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Introduction

The Baltic Sea and eutrophication 
The Baltic Sea is one of the largest brackish-water bodies on earth. It is a 
semi-enclosed sea consisting of several basins and connected with the North 
Sea via the Öresund, the Danish Belt Seas and the Kattegat. It has both a 
permanent vertical salinity stratification and a horizontal salinity gradient. 
The salinity varies from 20-30 psu in the Skagerrak, 15-25 psu in the 
Kattegat, 6-7 psu in the Baltic Sea proper, ca 5 psu in the Bothnian Sea and 
<4 psu in the Bothnian Bay. The low salinity in the Baltic Sea is due to a 
limited inflow of salt water in the south-west and a high inflow of freshwater 
from >200 rivers, of which many are located in the northern part of the 
Baltic Sea. The annual river runoff is ca 2% of the Baltic Sea volume 
(Matthäus and Schinke 1999).  

The ecosystem of the Baltic Sea is young compared to most other marine 
ecosystems; the present environmental conditions stabilised ca 3000 years 
ago (Ignatius et al. 1981). The Baltic Sea has been exposed to eutrophication 
since the beginning of the 20th century as a result of human activities. Since 
the 1940’s, nitrogen and phosphorous loads have increased three- and five-
fold, respectively (Jansson and Dahlberg 1999) and since the 1970’s 
dissolved Si:N ratios have decreased (Wulff et al. 1994, Rahm et al. 1996). 
Accordingly, increased primary production (Elmgren 1989) and decreased 
mean Secchi depth (ca 3 m decrease compared to the first half of the 20th

century) have been observed in the Baltic Proper (Sandén and Håkansson 
1996).  

Changes in inorganic nutrient availability have affected the composition 
of primary producers in aquatic ecosystems world-wide (Officer and Ryther 
1980, Smith et al. 1999). In the Baltic Sea, phytoplankton production is 
generally nitrogen-limited in the southern basins of the Baltic Sea (Granéli et 
al. 1990) and phosphorous-limited in the northern parts (Jansson and 
Dahlberg 1999). A N:P ratio near or below 16:1 (on molar basis, Redfield et 
al. 1963) provides nitrogen-fixing cyanobacteria with a selective advantage 
(Smith 1983, Granéli et al. 1990). Although cyanobacterial blooms are a 
natural feature of the Baltic Sea (Bianchi et al. 2000), an increase in 
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cyanobacterial blooms has been observed during the last decades 
(Leppäkoski and Minhnea 1996, Finni et al. 2001). 

Silicate in the Baltic Sea is mainly derived from freshwater discharges by 
the large rivers in the northern part. Enhancing effects of decreased DSi:NP 
ratios by increased N and P loads, river regulation by damming has also 
reduced silicate loads (Conley et al. 2000, Humborg et al. 2000). In the 
southern Baltic Sea, silicate decreases are more significant than in the 
northern parts, since fewer rivers discharge in the south (Rahm et al. 1996). 
Diatoms have an obligate need for dissolved silicate for the formation of 
their frustules while non-silicified species like flagellates do not. Diatoms 
require a N:Si ratio of 1:1 (Redfield et al. 1963). When the ratio values are 
<1 or silicate levels are <2 M, diatoms have been reported to decrease in 
relative abundance in favour of flagellates (Officer and Ryther 1980, Egge 
and Asknes 1992). Such shifts from diatoms to flagellates are concentrated 
in the central and southern parts of the Baltic Sea where silicate is limiting 
for diatom growth (Wulff et al. 1994, Leppäkoski and Minhnea 1996, 
Snoeijs 1998, Wasmund et al. 1998, Humborg et al. 2000, Finni et al. 2001). 
These areas are also the main feeding areas of the Baltic salmon. Diatoms 
are the most important group of planktonic microalgae considering biomass 
and they contribute at least 23% to the earth’s primary production 
(calculated based on data presented in Melillo et al. 1993 and Treguer et al. 
1995). They have short life spans, provide good quality food for zooplankton 
which graze heavily upon them. Zooplankton are in their turn the most 
common food for many large fish populations. A decrease in diatoms could 
therefore have a significant impact on the structure and functioning of the 
whole food web and is expected to have profound bottom-up effects on 
trophic relationships, which may go beyond the primary producer level and 
affect higher trophic levels such as fish and mammals (Turner et al. 1998).  

The M74 syndrome 
The background of this thesis is the possible relationship between 
eutrophication and a reproductive disturbance in the Baltic populations of 
the Atlantic salmon (Salmo salar L.), known as the M74 syndrome 
(Bengtsson et al. 1999). ‘M’ stands for ‘miljörelaterad’, i.e. ‘environmentally 
related’ and 74 for the year (1974) when the first symptoms were observed 
in the Bergeforsen salmon hatchery on the Swedish river Indalsälven 
(Bengtsson et al. 1999). The M74 syndrome occurs in fry when the yolk-sac 
is being absorbed and thus before external feeding occurs. The disturbance is 
female- related and affects fry of certain females only (Norrgren et al. 1993). 
Abnormal swimming (‘wiggling’) as well as a pale color of flesh and eggs, 
due to low carotenoid contents are characteristic for the salmon females that 
produce M74-affected fry (Börjesson et al. 1999). The mortality rates in the 
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hatcheries have been fluctuating between minimum 0% in 1981-1983 and 
highest rates of 80% in 1993 and probably reflect variability in natural 
conditions (H. Börjeson, pers. comm.). Affected fry exhibit thiamine 
(vitamin B1) and astaxanthin deficiencies (Amcoff et al. 1998a, Pettersson 
and Lignell 1998) and an imbalance in fatty acids (Pickova et al. 1998). 
Treatment of salmon eggs and fry by bathing in water enriched with 
thiamine alleviates the symptoms of M74 (Amcoff et al. 1998b). 
Microinjections of thiamine in eggs (Amcoff et al. 1999) and females 
(Börjesson et al. 1999) seem to highly reduce M74 mortality as well. These 
thiamine treatments as well as supplemental astaxanthin in the salmon feed 
are nowadays applied in the Swedish hatcheries as a routine (H. Börjeson, 
pers. comm.). 

The central and southern parts of the Baltic Sea are the main feeding areas 
for the Baltic populations of the Atlantic salmon (Karlsson and Karlström 
1994). The salmon diet mainly consists of sprat (Sprattus sprattus L.), 
herring (Clupea harengus L.) and three-spined stickleback (Gasterosteus 
aculeatus) (Karlsson et al. 1999, Hansson et al. 1990). The salmon’s prey 
feed on crustaceans, mainly calanoid copepods (Hansson et al. 1990, 
Flinkman et al. 1998). Calanoid copepods are the most common marine 
zooplankters and they can contribute to more than 90% of the total 
zooplankton community (Mauchline 1998). Many calanoid copepods are 
herbivorous and thereby constitute an important link between primary 
producers and higher trophic levels.  

