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Abstract
The oceans are important regulators of the Earth’s climate system by sequestering carbon from the atmosphere taken up by
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novel implementations of DNA metabarcoding. Study I shows that DNA metabarcoding of zooplankton sampled in their
natural environment reveals a broader and more complex diet than zooplankton in classic grazing observations. We also
show that differential feeding strategies facilitate species coexistence and that the zooplankton diet is largely dependent
on prey availability. The approach was extended in Study II, where we include the smaller fraction of zooplankton that
is often overseen in food web studies to broaden the perspective of functional diversity in pelagic food webs. We show
that different populations have unique functions in channeling the primary production of different sources and especially
highlight the role of filter-feeders in making detrital nutrients available for other organisms in the food web. In Study
III, we shifted focus to trophic links between zooplankton and fish by comparing niche overlap between the three main
planktivorous fish in the Baltic Sea - stickleback, sprat, and herring. The results from the three first studies were finally used
to calculate selectivity indices between each predator and prey. This information was implemented in Study IV in a network
model quantifying fluxes of energy through the food web. The model revealed cyanobacteria as the primary contributor
to secondary production in the Baltic Sea food web and that the spring bloom of diatoms and dinoflagellates remains
largely unutilized by the zooplankton. This is the first time DNA metabarcoding is used to compare niche differences of
several zooplankton species in a pelagic guild and to quantify fluxes in a food web model. The thesis refines our knowledge
of pelagic community and food web structure, and the framework presented here is a suitable entry point for food web
modeling in other ecosystems.
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SAMMANFATTNING 

Världshaven som täcker 71% av jordens yta är en förutsättning för liv 
på planeten och utgör en födokälla för en stor del av mänskligheten. 
Haven är också en viktig aktör i klimatförändringarna då det fungerar 
som en primär lagringsplats för kol i biosfären. Små djurplankton, växt-
plankton och encelliga protozoer i den fria vattenmassan utgör nyckeln 
i det ekosystem som styr viktiga globala processer. Födovävens struktur 
är avgörande både för mängden fisk som havet klarar av att föda upp, 
men även för mängden kol som havet kan absorbera. Begränsad kun-
skap om vem som äter vem i havets mikroskopiska födovävar gör det 
svårt att förutse hur ekosystem i havet kommer att påverkas av globala 
miljöförändringar. I den här avhandlingen utforskar vi möjligheterna att 
använda genetiska markörer (DNA metabarcoding) för att studera fö-
dointeraktioner mellan växtplankton, djurplankton och fisk i det pela-
giska ekosystemet. Vi använder oss av Östersjön som modellsystem, ett 
hav som det senaste seklet utsats för flera mänskliga störningar med stor 
påverkan på födoväven. 

I Studie I visar vi att de genetiska markörerna kan identifiera ett bre-
dare födoval hos djurplankton jämfört med klassiska bytesobservat-
ioner. Våra resultat påvisar även att olika arter av hoppkräftor och hinn-
kräftor uppvisar olika födoval som är beroende på tillgång på växt-
plankton och skiljer sig mellan vår- och sommarblomningen. 

Undersökningen utvidgades i Studie II till att även inkludera mindre 
djurplankton (hjuldjur och encelliga ciliater) som mycket sällan inklu-
derats i näringsvävsstudier. Vi belyser att olika arter av djurplankton 
fyller olika funktioner för transport av energi och näringsämnen i 
födoväven, och särskilt hur filtrerande organismer tar till vara på ned-
brutet organiskt material och gör det tillgängligt även för andra arter. 
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I Studie III visar vi att tre dominerande arter av planktonätande fisk 
i Östersjön (strömming, skarpsill och storspigg) föredrar olika djur-
plankton och särskilt att små, ofta negligerade djurplankton utgör en 
viktig resurs för dessa fiskar. 

Den genetiska data insamlad i dessa tre studier användes för att be-
räkna selktivitetsindex för de olika födointeraktionerna. Informationen 
sammanfogades i Studie IV till en nätverksmodell som kvantifierar flö-
den av energi igenom födoväven. Med hjälp av modellen visar vi att 
cyanobakterier utgör den största tillgången på energi i Östersjöns nä-
ringskedja medan vårens blomning av kiselalger och dinoflagellater 
förblir till stor del outnyttjad av djurplanktonen. 

Detta är den första gången som genetiska markörer används för att 
undersöka födoval hos flera arter på flera trofiska nivåer i den pelagiska 
näringsväven. Det är också den första gången som genetiska markörer 
har används för att beräkna energiflöden i en födoväv. Resultaten för-
ändrar vårt sätt att beskriva processer i den den pelagiska födoväven, 
och det ramverk som presenteras här kan även användas för att studera 
andra födovävar i liknande ekosystem. 
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ABSTRACT 

The oceans are essential regulators of the Earth’s climate system by se-
questering carbon from the atmosphere taken up by primary producers. 
Zooplankton, including protozoans and metazoans of different phyla 
and size classes, occupies several trophic niches and regulates energy 
flow between primary producers and fish. The structural configuration 
of the food web determines the rates at which primary production is 
either enriched to sustain organisms at higher trophic levels or exported 
to the ocean floor. However, limited knowledge about plankton inter-
actions causes uncertainty of how the oceans will respond to climate 
changes. Here, we present a framework for studying and modeling pe-
lagic food webs using novel implementations of DNA metabarcoding. 

In Study I, we show that DNA metabarcoding of zooplankton sam-
pled in their natural environment reveals a broader and more complex 
diet than zooplankton in classic grazing observations. We also show 
that differential feeding strategies facilitate species coexistence and that 
the zooplankton diet is largely dependent on prey availability. 

