglenophyta and Haptophyta have a low number of thiamine-producing species (13-

27 %), Chlorophyta and Heterokontophyta have a high number of thiamine-producing 

species (85-87 %); (Tang et al. 2010). All species belonging to the cyanobacteria and 

red algae seem to be able to produce thiamine (Provasoli and Carlucci 1974); no 

thiamine auxotrophic species belonging to any of these phyla have yet been reported. 

How these phytoplankton auxotrophs acquire thiamine is not yet fully understood, but 

symbiotic relationships with thiamine-producing bacteria has been proposed as a 

source of thiamine, similar to findings for other B-vitamins (Croft et al. 2006).  

 

 

Thiamine in aquatic systems 

 

Seasonal and spatial variation of dissolved thiamine concentrations was studied by 

bioassay methods in the 1960s and 1970s for several aquatic systems. The dissolved 

thiamine concentration in the water of Sagami Bay, Japan, was shown to be closely 

correlated to chlorophyll levels with highest levels in August, but with large spatial 

variation (Ohwada and Taga 1972). A sampling station located approximately 40 km 

offshore had the highest thiamine level. At La Jolla, southern California, USA, the 

dissolved thiamine concentration in the water was correlated to both phytoplankton 

biomass and net primary production in a coastal station situated 1.4 km from the shore 

but not in two stations further offshore (Carlucci 1970). Contrary to Sagami Bay, the 

highest level of thiamine at La Jolla was detected in coastal waters. Altogether, these 

as well as other studies (e.g. Vishniac & Riley 1961; Natarajan 1970), suggest that the 

processes governing the availability of thiamine in water differ between ecosystems.  

 

Thiamine concentrations are generally higher in sediments than in water and can, 

especially in shallow eutrophic lakes or bays, be an important source of thiamine 

(Nishijima & Hata 1978). In the pelagic zone, the role of the sediment as a thiamine 

source is probably limited. The thiamine content of aquatic biota in situ has been 

studied to a much lesser degree than that in water and sediments. Niimi et al. (1997) 

measured the thiamine content of plankton, invertebrates and fish in Lake Ontario, 

USA, and found no significant effect of trophic level on thiamine concentrations. 

Other studies on thiamine levels in the North America Great Lakes have revealed 

considerable interspecific variations in thiamine content of fish, while no intraspecific 

differences between the sampled lakes were found (Fitzsimons et al. 1998). 

 

Although all thiamine present in aquatic animals originates from production in 

prokaryotes and photoautotrophs, only few studies have investigated the flux of this 

essential compound through the lower trophic levels of the food web. Previous studies 

have analysed the thiamine content of various organisms, ranging from phytoplankton 

to piscivorous fish, in the Great Lakes, USA and found no effect of trophic level or 

dietary thiamine concentration on thiamine content (Niimi et al.1997; Fitzsimons et 

al. 1998). Wänstrand (2004) showed in mesocosm studies that the thiamine content of 

phytoplankton decreased as a result of fertilization and that the thiamine 

concentrations of copepods in the same system depended on those of the 
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phytoplankton. Contrarily, Van der Meeren et al. (2008) analysed the thiamine 

concentrations of copepods grown in a fertilized semi-enclosed pond system on the 

west coast of Norway and found that these did not differ from those of copepods in 

surrounding natural waters.  

 

Thiamine deficiency in aquatic top predators 

 

In several aquatic ecosystems, thiamine deficiencies have appeared in top predators 

(e.g. Amcoff et al.1998, Marcquenski & Brown 1997, Ross et al. 2009, Balk et al. 

2009). The ethiology of these deficiencies are not yet fully elucidated but one possible 

explanation may be a decreased transfer of thiamine from phytoplankton and 

prokaryotes to higher trophic levels. This may, in turn, be the result of either a shift in 

species composition of phytoplankton and prokaryotes towards species with lower 

thiamine content or an intra-specific decrease of cellular thiamine content. 

 

The Baltic salmon (Salmo salar) has during the last decades suffered from increased 

fry mortality, which is so far not fully explained. This phenomenon was first 

discovered in 1974 and was named M74 in which “M” stands for the Swedish word 

“miljöbetingad” (= environmentally induced) (Vuori & Nikinmaa 2007). M74-

impacted salmon eggs can be identified visually by their pale colour caused by low 

astaxanthin concentrations (Pickova et al.1999). Mortality in broods suffering from 

M74 is very high, often 100% (Vuori & Nikinmaa 2007). Affected salmon fry show 

impaired swimming patterns and lack of coordination. They are pale, have a 

decreased growth rate and retain their yolk sack a longer time than healthy fry. A 

range of physiological and biochemical symptoms have been identified including pale 

liver, glycogen depletion, reduced levels of red blood cells, blood conjugations etc. 

(Vuori & Nikinmaa 2007). For a summary of M74-related symptoms, see Table 1. 

The M74 syndrome has been associated with a decreased content of thiamine in both 

brood fish and eggs and symptoms decrease or totally disappear in both fry and eggs 

when thiamine is supplied (Koski et al.1999, Amcoff et al.2002). Affected brood fish, 

eggs and fry all show signs of oxidative stress, such as lowered levels of antioxidants 

(Pettersson & Lignell 1999), increased levels of oxidised fatty acids (Pickova et 

al.1998), increased activity of redox enzymes such as glutathione peroxidase, 

glutathione reductase, and glutathione-S-transferase (Lundström et al.1999a). Other 

symptoms associated with both oxidative stress and M74 are skeleton muscle 

degeneration and dilatation of the endoplasmic reticulum of liver cells (Lundström et 

al. 1999b).  

 
Table 1: Symptoms of M74-affected salmon fry. Adapted from Amcoff et al. (2002). 

Behavioural  Lethargy, lack of coordination, disturbed swimming patterns 

Morphological  Pale skin, retained yolk sack, slow growth,  

Physiological  Pale liver and spleen, Reduced number of red blood cells, glycogen 

depletion, necrosis in brain cells, abnormal 

haemorrhages/coagulation, swollen eyes (exophthalmia), 

slow/irregular heart rate 

Biochemical  Altered dopaminergic and serotonergic activity in the brain 
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Pettersson & Lignell (1999) found a connection between M74 and the carotenoid 

astaxanthin, an antioxidant synthesised by crustacean zooplankton from precursors 

derived from phytoplankton. Salmon egg batches with an astaxanthin content <0.15 

µg/egg all resulted in M74 fry. Batches with >0.22 µg/egg resulted in healthy fry and 

batches with intermediate levels of astaxanthin (0.15-0.22 µg/egg) resulted in healthy 

or partially M74-affected fry batches. Since M74 was first discovered in 1974, the 

occurrence of the disease has fluctuated with a peak in the middle of the 1990’s when 

almost 80% of the salmon in Swedish rivers suffered from the disease. In the early 

21
st
 century, the incidence went down to increase again in 2006 (ICES 2012). There is 

as yet no generally accepted explanation for these fluctuations A similar reproductive 

disturbance related to thiamine deficiency, early mortality syndrome (EMS), is found 

in salmonid fish in the Great Lakes in North America. This is explained by the 

introduction of a clupeid fish with high thiaminase activity, the alewife (Alosa 

pseudoharengus; Honeyfield et al. 2005). No large changes in the feeding ecology of 

the Baltic salmon who feed on the clupeids herring (Clupea harengus) and sprat 

(Sprattus sprattus) have occurred (Hansson et al. 2001). 
 