Although salmon fry can be treated with thiamine in hatcheries (H. 
Börjesson, pers. comm.), the natural salmon populations are threatened and 
at risk of extinction (Karlström 1999). Large-scale food web changes in the 
Baltic Sea are thought to be related to the M74 syndrome in the Baltic 
salmon (Bengtsson et al. 1999, Hansson et al. 2001, Lundström 2000). For 
example, Hansson et al. (2001) recently showed a significant correlation 
between the dinoflagellate biomass in the Bornholm area (southern Baltic 
Sea proper) and M74 frequency in salmon.  

Carotenoids
Carotenoids are pigments that are prevalent in the chloroplasts of all higher 
plants and photosynthetic algae (Britton 1993). They color fruits, seeds, 
flowers and roots yellow, orange or red. Carotenoids are also apparent in 
animals like birds (feathers, egg-yolk), fish (skin, flesh and eggs) and 
invertebrate animals, particularly crustaceans. They have a wide variety of 
functions: light absorption in photosynthesis, photoprotection, antioxidant 
and camouflage (Britton 1993, Matsuno 2001). Carotenoids are widely used 
by people, e.g. as the main vitamin A source, as colorants, as supplements in 



4

feed for animals and as antioxidants in cosmetic and health industries 
(Britton 1993).  

Microalgae have specific pigment signatures and some carotenoids are 
typical for different phytoplankton groups, e.g. 19'-hexanoyloxyfucoxanthin 
for prymnesiophytes, prasinoxanthin for prasinophytes, alloxanthin for 
cryptophytes, peridinin for dinoflagellates, fucoxanthin for diatoms, 
prymnesiophytes, chrysophytes and raphidophytes (Jeffrey and Vesk 1997). 

-carotene is common in most algae (Jeffrey and Vesk 1997). 
Astaxanthin is a well-known carotenoid and a ubiquitous, strong 

antioxidant in marine environments (Edge et al. 1997, Lorenz and Cysewski 
2000). It is most common in marine animals, especially crustaceans 
(Matsuno 2001). Only a few green microalgae, like Haematococcus
pluvialis, can produce astaxanthin. In marine environments, it is mainly 
produced by crustaceans, which must rely on the availability of astaxanthin 
precursors in their diet since they cannot produce astaxanthin de novo. -
carotene is the main precursor for astaxanthin production in zooplankton 
(Fig. 1) via a synthesis pathway involving also other carotenoids like 
zeaxanthin, echinenone and canthaxanthin (Matsuno 2001, Liñán-Cabello et 
al. 2002).  

Figure 1. Synthetic pathways of astaxanthin production via zeaxanthin or 
canthaxanthin. Redrawn from Harker and Young (1995). 

Very little is known about the effect of diet on astaxanthin synthesis in 
copepods. Only a few studies have investigated the pigment composition of 
marine copepod gut contents when feeding on some natural diets or algal 
cultures (Kleppel and Pieper 1984, Kleppel et al. 1991, Gasparini et al. 
2000). Kleppel and Lessard (1992) measured carotenoids in copepod eggs. A 
few studies have focussed on carotenoid composition in calanoid copepod 
bodies and the effect of diet or starvation (Juhl et al. 1996, Kleppel et al. 
1985). Bandaranayake and Gentien (1982) studied the carotenoids of four 
copepod species of the Great Barrier Reef. Lotocka and Styczynska-
Jurewicz (2001) focussed on canthaxanthin, astaxanthin and its esters during 
copepod ontogenetic development.  

-carotene

-cryptoxanthin echinenone

zeaxanthin canthaxanthin

adonixanthin adonirubuin

astaxanthin

astaxanthin monoesters and diesters
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Aim and hypotheses of this thesis 
The aim of this thesis was to investigate the effects of microalgal diet on 
astaxanthin production in copepods in relation to inorganic nutrient 
availability. Shifts in species composition of phytoplankton as a 
consequence of changes in nutrient availability lead to changes in the 
composition of pigments available to copepods. Such taxonomic shifts in 
phytoplankton in the feeding areas of the Baltic salmon, may lower 
astaxanthin production in copepods, which could also result in a lower 
availability of astaxanthin higher up in the food web, as observed in the 
Baltic salmon. 

In paper I, we performed a laboratory experiment to investigate the 
effects of self-shading and nutrient depletion, which occur in natural 
phytoplankton blooms, on oxidative stress and pigment and thiamine levels 
in phytoplankton.  

In paper II-III, we investigated the direct effects of different algal diets 
on astaxanthin production in copepods in small-scale laboratory 
experiments, using single-species cultures (paper II), natural phytoplankton 
communities (paper II-III) and induced phytoplankton blooms (paper III).

In paper IV-VI, we studied how different algal diets influence copepod 
community dynamics and astaxanthin production in copepods in four 
mesocosm field experiments in the Norwegian Sea (as a reference) and in 
the southern Baltic Sea proper. We fertilised natural phytoplankton with 
different combinations of inorganic nutrients and created microalgal blooms 
with different taxonomic composition, which were offered as food to 
copepods.

More specifically, the following hypotheses were investigated: 

Nutrient starvation in phytoplankton blooms lowers the nutritional value 
of phytoplankton as food for copepods (paper I).

Astaxanthin synthesis in copepods is fast (Paper II, III).

Astaxanthin production in copepods depends on microalgal diet (paper II,
III, V, VI) and astaxanthin can be transferred directly from an astaxanthin 
source to copepods (paper II).

Pigment levels in phytoplankton and copepods depend on inorganic 
nutrients in the seawater (paper IV, V, VI).

Phytoplankton community composition affects astaxanthin production in 
copepods (paper IV, V, VI).
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Material and methods 

Study areas 
Laboratory grazing experiments were performed at the Askö Laboratory in 
the northern Baltic Sea proper (NBS, Sweden, paper II, Fig. 2) and at the 
Zingst Marine Station in the southern Baltic Sea proper (SBS, Germany, 
paper III, Fig. 2). Four mesocosm experiments were carried out in the field. 
One mesocosm experiment (paper IV and V) was performed at the 
Trondhjem biological station inside the Trondhjem fjord (Norwegian Sea, 
NS), one at the Sletvik Marine station close to the mouth of the Trondhjem 
fjord (Norwegian Sea) and two at the Zingst Marine Station in the southern 
Baltic Sea proper (Germany, paper VI).

Figure 2. Map showing the locations (squares) of the different experiments 
performed in the Norwegian Sea (Trondhjem) and in the northern Baltic Sea proper 
Askö) and southern Baltic Sea proper (Zingst). 