The approach was extended in Study II, where we include the 
smaller fraction of zooplankton that is often overseen in food web stud-
ies to broaden the perspective of functional diversity in pelagic food 
webs. We show that different populations have unique functions in 
channeling the primary production of different sources and highlight 
the role of filter-feeders in making detrital nutrients available for other 
organisms in the food web. 

In Study III, we shifted focus to trophic links between zooplankton 
and fish by comparing niche overlap between the three main planktiv-
orous fish in the Baltic Sea - stickleback, sprat, and herring. 

The results from the three first studies were finally used to calculate 
selectivity indices between each predator and prey. This information 
was implemented in Study IV in a network model quantifying fluxes 
of energy through the food web. The model revealed cyanobacteria as 
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the primary contributor to secondary production in the Baltic Sea food 
web and that the spring bloom of diatoms and dinoflagellates remains 
largely unutilized by the zooplankton. 

This is the first time DNA metabarcoding is being used to compare 
niche differences of several zooplankton species in a pelagic guild and 
to quantify fluxes of energy in a food web model. These results refine 
our knowledge of pelagic community structure and food web function-
ing, and the framework presented here is a suitable entry point for food 
web investigations in other ecosystems. 
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INTRODUCTION 

Covering around 71% of Earths’ surface, the oceans form the precon-
ditions for all life on the planet. Besides providing a primary food 
source for a big part of the human population, oceans make up the basis 
for the climate system and the biosphere by acting as primary drivers of 
several global elemental cycles, including carbon, nitrogen, and oxygen 
(IPCC 2014). Microorganisms in the oceans carry out roughly half of 
the Earth’s primary production, with crucial implications for life and 
climate (Field et al. 1998; Falkowski and Raven 2007). This primary 
production passes through a complex network of consumers, including 
protists, bacteria, and metazoan zooplankton (Calbet and Landry 2004; 
Mitra and Davis 2010)(Box 1). The configuration of interactions in the 
food web determines the rates in which primary production is either 
being enriched to sustain organisms at higher trophic levels (Cushing 
1990), respired back to the atmosphere, or exported to the ocean floor 
where it may ultimately sediment and be removed from the biosphere 
(Steinberg and Landry 2017). To predict how the oceans’ response to 
climate changes will affect these biogeochemical processes, we need a 
mechanistic understanding of how the oceans’ primary producers and 
consumers interact (Bindoff et al. 2019). However, limited knowledge 
about plankton interactions has caused many models to underestimate 
the functional diversity in pelagic food webs (Mitra et al. 2014; Heneg-
han et al. 2016). Consequently, there is significant uncertainty of how 
the oceans will respond to climate changes (IPCC 2014). The overall 
aim of this thesis is to present a new framework for how plankton food 
webs can be investigated, described, and modeled, combining tradi-
tional microscopic analysis, molecular methods, and network models.  
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The evolving view of the pelagic food web 
Our view of marine food webs has evolved with increasing knowledge 
about the organisms inhabiting the sea. Marine ecosystems were for a 
long time described by a model that we today call “the classic food 
web” in which primary producers (phytoplankton) are consumed by 
herbivorous zooplankton that in its turn is consumed by planktivorous 
fish (Steele 1974)(fig. 1a). It took until the 1980s before this model also 
expanded to include the “microbial food web”, recognizing the produc-
tion of bacteria and heterotrophic protists and their link to crustacean 
zooplankton (fig. 1b). With the “microbial loop” (Azam et al. 1983), 
the food web models shifted from being linear chains of energy flow to 
circular networks where nutrients and organic carbon gets reincorpo-
rated into the food web through microbial production (fig. 1c). Con-
trasting the original view of the classic food web, as much as 70 % of 
the daily primary production can be consumed in the microbial food 
web (Calbet and Landry 2004; Cadotte et al. 2011). 
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The structure and configuration of the food web have consequences 
for food web productivity, respiration, and sequestration and are de-
pendent on both physical, chemical, and biological properties (Sommer 
and Stibor 2002). High nutrient availability in temperate systems with 
water column mixing tends to favor large-sized phytoplankton, such as 
diatoms (fig. 1a). As these phytoplankton can be grazed directly by co-
pepods, a short classic food chain is promoted where few trophic levels 
lead to high trophic efficiency. Warmer temperatures increase surface 
stratification, with reduced nutrient availability as a consequence, fa-
vors small picophytoplankton cells (fig. 1b). These small-sized primary 
producers stimulate the microbial food web, but by introducing addi-
tional trophic levels between primary production and fish, a bigger part 
of the energy is respired, leading to less food web efficiency with lower 
fish production as a consequence (Schmidt et al. 2020). In eutrophic 
ecosystems where phosphorous is not a limiting factor, nitrogen-fixing 
cyanobacteria are favored by increased temperature during summer sea-
sons that have reduced nitrogen availability (fig. 1c) (Paerl and Hu-
isman 2008). While cyanobacteria are often considered unpalatable for 
copepods and therefore unutilized (Engström et al. 2000), the leaking 
of nutrients and carbon from cyanobacteria is assumed to stimulate the 
microbial loop (Ploug et al. 2010; Karlson et al. 2015). Also, this food 
web configuration yields lower ecosystem productivity than the classic 
food web because the dominating phytoplankton are not directly incor-
porated into primary consumers. 