In recent years, several bird species have declined in northern Europe and at the same 

time observations of bird individuals showing signs of paralysation have increased 

(Balk et al. 2009). The first report of paralysation appeared in 1982 (Roos 1982) and 

Swedish monitoring programs show a decrease of several bird species since the late 

1970’s. Although no reliable time series on the occurrence of the paralytic disease is 

available, it seems to have appeared roughly at the same time as M74. Similar to M74, 

it has been shown to be coupled to thiamine deficiency and affected individuals can 

be successfully treated with thiamine supplementations (Balk et al. 2009). Symptoms 

of affected birds range from inability to keep the wings folded normally when resting 

to inability to walk and fly followed by lethargy, seizures and finally death. Some 

indices indicate a connection between thiamine deficiency and carotenoids similar to 

that in M74. Herring gulls from the Baltic Sea area were found to have significantly 

lower egg yolk levels of carotenoids than controls sampled in Iceland (Balk et al. 

2009).  

 

Alligators living in Lake Griffin, Florida have during the last decades shown signs of 

symptoms similar to that of salmonids and birds with thiamine deficiencies (Ross et 

al. 2009), including low levels of thiamine, decreased hatching success, neurological 

damage, lethargy and death of adult individuals. Thiamine levels can be restored and 

symptoms reversed through thiamine injections or by nutritional thiamine 

supplementation. The clupeid gizzard shad (Dorosoma cepedianum) have high levels 

of thiaminase activity and was present in high numbers in the lake during the years 

with the highest levels of alligator mortality and it has been shown able to induce 

thiamine deficiency in feeding studies of captive alligators (Ross et al. 2009). The 

frequency of affected adult individuals (measured as dead alligators found) increased 

during the late nineties and peaked during 2000 but later decreased, and 2003 it was 

comparable with the mortality rates seen in similar, unaffected lakes. The apparent 

disappearance of the deficiency syndromes coincided with substantial restoration 

work in the lake where water quality was increased by decreasing the phosphorous 

loads and increasing water movement. During this time, the water level, which for 

several years had been below normal levels returned to normal levels due to high 

levels of rain during the winter 2001, further increasing water quality. As a part of the 

campaign to reduce phosphorus levels in the lake, large scale removal of gizzard shad 
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was also carried out. To investigate whether high levels of thiaminase-rich gizzard 

shad in diet were responsible for thiamine deficiency, Rice et al. (2007) compared the 

diet of alligators from Lake Griffin and Lake Apopka, a neighbouring lake with 

similar characteristics but with no reported cases of thiamine deficiency-induced 

alligator mortality. During 2001-2003, alligators in Lake Apopka consumed a higher 

proportion of gizzard shad (with similar levels of thiaminase activity) than alligators 

from Lake Griffin without showing any signs of thiamine deficiency. This indicates 

that a diet of thiaminase-rich clupeids alone could not be the direct cause of the low 

levels of thiamine in the affected alligators.  

 

 

Micronutrient trophic chain reactions 

 

Numerous studies report that changes in external, abiotic factors such as temperature, 

light etc. can affect the contents of vitamins and antioxidants in primary producers 

(e.g. Bhandari & Sharma 2006, Rijstenbil 2003). For some of these compounds, such 

as thiamine, the primary producers are the sole source for higher trophic levels. Other 

compounds are essential as precursors for antioxidants produced at higher trophic 

levels, such as carotenoids, which are converted into astaxanthin by crustaceans 

(Katayama et al. 1971). Based on these studies, it is reasonable to assume that large-

scale changes of abiotic factors can affect the flow of some of these compounds 

through the food chain. This, in turn, would affect the nutritional quality of the diets 

of both predators and prey on higher trophic levels. Laboratory studies have shown 

that an increased thiamine content of phytoplankton can have effects spanning over at 

least two trophic levels and cause beneficial effects in both zooplankton grazers and 

predating planktivorous fish (Fallahi et al. 2011). One must consider however, that 

most of these studies were performed with single-species cultures under laboratory 

conditions. In nature, species composition is far from fixed and is easily affected by 

the same abiotic factors that change the contents of antioxidants within species. 

Different species of aquatic primary producers show large variation in contents of 

vitamins and antioxidants (e.g. De Roeck-Holtzhauer et al. 1991, Fabregas & Herrero 

1990). These differences may very well be large enough to make the effect of intra-

species differences on the nutritional quality for grazers and predators negligible. 

Another important factor to consider is the uptake and metabolism in grazers. To what 

extent grazers are able to compensate for a decreased content of vitamins and 

antioxidants in their food by e.g. selective feeding or increased uptake efficiency is 

not known. However, considering the large natural fluctuations, e.g. due to yearly 

fluctuations of species composition, this ability should exist to at least some extent in 

most grazers. The possibility of a micronutrient trophic chain reactions, as a result of 

changed content of micronutrients in primary producers is most likely dependent on 

system composition and is something that needs to be evaluated separately for 

individual systems.  
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Study area 

 

This thesis focuses on the pelagic food web of the Baltic Sea, a semi-enclosed, 

brackish inland sea in northern Europe. It is a shallow sea, with an average depth of 

only 54 m. The Baltic Sea has a very limited water exchange with the Atlantic Ocean, 

which occurs through the Danish straits in the south west and a positive water balance 

and as a result the salinity is lower than that of the open oceans. The salinity differs in 

a geographical gradient and ranges from 15-25 psu in the south west to 2-4 psu in the 

north (Leppäranta & Myrberg 2009).  

 

The three dominant mesozooplankton in the Baltic Sea proper are the calanoid 

copepods Pseudocalanus spp, Temora longicornis and Acartia spp. together with the 

cladoceran Eubosmina coregoni (Schulz et al. 2012).  T. longicornis, Acartia spp. and 

cladocerans preferentially inhabit the upper 30 m of the water column and P. acuspes 

the halocline region at 50-70 m of water depth (Möllmann & Köster 2002; Hansen et 

al. 2006). E. coregoni is mostly found in the surface waters above the thermocline 

(Schulz et al. 2012). 