Trondhjem

Zingst

Askö
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Experimental set-ups 
Intraspecific competition experiments 
To investigate the influence of intraspecific competition for nutrients on 
oxidative stress, pigment and thiamine levels in microalgae, we performed 
density-dependent experiments (paper I). We used two microalgae belonging 
to different taxonomic groups: the diatom Nitzschia microcephala isolated 
from the Askö area (northern Baltic proper, 6.5 psu) and a culture of the 
dinoflagellate Amphidinium carterae (Plymouth Marine Laboratory, UK, 35 
psu). Nitzschia microcephala has an epipelic and epilithic life form and is 
widespread in the Baltic Sea, but decreases in abundance towards the 
southern parts (Snoeijs and Vilbaste 1994). Amphidinium carterae was used 
as a comparison for thiamine production and is present, but not very 
common in the Baltic Sea. The experiments were carried out in a climate 
chamber using three different algal concentrations (ca 102, 103 and 104 cells 
ml-1) in 500-ml E-flasks without adding nutrients. The oxidative stress 
indicators (superoxide dismutase and thiol groups), thiamine levels, and 
quantitative and qualitative changes in pigment contents were followed over 
an 8-day period.  

Grazing experiments (laboratory and field) 
To investigate the dependence of astaxanthin production in copepods on 
microalgal food, we performed two types of grazing experiments. We 
carried out laboratory experiments in 2-l jars where we could follow pigment 
transfer under controlled conditions. We also carried out four field 
mesocosm experiments at two locations and in two seasons (summer and 
early autumn) where we created different phytoplankton communities by 
changing nutrient ratios and loads. The field experiments allowed me to 
extrapolate to natural conditions. The experimental set-ups were similar at 
all locations, which facilitated comparisons of the results. For all grazing 
experiments, a natural mixture of copepod species, sexes and life stages was 
collected with a 200-µm plankton net (diameter 50 cm) at 0-30 m (papers II,
IV, V) and at 0-10 m (papers III and VI) of depth in the vicinity of the study 
area. Copepods dominated the collected zooplankton (mainly the genus 
Acartia), hence we use the term ‘copepods’ to refer to the zooplankton in all 
experiments (Table 1). Pigment analyses were made for both algae and 
copepods.

Laboratory experiments 
In experiments we investigated which phytoplankton groups yielded the 
highest astaxanthin levels in copepods and if an astaxanthin-containing diet  
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Table 1. Features of the zooplankton used in the grazing experiments.  
 Paper II Paper III Paper IV-V Paper VI

Initial copepod density (l-1) 86-169 41-68 12-19 63-124 
Starvation time (h) 24 6 4 6  
% copepods  84-100 98-100 69-76 73-76 
% Acartia spp. 60-96 89-99 26-44 90 

(Haematococcus pluvialis) had a direct effect on the astaxanthin yield in 
copepods (paper II). We offered five single-species, non-axenic microalgal 
cultures belonging to different taxonomic groups [the cyanobacterium 
Nodularia sp. (NOD), the diatoms Phaeodactylum tricornutum (PHA) and 
Nitzschia sp. (NIT) and the green algae Chlamydomonas sp. (CHL) and 
Haematococcus pluvialis cysts (HAE)] as food to wild copepods from the 
northern Baltic Sea proper over a 48-h period (48-h Exp). In addition, two 
natural phytoplankton communities from different seasons (July and 
September, referred to NJ and NS, respectively) were offered to the 
copepods. The experiments were performed in a climate room at 15 C and 
copepods were sampled after 0, 24 or 48 h of grazing on each microalgal 
diet.

Furthermore, we investigated how a more ‘natural’ microalgal diet 
affected astaxanthin production in copepods and the speed of astaxanthin 
synthesis in copepods (paper III). We used different phytoplankton 
communities manipulated with inorganic nutrients (see paper VI) as food for 
wild copepods from the southern Baltic Sea proper. Two phytoplankton 
bloom communities were dominated by strongly silicified diatoms and a 
third one by flagellates and weakly silicified diatoms. Also one natural 
phytoplankton community with low biomass was offered as food to the 
copepods. The experiments were performed in the laboratory at 20-25 C and 
algae and copepods were repeatedly sampled over a 24 h period (24-h Exp).  

Field experiments (papers IV-VI) 
In the field mesocosm experiments, we examined the effects of inorganic 
nutrient manipulation on pigment transfer from phytoplankton to copepods 
under as natural conditions as possible. We compared these effects in the 
southern Baltic Sea (Germany), the main feeding area of the Baltic salmon, 
to the effects in a marine reference area in the Norwegian Sea (Norway). At 
each location two experiments were conducted with similar experimental 
set-ups. We created different phytoplankton communities as food for wild 
copepods by adding different combinations of inorganic nutrients. The 
different experimental treatments were: (1) control treatment (no N, P or Si 
additions); (2) NP treatment (enriched with N and P); and (3) NPSi treatment 
(enriched with N, P and Si). Fertilisation doses were relatively high 
compared to eutrophication in nature, to be sure to induce blooms dominated 
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by different taxonomical groups. The mesocosms consisted of polyethylene 
enclosures with random placement, submerged in the water and attached to 
rubber rings to a floating raft with the upper edge about 40 cm above sea 
level. The mesocosms were filled with natural seawater (Table 2). Once 
phytoplankton blooms had established, collected copepods were added to the 
mesocosms (Table 1).  

Table 2. Specific features of the different mesocosm experiments (paper IV-VI). In 
Exp 2 in the SBS, the control treatment was replaced by a CP treatment (no N, Si, 
but P additions). * There was no control treatment in Exp 2 in the Norwegian Sea. 

 Norwegian Sea 
NS (paper IV, V)

Southern Baltic Sea proper  
SBS (paper VI)

Mesocosm height (m) 2.5  2.2  
Mesocosm diameter (m) 1  0.9  
Mesocosm volume (L) 2000  1400  
Mesocosm number Exp 1: 9 Exp 1: 9 
 Exp 2: 6 Exp 2: 9 
Replicates per treatment 3 3 
Natural seawater inoculation <90 m <100 m
Experimental treatments Exp 1: C, NP, NPSi Exp 1: C, NP, NPSi 
 Exp 2*: NP, NPSi Exp 2: CP, NP, NPSi 
Duration of Exp (days) Exp 1: 9  Exp 1: 14  
 Exp 2: 12  Exp 2: 14  
Termination nutrient additions Exp 1: - Exp 1: day 9 
 Exp 2: day 9 Exp 2: day 9 
Copepod addition Exp 1: day 6 Exp 1: day 7 
 Exp 2: day 6 Exp 2: day 7 
Pigment analyses Exp 2 Exp 1 and Exp 2 

Analyses

Pigments and thiamine  
Chlorophylls and carotenoids (paper I-II, V-VI) were extracted from 
Whatman™ GF/F and GF/C glass fibre filters (phytoplankton and copepods, 
respectively) and analysed by high performance liquid chromatography 
(HPLC) according to methods modified after Wright et al. (1997). For 
pigment separation the reversed-phase HPLC method of Wright and Jeffrey 
(1997) was used with a slightly modified solvent system program (paper I).
Pigment HPLC peaks were identified on the basis of their retention times in 
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comparison with pigment standards. Free thiamine (TF) and its phosphate 
esters, thiamine monophosphate (TMP) and thiamine diphosphate (TDP) 
were extracted and analysed (paper I) according to Pinto et al. (2002).