While the food webs above describe interactions between predators 
and prey, all organisms have several additional functions in the food 
web (Steinberg and Landry 2017). Zooplankton feeding causes preda-
tion pressure on the prey population and contributes to a pool of partic-
ulate organic matter, dissolved nutrients, and carbon through excretion, 
egestion, inefficient feeding (sloppy feeding), and molding (fig. 2a). 
These activities give rise to an alternative detrital food web that sup-
ports microbial production. To be able to model fluxes of energy and 
nutrients in marine food webs, this variety of mechanisms can be taken 
into account by creating networks where each node is not simply a 
source for predators but also a contributor to the detrital food web (fig. 
2b)(D’Alelio et al. 2016). As such, energy flow through the pelagic 
food web is influenced by several organisms with diverse ecosystem 
functions.  
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Functional diversity of primary producers and consumers are important 
for food webs to remain stable and productive, even during large 
changes in physical and chemical conditions (D’Alelio et al. 2016). 
Theoretically, the entire functional diversity of an ecosystem is the sum 
of variation in temporal abundance, feeding traits, size, phenotypic 
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plasticity, growth rate, and predation resistance (Petchey and Gaston 
2006). For example, the rotifer phylum contains members with various 
feeding behaviors, including filter-feeders (Pourriot 1977), selective 
feeders(Bogdan et al. 1980; Bogdan and Gilbert 1982; Gilbert and Jack 
1993), and in some cases even carnivores (Gilbert 1980). Copepods and 
cladocerans can perform different feeding strategies including, feeding-
current and ambush feeding (Kiørboe 2011). While feeding traits for 
copepods are sometimes considered in modeling studies (Serra-Pompei 
et al. 2020) smaller-sized species, such as rotifers, are often considered 
unselective filter feeders, although the rotifer phylum contains 
members of different size classes and feeding behaviors (Pourriot 1977; 
Bogdan and Gilbert 1987). Consequently, the functional diversity in 
plankton food webs is often underestimated (Mitra et al. 2014). 

Complex food webs can be illustrated with network models, where 
each population represents a node and interactions are represented by 
links (fig. 3A). Modern network theory describes that increased 
functional diversity increases the network complexity, which can be 
strongly related to ecosystem stability (Cadotte et al. 2011). While the 
presence or absence of links in a food web model can give an idea of 
ecosystem stability and vulnerability, quantifying fluxes of carbon or 
energy through the network allows for more direct conclusions about 
ecosystem functions (Barnes et al. 2018). Based on metabolic energy 
demand of each population in the food web estimated from body size 
and metabolic rates relationships (Brown et al. 2004), modern ecosys-
tem models infer energy fluxes by assuming a balanced system where 
energy gains from feeding always equals energy losses from metabo-
lism and predation (fig. 3b)(Christensen and Pauly 1992; Gauzens et al. 
2019). 

To accurately scale fluxes between predators and prey, detailed 
knowledge about the trophic interactions is required and, more specifi-
cally, the prey preferences of each zooplankton taxa. Methods to assess 
prey preferences traditionally include grazing experiments (Landry and 
Hassett 1982) with biogeochemical tracers (Post 2002). While these 
studies are often labor-intensive, it is not a realistic option to calculate 
prey preference for each interaction in a food web. As an alternative, 
several models are based on allometric relations (Barnes et al. 2010), 
where the size ratio between predator and prey is typically 1:10 (Hansen 
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et al. 1994). At the same time, we know that organisms of similar size 
may have different functional traits (Study II), and therefore unlikely 
to share the same diet. Studies based only on size or broad taxonomic 
groups risk underestimating the functional diversity of marine pelagic 
food webs (Mitra et al. 2014; Heneghan et al. 2016). 
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Human induced perturbations - the Baltic Sea case 
Global warming is expected to give rise to several perturbations of 
coastal ecosystems that include some of the most productive marine ar-
eas in the world. An increased sea surface temperature causes a shift in 
community composition of primary producers towards larger filamen-
tous cyanobacteria or dinoflagellates (Paerl and Huisman 2008; Cloern 
et al. 2016; Schmidt et al. 2020). At the same time, higher temperatures 
result in an extended period without water column mixing, leading to 
deoxygenated deep waters with hypoxic bottoms as a consequence 
(Carstensen et al. 2014). 

The Baltic Sea is an example of such an ecosystem, and while host-
ing 85 million inhabitants from 10 industrialized countries in its catch-
ment area, the region already experiences levels of perturbations pre-
dicted for other coastal seas in the future (Reusch et al. 2018). A histor-
ically high inflow of nutrients from land (Fleming-Lehtinen et al. 2008) 
resulting in massive blooms of filamentous cyanobacteria, little water 
column mixing due to the strong halocline and extensive fishing, the 
pelagic food web has experienced human-induced shifts throughout the 
century, both from the bottom and from the top of the food web (Öster-
blom et al. 2007). However, the combination of low biodiversity (Elm-
gren and Hill 1997) and intensive monitoring makes the Baltic Sea one 
of the best explored systems in the world. In combination with these 
perturbations, it is the ultimate model system for studying pelagic food 
web dynamics. 