 

The pelagic fish community is extremely species poor and dominated by three species 

only; the planktivores Baltic herring (Clupea harengus membras) and Baltic sprat 

(Sprattus sprattus balticus) and the piscivorous Atlantic cod (Gadus morhua). Sprat 

and herring are the main prey species for the Baltic population of the Atlantic salmon 

(Salmo salar, Karlsson et al. 1999a). The cod diet is dominated by sprat and herring, 

but also consists of benthic invertebrates, especially the large isopod Saduria entomon 

(Neuenfeldt & Beyer 2003), which in turn mainly feeds on other benthic invertebrates 

(Ejdung & Elmgren 2001). Sprat is an obligate planktivore, feeding mainly on 

mesozooplankton. Herring feeds mainly on mesozooplankton at ≤ 20 cm of size, but 

switches to a diet consisting mainly of nektobenthos such as the mysid Mysis mixta 

when reaching a size >20 cm (Casini et al. 2004).  

 



 11 

 

Aim of this thesis 

 

The aim of this thesis is to increase the understanding of the processes that govern the 

production and trophic transfer of thiamine in the Baltic Sea. Which factors influence 

the thiamine concentration in phytoplankton primary producers? Can changes in the 

levels of thiamine in phytoplankton primary producers affect those of organisms at 

higher trophic levels? Is a decreased trophic transfer of thiamine involved in the 

thiamine deficiencies observed in Baltic top predators? To answer these questions a 

series of experiments and field studies were conducted. 

 

To test the hypothesis that abiotic stress factors affect the synthesis as well as the 

external uptake of thiamine in phytoplankton, a laboratory study using single-species 

phytoplankton cultures was conducted (I). 

 

To test the hypothesis that the environmental conditions in which a phytoplankton 

culture was growing could affect the nutritional status and stress resistance of its 

grazers, a grazing experiment was conducted in which the calanoid copepod Temora 

longicornis was fed Rhodomonas salina cultivated under different light conditions 

and subjected to UV radiation (II). 

 

To relate the results from the laboratory studies (I, II) to field observations and to test 

whether processes observed in single-species cultures were relevant also in situ, the 

thiamine dynamics of the phyto- and zooplankton community of the Baltic Sea were 

investigated in field samples from eight offshore expeditions to test the hypothesis 

that the thiamine content in the phytoplankton affects that of the zooplankton (III). 

During the same expeditions samples of pelagic fish species were collected to test the 

hypothesis that the thiamine status of organisms in the pelagic food web of the Baltic 

Sea is related to trophic level (V). 

 

To test the hypothesis that long-term fluctuations of thiamine deficiency of Baltic 

salmon are related to fluctuations in thiamine content of its diet, herring samples from 

the environmental specimen bank at the Swedish Museum of Natural History were 

analysed for thiamine and the results were related to the occurrence of thiamine 

deficiency in Baltic salmon (IV). 
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Materials and methods 

 

Experimental setups (Papers I & II) 

 

To investigate how external abiotic stress influences thiamine production in 

phytoplankton, a laboratory study consisting of two separate experiments with six  

single-species phytoplankton cultures was conducted. Cultures of the cyanobacterium 

Nodularia spumigena, the diatoms Phaeodactylum tricornutum and Skeletonema 

costatum, the chlorophyte Dunaliella tertiolecta, the dinoflagellate Prorocentrum 

minimum and the cryptophyte Rhodomonas salina were cultivated under different 

levels of temperature and photon flux density (Experiment 1; Table 2) and 

temperature and salinity (Experiment 2; Table 2). For a summary of the 

phytoplankton cultures used, see Table 3. Prior to the stress exposure, the algae were  

cultivated at 15 °C and 50 ± 10 µmol 

photons PAR m
-2

 s
-1

 in a L:D cycle 

of 16:8. When in logarithmic growth 

phase the cultures were harvested and 

transferred to respective treatment 

where they were kept for 48 hours. 

After 48 hours, phytoplankton 

cultures were collected on GF/F 

Whatman™ glass fibre filters and 

immediately stored at -80 °C until 

analysis. Biomass was estimated both 

as particulate carbon and number of 

cells per litre. The difference in 

thiamine concentrations between the 

different treatments was analysed 

using ANOVA and post-hoc Tukey 

tests. The thiamine concentration was 

also correlated to growth rate 

estimated as %-change of carbon 

(Gcarbon) and cells per litre (Gcells) 

during the experiments using 

Spearman rank tests.  

 

 

Table 2: Summary of the experimental setups in Paper 

I showing temperature, photon-flux density and 

salinity treatments in Experiments 1 and 2. 

 
Experiment 1   

 Treatment Light intensity 

(µmol photons 

PAR m-2 s-1) 

Temperature 

(°C) 

 LL5 50 5 

 LL15 50 15 

 LL25 50 25 

 HL5 240 5 

 HL15 240 15 

 HL25 240 25 

    

    

Experiment 2   

 Treatment Salinity 

(Compared to 

original culture) 

Temperature 

(°C) 

 SC15 ± 0 15 

 LS5 - 50 % 5 

 LS15 - 50 % 15 

 LS25 - 50 % 25 

 HS5 + 50 % 5 

 HS15 + 50 % 15 

 HS25 + 50 % 25 

Table 3. Summary of the phytoplankton cultures used in Paper I, showing taxonomic affiliation, strain, origin 

and salinity of the original cultures. 
Species Phylum Class Strain Isolated from Salinity 

Nodularia spumigena Cyanobacteria Cyanophyceae KAC 7 Baltic Sea 7   PSU 

Phaeodactylum tricornutum Bacillariophyta Bacillariophyceae KAC 37 Kattegat 26 PSU 

Skeletonema costatum Bacillariophyta Coscinodiscophyceae KAC 44 Kattegat 26 PSU 

Dunaliella tertiolecta Chlorophyta Chlorophyceae SCCAP K-0294 Unknown 7   PSU 

Prorocentrum minimum Dinophyta Dinophyceae KAC 72 Baltic Sea 7   PSU 

Rhodomonas salina Cryptophyta Cryptophyceae SCCAP K-0294 Öresund 7   PSU 
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To investigate the effect of abiotic stress on the trophic transfer of thiamine, as well as 

carotenoids, from phytoplankton to zooplankton grazers, a grazing experiment with R. 

salina and the calanoid copepod Temora longicornis was conducted. R. salina was 

cultivated in two different light conditions (25 and 150 µE m
-2

 s
-1

) to obtain cultures 

with a differing nutritional content. The two R. salina cultures were then used to feed 

T. longicornis cultivated in 16 plastic aquarias filled with 10L prefilterd seawater. In 

eight of the containers the copepods were fed phytoplankton cultivated in high light 

and in the remaining eight containers the copepods were fed phytoplankton cultivated 

in low light (Fig. 1). 

