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Abstract 
 
Phytoplankton make up less than one percent of the world’s photosynthetic biomass, yet they 
are responsible for almost half of the world’s total primary production. These small but 
mighty unicellular organisms possess some unique defence mechanisms in order to protect 
themselves from predation. Predation on these organisms is typically from zooplankton, in 
particular copepods. Copepods are tiny crustaceans typically 1-2mm in length. Many 
microscopic marine organisms lack a good set of eyes and ears and chemical cues have 
become important for how they locate food, find refuge, find a mate, or defend themselves 
from nearby predators. Predatory induced defences are a widespread phenomenon in 
terrestrial and aquatic environments, often mediated through chemical cues. In the marine 
environment phytoplankton respond to predator presence by morphological, behavioural, or 
biochemical changes. 
 
This thesis investigates the impacts of chemical cues isolated from marine copepods, focusing 
on a group of polar lipids known as copepodamides. Copepodamides are general alarms 
signals that induce a range of defensive mechanisms in marine phytoplankton. Using 
copepodamides, I was able to simulate the presence of the grazers without direct predation. 
This allowed me to precisely manipulate defensive traits and evaluate their significance in the 
plankton food web. By conducting single species and mesocosm experiments, this thesis 
explores the effects of copepodamides on species composition, bioluminescence, toxin 
production and colony plasticity for various diatoms and dinoflagellates. In particular, I found 
that in the presence of copepodamides, the species Thalassiosira rotula and Chaetoceros 
curvisetus decrease their colony size drastically, which directly benefits them in terms of 
reduced losses to grazers. I also discovered that bioluminescence in dinoflagellates is 
intensified in response to copepodamides, specifically in the species Lingulodinium polyedra 
and Alexandrium tamarense. Together these findings suggest that grazer induced defensive 
traits are more common in marine plankton then previously recognized. Chemical signalling 
may potentially be vulnerable to changes in pH, but we show that copepodamide signalling is 
likely robust to the predicted future decrease in ocean pH. Finally, I exposed intact 
communities from the spring and summer and show that copepods and copepodamides 
(without copepods) drive similar changes in eukaryote and prokaryote community structure. 
I conclude that the structuring effects of copepods is driven by both direct grazing and indirect 
chemically mediated effects. Moreover, these small-scale interactions scale up to large-scale 
processes, and it is likely that grazer induced defences will facilitate harmful algal bloom 
formation and alter vertical flux of matter in the ocean. The identification of chemical alarm 
signals in plankton ecology has opened up a research avenue that will increase our 
mechanistic understanding of phytoplankton and zooplankton interactions, encompassing 
cellular processes, such as signal transduction pathways, individual predator prey interactions 
and community structure effects. 
 
  



 
 
 

Populärveteskaplig sammanfattning 
 
Växtplankton utgör mindre än en procent av världens fotosyntetiska biomassa, samtidigt står 
de för nästan hälften av världens totala primärproduktion. För att skydda sig från att bli 
uppätna har dessa små, men mäktiga, encelliga organismer några unika försvarsmekanismer. 
Deras vanligaste predatorer är djurplankton, i synnerhet hoppkräftor. Hoppkräftor är små 
kräftdjur som vanligtvis bara är 1-2 mm stora. Många mikroskopiska marina organismer har 
begränsad syn och hörsel, och förlitar sig mer på det kemosensoriska sinnet för att hittamat, 
partners, och undvika fiender. Försvar som aktiveras i närvaron av predatorer är ett utbrett 
fenomen både på land och i vattenmiljöer. Ofta triggas försvaret igång genom att bytet 
känner av predatorns närvaro genom kemiska signaler. I den marina miljön använder sig 
växtplankton morfologiska, beteendemässiga eller biokemiska förändringar för att försvara 
sig mot predation. 
 
I denna avhandling har jag undersökt effekterna av kemiska signaler isolerade från marina 
hoppkräftor, med fokus på en grupp av polära lipider som kallas copepodamider. 
Copepodamider fungerar som en generell larmsignal som sätter igång en rad 
försvarsmekanismer i marina växtplankton. Med hjälp av copepodamider kunde jag simulera 
förekomsten av hoppkräftor utan direkt predation på själva växtplanktonen. Detta gjorde det 
möjligt för mig att manipulera växtplanktonens defensiva egenskaper och utvärdera deras 
betydelse. Genom att utföra experiment med flera och enstaka arter, kunde jag utforska 
effekterna av copepodamider på artsammansättningen, bioluminescens (produktion och 
utsändande av ljus), produktionen av toxiner och plasticiteten i kolonistorlekför olika 
kiselalger och dinoflagellater. Speciellt fann jag att närvaron av copepodamider minskar 
kolonistorlek drastiskt i arterna Thalassiosira rotula och Chaetoceros curvisetus, vilket i sin tur 
direkt gynnar dem genom att skydda dom mot betning. Dessutom visar jag för första gången 
att copepodamider framkallar och förhöjer bioluminescens i dinoflagellaterna Lingulodinium 
polyedra och Alexandrium tamarense. Mina resultat visar att ett antal olika arter av kiselalger 
och dinoflagellater försvarar sig med en rad olika defensiva fenotyper när de utsett för 
copepodamider, utan de direkta effekterna betande hoppkräftor. I ett försök med intakta 
planktonsamhällen visar jag också att copepodamider leder till ändrad artsammansättning i 
vattnet på ett liknande sätt som närvaro av hoppkräftor gör. Effekten av hoppkräftornadrivs 
alltså av både direkt betning, och kemiskt medierade indirekta effekter. 
 