Carbon, nitrogen and phosphorus 
Analyses of particulate carbon, nitrogen and phosphorus concentrations were 
performed with a LECO CHNS-932 elemental analyser on freeze-dried 
Whatman™ GF/F and GF/C glass fibre filters for phytoplankton and 
copepods, respectively (paper IV-VI).

Nutrients and chlorophyll a
Water samples were filtered (0.45 m) in the field and frozen at -20 C. The 
concentrations of dissolved inorganic nitrogen (DIN: NH4

+ + NO2
- + NO3

-),
dissolved inorganic phosphorous (DIP) and dissolved silicate (DSi) were 
analysed according to methods described in Grasshoff (1999) (paper IV and 
V). Nutrient analyses performed for paper VI were carried out at the 
Department of Systems Ecology, Stockholm University. Chlorophyll a was 
extracted in methanol from Whatman™ GF/F filters and the concentration 
was determined spectrophotometrically according to the Norwegian 
Standard (NS 4767). 

Transfer ratio and ingestion rates 
We used a transfer ratio (TR) to estimate the enrichment of a specific 
carotenoid in copepods relative to the abundance of the same carotenoid in 
the phytoplankton community: TR = (carotenoid / chl a in the copepod 
sample) / (carotenoid / chl a in the phytoplankton sample) on a molar basis, 
(paper III). This TR can be considered a ‘snap-shot’ of the pigment transfer, 
as food passage through copepods is much faster, mostly less than 1 h (table 
23 in Mauchline, 1998), than changes in phytoplankton pigment 
composition. Increases in TR are expected for a carotenoid indicative of 
selectively grazed phytoplankton because its ratio to chl a in copepods is 
higher than in the surrounding phytoplankton community. We used the TRs 
of a specific carotenoid for comparisons between and within nutrient 
treatments over the course of the experiments.  

To determine the copepod diet, we also calculated ingestion rates 
according to Frost (1972) in paper II. In paper III, we calculated TRnet (TRnet
= TRt=z – TRt=0) ratios and made linear regressions with incubation time (h) 
as predictor variable and pigment concentrations of the phytoplankton 
pigments as response variable, assuming that the major changes in 
phytoplankton community composition depended on grazing in these short-
term experiments. 
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Results and discussion 

Density-dependent pigment and thiamine levels in a 
diatom (paper I)
Intraspecific density-dependent competition for nutrients affected the 
nutritional quality of Nitzschia microcephala (paper I). We reported three 
main findings. (1) There were clear signs of oxidative stress depending on 
cell density (fig. 2 in paper I), with highest oxidative stress in the highest 
cell densities. Oxidative stress was most probably caused by nutrient 
depletion, since no nutrients were added during the experiments, and not by 
high light intensities as often is the case in marine environments (Falkowski 
and Raven 1997, Asada 1999). Self-shading does protect phytoplankton 
against oxidative stress when nutrients are not limiting (Barros et al. 2003).  

Figure 3. Concentrations of (a) the major light-harvesting pigments in Nitzschia
microcephala, chlorophyll a (chla), chlorophyll c (chlc) and fucoxanthin (fuco); (b) 
the major photoprotective carotenoids -carotene (beta), diadinoxanthin (diadino) 
and diatoxanthin (diato) related to mean cell density (n=3) during the experiment as 
mean pigment content per million cells (n=3); (c) Free thiamine (TF), thiamine 
monophosphate (TMP) and thiamine diphosphate (TDP) in N. microcephala related 
to mean cell density (n=3) during the experiment as mean content per million cells 
(n=3). R2 values of significant (P < 0.05) linear regression were: chla: 0.78, chlc:
0.63, fuco: 0.88, beta: 0.36, diadino: 0.54, diato: 0.53, TF: 0.38, TMP: 0.48, TDP: 
0.64. Note different scales on the Y-axes. 

(2) Pigment levels per algal cell decreased when cell density increased (Fig. 
3a,b). This was expected since lower light intensities, here due to self-
shading/high cell densities, demand lower pigment levels for 
photoprotection. Still, we can not exclude the fact that the decreases in 
pigment levels could be a result of intraspecific competition for nutrients 
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(McCausland and Snoeijs, unpubl.). We could also observe signs of a 
xanthophyll cycle in the diatom (including the carotenoids diatoxanthin and 
diadinoxanthin) which could be an effect of nutrient deficiency (Henriksen 
et al. 2002). This is a mechanism to dissipate excess energy formed by 
oxidative stress (Young et al. 1997). (3) The diatom N. microcephala is a 
good producer of thiamine (Fig. 3c). Thiamine levels increased with 
increasing cell density and decreasing growth rates. It has often been 
reported that diatom species produce higher thiamine levels than other 
microalgal groups (Carlucci and Bowes 1970a, De Roech-Holtzhauer et al. 
1991). The dinoflagellate Amphidinium carterae was not able to produce 
thiamine (Fig 5a,c in paper I) as previously found by Carlucci and Bowes 
(1970b).  

In nature the species diversity of phytoplankton is usually very high and it 
should be kept in mind that we investigated only one species. Our results 
would imply that diatom cells in a eutrophied environment with a high 
degree of crowding (blooms) are less nutritious food items in terms of their 
carotenoid contents for higher tropic levels. This is especially important in 
the case of -carotene, which acts as a precursor for animal antioxidants 
such as astaxanthin. However, Nitzschia was a good producer of thiamine, 
and the thiamine content per cell increased with increasing cell density and 
decreasing growth rates. This implies that diatom cells in a eutrophied 
environment with high intraspecific competition are better food items in 
terms of thiamine for higher tropic levels. However, in nature species shifts 
occur as a result of eutrophication. These shifts often promote dinoflagellates 
and some other algal groups at the cost of diatoms (Leppäkoski and Mihnea 
1996, Snoeijs 1998, Humborg et al. 2000, Finni et al. 2001). In the light of 
our experiment this would result in lower availability of thiamine in aquatic 
systems as a result of eutrophication if these other algae would be unable to 
synthesize thiamine. 

Laboratory grazing experiments (paper II, III)
The results of our laboratory grazing experiments indicated that astaxanthin 
production in copepods was highly dependent on microalgal diet.  

Diurnal rhythm of astaxanthin synthesis  
We found a diurnal rhythm of astaxanthin synthesis in the copepods in the 
24-h experiments, with highest astaxanthin levels around sunrise (Fig. 4b, at 
t=15 h, paper III) as previous shown by Kleppel et al. (1985) and Stearns 
(1986). This periodicity suggests astaxanthin accumulation during the night 
and utilisation for photoprotection (Hairston 1979a; 1979b) and other 
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antioxidant activities during the day. In the 48-h study (paper II) we sampled 
at the same time on each day, and avoided the diurnal rhythm. 

We also showed a direct transfer from an astaxanthin source to copepods 
by grazing (paper II). Haematococcus pluvialis cysts (HAE), in which 
astaxanthin monoesters are the major carotenoids (Lorenz and Cysewski 
2000, paper V), increased astaxanthin levels (mainly monoesters) in 
copepods (Fig. 4a). 