To test whether the two different phytoplankton cultures affected the ability of 

copepod grazers to cope with external stress factors, half of the containers were 

subjected to UVR-radiation using fluorescent lights generating a radiation wave 

length resembling that of natural solar radiation. Every second day, the phytoplankton 

cell concentration within each container was measured using a particle counter and 

adjusted to 1000 g C L
-1

. After 11 days of exposure, all copepods were harvested 

and adult females from all treatments were put on a plankton wheel for 24 h. All eggs 

produced during this time were collected and the difference in quality between eggs 

from the different treatments was quantified by calculating the percentage of the eggs 

that successfully hatched within 48 h. 

 

    
    
    

Temora 
longicornis 

Temora 
longicornis 

Temora 
longicornis 

Temora 
longicornis 

Rhodomonas 
salina 

150 µE m
-2

 s
-1

 25 µE m
-2

 s
-1

 

Rhodomonas 
 salina 

UV-radiation 

Fig. 1: Experiment set up of Paper II. The phytoplankton alga 

Rhodomonas salina was cultivated under different light conditions and 

used to feed the copepod Temora longicornis. To investigate whether the 

different diets affected the copepods ability to cope with abiotic stress 

factors, half of the treatments were subjected to UV-radiation.  
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Field studies (Papers III & V) 

 

To investigate the in situ dynamics of thiamine in the Baltic Sea pelagic communities, 

eight offshore expeditions were performed in late winter (March), spring (May), 

summer (August) and autumn (November) of 2004 and 2005. A total of 84 stations in 

the Baltic Sea proper and 10 stations in the Kattegat-Öresund area were sampled (Fig. 

2). Surface water was collected from a water depth of 5-7 m with a submerged pump. 

Using plankton nets, two plankton size fractions were isolated from the water: a <100 

µm size fraction dominated by phytoplankton organisms (hereafter named 

“phytoplankton”) and a >200 µm size fraction dominated by mesozooplankton 

(hereafter named “zooplankton”). The phyto- and zooplankton fractions were then 

collected on GF/F and GF/C glass fibre filters (Whatman™), respectively, and 

immediately frozen in liquid nitrogen. Upon arrival to land all filters were transferred 

to and stored at -80 °C until they were analysed. Both years, during the expeditions 

performed in March and November, specimens of the most abundant pelagic fish 

species herring (Clupea harengus), sprat (Sprattus sprattus) and cod (Gadus morhua) 

were also collected by means of trawling. Trawling was performed between 8.00 am 

and 10.00 am at depths ranging between 37 m and 77 m (average depth: 48 m) and 

Fig. 2: Map of the Baltic Sea proper, showing all the 94 off-shore stations sampled during 

the eight expeditions, numbered 1-8 (1: March 2004, 2: May 2004, 3: August 2004, 4: 

November 2004, 5: March 2005, 6: May 2005, 7: August 2005, 8: November 2005). 
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lasted approximately 45 minutes. An additional offshore expedition took place in 

November 2010 during which herring and sprat were collected by trawling. During 

this expedition five individuals of the benthic isopod Saduria entomon found in the 

trawl were also collected.  

 

The effects of the phytoplankton community composition on the thiamine content of 

both the phyto- and zooplankton communities were analysed with multiple 

regressions using the thiamine concentration in the phyto- or zooplankton as 

dependent variable and the concentrations of 19 phytoplankton pigments (chlorophyll 

b, chlorophyll c, alloxanthin, α-carotene, antheraxanthin, β-carotene, cryptoxanthin, 

diadinoxanthin, diatoxanthin, echinenone, fucoxanthin, 19'-hexanoyloxyfucoxanthin, 

lutein, lycopene, neoxanthin, peridinin, prasinoxanthin, violaxanthin, zeaxanthin) as 

independent variables. To compensate for temporal variation, sampling year and 

season year were converted into dummy variables (score 1 or 0) and included in the 

regression analysis. To avoid effects of collinearity, variance inflation factors (VIFs) 

for all variables used were calculated and variables with a VIF >3 were excluded from 

the model. Final model selection was based on stepwise Akaike information criteria 

(AIC; Akake 1974). AIC is a measure of parsimony that favours models with the 

maximum amount of explanatory power with the minimum number of independent 

variables. When comparing two models, the model with the lowest AIC value is 

considered to be better. In several ecological and statistical papers it has been 

concluded that AIC is one of the most appropriate criteria for model fitting (Triantis et 

al. 2003, and references therein). In our analysis variables with VIF <3 were included 

in the model and for each of them the effect of exclusion on the model AIC was 

calculated. The variable whose exclusion yielded the lowest AIC was excluded from 

the model and this procedure was repeated until no further variables could be 

excluded without increasing the model AIC. To also investigate the effect of the 

taxonomic composition of the zooplankton community itself on its thiamine 

concentration, a similar regression analysis using the thiamine concentration of the 

zooplankton as dependent variable and sampling season, year and the taxonomic 

composition of the zooplankton community as independent variables was performed.  

 

 

Time series of thiamine content of herring (Paper IV) 

 

Whole individuals of Baltic herring have been collected yearly in a standardized 

manner since the early 1970s as a part of the national Swedish contaminant 

monitoring program. To investigate the long term fluctuations and establish a time 

series of thiamine concentration of Baltic herring we analysed fish from this 

collection for thiamine. Since no studies previously have investigated the effects that 

long-term storage has on the thiamine content of fish we first carried out a pre-study 

where the thiamine content of fish stored in -20 °C and in -80 °C during seventeen 

years were compared. Since a substantial amount of thiamine degradation was 

observed in samples stored in -20 °C but not in samples stored in -80 °C further 

analysis only included herrings stored in -80 °C. In total, the thiamine concentration 

of 160 individuals sampled during the period 1995-2011, were used to create a time 

series of thiamine concentration in Baltic herring.  
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Thiamine analysis 

 

For both Papers I, II and III, thiamine was extracted from GF/F (phytoplankton) and 

GF/C (zooplankton) glass fibre filters and analysed using high-performance liquid 

chromatography (HPLC) according to Pinto et al. (2002) with slight modifications. 