Även om de är mikroskopiska till sin natur, kan kemiska signaler från djurplankton få stora 
och långvariga konsekvenser i den marina näringsväven. De trofiska kaskaderna som orsakas 
av indirekta effekter, som tex kemiska signaler, är ofta lika stora om inte större än den direkta 
effekten av predation. Studier av indirekta effekter av kemisk signalering har främst skett 
terrestra- och sötvattensystem, men ännu är det lite känt hur kemiska signaler fungerar i 
marina miljöer. Denna avhandling kompletterar den befintliga litteraturen, och visar att 
indirekta effekter sannolikt är inflytelserika också i de fria vattenamassornas födoväv. 
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Background 
As the earth is covered by 71% water it is not only interesting to study aquatic organisms but 
fundamental in order to gain deeper insights of the mechanisms behind ecosystem services 
and functions. Phytoplankton form the basis of the marine food chain as primary producers 
they are the starting resource for many organisms in the ocean (Figure 1). Phytoplankton are 
astonishing in the sense that they make up less than 0.5% of global primary producer biomass 
but account for 50% of the primary production (Field et al., 1998). 
 
Zooplankton present themselves as the next step up in the food chain as primary consumers 
(Figure 1). The extent of grazing pressure from zooplankton has been shown to be so intense 
that phytoplankton communities’ turnover rate is on a day to week scale. It is estimated 12% 
of the pelagic phytoplankton primary production is grazed by mesozooplankton such as 
copepods (Calbet, 2001) and 67% by microzooplankton such as ciliates and heterotrophic 
flagellates (Calbet & Landry, 2004). One of the dominating taxa in zooplankton are copepods, 
these tiny multicellular organisms, are probably the most abundant multicellular organism on 
earth (Turner, 2004). Copepods vary in size, but they are typically 1-2mm length and found in 
marine, brackish and freshwater environments. 11,543 species of copepods have been 
identified (Walter & Boxshall, 2022), but it has been estimated to be much more. Most 
copepods have a single nauplii eye which is able to sense light but not the capability to 
formulate a real image (Gregory et al., 1964).  

 

 Figure 1. Schematic illustration of the marine food web.  
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Chemically mediated interactions 
Since most microscopic marine organisms lack a good set of eyes and ears, chemical stimuli 
mediates all major transitions in planktonic life histories including mating (van Duren et al., 
1996) predator avoidance (Lauridsen & Lodge, 1996) and resource acquisition (Burkepile et 
al., 2006). Chemical cues are widely studied in the terrestrial environment, in particular in 
insects, but not so much in the marine environment. In the plankton world, the first report of 
substances inducing morphological changes from predators was by Hessen & Van Donk, 1993. 
Many more cases have since followed (see review: Van Donk et al., 2011, and the field of 
predator cues has emerged. In terms of alarm signals, Jakobsen & Tang, (2002) reported 
enhanced colony formation by Phaeocystis from grazing heterotrophic dinoflagellates. This 
was later followed up by Long et al., (2007) which reports Phaeocystis being able to sense its 
neighbour getting attacked and grows either as colonies when sensing ciliates, which prefer 
smaller prey or they split into single cells when they sense a copepod, which becomes smaller 
than the optimal prey size for copepods. 
 
Many organisms possess inducible defences, these are defence mechanisms in which they 
are up regulated in the presence of predators and down regulated in their absence. In 
animals, these defence mechanisms may involve formation of spines (bryozoans, cladocerans 
and rotifers), helmets (cladocerans) or protective variation in cell shape, body shape or 
colouration (ciliates, cladocerans, barnacle, gastropods, fishes, and amphibians) (Covich 
1990; Gilbert & Stemberger 1984; Kuhlmann & Hackmann 1985; Harvell 1990; Brönmark & 
Miner 1992; Krueger & Dodson 1981; Dodson 1989; McCollum & Petranka et al., 1987, Hews 
1988; VanBuskirk 1998; Relyea & Werner 2000). As there are no physical hiding places in open 
water, it’s not surprising that phytoplankton have to find methods to reduce the risk of 
predation, such as morphological, biochemical, and life-history changes. Examples of these 
changes for marine phytoplankton involve the formation of colonies (Phaeocystis; Long et al., 
2007) and thicker cell walls (Thalassiosira; Pondaven et al., 2007), toxins (Alexandrium; 
Selander et al., 2006) and repellents (Cerataulina; Ianora et al., 2006), and the formation of 
cysts (Alexandrium; Toth et al., 2004). Inducible defences depend on a reliable proxy for 
threat of predation to allow the phytoplankton to adjust their level of defences appropriately. 
(Tollrian 1993).  
 