Several perturbations have altered the food web structure in the Bal-
tic Sea throughout the past century. Due to reduced predation from seals 
and increased eutrophication, the population of the Atlantic cod (Gadus 
morhua), which is the main piscivorous predator in the pelagic Baltic 
Sea, increased throughout the 1900s (Österblom et al. 2007). The pop-
ulation reached its maximum in the late 1980s when increased fishing 
pressure combined with the negative effects of eutrophication and hy-
poxia caught up. From the 1990s, the cod population has been critically 
low, resulting in an ecosystem dominated by the zooplanktivorous fish, 
European sprat (Sprattus sprattus), and to some extent, Atlantic herring 
(Clupea harengus). This top-down effect has caused a trophic cascade, 
as low predation pressure on sprat and herring has caused competition 
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for food resources (Möllmann et al. 2004), resulting in a decreased zo-
oplankton population with increased phytoplankton blooms as a conse-
quence (Casini et al. 2008). Reduced predation on phytoplankton, to-
gether with increased eutrophication and decreased water column mix-
ing, led to the rapid spread of anoxic dead bottom zones observed in the 
Baltic Sea during the past 100 years (Conley et al. 2009; Carstensen et 
al. 2014). As hypoxia has a fatal influence on cod recruitment (Köster 
et al. 2005), this mechanism creates a “positive feedback loop” that en-
forces the regime shift. 

Noticeably, the trophic cascade and positive feedback loop described 
here builds purely on the classic food web concept, as pictured before 
the 1970s, and does not consider the trophic diversity of zooplankton, 
nor the microbial loop, and assumes direct incorporation of phytoplank-
ton. Contrasting this view, the trophic links between primary producers 
and zooplankton in the Baltic Sea remain controversial. The spring 
bloom of diatoms and dinoflagellates is temporally decoupled from the 
growth peaks of most zooplankton species. In addition, filamentous cy-
anobacteria that form blooms during the summer months are often con-
sidered unpalatable for copepods (Engström et al. 2000), leaving the 
main link between primary producers and primary consumers partially 
unresolved. 
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Aims of this thesis 
With increasing knowledge about planetary systems, we have become 
more aware of the vulnerability of the biosphere. However, due to a 
lack of detailed knowledge of interactions in marine food webs, it is still 
uncertain how marine ecosystems will react to global changes. The 
overall aim of this thesis is to study food web interactions taking the 
entire prey spectrum into account, and find new ways to describe and 
model pelagic food webs. By focusing on the hypothesis linked to food 
web processes in the Baltic Sea, we aimed to improve our understand-
ing of energy and carbon uptake by zooplankton organisms and transfer 
to fish. To accomplish this goal, we optimized DNA metabarcoding as 
a tool for detecting food web interactions and used this knowledge to 
build network models that incorporate the diversity of interactions 
within the plankton community. 

In Study I, we aimed to identify plankton food web interactions by 
the use of DNA metabarcoding. By implementing 18S and 16S rRNA 
gene sequencing of copepods and cladocerans and their associated prey, 
we present the diversity of feeding interactions with high taxonomic 
resolution and how the interactions alter with a varying prey community 
over the seasons. 

The metabarcoding approach is extended in Study II, where we in-
clude the smaller size fraction of zooplankton that is often overseen in 
food web studies to broaden the perspective of functional diversity in 
pelagic food webs. In this study, we adopted a comparative approach to 
be able to directly target trophic niche diversity and differences in the 
function of the full zooplankton spectrum from protists to crustaceans. 

In Study III, we shifted focus to trophic links between zooplankton 
and fish by comparing niche overlaps and prey diversity of the three 
main planktivorous fish in the Baltic Sea - stickleback, sprat, and her-
ring. 

Study I-III was implemented in Study IV, with the aim to quantify 
the interactions in the plankton food web using a flux balanced network 
model. We describe how selectivity index can be used to link DNA 
metabarcoding with quantitative food web modeling, unaffected by the 
most common biases associated with DNA metabarcoding. 
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COMMENTS ON THE METHODS 

To link diversity with ecosystem functions in complex food webs, the 
importance of estimating fluxes of energy and carbon is becoming more 
and more evident (Barnes et al. 2018). Due to a lack of empirical 
knowledge, constructing food webs and quantifying interaction strength 
remain key limiting factors in food web studies (Woodward et al. 2005; 
Brose et al. 2006; Boyce et al. 2015). Diet analysis using DNA metabar-
coding (i.e., taxonomic identification of natural communities and high 
throughput sequencing standardized gene regions) (Box 2) is increas-
ingly being used to detect trophic interactions in a variety of ecosystems 
(Pompanon et al. 2012; Lamb et al. 2019) and has become an important 
tool to investigate pelagic food webs (Craig et al. 2014; Ray et al. 2016; 
Yi et al. 2017). 
DNA metabarcoding is a non a priori method that can be applied in 
natural samples without the need for inductive experiments. The bio-
logical material required is low, and the taxonomic resolution is high 
compared to alternative methods, such as stable isotopes (Post 2002). 
However, DNA metabarcoding gives only a snapshot of the diet at the 
time of sampling and does not show the integrated trophic position in 
the same way as stable isotopes do. Furthermore, several methodologi-
cal obstacles remain, and there is no clear consensus for how the results 
should be interpreted, thereby constraining the use of metabarcoding in 
quantitative network analyses (Thomas et al. 2016; Deagle et al. 2019; 
Lamb et al. 2019). We approached several obstacles in method design 
throughout this thesis project related to sample sorting, primer design, 
database biases, and quantification. This chapter will discuss how these 
obstacles were handled throughout the studies and describe how DNA 
metabarcoding can be used to infer selectivity indices in quantitative 
food webs. 
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Plankton sorting and laser microdissection 
A key characteristic that challenges the study of the pelagic food web 
is the large size span, where differences between primary consumers 
and fish can range many orders of magnitude. While protists can be as 
small as 10 µm (0.01 mm), crustacean zooplankton ranges between 0.5-
5 mm. DNA metabarcoding has no principal size limitation, but han-
dling very small samples is difficult. The optimal approach for dietary 
studies is to sample only the content of the predator’s stomachs, as we 
describe for planktivorous fish in Study III. For copepods, cladocerans, 
and rotifers smaller than 1 mm, gut dissection may not be possible, and 
here, as described in Study I and II, it may be more suitable to remove 
appendages combined with a bleach bath in order to degrade DNA at-
tached to the predators surface. This method comes with the risk of 
masking the prey by predator DNA, something that is further discussed 
in the next section. 