Microalgal diet and diatoms 
Mixed phytoplankton communities contributed to the highest astaxanthin 
yields in copepods, when diatoms were among the selected food items. 
Astaxanthin levels were highest in the 24-h NP experiment (Fig. 4b) when a 
mixture of chlorophytes, weakly silicified diatoms, dinoflagellates, 
cryptophytes and cyanobacteria was available as food, but mainly diatoms, 
chlorophytes and dinoflagellates were selected.  

A natural phytoplankton community from the northern Baltic Sea proper 
in July, used in a 48-h experiment (NJ), yielded high astaxanthin levels (Fig. 
4a). Here, diatoms together with cyanobacteria were selected as food items 
from a mixture of unidentified flagellates, cryptophytes, cyanobacteria and 
dinoflagellates. Cyanobacteria as a supplementary feed seemed to have 
positive effects on copepods in our experiments, which confirmed earlier 
findings of Schmidt and Jónasdóttir (1997) and Kozlowsky-Suzuki et al. 
(2003). In contrast, astaxanthin levels stayed low in copepods presented a 
single-species diet of the cyanobacterium Nodularia sp. (NOD) since 
copepods did not ingest it (Fig. 4a). In the Baltic Sea, increases in Nodularia
blooms have been observed during the last decades (Leppäkoski and 
Minhnea 1996, Finni et al. 2001). Our result differs from others who have 
observed copepods grazing on Nodularia spumigena in laboratory 
experiments (Kozlowsky-Suzuki et al. 2003) and in the field (Meyer-Harms 
et al. 1999, Koski et al. 2002).  

A third diet, the NPSi1 24-h experiment also yielded high astaxanthin 
levels per copepod, but there was no significant increase over 24 h (Fig. 4b). 
Large heavily silicified centric diatoms dominated the phytoplankton 
community and copepod grazing was mainly on prymnesiophytes, and to a 
lesser extent, on diatoms and green algae.  

Our results suggest that the effective transfer of an astaxanthin precursor 
from a mixed phytoplankton community to copepods depended on both the 
quantity and the quality of the food items (biomass and community 
composition). In the 24-h experiments, the NP and the natural phytoplankton 
community (NSW) treatments had a similar phytoplankton species 
composition. The astaxanthin levels in copepods were lower in the NSW 
treatment where phytoplankton biomass was much lower. On the other hand, 
in 24-h NPSi experiments a higher biomass was obtained compared to the 
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24-h NP experiment, but astaxanthin production was lower. This suggests 
that the quality of the available and selected prey is more important for 
astaxanthin production than biomass per se.

A mixed diet is often considered to be beneficial for copepods and their 
reproduction since it provides a variety of essential compounds and reduces 
the effects of deleterious substances such as aldehydes produced by diatoms 
(Kleppel 1993, Bonnet and Carlotti 2001, Miralto et al. 2003).

Figure 4. Total astaxanthin levels per copepod individual in (a) the 48-h experiments 
using Nodularia sp. (NOD), Phaeodactylum tricornutum (PHA), Nitzschia sp.
(NIT), Chlamydomonas sp. (CHL), Haematococcus pluvialis cysts (HAE) and two 
natural phytoplankton communities, one in July (NJ) and one in September (NS); (b) 
in the 24-h experiments using a natural phytoplankton community (NSW), a 
phytoplankton community dominated by dinoflagellates (NP) and two by diatoms 
(NPSi1 and NPSi2). Error bars represent 1 SE of the mean. 

Diatoms are known to have defence mechanisms against their grazers 
(Ianora et al. 2003). Most negative plant-animal interactions include the 
production of repellents or poisons, but diatoms produce compounds that 
interfere with the reproductive capacity of their grazers. This is rare among 
animal-plant interactions (Ianora et al. 2003). In the NPSi experiments 
copepods rarely grazed on diatoms despite diatoms being the dominant 
phytoplankton group and astaxanthin levels remained stable (Fig. 4b). As the 
diatoms in these experiments had an excess of resources they could probably 
invest in defence mechanisms and escaped grazing.  

In laboratory grazing experiments we found that astaxanthin levels in 
copepods were dependent on the consumed microalgal group. Diets 
consisting of a small green alga (CHL), the cyanobacterium Nodularia sp. 
(NOD) or copepods selecting dinoflagellates (48-h NS experiment) or 
flagellates (24-h NSW and 24-h NPSi2 experiments) from mixed 
phytoplankton communities did not increase astaxanthin levels significantly. 
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In contrast, a single-species diet of the diatom Nitzschia sp. (NIT) and a diet 
consisting of Haematococcus pluvialis cysts (HAE) yielded the highest 
astaxanthin levels in copepods (Fig. 4a). Astaxanthin production seemed to 
be highly dependent on the diatom species consumed. The diatom PHA was 
offered in the same quantity as was NIT, but it was not ingested and 
astaxanthin levels remained low. PHA has previously been shown to be 
insufficient as single-species diet since it yielded low egg production or was 
unable to maintain calanoid copepods (Ban et al. 1997, Lacoste et al. 2001).  

Astaxanthin production in copepods was fast. Copepods increased their 
initial astaxanthin levels 1.5 - 4 times during 24 h, in the 24-h NP 
experiment and the 48-h HAE experiment, respectively (Fig. 4a,b). To yield 
high astaxanthin levels in copepods, the availability of an astaxanthin 
precursor seemed to be important. -carotene and zeaxanthin are the main 
precursors for astaxanthin synthesis in zooplankton (Matsuno 2001). In the 
48-h NIT experiment, the precursor of astaxanthin synthesis was most 
probably -carotene, in the 48-h NJ and the 24-h NPSi1 experiments most 
probably zeaxanthin/lutein (abundant in cyanobacteria and green algae) and 
in the NP experiment most probably a combination of both -carotene and 
zeaxanthin (extrapolated from increasing levels of these precursors in the 
copepods and/or positive TRnet).

Field grazing experiments (paper IV, V, VI)

Phytoplankton blooms 
Both nutrient addition treatments (NP and NPSi) stimulated microalgal 
growth and increased the phytoplankton biomass manifold. N-limitation 
(N:P <16 on a molar basis) generally occurred in all treatments, but was 
strongest in the control treatments. In the NPSi treatments, DSi remained far 
greater than 2 µM (the critical level for diatom dominance reported by Egge 
and Aksnes 1992) while in the other treatments algal growth depleted DSi to 
less than 1 µM after 2-6 days.  

The chl a concentrations and chl a/C ratio were similar at both locations 
(NS and SBS). They were highest in the NPSi treatments, and lowest in the 
control treatments. The phytoplankton communities were N-limited in the 
NPSi treatments of the second experiment (Exp 2) in the Norwegian Sea 
(NS, paper V) and of the first experiment (Exp 1) in the southern Baltic Sea 
(SBS, paper VI).
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Figure 5. Examples of the changes in the carotenoid composition in the different 
treatments as a consequence of nutrient manipulation. The data are from Exp 1 in the 
southern Baltic Sea proper (paper VI). The other mesocosm experiments showed 
similar developments for the same treatments. Peri = peridinin, fuco = fucoxanthin, 
hexa=19'-hexanoyloxyfucoxanthin, viola = violaxanthin, diadino= diadinoxanthin, 
zea+lut = zeaxanthin+lutein, beta = -carotene and other caro = other carotenoids. 