In addition to the direct consumptive effects on prey density, predators may have additional, 
indirect effects such as intimidation of the prey which may lead to cascading effects on the 
next trophic level. A meta-analysis by Preisser et al., 2005 revealed the importance of indirect 
effects of predators on prey densities, either by reducing prey density and/or reducing the 
activity of the prey. One unique way to circumvent the difficulties of separating indirect 
effects from direct effects was performed on grasshoppers and their predators, spiders 
(Schmitz 1998). By gluing the mouthparts of the spiders’ shut, Schmitz was able to study the 
grasshoppers in the presence of spiders without the direct effect of consumption. 
Grasshoppers were still alarmed by the presence of spiders and shifted from eating preferred 
grasses to less nutrient rich herbs and consequently, the reduction in food quality led to a 
higher rate of mortality. The risk of predation from spiders revealed a negative effect on their 
prey and a positive effect on the preys’ resources, thus creating costly shifts in prey behaviour. 
Indirect effects have the potential to cause cascading effects that are equal to, or even more 
important than direct consumption (Abrams, 1990; Anholt & Werner, 1995), while having 



 
 
 

3 

indirect effects on other organisms in the community (Werner & Peacor, 2003) and ecosystem 
properties and functions (Schmitz et al., 2008). Separating the indirect and direct effects and 
their impact on trophic cascades is poorly studied in the marine microbial food web (Shurin 
et al., 2002). 

Predatory cues from copepods: copepodamides 
Previous studies have found copepods to induce defensive traits in various phytoplankton 
(Pohnert, 2000; Ianora et al., 2006; Rengefors et al., 1998; Jakobsen & Tang, 2002; Selander 
et al., 2006, 2011; Long et al., 2007; Bergkvist et al., 2008, 2012; Bjærke et al., 2015; Amato 
et al., 2018). These include various defensive traits such as increased toxin production, 
bioluminescence, and colony size alterations. The cueing compounds for these defensive 
traits turned out to be elusive and could first be identified when large quantities of 
zooplankton i.e., 10kg of sample of Daphnia were extracted. The chemical cues isolated from 
commercially available frozen Daphnia were aliphatic sulfates and sulfamates (Yasumoto et 
al., 2006, 2008). These aliphatic sulphates induced colony size plasticity in the green alga 
Scenedesmus, however the compounds could not be detected in live daphnids, raising 
question on their true identity.  
 
In 2015, the first copepod produced info chemicals were discovered, which were found to in 
induce toxin production in Alexandrium minutum, a harmful algal bloom forming species 
(Selander et al., 2015). Counterintuitively they turned out to be polar lipids, with poor 
solubility in water. The first identified structures comprised of eight taurine conjugated polar 
lipids (A-H). Characterized by taurine conjugated scaffold with variable fatty acyl groups 
attached. The fatty acids are typical poly unsaturated marine fatty acids such as 
docosahexaenoic acid (DHA), stearidonic acid (SDA) and eicosapentaenoic acid. Grebner et 
al., 2018 discovered a further two copepodamides but with fully saturated fatty acid side 
chains 686 m/z (16:0-copepodamide) and 658 m/z (14:0-copepodamide) (Figure 2). A single 
large copepod can exude 120 pmol d−1 (Selander et al., 2015) and concentrations in seawater 
have been shown to reach bioactive concentrations during a large part of the year (Selander 
et al., 2019). Copepodamide exposure alone, without copepod presence, induce many of the 
known defensive traits including colony size plasticity, toxin production, silification, 
bioluminescence and feeding rhythms (see Table 1, Figure 3). 

Role of grazing in harmful algal blooms 
Harmful algal blooms (HABs) is a term used when algal reach high densities and generate toxic 
or harmful effects on human, fish, shellfish, marine mammals and birds (Hallegraeff, 1993). 
HABs affect many different organisms and at times lead to mass mortality in e.g. fish, marine 
mammals and seabirds (Landsberg, 2002). In 2016, blooms of Pseudochattonella and Karenia 
in southern Chile, were responsible for the loss of 40,000 tonnes of salmon, generating 
economic losses of an estimated $800 million (Díaz et al., 2019). Harmful algae are one of the 
largest obstacles for the rapidly growing aquaculture industry. Additionally, HABs alter food 
web dynamics and flux of matter and energy in the marine food web (Hay and Kubanek, 
2002). Furthermore, it has been predicted that HABs will increase in the future (Wells et al., 
2015). 
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Figure 2. Composition of copepodamides from the freeze dried Calanus finmarchicus. (A) 
Copepodamide structures, taurine conjugated polar lipids characterized by the scaffold and the fatty 
acid attached to it. Copepodamides A-C each possess the scaffold of G and one of the three fatty acyl 
groups DHA, EPA, or SDA. Copepodamides D-F share the scaffold of H and one of the same three fatty 
acyl groups. Copepodamides 686 and 658 were later named by molecular weight m/z, in parenthesis 
are m/z for copepodamides A-F. (B) integrated peaks from the LC-MS showing the copepodamide 
measurements, capital letters are referred to in (C) which shows the R1 (methyl or methylene group) 
and R2 (fatty acids except for G and H) (Selander et al., 2019).  