In Study II, we describe how laser microdissection with pressure 
catapulting can be used to select microzooplankton with a size consid-
erably smaller than 100 µm, using Helicostomella as an example. The 
method was originally designed to study specific gene expression pro-
files of histological samples in medicine. The method described in 
Study II opens up a broad spectrum of applications studying physical 
associations at tiny scales, such as bacterial associations with phyto-
plankton colonies or endosymbiosis evolution. 
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Universal primers with predator exclusion 
The choice and design of PCR primers is an essential part of the DNA 
metabarcoding approach, and several researchers have pointed out the 
need for standardization in order to make results more comparable 
(Pompanon et al. 2012; Steinke 2017; Lamb et al. 2019). However, a 
single standardized method is difficult to achieve, given that PCR pro-
tocols serve different purposes. While studies of fish gut content use the 
mitochondrial gene coding for Cytochrome Oxidase I (COI), this gene 
is not conserved enough to cover the enormous diversity of potential 
zooplankton prey. In this case, the genes coding for ribosomal RNA 
(16S and 18S rRNA) are more suitable. One problem using conserved 
genes is that they may amplify predators and prey alike. 

This is the case for copepods that are too small to be dissected but 
have a high 18S gene copy number per consumer tissue unit, which 
causes an overrepresentation of the copepods in the read abundances. 
In order to be able to detect prey at all, the amplification of predator 
DNA needs to be depressed. A commonly used application is to include 
a blocking primer in the PCR reaction, designed to exclusively bind to 
predator DNA and block amplification (Vestheim and Jarman 2008). 
After several comparisons during method optimization (data not in-
cluded), we included a peptide nucleic acid, with an amino acid (lysine)
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attachment at the forward end, to block polymerase elongation for co-
pepods (Study I and II) as suggested by others (Ho et al. 2017; Yi et 
al. 2017) (fig. 6). However, the blocking effect was marginal, and up to 
99% of amplified 18S sequences originated from the predator. 

In the more recent studies (data included in Study IV), we designed 
a nested PCR reaction instead of a blocking primer and got up to 50 % 
amplification blocking of copepod host DNA (Serandour et al. in prep). 
By adding an initial PCR step, pre-amplifying an extended region with 
copepod excluding primers prior to the universal PCR, it was possible 
to depress the copepod dominance (fig. 6). The nested PCR gives more 
possibilities for specific and customized primer design compared to the 
blocking primer, which is limited to the boundaries of the barcode re-
gion (Serandour et al.  In prep). 

Taxonomic reference library 
A basal prerequisite for DNA metabarcoding is a well-curated taxo-
nomic reference library that contains the targeted sequences and their 
taxonomic affiliation. Throughout Study I-III, we used the Protist Ri-
bosomal Reference database (PR2) (Guillou et al. 2013) for taxonomic 
assignment of 18S sequences and a combination of the SILVA database 
(Pruesse et al. 2007) with PhytoREF (Decelle et al. 2015) for 16S se-
quences to catch both nuclear genes of prokaryotes and plastid rRNA 
genes for eukaryote phytoplankton. We have partially used taxonomic 
identification as a way to infer ecosystem functions, given that there is 
already an extensive knowledge base about many of the potential prey 
species. This may seem trivial, but when comparing the PhytoREF da-
tabase, we often find inconsistencies with the Swedish national taxon-
omy database (Dyntaxa 2020). This potential source of bias needs to be 
considered when interpreting the data (Study II). 

Taxonomic positioning is especially challenging for eukaryote phy-
toplankton where identification is based on endosymbiotic plastids 
since the plastid endosymbiont often has a different evolutionary his-
tory compared to the nuclear genome of the phytoplankton host (Kee-
ling 2010; Chan et al. 2011). During method optimization of Study I 
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and II, we discovered that 16S sequences extracted from a phototrophic 
dinoflagellate were identified as a pennate diatom of the order Thalas-
siosirales, while 18S sequences were identified as Peridiniales, suggest-
ing that the dinoflagellate carries a plastid with phototrophic origin 
(data not shown). The observation is supported by several previous 
studies (Withers et al. 1977; Chesnick et al. 1997; Horiguchi and 
Takano 2006; Takano et al. 2008) but highlights the importance of in-
vestigating the consistency between databases. To overcome several 
problems related to the reference database, we suggest for future studies 
to sequence a selection of ecologically important prey species from the 
given study system to become confident about their taxonomic position 
in the reference database. 

Quantitative food webs from DNA read abundance data 
Despite the limitations described above, metabarcoding has proven to 
be a useful tool to predict and define unknown links in ecological eco-
system models, and is already implemented in several food web studies 
(Roslin and Majaneva 2016; Evans et al. 2016). However, sequence 
read abundances (the quantitative measurement from the assay) are of-
ten described as poorly related to biomasses (Lamb et al. 2019). This 
weak quantitative relationship constrains the interpretation of data re-
trieved from metabarcoding to binary network analyses (presence or 
absence of trophic interaction). Frequency of occurrence is sometimes 
proposed as an alternative to read abundances for weighting food webs, 
but lacks the linearity between biomass and frequencies (Deagle et al. 
2019), making the approach less suitable for calculating feeding pro-
portions in models that aim to estimate fluxes of energy and matter. 