Filters were sonicated in 0.1 M HCl using a Vibra cell sonicator (pulse 1 s, amplitude 

92) for 1.5 min after which the extracts were centrifuged at 21,000 g at 10 °C for 10 

minutes. 600 μl of the supernatant was then mixed with 50 μl 30 mM K4Fe(CN)6 and 

300 µl 1 M NaOH to oxidise the thiamine into the fluorescent compound thiochrome. 

After addition of 550 µl MeOH the extracts were centrifuged once more at 21.000 g 

for 5 minutes and filtered through a 0.45 µm PTFE/PP filter to remove filter debris. 

Extracts were analysed on the day of extraction with an Agilent™ 1100 system 

equipped with a Reprosil-Pur™ NH2 column. For fluorescence detection, an 

excitation wavelength of 375 nm and emission wavelength of 450 nm were used. The 

mobile phase consisted of MeOH and 0.1 M phosphate buffer of pH 7.4 (43:57 v/v). 

For Papers IV and V, thiamine extractions of fish and S. entomon were performed 

according to Brown et al. (1998) with slight modifications. Approximately 0.6 g of 

sample was sonicated for 1.5 min in 1.5 mL ice cold 2% trichloroacetic acid (TCA) 

using a Vibra-Cell™ sonicator (pulse 1 s, amplitude 92). S. entomon was first 

homogenized on ice before a sub sample of 0.6 g was collected and sonicated. 

Samples were then put in boiling water for 10 minutes after which they were put on 

ice for 10 minutes. 1.5 mL of 10% TCA was then added and the samples mixed using 

a vortex before the samples were centrifuged at 10° C in 21,000 × g for 15 minutes. 2 

mL of the supernatant were then transferred to a clean tube and washed with 2 mL 

ethyl acetate:hexane (3:2, v:v). The thiamine content of the washed supernatant was 

then analysed according to Pinto et al. (2002) in the same way as described for Papers 

I, II and III. Five-point calibrations were carried out separately for free thiamine 

(TF), thiamine monophosphate (TMP) and thiamine diphosphate (TDP) using 

commercial standards purchased from Sigma-Aldrich™. External standards of TF, 

TMP and TDP were run each day to validate that the response factors were stable. In 

all analyses, the chromatograms were integrated using ChemStation software 

(Agilent™). A representative example of a chromatogram is presented in Fig. 3. 

 

 

 

 

Fig. 3:  Example of a chromatogram showing the thiamine content in muscle tissue of Baltic 

herring (Clupea harengus membras). TF = Free thiamine, TMP = Thiamine monophosphate, TDP 

= Thiamine diphosphate. 
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Result and discussion 

 

Abiotic stress affects the thiamine content of phytoplankton 

 

Significant effects of the stress treatments on the thiamine content of the 

phytoplankton cultures in Paper I were observed for all species tested although the 

nature of the responses varied widely among species. The most drastic effects were 

observed in treatments with altered salinity. In N. spumigena the high-salinity 

treatments increased Ttot with 300% and TDP with ~150% compared to the control 

treatment. The two diatoms (P. tricornutum and S. costatum) both increased their TDP 

content compared to the control treatment in the low-salinity treatments. For P. 

tricornutum, this increase was as high as 700% while S. costatum responded more 

moderately with a TDP increase of ~100% in the low-salinity treatments. For the 

remaining three species investigated in the study, the effects of salinity were not as 

prominent.  

 

  
 

Fig. 4: The relationship between growth rate (Gcells) and total thiamine (Ttot) content per cell for 

Phaeodactylum tricornutum, Skeletonema costatum, Dunaliella tertiolecta, Prorocentrum minimum 

and Rhodomonas salina. R. salina was not used in Experiment 2. For the filamentous species N. 

spumigena, no cell counts were made. Gcells was estimated as the % total change in amount of 

living cells during the experiments. Rs = Spearman rank coefficient. All correlations were 

significant (p<0.01) 
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For all five eukaryotic species studied in Paper I (P. tricornutum, S. costatum, D. 

tertiolecta, P. minimum and R. salina), a negative correlation between cellular Ttot 

content and Gcells was found (Fig. 4). In both experiments, Ttot concentration also 

correlated negatively with Gcarbon in three out of the five eukaryotes (D. tertiolecta, P. 

minimum and R. salina). N. spumigena, the only prokaryote in this study, deviated 

from the pattern observed in the eukaryotes by having no correlation between Ttot  

concentration and growth rate. The same pattern as for Ttot was observed for TDP 

with negative correlations between growth rate and both concentrations and cellular 

content of TDP found for the eukaryotes but not for N. spumigena. In Experiment 2, 

TDP concentrations in N. spumigena even correlated positively with growth. The 

eukaryotic species used in the study are from varying taxa and the results point 

towards the conclusion that a negative correlation between growth and thiamine 

accumulation is a general property of eukaryotic phytoplankton but not of prokaryotic 

plankton such as N. spumigena. Previous studies, not including cyanobacteria, have 

shown that phytoplankton have a higher Ttot concentration when in stationary phase 

compared to the logarithmic growth phase (Brown et al. 1999, Nishijima et al. 1979). 

The results from this study suggest that this is not due to a metabolic shift at the onset 

of the stationary phase (Knoechel & Quinn 1989) but rather a gradual effect related to 

a decreased growth rate. An alternative explanation for the observed correlations 

between growth rate and cellular content of thiamine could be that rapidly growing 

cells were smaller and thereby contained less thiamine. This is especially relevant for 

P. tricornutum and S. costatum for which growth rate was correlated to cellular 

content, but not concentration, of thiamine. However, previous studies have shown no 

correlation between growth rate and cell volume for neither P. tricornutum nor S. 

costatum (Montagnes & Franklin 2001).  

 

When comparing the thiamine concentrations of the phytoplankton species used in 

Paper I, the cyanobacteria N. spumigena had substantially higher concentrations of 

thiamine compared to the other investigated species (Fig. 5).   

 

 

 

Fig. 5: Initial thiamine concentrations of the phytoplankton cultures used in paper I. Error 

bars indicate standard deviations. R. salina was not used in paper II. Error bars indicate 

standard deviation. 
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Abiotic stress affects the thiamine content of zooplankton 

 

In Paper II, exposure to UV radiation generated elevated total thiamine levels in 

copepods, but there was no effect of food type. Contrary to the levels of thiamine, 

copepod levels of the photoprotective carotenoid astaxanthin were decreased by 

exposure to UV radiation. This suggests that astaxanthin was consumed for 

photoprotection and that thiamine was mobilized during oxidative stress as an 

antioxidant. The higher thiamine levels in the UV-exposed copepods could be a result 

of an increased uptake or a decreased depletion of thiamine. A generally decreased 

metabolism in stressed copepods could decrease the depletion of thiamine used in e.g. 

carbohydrate metabolism (Lonsdale et al. 2006), but since no major differences were 

found in dry weight, carbon weight or egg production between stressed and non-

stressed copepods, metabolism probably was not severely affected by the UV-

treatment. It has previously been shown that zooplankton can up-regulate other 

antioxidant systems such as glutathione S-transferase when astaxanthin levels are 

reduced (Hylander et al. 2012).  