Along the Swedish west coast, blooms of Lingulodinium polyedra have been shown to be 
positively correlated with copepod biomass (Prevett et al., 2019). Copepod biomass, and 
consequently copepodamides, (Selander et al., 2015), may thus provide a useful tool for 
predicting blooms. Measuring copepodamide concentration in water samples and shellfish 
has been shown to improve the accuracy when trying to predict HABs (Trapp et al., 2021). 
Including measurements of copepodamides in and around aquaculture facilities could thus 
be a cost-effective and simple method for improving the prediction and lead time of HABs, in 
turn reducing the potential of large financial losses. Furthermore, copepodamides are a 
potent inducer of toxin production in HAB taxa (Selander et al., 2019). This emphasizes the 
need to better understand the interactions between grazer induced toxin production, and 
global change driven processes.  
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Figure 3. Schematic representation of the chemical cues exuded from copepods known as 
copepodamides and their inducing capabilities of defensive traits on marine phytoplankton. 
Copepodamides induce an increase in saxitoxins and domoic acid, an increase in 
bioluminescence, chain shortening and a reduction in swimming speed. Some of these traits 
influence larger scale processes, such as the potential for lower carbon export and increase 
harmful algal blooms. 
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Aims of thesis 
 
 

PAPER I:  To investigate whether the dinoflagellates Lingulodinium polyedra and 
Alexandrium tamarense, kept in culture for 14 and 9 years respectively, can 
increase their total bioluminescence capacity in response to copepodamides.  

PAPER II:  To investigate the effect of different types of copepod grazers (three 
herbivorous and one carnivorous) and their impact on domoic acid production 
in the diatom Pseudo-nitzschia.  

PAPER III:  To investigate whether predation is one of the drivers behind colony formation 
and chain length plasticity in three chain-forming diatoms. We exposed 
cultures of Thalassiosira rotula, Chaetoceros curvisetus, and Chaetoceros 
affinis to copepodamides. This was coupled with a grazing experiment, which 
compared copepod grazing rates on different chain lengths to investigate if 
colony size plasticity functions as an efficient defence mechanism.  

PAPER IV:  To investigate if copepodamides are robust chemical alarm signals and if 
predator recognition will be affected by ocean acidification. We exposed four 
species of diatoms and one dinoflagellate to elevated pCO2 in combinations 
with copepodamides. We measured the change in growth, chain length, silica 
content, and toxicity.  

PAPER V:  To investigate whether indirect effects of grazing can be isolated from intact 
communities of phytoplankton. By using copepodamides for indirect effects 
and copepods for the direct effect with a spring bloom community and an 
oligotrophic community.  
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Methods 
This section encompasses the main methods used throughout this thesis; further details can 
also be found in the individual papers. 

Extraction of copepodamides  
To isolate a batch of copepodamides there are various separation techniques used. The 
process first starts with extracting freeze-dried Calanus finmarchicus commercially fished off 
the Norwegian coast (Calanus AS, Tromsø, Norway) 30-40g is extracted with roughly 600mL 
methanol at -20°C for 24-48 hours. After which the methanol portion is collected and filtered 
to remove any debris. The crude extract is then subjected to a liquid-liquid separation to 
remove nonpolar lipids (Löfgren et al., 2012). Ammonia is added to make 95:5 
(methanol:water with 1% ammonia), then heptane: methanol (98:2) is added and shaken 
vigorously for a few minutes and left to separate. The methanol fraction containing the 
copepodamides is collected, and the procedure is repeated with a new addition of 400 mL 
heptane: methanol 98:2 to further reduce nonpolar lipids in the sample. The methanol 
fraction is collected, and rotary evaporated then redissolved in methanol to ~50 mL, diluted 
with water to 20% methanol and finally loaded onto a solid phase extraction (SPE) column 
(ENVI-18, 19 g, 60 mL: Sigma-Aldrich). More polar impurities are then removed with 
increasing 20%, 50% and 70% methanol and the copepodamides are eluted in 100% methanol 
(Selander et al., 2015). The 100% methanol fraction is then rotary evaporated and redissolved 
in a small volume of methanol and transferred to HPLC vials. The copepodamides are then 
purified further with a gradient elution on a high-performance liquid chromatography (HPLC; 
Hitachi ELITE LaChrom L-7100) system fitted with a reversed phase column (KR100, C18, 5 
μm, 4.6 × 150 mm; Hichrom). The gradient goes from 100% eluent A (methanol: acetonitrile: 
water; 45: 40: 15) to 100% eluent B (2-propanol) with 0.2% formic acid added to each eluent, 
over 25 min, flow rate 1 mL min−1. 100% eluent B is maintained for 5 min before re-
equilibrating in 100% eluent A for 7 min before the subsequent injection. Fractions are 
collected (Waters Fraction Collector III) at 15 sec intervals and copepodamide containing 
fractions are pooled after confirmation by direct infusion mass spectrometry on an Agilent 
1200 LC system, coupled to a 6410 triple quadrupole detector with an electrospray interface 
(Agilent Technologies).  