When inventorying potential sources of biases in read abundances 
(Pompanon et al. 2012; Lamb et al. 2019), we found that most of these 
biases can be linked either with the identity of the prey species or the 
identity of the sample library. Biases associated with sample or library 
come from the differences in sample sizes, extraction efficiency (Schie-
belhut et al. 2017), PCR performance (Juen and Traugott 2006), various 
steps of sample dilution, and the fact that samples are often pooled to 
an equal concentration before sequencing. Biases associated with prey 
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species identity originates from the ratio between tissue biomass and 
gene copy number (Pompanon et al. 2012), DNA recovery bias that de-
termines how much of the ingested DNA matter that can be recovered 
after sampling and DNA extraction (Arai et al. 2003) and amplification 
efficiency (Gonzalez et al. 2012).  

In Study IV, we propose a framework to bridge the gap between 
metabarcoding and quantitative energy flux models using standardized 
forage ratio (Chesson 1983) as selectivity index to calculate integration 
strength. This selectivity index is implemented in, for instance, ECO-
PATH (Christensen and Pauly 1992) and compares the abundance of 
prey in the gut with the abundance of prey in the water (fig. 7). Due to 
the comparative approach (prey observed in the gut compared to prey 
availability), the selectivity index is not sensitive to biases associated 
with neither sample identity nor prey species identity. We describe one 
possible network model implementation in Study IV, where the selec-
tivity index is combined with population biomass data and theory about 
metabolic scaling and energy demand (fig. 3 and 7). This is the first 
time DNA metabarcoding has been used to calculate fluxes in an eco-
system model. 
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RESULTS AND DISCUSSION 

In the four studies of this thesis, we demonstrate how DNA metabar-
coding can be implemented to study in situ trophic interactions in the 
pelagic food web. Metabarcoding has the potential to target a broad di-
versity of prey organisms (Study I) but also to be implemented on a 
variety of consumer organisms, from protozooplankton (Study II) to 
fish (Study III). With our approach, metabarcoding can be used to de-
tect and identify trophic interactions and quantify them (Study IV). The 
results have several fundamental implications for our understanding of 
pelagic food webs in general, and specifically, ecosystem functioning 
in the Baltic Sea. This implementation of DNA metabarcoding is the 
first set of studies that quantify several consumer-prey associations un-
der seasonal variation based on natural prey assemblages. 

Functional diversity and niche partitioning 
Two common approaches to plankton food web modeling are to use 
either taxa or size to predict ecosystem functions (Woodward et al. 
2005; Brose et al. 2006; Boyce et al. 2015). However, several aspects 
other than size and taxonomy, such as temporal and vertical distribution 
and feeding mechanisms, all contribute to the total diversity of func-
tional groups in the ecosystem. While prey preference may be influ-
enced by several of these factors, we can show in Study I and II that 
none of these factors isolated are enough to predict the prey composi-
tion of the zooplankton. 

Despite copepods' temporal coexistence and peak abundances in the 
Baltic Sea, we detected a clear niche partitioning between copepod gen-
era (Study I) (fig. 8). The diet overlap between copepods was high in 
spring when competition for food was low and increased during the 
summer when competition for food increased. While the copepods 
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Temora and Centropages were almost exclusively associated with pico-
cyanobacteria, chlorophytes, and other small unicellular phytoplankton, 
Acartia and the cladocerans Bosmina and Evadne were frequently as-
sociated with larger colony-forming phytoplankton, including filamen-
tous cyanobacteria, diatoms, and dinoflagellates (fig. 8). The partition-
ing may be facilitated by both differences in feeding mechanisms 
(Kiørboe 2011), and by differences in the vertical distribution (Renz 
and Hirche 2006; Schulz et al. 2012). For instance, Pseudocalanus, 
which extends deeper in the water column compared to the other cope-
pods (Renz and Hirche 2006) occupied its own nice and were associated 
with several unidentified taxa. The niche differentiation likely explains 
the coexistence of the diverse zooplankton species in the pelagic eco-
system (Study I). 
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The rotifer genera included in Study II differ in size, feeding strate-
gies, and seasonal abundance, although previously commonly referred 
to as filter feeders in Baltic Sea literature (Pourriot 1977; Motwani and 
Gorokhova 2013; Grinienė et al. 2016). While Keratella (150 µm) has 
a filter-feeding mechanism (Pourriot 1977; Bogdan and Gilbert 1982), 
Synchaeta  (350 µm) has a more complex feeding apparatus that can 
select and grasp prey of 50 μm in size (Bogdan et al. 1980; Gilbert and 
Jack 1993). The anatomic differences are reflected in the diet of the 
rotifers. Keratella is a main grazer of filamentous cyanobacteria during 
summer, but Synchaeta is very abundant in spring, being the most crit-
ical consumer of the phytoplankton spring bloom (Study II and IV).  