 

No simple effect of UV 

exposure or food type was 

found on egg quality. There 

was however, a significant 

interaction effect of the two 

variables (Fig 6): Copepods not 

exposed to UV radiation 

produced eggs with a hatching 

success of approximately 80% 

independent of food type. Also 

copepods exposed to UV 

radiation produced eggs with a 

similar hatching success if they 

were given R. salina from the 

culture with the higher 

carotenoid content. Copepods 

exposed to UV radiation and 

given R. salina from the culture 

with the lower carotenoid 

content however, produced 

eggs with a significantly lower 

hatching success, 

approximately 40%. This 

suggests that the high 

carotenoid diet increased the stress resistance of the copepods although it is not clear 

whether this was an effect of the carotenoids or another substance differing in 

concentration between the two R. salina cultures. What this result does show though, 

is that the abiotic conditions in which phytoplankton grow indirectly can affect the 

stress resistance of animals feeding on them.  

 

Fig. 6: Hatching success of eggs produced by the calanoid 

copepod Temora longicornis fed different diets and exposed 

or not exposed to UV-radiation. REF = Not exposed to UV-

radiation, UVR = Exposed to UV radiation, CA- = Low 

carotenoid diet. CA+ = High carotenoid diet. Error bars 

show standard deviations. 
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The thiamine levels in Baltic plankton communities vary with 
season 

 

Both phyto- and zooplankton 

communities showed significant 

seasonal variation in thiamine 

content. The phytoplankton had 

both years the highest thiamine 

concentration during the summer 

(Fig. 7a). This was probably a 

result of a high occurrence of 

cyanobacteria. In the multiple 

regression analyses investigating 

the effect on the taxonomic 

composition in the thiamine 

concentration in the 

phytoplankton, significant 

positive effects could be seen for 

zeaxanthin and echinenone, two 

pigments associated with 

cyanobacteria. The fact that 

sampling season was included in 

the regression means that this 

effect was not just an indirect 

effect of that both cyanobacteria 

and thiamine were abundant 

during summer but that the 

positive effect also occurred 

within seasons. Positive effects 

were also observed for pigments 

associated with prasinophytes 

and prymnesiophytes. Negative 

effects could be seen for 

pigments associated with 

dinoflagellates diatoms and 

green algae. 

 

The zooplankton had both years 

the highest thiamine 

concentrations during the 

autumn (Fig. 7b). Positive effects 

was found for the cladocerans 

Evadne and Podon as well as the 

copepod Acartia. The effects of 

phytoplankton pigment 

composition on the thiamine 

concentration of the zooplankton 
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Fig. 7: Seasonal fluctuations of total thiamine 

concentrations (Ttot) in the phytoplankton (a) and the 

zooplankton (b) at 93 off-shore stations sampled in the 

Baltic Sea proper (BP) and the Öresund-Kattegat area 

(ÖK) in 2004 and 2005. Error bars show standard 

deviations. No standard deviations are shown for May 

in the Öresund-Kattegat area since only two stations 

were sampled. 
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were similar as for the phytoplankton. Positive effects were found for pigments 

associated with cyanobacteria and negative effects were found for pigments 

associated with diatoms and green algae.  

 

 

Phytoplankton thiamine levels affect those of the zooplankton  

 

The results of Paper III show that the thiamine concentration of the phytoplankton 

affects that of its grazers. This means that any alterations of the thiamine 

concentration of the phytoplankton community through e.g. abiotic stress has the 

capability to affect the thiamine status of higher trophic levels. The thiamine 

concentration of the zooplankton community was positively related to that of the 

phytoplankton community sampled at the same station (Fig. 8). The high impact of 

the available diet on the zooplankton thiamine concentration is further shown in the 

multiple regression analyses investigating the effect of the phytoplankton composition 

as well as the zooplankton composition on the thiamine concentration of the 

zooplankton. The community composition of the phytoplankton (estimated as pigment 

composition) had a similar explanatory power as the community composition of the 

zooplankton composition itself on its thiamine concentration of the zooplankton. 

Fig. 8: The relationship between the total thiamine (Ttot) concentration in the phytoplankton and 

the zooplankton at 83 off-shore stations sampled in the Baltic Sea area in 2004 and 2005.  
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This shows that the taxonomic composition of the phytoplankton  

available for grazing had as much effect on the thiamine content of the zooplankton as 

the taxonomic composition of the zooplankton themselves.  

 

The positive relationship between the thiamine concentrations of the two plankton 

fractions was observed in all sampled seasons. However, the stations sampled in 

August differed from the others in that the phytoplankton community, but not the 

zooplankton, had a significantly higher thiamine concentration than in the other 

seasons. The reason for this is likely high abundances of thiamine-rich cyanobacteria. 

The cyanobacteria present in the Baltic Sea proper are however grazed to only a 

limited extent by zooplankton when other food sources are available (Engström et al. 

2000, Koski et al. 2002). This means that a large proportion of the thiamine present in 

the phytoplankton community, during periods with high abundance of cyanobacteria 

is not readily available to zooplankton grazers, which results in a lower thiamine 

transfer ratio between phytoplankton and zooplankton than in other seasons.  

 

However, as described above, in the multiple regressions analysing the effect of 

phytoplankton pigment composition on the zooplankton thiamine concentration 

cyanobacteria pigments did have a significantly positive effect. This shows that even 

though thiamine is not transferred from cyanobacteria to zooplankton as efficiently as 

from other phytoplankton, a high occurrence of cyanobacteria nevertheless contribute 

to increased thiamine levels in zooplankton. This can be due to thiamine 

concentrations in cyanobacteria being high enough to affect the thiamine 

concentrations in zooplankton even after only limited grazing. Another possible 

explanation is that cyanobacteria indirectly supply zooplankton with thiamine by 

increasing the thiamine concentrations of surrounding, more readily grazed, 

phytoplankton. Cyanobacteria excrete several water soluble vitamins, including 

thiamine, to the surrounding media (Shah et al. 1977, Prasanna et al. 2010) and 

thiamine uptake has been shown for different types of phytoplankton, both those that 

are able and those that are unable of thiamine synthesis (Carlucci & Bowes 1970). 