Analysis of copepodamides  
Experiments and natural water samples are analysed by concentrating the copepodamides 
on Evoluteâ Express ABN 50 µm, 100 mg Solid-Phase Extraction (SPE) columns with 3 mL 
reservoirs (Biotage, Uppsala, Sweden). SPE columns are de-salted with one column volume of 
milliQ water and eluted with 3 mL methanol divided into two 1.5 mL additions separated by 
a 30 sec soak step to maximize yield. The sample is concentrated under a stream nitrogen 
(N2) gas and a 40°C heat block and redissolved to a total volume of 80µL to be ready for mass 
spectrometry analysis. Copepodamides are analysed on an Agilent 1200 LC system coupled 
to an Agilent 6410 triple quadrupole detector equipped with an electrospray interface 
(Agilent Technologies). Copepodamides are separated on a Prevail column (C18, 3 μm, 2.1 × 
150 mm, Hichrom), heated to 50°C using a gradient from methanol: acetonitrile: water 
(35:35:30) (eluent A) to 2-propanol (eluent B) at a constant flow of 0.2 mL min-1, with 0.2% 
formic acid added to each eluent. The gradient starts with a 5 min isocratic elution (95% 
eluent A) followed by a linear increase of eluent B to 82% over 18 min, which is held for 1 min 
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before re-equilibrating for 8 min with 5% eluent B. The ion source is operated in negative 
mode, at 300°C and 4.5kV and with a nitrogen gas flow of 7 L min-1 at 35 psi. Masses of known 
copepodamides are targeted through multiple reaction monitoring experiments (MRM). 
Their identity is confirmed by the retention time and presence of diagnostic fragments: m/z 
432.2 for A-C; 430.2 for D-F, 658 and 686; fragmentation voltage 250 V and collision energy 
44eV (Figure 2).  

Copepodamide exposure 
Organisms are exposed to copepodamides by coating the compounds dissolved in with 
methanol on to the culture vessel walls. The methanol is evaporated under a stream of 
nitrogen before adding the cultures and starting the experiment. Nominal concentrations are 
much higher as the effective concentration is subjected to slow desorption and relatively fast 
degradation (hours) in seawater. Therefore, the average effective concentration is typically 
1-2% of the nominal concentration which is exposed to the cultures (Selander et al., 2019).  

Experimental methods 
Plankton wheels are commonly used when investigating pelagic organisms (Figure 4), these 
wheels are often heavy with motorized units slowly revolving typically at 0.5-1 rpm. After a 
short spin up time the water package moves in unity allowing non-motile organisms to stay 
in suspension as long as the wheel is turning. 
 

 
 

Figure 4. Motorized plankton wheel revolving at 0.5- 1 rpm, with the incubation bottles attached from 
the chain length experiments . 

Cell concentrations and chain lengths are determined using various techniques such as light 
microscopy where images are counted with a macro script using Fiji ImageJ, Coulter counters 
or with Flowcytometry. Samples analysed via microscopy were counted using either Utermöhl 
sedimentation chambers or Sedgewick rafters (Figure 5). A Beckmann multi-sizer 3 (Beckman 
Coulter Inc.) was used in papers III and V to determine cell concentrations from grazing 
experiments. In paper I motion analysis was performed using Fiji ImageJ (version 1.51g) 
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where swimming speed from Lingulodinium polyedra and Alexandrium tamarense were 
analysed using the TrackMate plugin (Tinevez et al., 2017). 
 

 
Utermöhl counting chamber   Sedgwick rafter 

Figure 5. Counting chambers commonly used in experiments. (A) Utermöhl chambers are filled with a 
well-mixed sample and left to sediment for 24 hours, (B) Sedgwick rafters are filled with 1 mL samples 
and feature 1000 boxes with each box corresponding to 1 µL. 

Bioluminescence 
In paper I bioluminescence capacity was determined using an LB 12 luminometer (Titrek-
Berthold, Berthold Detection Systems) with two neutral density filters (ND1.0, Edmund optics, 
York, United Kingdom). Bioluminescence was either stimulated by gentle aeration through a 
capillary, thus simulating hydromechanical disturbances, or by injecting concentrated acetic 
acid (0.5mL of 1M) which trigger the bioluminescence chemistry in the cells and induces the 
maximum bioluminescent response.  

Toxin content 
Paralytic shellfish toxin content from Alexandrium minutum cells in paper IV were analysed 
using high performance liquid chromatography (Agilent 1200 series fitted Agilent InfinityLab 
Poroshell 120 HILIC-Z, 2.1 x 50mm 2.7μm) column coupled to an Agilent 6410 triple 
quadrupole. Eluent A consisted of 500 mL water + 75 μL formic acid + 300 μL ammonium 
hydroxide. Eluent B consisted of 850 mL acetonitrile + 150 mL water + 100 μL formic acid + 
300 μL ammonium hydroxide. Concentrations were determined against authentic standards 
from a certified reference materials program, Canadian National Research Council (Halifax, 
Canada).  
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Main results and discussion 

Paper I- Effects of predator lipids on dinoflagellate defence mechanisms - increased 
bioluminescence capacity.  
In this paper we explored the bioluminescent capacity of two species of dinoflagellates, 
Lingulodinium polyedra and Alexandrium tamarense after exposure to copepodamides. We 
looked at the light capacity, effect on swimming speed, cell size and rate of change in 
direction. The total light producing capacity increased after 48 hours exposure to 
copepodamides (Figure 6 & 7). L. polyedra increased by up to 54% in the 10nM (nominal 
concentration) treatment when compared to the control while A. tamarense was less 
pronounced but still increased its total light capacity by 35%. A subsequent study by Prevett 
et al., 2019, found L. polyedra to increase in light production up to 230% after 48 hours.  
 

 
 
Figure 6. Image showing total luminescence from L. polyedra and A. tamarense. Cells are exposed to 
1 nM copepodamides (right vial) or no copepodamides (control, left vial). Culture samples (5 ml) are 
simultaneously acidified by addition of acetic acid (1 M, 1 ml). L. polyedra cells produce visibly more 
light after pre-exposure to copepodamides relative to the control. 
 