The relative abundances of the different phytoplankton groups of the 
induced phytoplankton blooms were similar at both locations (NS and SBS). 
The initial phytoplankton community consisted of diatoms, small flagellates 
and dinoflagellates. Throughout the control and the NP treatments, algal 
community composition differed only little from the initial composition. In 
the control treatments, relative abundances of flagellates increased, and in 
the NP treatments, relative abundances of dinoflagellates increased, at the 
cost of diatoms. In the NPSi treatments large and heavily silicified centric 
diatoms came to dominate completely. This was observed microscopically 
for the experiments at both locations. The phytoplankton pigment 
composition reflected the phytoplankton species composition (paper V, VI).
In the control treatments (paper VI), the main pigments were fucoxanthin 
(diatoms, prymnesiophytes, chrysophytes and raphidophytes), zeaxanthin 
(cyanobacteria and green algae), -carotene (mainly all algal groups), 
alloxanthin (cryptophytes), lutein (green algae and prasinophytes) and 
diadinoxanthin (euglenophytes, diatoms, dinoflagellates and 
prymnesiophytes) (Fig. 5). In the NP treatments, peridinin (dinoflagellates) 
became relatively more important (paper V, VI) and 19'-
hexanoyloxyfucoxanthin (prymnesiophytes, paper V). In the NPSi 
treatments, diatom blooms developed, as shown by increases in fucoxanthin 
and diadinoxanthin (Fig. 5, paper V, VI).
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Copepod communities 
Over the course of the mesocosm experiments, the copepod species 
composition basically did not change, but it was different at the two 
locations. Acartia was the dominant genus in the SBS experiments (Table 1) 
while in the NS, Acartia and Temora dominated in Exp 1 and Acartia spp., 
Temora sp., Pseudo-Paracalanus spp., Oithona sp. and Centropages sp.
were equally abundant in Exp 2. 

The initial copepod densities differed at the two locations (Table 1). In the 
NS, initial densities were ca 12 (Exp 1) and ca 19 (Exp 2) individuals l-1 and 
in the SBS ca 63 (Exp 1) and ca 124 (Exp 2) individuals l-1. In the NP 
treatments in Exp 2 in the NS and in Exp 1 in the SBS, there were significant 
increases in copepod density (Fig. 6a,b). This must be due to growth of 
nauplii smaller than 90-100 m that were present in the mesocosms since 
day 1. The time between copepod addition and the last sampling (1 week) 
was too short for growth of new eggs produced in the mesocosms to develop 
into copepods >200 m. Klein Breteler and Schogt (1994) showed that 
Acartia clausi eggs took 13 days to develop to the last adult stage at optimal 
conditions. In the other treatments (NPSi and controls) and experiments (Exp 
1 in the NS and Exp 2 in the SBS) we observed copepod mortality. Growth 
of nauplii was probably depressed here, possibly by negative dietary effects 
or detrimental phytoplankton exudates. Releases of aldehydes from diatoms 
have been shown to inhibit copepod development (Ianora et al. 2003). In 
Exp 2 in the SBS, a possible reason for high mortality was the high initial 
copepod density (124 individuals l-1). An optimal density of 30-70 
individuals l-1 for maximum development was described for two copepod 
species (Klein Breteler et al. 1990). In contrast, apparently healthy copepods 
reached densities >150 individuals l-1 by the end of Exp 1 (NP treatment) in 
the SBS (Fig. 6b).  

The initial carbon content per copepod individual differed at the two 
locations; the copepods in the NS contained twice as much carbon as those 
in the SBS (ca 400 and 200 nmol ind-1, respectively). In the SBS-NP 
treatment in Exp 2, the quickly increasing copepod density kept the carbon 
content per copepod individual low (many small copepods) while in the NS-
NP treatment in Exp 1 the carbon levels increased in concert with density. 
The copepods increased their density 4-fold in the SBS and 1.5-fold in the 
NS. Copepods in the NS were probably able to utilise carbon for both 
somatic growth and population growth, while in the SBS most carbon was 
incorporated in the copepods by population growth. 

Our studies showed that N-limitation in phytoplankton cells could be 
transferred to their copepod grazers even if grazers may possess 
physiological solutions to the problem of excess C in their diet (NPSi 
treatments of Exp 1 in SBS and Exp 2 in NS). The observed high C:N ratio 



18

in the phytoplankton diet, indicative of possible protein deficiency, may be 
unsuitable for nauplii growth and may have affected copepod densities. 

Pigment transfer and diatom diet 
Our transfer ratios (TRs) for the typical pigments of different phytoplankton 
groups (Jeffrey and Vesk 1997) suggested that the copepods selected 
different food items in the different treatments. In the NP treatments of two 
(of four) mesocosm field experiments, copepods selectively grazed on 
diatoms as shown by increases in the TR for fucoxanthin (Fig. 6c,d). In these 
treatments copepod density increased, so a diet mainly consisting of diatoms 
seemed to have a positive effect on copepod development (Fig 6a,b). In the 
SBS-NP treatment in Exp 2, copepods mainly selected green algae (paper 
VI) and in the NS-NP treatment in Exp 1, mainly prymnesiophytes, 
chrysophytes and some diatoms. In these experiments, astaxanthin levels 
remained stable.  

In the NPSi treatments, where diatoms dominated, the TR for fucoxanthin 
did not increase, suggesting no selection for diatoms. Copepods grazed on 
dinoflagellates and prymnesiophytes in the NPSi treatments in the NS (paper 
V) and on green algae in the SBS (paper VI). Why were diatoms avoided in 
the NPSi treatments, where they were the dominant phytoplankton group, 
and selectively grazed in the NP treatments? Several studies on copepod 
grazing have reported avoidance of diatoms (Strom and Welschmeyer 1991, 
Kleppel et al. 1991). Ianora et al. (2003) recently reviewed the defence 
mechanisms of diatoms against their predators (i.e. production of reactive 
aldehydes) and their effects on the copepod growth and reproduction. Poor 
developmental rates, high mortalities, birth defects and abortions are some of 
the reported outcomes of a diet solely consisting of diatoms. However, some 
copepod species seem to be more resistant to diatom chemicals than others 
(Carotenuto et al. 2002) and the production of reactive aldehydes is 
dependent on diatom species (Pohnert et al. 2002). The production of such 
chemicals may have been induced in our diatom-dominated NPSi treatment, 
because the diatoms probably had more resources to invest in defence 
mechanisms than in the Si-limited NP treatment. The slower development of 
nauplii to adult copepods in the NPSi treatments may indicate this. Some 
authors have proposed that some diatoms are of inferior nutritional quality 
because they lack certain essential lipids (Kleppel 1993, Jónasdóttir and 
Kiørboe 1996), while others have claimed the nutritional superiority of 
diatoms (Brown et al. 1997). We suggest that the strong silicification of the 
diatoms that dominated in our NPSi treatments also made them less palatable 
and/or less digestible when ingested than the weakly silicified Si-limited 
diatoms in the other treatments. 
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Figure 6. Developments of (a,b) copepod density, (c,d) the TR for fucoxanthin and 
(e,f) the TR for -carotene, in Exp 2 in the NS and Exp 1 in the SBS. Error bars 
represent 1 SE of the mean. Note the different scales on the Y-axes in a, b, e and f. 
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Astaxanthin levels in copepods 
Astaxanthin levels in copepods are very dynamic and depend on food 

availability (Juhl et al. 1996) and time of sampling due to a diurnal 
astaxanthin synthesis rhythm (Paper III). To avoid the interference of such 
effects on astaxanthin levels in our grazing experiments, we supplied excess 
food to the copepods and always sampled at the same time of day.  