 

 

The thiamine content of the plankton communities in the 
Baltic Sea compared to other systems. 

 

When comparing the total thiamine content of the plankton communities in the Baltic 

Sea to that of other systems we find no signs of lower thiamine concentrations in the 

Baltic Sea. The phytoplankton total thiamine concentrations in Baltic Sea in March, May 

and November were in the same order of magnitude as those found in Lake Ontario by 

Niimi et al. (1997), who reported an average phytoplankton thiamine concentration 

184 nmol g C
-1

 (n = 2 samples) in September. Also our zooplankton thiamine 

concentrations were similar to those in the Great Lakes; Fitzsimons et al. (1998) 

reported an average total thiamine concentration of 98 nmol g C-1 for zooplankton 

>153 μm (n = 4 samples) in June-September. This shows that the phytoplankton 

thiamine production in the Baltic Sea in 2004 and 2005 was of similar 

magnitude as that of other aquatic systems. Contrary to total thiamine concentrations, 

the TDP concentrations of phyto- and zooplankton in the Baltic Sea were lower than 

those reported from the North American Great Lakes (51 and 29 nmol g C
-1

 

respectively); (Niimi et al. 1997, Fitzsimons 1998), especially in 2005. This suggests 
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that the plankton communities in the Baltic Sea may have been suffering from low levels 

of the active vitamin B1 (TDP). The lower TDP concentrations in zooplankton in 2005 

cannot be a direct result of a lower concentration of TDP in the phytoplankton diet 

since phosphorylated forms of thiamine are hydrolysed into the unphosphorylated 

form in the intestine after ingestion (Rindi & Laforenza 2000). In both phytoplankton and 

zooplankton, the C:P ratio had a significant negative effect on TDP which suggests that 

the low levels of TDP may be an effect of phosphorus deficiency. In 2004, N:P ratios 

were close to the Redfield ratio of 16 (Redfield 1958) throughout the year. In 2005 the 

N:P ratios in March, August and November were consistently above 16, suggesting 

phosphorus limitation. Laboratory studies have shown that Daphnia magna feeding 

on phytoplankton with an increased C:P ratio, maintain their own stoichiometry by 

increasing their respiration and thereby depleting carbon at a higher rate 

(Darchambeau et al. 2003). D. magna fed phytoplankton with a C:P ratio of 400 

increased their respiration rate with ~60 % compared to D. magna fed the same 

phytoplankton species with a C:P ratio of 80 (Darchambeau et al. 2003). Since an 

increased rate of respiration would increase the demand for thiamine and other 

micronutrients involved in energy metabolism, a high C:P ratio in the diet without an 

associated increase of thiamine intake can be expected to affect the thiamine 

homeostasis of zooplankton grazers. However, further studies are necessary to fully 

understand the connection between macronutrient stoichiometry and thiamine content 

in phyto- and zooplankton. 
 

 

The thiamine levels of Baltic herring affects that of Baltic 
salmon. 

 
The Ttot content of the muscle tissue of Baltic herring analysed in Paper IV generally 

fluctuated around 3 nmol g
-1

 (Fig. 9). In all years, TDP was the dominating thiamine 

form followed by TMP. A significant negative relationship was found between the 

occurrence of M74 in Baltic salmon and the concentrations of TF and TMP, but not 

Ttot, in herring muscle tissue (Fig. 10). Interestingly, TF and TMP are the forms of 

thiamine that mainly decrease during thiamine deficiency in salmon (Honeyfield et al. 

2005; Brown et al. 2005). In humans, the total thiamine content of skeletal muscles 

has been shown to be sustained during periods of insufficient dietary intake through a 

transfer from other tissues (Fukowatari et al. 2010). Decreased levels of TF and TMP 

in muscle tissues might therefore be an indication of low whole body levels of total 

thiamine. This is a clear indication of that an insufficient dietary intake of thiamine is 

involved in the thiamine deficiency syndromes in Baltic salmons. Earlier studies have 

suggested that the thiamine concentrations in Baltic clupeids are negatively correlated 

with their fat content (Keinänen et al. 2012). Since the thiamine requirement in 

heterotrophs depends on energy intake, a diet consisting of fatty, energy rich clupeids 

with a low content of thiamine therefore is suggested as a direct cause of M74.  

The results of Paper IV support the conclusion that M74 is caused by an insufficient 

thiamine content in the diet of Baltic salmon. However, we found no support for the 

suggested connection between fat- and thiamine content. Fat content did not correlate 

with any of the analysed forms of thiamine, neither when they were analysed 

separately nor as a total.  
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As could be expected, the occurrence of M74 was affected by the thiamine content of 

herring the autumn prior to hatching. More surprising was the fact that the regression 

analysis had a higher explanatory power when also including the thiamine 

concentration in herring the year following hatching. This suggests that there exists a 

spurious connection between the thiamine content in herring and salmon: a factor that 

causes thiamine deficiency in salmon decreases the content of thiamine also in 

herring. Some indications could be seen implying that a large population of sprat 

(Sprattus sprattus) has a negative impact 

  

 

 

0.15 0.25 0.35

1
0

2
0

3
0

4
0

5
0

6
0

 TF (nmol g
1
)

M
7
4
 (

%
)

A

n  = 14

p  = 0.020

r
2    = 0.3201

0.4 0.6 0.8

1
0

2
0

3
0

4
0

5
0

6
0

 TMP (nmol g
1
)

M
7
4
 (

%
)

B

n  = 14

p  = 0.010

r
2    = 0.3900

2.6 3.0 3.4

1
0

2
0

3
0

4
0

5
0

6
0

 Ttot (nmol g
1
)

M
7
4
 (

%
)

C

n  = 14

p  = 0.141

r
2    = 0.1022

 

1995 1996 1997 1998 1999 2000 2002 2003 2004 2005 2006 2007 2008 2009 2011

T
h

ia
m

in
e

 (
n

m
o

l 
g

1
)

0
1

2
3

4

TDP

TMP

TF
 

0
2

0
4

0
6

0
8

0
1

0
0

M
7

4
 (

%
)

 
Fig. 9: Annual concentrations of thiamine diphosphate (TDP), thiamine monophosphate (TMP) and 

free thiamine (TF) in muscle tissue of Baltic herring (Clupea harengus). Error bars indicate 95% 

confidence intervals of average for the total amount of thiamine. The line indicates the annual 

average frequency of M74 in Baltic salmon (Salmo salar).  