Encounter rates with predators depends on the swimming speed as well as the rate of change 
of direction. We compared the swimming behaviour of induced, i.e., exposed to 
copepodamides, and non-induced phytoplankton. We found a slight, although not significant, 
counterintuitive trend of less convoluted swimming pattern in the copepodamide treatments. 
Less convoluted swimming patterns increases the chances of encountering a predator (Visser 
& Kiørboe, 2006).  
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Figure 7. Luminescence response to mechanical stimulation by air bubbles for (a) L. polyedra and (b) 
A. tamarense exposed to 0, 1 and 10 nM copepodamides. (a) The response to air bubbles was 
significantly higher in L. polyedra pre-treated with 1 and 10 nM copepodamides as compared to the 
control (pANOVA = 0.008, pSNK < 0.05). (b) Response to air bubbles in 0, 1 and 10 nM copepodamide 
treated A. tamarense (pANOVA = 0.339). Different letters above data bars indicate statistical 
difference between treatments, n = 4 for all treatments and bars denote mean ± s.e.m. 

Bioluminescence is a well-known form of defence, although how it defends the cells from 
predation is still highly debated. Three main theories are commonly considered to be the 
reason behind why dinoflagellates emit light. The first being “The burglar alarm” which 
suggests that the short burst of light from the dinoflagellate will reveal the presence of the 
copepod to visual predators such as fish (Burkenroad, 1943). The second theory is that the 
flash of bioluminescence acts as an aposematic signal, a “warning” which relays the 
information of that the cell is potentially either toxic or has big spines and the copepod should 
not consume it (Schantz, 1971). The last theory is that the flash of bioluminescence startles 
the copepod, and they reject the cell (Esaias & Curl, 1972). We filmed a copepod feeding after 
this paper was published and a follow up master’s thesis was carried out. The film showed 
the copepod handling the cell and after it flashes the copepod rejects the cell. A follow-up 
project published in current biology (Prevett et al., 2019), revealed that during the day phase 
L. polyedra was the preferred prey for copepods and it was almost completely rejected at 
night when its bioluminescence is active.  

Paper II- Induction of domoic acid production in diatoms—Types of grazers and diatoms 
are important 
The diatom Pseudo-nitzschia seriata produces domoic acid, a type of amnesic shellfish toxin. 
Copepods and later confirmed, copepodamides, induce domoic acid toxin production 
(Harðardóttir et al., 2015; Selander et al., 2019). Previous experiments have only used Calanus 
copepods, this experiment uses three species of herbivorous copepods and one carnivorous 
copepod in order to determine which type of grazer has the largest effect on the production 
of domoic acid. Domoic acid content was significantly higher in all treatments with 
herbivorous copepods (Calanus finmarchicus, Centropages hamatus and Acartia tonsa) 



 
 
 

13 

compared to their controls (p < 0.001). Whereas carnivorous copepods do not induce domoic 
acid production (p > 0.05, Figure 8). Of the five treatments starved herbivorous copepods 
induced the largest increase in the domoic acid, followed by dead herbivorous copepods then 
grazing herbivorous copepods and finally the control (carnivorous copepods). 
Copepodamides concentrations were positively correlated to the domoic acid 
concentrations. With the highest concentrations in starved followed by dead then grazing 
copepods (p < 0.05), suggesting that copepodamides are the inducing cues that triggers 
domoic acid production in Pseudo-nitzschia.  
 
There was lower growth with dead and starved copepods which indicates a cost for producing 
more domoic acid, copepodamides were also highest in these treatments. In a further 
experiment different strains were used two strains of P. obtusa which upregulated their 
domoic acid content after exposure to copepods for five days. Since the carnivorous copepod 
(Paraeuchaeta norvegica) did not induce domoic acid production, we can conclude that the 
induction of domoic acid appears to be regulated to a reliable threat - this is in line with the 
inducible defence theory (Tollrian & Harvell, 1999). The high predation risk from herbivorous 
copepods elicits an induced response as seen in the rest of the papers in this thesis. 

 
Figure 8. Development of cellular content of domoic acid over time in experiment with different 
copepods. The responding cells, where toxin content is monitored, are separated from the copepods 
by a 5 μm mesh. In addition to the known copepodamides G, H, and D, we also detected low amounts 
of an additional copepodamide with m/z 686. Letters denote statistically homogeneous subsets. Each 
symbol represents the mean ± standard deviation. 

Paper III- Predatory cues drive colony size reduction in marine diatoms 
Selander et al., (2019) showed that copepodamides caused Skeletonema marinoi to reduce 
their chain length. To investigate if copepodamides cause chain length shortening in other 
taxa we exposed a further three species (Figure 9) to copepodamides and performed a grazing 
experiment with short and long chains. Size selective feeding is common in the pelagic 
ecosystem and reducing chain length, is thought to be a defensive mechanism to reduce the 
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encounter rate with predators (Selander et al., 2011). Our results show that more species of 
chain-forming diatoms respond to copepodamides than what was previously known, and 
suggests that chain length shortening may be a general response in chain forming diatoms. In 
the copepodamide exposed experiment two of the three species significantly reduced their 
average chain length compared to their respective controls. T. rotula decreased by 79% in the 
5nM treatment compared to the control and 64% in the 1nM when compared to the control. 
C. curvisetus reduced in chain length by 49% in the 5nM and 28% in the 1nM. C. affinis 
increased its chain length by 12% in 5nM and 42% in 1nM (Figure 10). To expand this 
experiment further we coupled these results with a grazing experiment to confirm whether 
grazing pressure is reduced on shorter colonies. This experiment was performed using an 
equal mixture of short chains (grown with copepodamides) and long chains (grown without 
copepodamides). 
 