In Study I and II, we show that the collective differences in anat-
omy, temporal and spatial distribution make both size and taxa poor 
predictors of trophic niche identification (Fig. 9). The niche partitioning 
based on DNA metabarcoding reveals, for instance, that the copepod 
Pseudocalanus has little diet overlap with Temora, Centropages and 
Acartia had higher diet overlap with the cladoceran Bosmina and the 
rotifer S. baltica compared to its copepod relatives. Similarly, it is better 
to cluster the rotifer Synchaeta with selective copepods than with the 
relative Keratella, despite the significant differences in both phylogeny 
and size, a proposal made already earlier (Arndt 1993). However, our 
implementation of selectivity index based on DNA metabarcoding in 
food web models shows that niche partitioning can be done at the or-
ganism level, and as such, circumvent the need to cluster species into 
functional groups. 

Filter feeders in the detrital food web 
The phytoplankton community during the summer months is dominated 
by blooms of filamentous cyanobacteria, along with small picocyano-
bacteria (Kuosa 1991). The absence of nitrogen in the upper water lay-
ers due to stratification during summer (Granéli et al. 1990) favors the 
diazotrophic (nitrogen-fixing) species of filamentous cyanobacteria. 
Although several studies suggest little or no grazing on filamentous cy-
anobacteria by zooplankton (Loick-Wilde et al. 2012, 2019; Wannicke 
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et al. 2013), tracer studies show that amino acids from diazotrophic cy-
anobacteria support food web production (Motwani and Gorokhova 
2013; Karlson et al. 2015; Motwani et al. 2018). While leaking nitrogen 
compounds is suggested to be the primary pathway of cyanobacterial 
incorporation into the food web (Ploug et al. 2010, 2011), we suggest 
an alternative pathway. In Study I, II, and IV, we found that zooplank-
ton commonly attributed as filter feeders or detritivores (including, for 
instance, Helicostomella, Keratella, Bosmina, and Acartia) showed a 
surprisingly high prey preference for filamentous cyanobacteria. 

All processes of decay, including molding, sloppy feeding (Steinberg 
and Landry 2017), contribute to a pool of detritus that supports micro-
bial production in the detrital food web (D’Alelio et al. 2016). However, 
detritus includes several states of decay, including large dead body parts 
and dissolved nutrients (Moore et al. 2004), and primary producers can 
only access nutrients that are not bound in large particle complexes. The 
significance of detritivorous filter feeders was demonstrated in an ex-
periment by Arndt (1993), where the addition of a filtering rotifer en-
hanced the leaking of dissolved inorganic compounds from the prey, 
thereby supporting increased biomass of both bacteria and flagellates in 
the microbial food web. The consequences for the Baltic Sea food web 
is that filter feeders offer a pathway for enhancing cyanobacterial incor-
poration in the microbial loop, thereby supporting also zooplankton that 
does not feed directly on filamentous cyanobacteria (fig. 10). Although 
our results show the principal importance of distinguishing particulate 
and dissolved organic matter, the stochiometric effect of filter-feeding 
detrital degradation in the food web has to be further investigated. 
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Fate and pathways of primary production 
A historic load of excess fertilizers combined with increased sea surface 
temperature has caused eutrophication in the Baltic Sea, with increased 
blooms of filamentous cyanobacteria and widespread areas with anoxic 
bottoms (Conley et al. 2009; Carstensen et al. 2014). The eutrophication 
effects are magnified by a heavily reduced cod population, which 
caused a trophic cascade in the late 1980s (Casini et al. 2008)(fig. 4). 
However, this trophic cascade theory builds on a classic pelagic food 
web configuration, assuming direct grazing on phytoplankton by zoo-
plankton (fig. 1A). Such a food web configuration can be expected dur-
ing the spring bloom in the Baltic Sea when dinoflagellates and dia-
toms, which can be readily grazed by zooplankton, are the most abun-
dant (Hjerne et al. 2019). However, the peak in zooplankton occurs dur-
ing filamentous cyanobacteria blooms, which interfere with the feeding 
behavior of zooplankton (Engström et al. 2000; Galloway and Winder 
2015), and the microbial food web configuration is assumed to domi-
nate (Study I and II). Thus, it remains unclear to what extent zooplank-
ton in the Baltic Sea exerts top-down grazing impact on the cyanobac-
terial community. 

Contrasting the assumption of cyanobacteria being unpalatable and 
of low food quality (Engström et al. 2000), we show in Study IV that 
filamentous cyanobacteria, along with picocyanobacteria, are main 
contributors to annual zooplankton secondary production (fig. 11). The 
annual grazing on filamentous cyanobacteria is almost twice as high as 
the grazing on diatoms and dinoflagellates combined. Due to a combi-
nation of temporal match and selective feeding, our model shows that 
filamentous cyanobacteria experience much higher grazing pressure 
than both diatoms and dinoflagellates. While the spread of anoxia in the 
Baltic Sea is often associated with increased blooms of filamentous cy-
anobacteria, we show that the spring bloom is likely contributing more 
to organic matter export to the seafloor. The model thereby provides a 
mechanistic explanation for previous sediment trap observations, where 
the summer bloom has a minor contribution to organic matter export in 
comparison to the spring bloom (Rodil et al. 2020). The results shown 
here have a possible impact on theories of how to manage eutrophica-
tion in the Baltic Sea, as a strengthened zooplankton population will 



 26 

have a regulatory impact on the cyanobacteria bloom but will likely af-
fect the spring bloom marginally. 