The astaxanthin levels in the wild copepods of 8.4-10.4 µmol (mol C)-1 in 
the SBS (paper VI) were comparable to 5.0-12.0 µmol (mol C)-1 in the NS 
(paper V) (Fig. 7a,b), and to 6.3 µmol (mol C)-1 in the northern Baltic Sea 
proper (NBS, Wänstrand et al., submitted). In Exp 2 in the NS, we found a 
decrease in astaxanthin production per unit C from 12.0 to 5.7 µmol mol C-1

in three days (days 6-8), which was independent of nutrient treatment (Fig. 
7a). It is possible that high astaxanthin concentrations were not required by 
the copepods. Shading from the dense phytoplankton blooms in the 
mesocosms of both treatments may have led to a lower demand for 
photoprotection by astaxanthin (Hairston 1979a, Hansson 2000) than in the 
open sea where the copepods were sampled. This may explain the initial 
decrease in astaxanthin content per unit C in the mesocosms (Fig. 7a). In the 
SBS we did not find a need for photoprotection in copepods (paper VI). In 
the SBS Exp 1, the weather was sunny and PAR levels were twice those of 
Exp 2. Despite the expectation that astaxanthin production would be higher 
in Exp 1 for photoprotection, this was not the case. In the SBS experiments, 
we also found no differences in astaxanthin production between the nutrient 
treatments and the control treatments, despite large differences in biomass 
and water column shading. This is opposite to the results of similar 
mesocosm experiments in the NBS (Wänstrand et al. submitted). The 
experiments in the SBS were located in the Darß-Zingst Bodden with very 
low water column light levels (Schlungbaum et al. 2000), possibly allowing 
the copepods to escape the light by migrating down in the mesocosms, while 
the experiments in the NS and the NBS were performed in the open sea with 
higher water column light levels. 

Astaxanthin production was highest in the SBS-NP treatment in Exp 1 
when normalised to carbon and volume seawater (Fig. 7b,d). In NS-NP 
treatment in Exp 2, the total astaxanthin production per volume seawater 
increased significantly over time (Fig. 7c) because of the large increase in 
copepod density (Fig. 6a). In contrast, the NPSi treatment (Fig. 7c) of the 
same experiment did not show a significant increase in astaxanthin, and no 
large increase in copepod density. In addition, the TRs for the astaxanthin 
precursor -carotene were higher and increased over time in the NP 
treatments compared to the other treatments in Exp 1 in the SBS and in Exp 
2 in the NS (Fig. 6e,f). This suggests that the uptake of -carotene was larger 
in the NP treatments and/or that astaxanthin synthesis from -carotene was  
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Figure 7. Astaxanthin levels in copepods in Exp 2 in the NS and Exp 1 in the SBS 
expressed per (a) carbon unit and (b) volume seawater. Error bars represent 1 SE of 
the mean. Note the different scales on the Y-axes in c and d.  

faster in the other treatments (control, NPSi). Moreover, the TRs for 
fucoxanthin increased in the NP treatments, suggesting grazing on diatoms 
(Fig. 6c,d) and a positive effect of a diatom diet on astaxanthin production. 
Astaxanthin production in the field mesocosm experiments was not only 
determined by the quality (community composition), but also the quantity 
(biomass) of the food items. A diet consisting mainly of diatoms (control 
treatment of Exp 1 in SBS) resulted in unaltered astaxanthin levels. This may 
be due to the lower phytoplankton biomass, which was four to ten times 
lower than in the nutrient treatments. 
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The results from our laboratory and field grazing experiments indicate 
that phytoplankton community composition and biomass affect astaxanthin 
production in calanoid copepods. Astaxanthin production was highest with a 
varied diet including weakly silicified diatoms and high biomass (NP 
treatment, paper II, III, V, VI). In the field experiments this diet increased 
copepod growth and development with increasing astaxanthin production per 
volume seawater as a result. The effects of inorganic nutrients on astaxanthin 
production were thus mediated by biotic interactions. Astaxanthin 
production was lower when copepods grazed on phytoplankton communities 
with high biomass dominated by strongly silicified diatoms (NPSi 
treatment). A surplus silicate possibly allowed diatoms to invest in defence 
mechanisms and escape grazing. These results suggest a positive effect of 
increasing N and P loads, but not when flagellates replaced diatoms 
completely or when excess Si is available for diatoms to invest in defence 
mechanisms. This effect of inorganic nutrient additions was independent of 
experimental location since it was found in both the Baltic Sea proper and at 
the reference site in the Norwegian Sea. This indicates that the overall 
consequences of dissolved inorganic nutrient availability could be universal. 
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Conclusions

Nutrient starvation in phytoplankton blooms was associated with reduced 
pigment levels, which indicates lowered nutritional value of 
phytoplankton as food for copepods. This would also decrease the 
availability of -carotene, a precursor of astaxanthin, which may lower 
astaxanthin production in copepods grazing on phytoplankton blooms. 
The diatom Nitzschia microcephala was a good producer of thiamine 
compared to a dinoflagellate and a high degree of crowding provided high 
thiamine levels to the surroundings, suggesting a positive effect of diatom 
blooms. However, flagellates often replace diatoms as a result of 
increasing nutrient loads, which would result in lower availability of 
thiamine in aquatic systems. 

Astaxanthin synthesis in copepods was fast. We found that copepods had 
a diurnal rhythm of astaxanthin synthesis, with the highest astaxanthin 
levels around sunrise. This suggests astaxanthin accumulation during the 
night and utilisation for antioxidant activities during the day. The results 
from laboratory grazing experiments also showed that within 24 h of 
grazing, astaxanthin levels could increase up to four times compared to 
initial levels. 

Astaxanthin production in copepods depended on microalgal diet. When 
offering single-species cultures, a diatom and Haematococcus pluvialis
cysts yielded the highest astaxanthin levels, while a diet consisting of a 
green alga, another diatom or a cyanobacterium yielded the lowest 
astaxanthin levels. This suggests that astaxanthin was directly transferred 
from an astaxanthin source (Haematococcus pluvialis cysts) to copepods 
and that diatoms may be beneficial for astaxanthin production, depending 
on the diatom species provided as food.  