 
Figure 9. Chain- forming diatoms (a) Thalassiosira rotula, (b) Chaetoceros curvisetus, and (c) 
Chaetoceros affinis. Photos: Ann- Turi Skjevik, SMHI 

 
Figure 10. Boxplots showing chain length of three species of chain- forming diatoms (T. rotula, C. 
curvisetus, and C. affinis) after 48 hr of exposure to one of three treatments (control, 1 nM, or 5 nM 
of added copepodamides). In total, 500 observations of chain lengths were made per species and 
treatment (5 replicates of 100 observations). Solid line inside the box signifies the median, box 
contains the lower and upper quartile ranges, and dots represent outliers. 
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The clearance rates confirm, along with the copepodamide experiment, that grazing is 
reduced on shorter chains (Figure 10). We expected this would result in a larger quantity of 
short chains left after the experimental period. Longer T. rotula chains are cleared at higher 
rates than shorter chains or single cells, with a continuous increase in clearance rate above 
an ESD (equivalent spherical diameter) of approx. 26µm, whilst the smaller particles are not 
cleared at all (Figure 11a). ESD is used because the diatoms used are not completely spherical. 
C. curvisetus is a smaller species than T. rotula so if we look in the smaller range of ESD we 
see the larger particles are swept clear (above 12µm) and that smaller particles have a 
negative clearance rate. This negative clearance rate means there was a higher number of 
particles in this size class at the end of the experiment compared to the start. This is likely a 
result of copepods not feeding on this size class and maybe stimulating growth at the same 
time or further fragmentation of longer chains into shorter units (Figure 11b). C. affinis on the 
other hand was the only species which didn’t have a reduction in chain length from the 
copepodamide experiment, if anything there was a slight increase in chain length with the 
copepodamide treatment (Figure 11c). Interestingly this coincides with the clearance rate for 
C. affinis not indicating any size selective feeding (Figure 11c). This suggests that C. affinis 
probably depend more on its spines as a protection from predators (Figure 9c).  
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Figure 11. Copepod clearance rates and size distribution of (a) T. rotula, (b) C. curvisetus, and (c) C. 
affinis, plotted against prey sizes (equivalent spherical diameter). Solid black line displays the mean 
clearance rate, calculated as volume swept clear per hour per individual copepod (mL h−1 ind−1) for 
each size class, from four replicates with standard error shaded in grey. The black dashed line 
represents neutral effect of copepods, that is, no grazing. Green and blue lines display the size 
distribution (biovolume) of particles from grazed cultures and non- grazed cultures (control) at the 
end of the experiment. 



 
 
 

17 

Paper IV- Species specific responses to grazer cues and acidification in phytoplankton – 
winners and losers in a changing world 
In paper III we saw a chain length reduction in T. rotula and C. curvisetus. Here we test further 
to see if copepodamides and their induction capabilities are affected by ocean acidification. 
We determine that copepodamides will be robust chemical cues in future pCO2 after exposing 
four chain forming diatoms and a dinoflagellate Alexandrium minutum to elevated pCO2. 
Growth rates were lower in all species when exposed to copepodamides (Figure 12) although 
only significant in T. rotula, C. affinis and A. minutum (p < 0.05), again suggesting that 
defensive phenotypes are associated with an allocation cost. Elevated pCO2 increased growth 
for S. marinoi and A. minutum suggesting that future pCO2 levels may favour these blooms. In 
terms of the defensive traits, chain length in four of the five diatoms decreased with 
copepodamides, this is consistent with previous findings in paper III and Selander et al., 
(2019). Silica was 30% less in cells exposed to elevate pCO2 for Skeletonema marinoi. Toxin 
content in A. minutum was lower in elevated pCO2 treatments (p = 0.005). The highest toxin 
content was found in the “ambient pCO2 x copepodamide” treatment and the lowest toxin 
content was measured in the “elevated pCO2” treatment (46 % lower). 
 
 

 
Figure 12. Box plot showing the specific growth rates (day−1) for T. rotula, C. curvisetus, C. affinis, S. 
marinoi and A. minutum after 48 hours of exposure to one of four treatments (“ambient pCO2”, 
“ambient pCO2 x copepodamide”, “elevated pCO2“ or “elevated pCO2 x copepodamide”). Solid line 
inside the box signifies the median, and box signifies the lower and upper quartile ranges; letters 
denote significance (p < 0.05), n=6. 
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Paper V- Direct and indirect effects of copepod grazers on community structure 
One of the main findings in this paper was that by exposing intact communities to indirect 
cues from copepodamides, we were able to simulate a similar effect on community structure 
and size distribution, as seen with direct grazing. Both indirect cues and direct grazing 
stimulated growth in smaller size classes i.e., 10-15µm. This is partly due to the copepods 
being size selective grazers and also that the copepodamides may induce colonies to break 
up. 
 