 

Fig. 10: The relationship between the yearly frequency of M74 in Baltic salmon and average 

concentrations of free thiamine (A), thiamine monophosphate (B) and the total amount of thiamine 

(C) in Baltic herring muscle tissue. For each relationship, the output of a log-linear regression is 

given. n = number of replicates, p = level of significance, r
2 
= coefficient of determination, TF = free 

thiamine, TMP = thiamine monophosphate, Ttot = total amount of thiamine. 
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on the thiamine content of herring. TF + TMP content in herring muscle tissues had a 

significant negative relationship with the spawning stock biomass (SSB) of sprat the 

previous year (n = 15, p = 0.044), but not the same year. Sprat and herring have a 

large dietal overlap and compete for the same prey (Casini et al. 2006). A large stock 

size of sprat therefore means less prey availability for the herring, possibly also 

decreasing their thiamine levels. Physiological factors generally had slight or no 

effects on the thiamine content of the herrings. Weight, length, gender, fat content, 

age and reproductive phase had no significant effects on any of the analysed thiamine 

forms in linear regressions together with sampling year. Condition factor had a 

significant negative effect on TF (n = 160, p = 0.007), but had no significant effect on 

TMP, TDP or Ttot.  

 
 

The thiamine concentrations of organisms in the Baltic Sea 
decrease with trophic level. 

 

When comparing the thiamine content of different organisms in the Baltic Sea a 

pattern of trophic dilution becomes evident (Fig.11). In a multiple regression analysis 

using thiamine concentrations as dependent variable and  trophic level as well as 

sampled organ and season as independent variables, trophic level had a highly 

significant negative effect (p <0.001). This shows that even though the thiamine 

concentration differed between different organs, the general trend with lower thiamine 

in higher trophic levels was independent of organ. The reason for this apparent trophic 

dilution of thiamine in the Baltic Sea is not known. When the thiamine concentration 

of organisms at different trophic levels in the Great Lakes, USA, were analysed no 

clear effect of trophic level was found (Niimi et al. 1997).  Selective predation is one 

factor that can be expected to affect the trophic transfer of thiamine. Cyanobacteria in 

the Baltic Sea contain high concentrations of thiamine (Sylvander et al. Paper I) but is 

only grazed to a limited extent by zooplankton grazers (Engström et al. 2000). This 

means that the phytoplankton that is actually grazed by zooplankton, at least during 

periods with high abundances of cyanobacteria, most likely has a lower concentration 

of thiamine than the phytoplankton community as a whole. Andersson et al. (2003) 

found that in fertilized mesocosms, calanoid copepods grazed selectively on diatoms, 

dinoflagellates and green algae, all of which are associated with low thiamine 

concentrations in this study. However, prey selectivity in zooplankton is far from 

fixed and can depend on e.g. zooplankton species composition (Engström et al. 2000), 

prey abundance (Kiørboe et al. 1996) and water nutrient content (Andersson et al. 

2003). Selective predation may also decrease the trophic transfer of thiamine on a 

higher trophic level. Baltic salmon have e.g. been shown to predate selectively on 

herring with a high activity of the thiamine-degrading enzyme thiaminase (Wistbacka 

& Bylund 2008). 
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.  

 

Another possible aetiology of the apparent trophic dilution of thiamine in the Baltic 

Sea might include increased thiamine depletion as a result of abiotic stress. Previous 

studies have shown that organisms growing under sub-optimal salinity conditions in 

the brackish Baltic Sea have an altered metabolism compared to in similar fully 

marine systems. Effects include a lower scope for growth and increased levels of 

respiration (Prevodnik et al. 2007, Tedengren et al. 1988). Since thiamine is a 

cofactor in several biochemical pathways involved in energy metabolism and 

respiration (Lonsdale 2006) a generally higher metabolic demand may therefore result 

in increased rates of thiamine depletion in each trophic level. Thiamine depletion can 

also be the direct result of a stress factor. Studies on the thiamine requirement of rats 

and poultry have shown that abiotic stress in the form of temperatures both higher and 

Fig. 11: The relationship between trophic position and total thiamine concentration (T tot) in gonad 

(A), liver (B), muscle (C), stomach including content (D) and whole organisms (E) in the pelagic 

food web of the Baltic Sea. Each datapoint is the average Ttot concentration from one sampling 

season or occasion analysed in different organisms in this or in other studies (Table 3). Values of 

relative trophic position were acquired from Nfon et al. (2008; phytoplankton, zooplankton, S. 

entomon and herring) and Froese and Pauly (2012; sprat, cod, salmon and trout). 
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lower than optimal levels increase the thiamine requirement (Vaughan & Vaughan 

1957, Daghir 2008). Oxidative stress has several effects on thiamine metabolism in 

most organisms and has e.g. been shown to increase the thiamine requirement in 

prokaryotes (Thorgersen & Downs 2009) as well as inducing thiamine deficiency in 

animals (Gibson & Zhang 2002). Oxidative stress as a result of altered antioxidant 

production in the lower trophic levels of the Baltic Sea has previously been suggested 

to be involved in the aetiology of M74 (Vuori et al. 2008). The result of this study 

suggests that increased thiamine depletion in aquatic organisms due to e.g. oxidative 

stress may decrease the thiamine availability to higher trophic levels. 

 

 

Conclusions 

Referring to the hypotheses listed under “Aims of this thesis” the main 

conclusions of this thesis are as follows: 

 

 The thiamine content of phytoplankton is affected by abiotic stress factors. 

This effect is strongly related to the growth rate; cells with a low growth rate 

generally contain more thiamine than rapidly growing cells. 

 

 The environmental conditions in which phytoplankton grow can affect the 

stress resistance of zooplankton grazers feeding upon them. External stress can 

also directly affect the thiamine content of zooplankton, independent of food 

source. 

 

 The in situ thiamine content of zooplankton communities in the Baltic Sea is 

related to that of the ambient phytoplankton communities. 

 

 The thiamine deficiency syndromes observed in the Baltic populations of the 

Atlantic salmon are related to the thiamine content of the Baltic herring.  

 

 The thiamine content of organisms in the pelagic food web of the Baltic Sea is 

related to trophic level, with organisms belonging to higher trophic levels 

containing less thiamine.  

 

In all, the results of this thesis suggest a bottom-up effect on the thiamine status of the 

higher trophic levels in the Baltic Sea and that external factors, both natural and man-

made, have the ability to affect the thiamine status of the plankton communities and 

thereby the whole Baltic ecosystem. Thiamine and other essential micronutrients are 

not generally considered in the environmental management of aquatic systems, and it 

is therefore indirectly assumed that the natural environment supplies all the essential 

nutrients an organism needs. However, the results of this thesis suggest that a 

disrupted supply of essential nutrients can have negative effects on top predators. 
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