Pigment levels in phytoplankton and copepods depended on inorganic 
nutrients in the seawater. By manipulating natural seawater with 
dissolved inorganic nutrients, we induced different microalgal blooms, 
with specific carotenoid compositions available to copepods for 
astaxanthin production. Copepods grazing on these different 
phytoplankton blooms differed in pigment levels. 
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Phytoplankton community composition affected astaxanthin production in 
copepods. The copepod communities produced most astaxanthin per 
volume seawater through increased copepod growth and development 
when grazing on diverse phytoplankton communities dominated by 
weakly silicified diatoms. When copepods were offered phytoplankton 
communities dominated by strongly silicified diatoms, they avoided 
grazing on these diatoms. This suggested that when surplus silicate is 
available, diatoms could invest in defence mechanisms (high silicification 
and perhaps production of aldehydes) and escape grazing. An increase in 
N and P loads seems to be beneficial for astaxanthin production, but not 
when flagellates replace diatoms completely. This was independent of 
experimental location (Baltic Sea and Norwegian Sea), implying that the 
overall results of dissolved inorganic nutrient availability may be 
universal.
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Summary in Swedish 

Experimentella studier av hur pigmentdynamiken i planktonalger och 
hoppkräftor regleras av närsalter 

Bakgrund
1974 upptäckte man en fortplantningsstörning hos vilda laxar som gör att de 
flesta yngel från drabbade honor dör. Sjukdomen heter “M74-syndromet”, 
där M står för ’Miljörelaterad’ och 74 för när sjukdomen upptäcktes i de 
svenska kläckerierna. Forskning på fisk har visat ett samband mellan 
sjukdomen och brist på det röda färgämnet astaxanthin och vitaminet tiamin 
(vitamin B1). I de svenska kläckerierna badar man drabbade yngel i tiamin, 
men inte de vilda populationerna som fortfarande är drabbade.  

Övergödning från industrier och jordbruk har under 1900-talet förändrat 
balansen mellan näringsämnena kväve, fosfor och kisel i Östersjön. 
Belastningen av kväve och fosfor är idag tre respektive fem gånger så hög 
som på 40-talet och kiselkoncentrationerna har minskat. Övergödning av 
Östersjön har också förändrat sammansättningen av encelliga alger 
(planktonalger eller växtplankton). Olika planktonalger behöver olika 
mängder närsalter för att kunna växa. Kiselalger behöver kisel för att bilda 
sina skal medan andra grupper som dinoflagellater och grönalger klarar sig 
utan. I södra Östersjön har kiselalger minskat när de konkurrerats ut av 
flagellater på grund av kiselbrist. Just till detta område vandrar laxarna från 
de norrländska älvarna för att äta. 

Jag tror att förändringarna i sammansättningen av växtplankton är 
relaterade till M74-syndromet hos Östersjölaxen genom att olika 
planktonalgarter är olika bra föda för kräftdjur. Kräftdjur består i havet mest 
av hoppkräftor. Hoppkräftor äter planktonalger och är de viktigaste 
producenterna av astaxanthin i havet. De använder algpigment för att 
producera den viktiga antioxidanten astaxanthin. Olika arter och grupper av 
växtplankton har sin specifika pigmentsammansättning, nästan som ett 
fingeravtryck. Hoppkräftorna är själva föda åt fisk och därmed förs 
astaxanthin vidare i näringskedjan. Jag har koncentrerat mig på kopplingen 
mellan planktonalger och hoppkräftor och har studerat hur olika mängder 
närsalter påverkar växtplanktonsammansättningen och hur olika 
planktonalger påverkar astaxanthinproduktionen i hoppkräftor. 
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Resultat och slutsatser 
I laboratorieförsök med planktonalger i olika tätheter har jag sett att alger i 
låg koncentration har mer pigment än alger i hög koncentration och att olika 
algarter är olika bra producenter av tiamin. Kiselalger är till exempel bra 
producenter av tiamin i jämförelse med dinoflagellater. Algblomningar som 
uppstår vid övergödning kan alltså minska pigmenthalterna som är 
tillgängliga för hoppkräftornas astaxanthinproduktion. 

I betningsförsök i liten skala (två liter havsvatten) upptäckte jag att 
astaxanthinhalterna i kräftdjur beror på födan. När hoppkräftor matades med 
enartskulturer av planktonalger visade det sig att kiselalger är bra föda för 
astaxanthinproduktion, men att det beror på kiselalgsart. Blågrönalger och 
grönalger (mest flagellater) var ingen bra föda för astaxanthinproduktion. 
Dessutom matade jag hoppkräftor med cystor av en grönalg, Haematococcus 
pluvialis, som innehåller extremt höga halter av astaxanthin. Jag observerade 
en direkt överföring av astaxanthin från cystorna till hoppkräftorna. När 
hoppkräftorna fick en blandning av kiselalger och blågrönalger eller 
flagellater blev astaxanthinhalterna i hoppkräftorna också höga.  

Liknande resultat fick jag vid betningsförsök i större skala. Jag fyllde 
stora plastpåsar med 2000 liter naturligt havsvatten och tillsatte närsalter i 
olika koncentrationer. Med denna metod skapade jag olika växtplankton-
blomningar. Sedan tillsattes hoppkräftor som fick äta på växtplanktonet. Vid 
gödsling med kväve och fosfor, uppstod en blomning med ungefär 60% 
flagellater och 40% kiselalger. Hoppkräftorna gynnades av den här 
behandlingen och ökade i antal, därför ökade också astaxanthinhalterna per 
liter havsvatten. Här valde hoppkräftorna att äta mest kiselalger, som hade 
låg kiselhalt i sina skal på grund av kiselbegränsning. Vid gödsling med 
kväve, fosfor och kisel, uppstod en algblomning där kiselalgerna 
dominerade. Här valde hoppkräftorna att äta flagellater och inte kiselalger 
som hade ett tjockt kiselskal eftersom kisel inte var begränsat. 
Hoppkräftorna ökade inte i antal och astaxanthinhalterna per liter havsvatten 
ökade inte heller. Kiselalgerna verkar kunna försvara sig mot betning av 
hoppkräftor när det finns kväve, fosfor och kisel tillgänglig och att 
hoppkräftorna därför inte äter kiselalger men väljer flagellater istället.  

Jag har visat att kiselalger är bra föda för astaxanthinproduktion i 
hoppkräftor. Det verkar som om ökade halter av kväve och fosfor 
(övergödning) är gynnsamma för astaxanthinproduktionen i hoppkräftorna 
på kort sikt så länge det finns kiselalgerna att äta men jag tror att det är dåligt 
på lång sikt eftersom kiselalgerna minskar på grund av konkurrens från 
andra alger och kiselbrist. Jag upptäckte det här mönstret både i Östersjön 
och i Norska havet som var mitt referensområde och misstänker att de 
observerade effekterna av övergödning är universella. 
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