In the summer oligotrophic conditions, the chlorophyll reduced by 18% in the copepod 
treatment compared to the controls, thereby indicating significant grazing (p < 0.05). We also 
saw a trend towards lower primary production in the grazed treatments, although this was 
not significant. The grazed treatments also showed a significant lower concentration (p < 
0.05) of dimethylsulfoniopropionate (DMSP), which is an osmolyte in many phytoplankton 
and the precursor for dimethyl sulfide.  
 

 
Figure 13. Details of summer experiment. Chlorophyll (A) was significantly lower in the grazed 
treatments independent of nutrient additions. The blue horizontal line indicates start concentration. 
(B) Primary production largely mirrors the chlorophyll content but with a tendency of higher 
production in fertilized experiments. (C) The bacterial counts were significantly higher in fertilized 
treatments, and particularly for the grazed fertilized treatment. (D) Bacterial production (nmol 
thymidine incorporation) was more variable and not significantly different between treatments even 
though both copepod and copepodamide treatments show an increasing trend. (D) 
Dimethylsulfoniopropionate (DMSP) largely follow the chlorophyll levels with lower concentrations in 
grazed treatments. Copepodamide concentrations measured at the end of the experiment (E) are 
significantly elevated in both copepod and copepodamide treatments, and highest in the 



 
 
 

19 

copepodamide treatments. Filled circles denote raw data, red box the 95% confidence interval and 
blue boxes the standard deviation, n=5. 

 
The summer experiment was more extensively studied compared to the spring bloom 
experiment the following year. The spring bloom community was dominated by a 
Pseudochattonella sp, blooms of Pseudochattonella are becoming increasing frequent and 
have been linked to mortality of both farmed and wild fish. In the copepod and copepodamide 
treatments the Pseudochattonella cells shrunk; this has been previously observed in some 
diatoms and dinoflagellates. Copepods typically clear larger particles as a higher rate as seen 
in paper III, as the encounter rate is much higher. Other suggestions for shrinking involve 
concentrating their defensive metabolites in a smaller cell this means for diatoms that 
increase in silica then a smaller cell may allow for a thicker frustule. 
 
Both experiments used metabarcoding to investigate the eukaryote and prokaryote 
communities; the treatments with nutrients revealed a fertilizing effect which dampens the 
response to copepods or copepodamides. In the non-nutrient treatments, we see a change 
in composition in copepod and copepodamide treatments compared to the control. The 
copepod and copepodamide treatments overlap indicating that direct grazing and indirect 
grazing impact community composition in the same way (Figure 14). Overall, there is a clear 
grazing effect in copepod treatments, metabarcoding reveals similar structuring effects of 
both grazing and copepodamides, but the copepodamide induced communities were 
functionally redundant. 

 
Figure 14. Multidimensional scaling of metabarcoding prokaryotes from spring bloom communities 
after exposure to either copepods (green), copepodamides (blue) or control (red). Each point 
represents one incubation bottle n=5. Copepodamides and copepod treatments show an overlapping 
effect on prokaryote composition.  
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Conclusions and future perspectives  
This thesis shows that copepodamides function as general alarm signals in marine 
phytoplankton. Copepodamides induce a range of defensive traits in phytoplankton, such as 
increased toxin production in Alexandrium minutum (paper IV) and Pseudo-Nitzschia (paper 
II), size reduction in chain forming diatoms (papers III & IV) and increased light intensity in 
bioluminescent dinoflagellates (paper I). Depending on the nature of the induced traits, this 
signaling system can have far reaching consequences in marine food webs. Induced toxin 
production may for example facilitate harmful algal bloom (HAB) formation, which can result 
in the accumulation of paralytic and amnesic shellfish toxins in shellfish. Smaller colonies, 
shorter chains and smaller cells are less likely to form fast sinking aggregates, resulting in a 
slower vertical flux of carbon, and reducing the proportion of carbon that reach the ocean 
interior and benthic habitats. In contrast, increased silification seen in some diatoms may lead 
to amplified ballasting and hence faster sinking rates. 
 
Throughout this thesis there is an overall trend of a reduction in phytoplankton growth with 
copepodamide exposure, suggesting an associated cost as resources get allocated to 
defensive traits. Trade-offs between costs and benefits are often difficult to assess in 
microbial systems. Copepodamides present an opportunity to experimentally induce 
defensive traits chemically, without the presence of active grazers. This provides an efficient 
tool to rigorously assess costs and benefits of defensive traits (Ryderheim et al., 2021).  
 
Although microscopic in nature, chemical signals from zooplankton can have large and long-
lasting consequences in the marine food web. The trophic cascades seen from indirect effects 
of predation often equal or exceed the impacts from direct effects of predation. (Peacor & 
Werner 2001, Trussell et al., 2004, Long et al., 2007). Studies of indirect effects from chemical 
signalling have mainly taken place in terrestrial and freshwater systems, yet little is still known 
how chemical signals function in marine environments. By understanding these small-scale 
interactions and indirect effects we can begin to puzzle together how they may impact larger 
processes such as biogeochemical cycling, trophic dynamics, and ecosystem services. 
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