Configuring the zooplankton-fish link 
The trophic partitioning of zooplankton resolved in Study I and II em-
phasizes the various functions that different zooplankton populations 
have in the food web. It is clear that copepods feeding on the microbial 
food web, such as Temora and Centropages, yield different top-down 
pressure on primary production compared to Acartia, Bosmina, or 
Keratella that feed on filamentous cyanobacteria (Study IV). With this 
in mind, niche partitioning of planktivorous fish becomes critical to 
fully understand and be able to model trophic cascades in the plankton 
food web (fig. 11). In Study III, we show a snapshot of the spring fish 
community in the southern Baltic Sea, and although the sample size is 
limited, we could detect clear niche differences between stickleback 
and the two clupeids sprat and herring. In contrast with the clupeids, 
stickleback preferred the rotifer Synchaeta that dominates the zooplank-
ton community in late spring and is a major predator of the spring bloom 
in the Baltic Sea (Study IV). 

Given the large shift in fish population abundance with increased 
stickleback populations observed over the past two decades (Bergström 
et al. 2015; Olsson et al. 2019), it is especially important to determine 
trophic links between zooplankton and planktivorous fish accurately. 
While the main cause for stickleback increase is primarily explained by 
reduced competition in the littoral zone (Eklöf et al. 2020), an expand-
ing population would still demand increased food resources in the pe-
lagic, where the stickleback population spends parts of its life cycle 
(Borg 1985). As Synchaeta to a large extent remains unutilized (Study 
III), sticklebacks may not experience the same competition for food 
resources as the clupeids in the pelagic Baltic Sea (Möllmann et al. 
2004). The results highlight the importance of soft-bodied zooplankton 
organisms as potential prey for planktivorous fish, suggesting again that 
these neglected taxa might be important players in the ecosystem. While 
soft-bodied prey are difficult to observe using traditional gut content 
analysis, metabarcoding can be used as a suitable complement. 
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SYNTHESIS AND OUTLOOK 

The main objective of this thesis was to find new ways to investigate, 
describe and model pelagic food web interactions utilizing the unex-
plored possibilities of DNA metabarcoding for diet analysis. While the 
method is already commonly used in diet studies of pelagic organisms, 
most of these studies focus on a single or few predator species, thereby 
relying on descriptive rather than comparative analyses. Using the data 
for comparative analysis, we can distinguish key differences in func-
tional diversity and even calculate foraging selectivity, thereby bridging 
the gap between DNA metabarcoding and food web modeling. 

DNA metabarcoding of zooplankton sampled in their natural envi-
ronment reveals a broader and more complex diet compared to zoo-
plankton in grazing studies with a priori determined prey (Study I). 
Our results reveal that both size and broad taxonomic clustering are 
poor predictors for trophic niche partitioning and that models based on 
these criteria may underestimate the functional diversity of zooplankton 
(Study II). While DNA metabarcoding has been used to describe, but 
not quantify, interactions between predators and prey, we show that 
DNA metabarcoding is a functional method for assessing niche parti-
tioning and selectivity of a broad range of predators (Study II and III). 
We also propose a novel framework for how DNA metabarcoding, in 
combination with biomass monitoring, can be used to model fluxes of 
energy and carbon in pelagic food webs (Study IV). While our research 
has been conducted in a limited study area, the general approach de-
scribed here can be used as a tool to study pelagic food webs globally. 

Improved knowledge about food web structure contributes to our un-
derstanding of how marine systems function and how they may respond 
to environmental change. We show that different feeding strategies fa-
cilitate species coexistence and that the zooplankton diet is largely de-
pendent on prey availability (Study I). We also show that different pop-
ulations have unique functions in channeling the primary production 
from different sources and especially highlight the role of filter-feeders 
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in making detrital nutrients available for other organisms in the food 
web (Study II). Small, rarely studied organisms, such as rotifers, cili-
ates, and cnidarians, are often left out from food web models but may 
have key functions that support the efficiency and stability of the food 
web during changing physical conditions (Study II-IV). In the Baltic 
Sea, cyanobacteria blooms are the main contributor to secondary pro-
duction. Although being largely understudied in the Baltic Sea, our food 
web model shows picocyanobacteria are key primary producers, fueling 
secondary production (Study IV). We also show that filamentous cya-
nobacteria experience higher grazing pressure than both diatoms and 
dinoflagellates and thus likely contribute minor to organic matter export 
compared to the spring bloom, contrasting the common perception that 
filamentous cyanobacteria blooms are widely linked with anoxia in the 
Baltic Sea (Study IV). 

In studies that aim to describe natural systems with high variability, 
statistical power and accuracy are largely dependent on the sampling 
effort. While the main purpose of this study was to develop new method 
approaches and apply them to refine feeding interactions within plank-
ton communities, future models will require an upscaling of sampling 
cover and frequency in order to achieve a better representation of the 
food web processes. These studies may consider a broader inclusion of 
species, especially protozooplankton, and also variation within species 
that can contribute to niche differentiation, such as different life stages, 
sizes, and sex. These extensions will benefit from internationally uni-
fied barcoding assays and databases that will increase the possibility of 
comparing and merging different studies and reduce costs for method 
optimization. 

As evident in this thesis, DNA metabarcoding is a powerful tool for 
generating hypotheses. When using the data for comparisons rather than 
absolute quantification, as shown here, we can reduce biases from 
method interpretation and increase the predictive power of DNA 
metabarcoding. Nevertheless, results with high ecological relevance 
should, as with all measurements, be supported by alternative methods. 
As such, our understanding of marine ecosystem processes will benefit 
the most if DNA metabarcoding is used as a compliment and not a re-
placement for existing methods for food web analysis. 

Current research emphasizes that besides feeding interactions, sym-
biotic interactions, especially parasitism, are prominent in plankton 
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communities (Lima-Mendez et al. 2015; Zamora-Terol et al. 2020a), 
and both eukaryote and prokaryote symbionts are frequently picked up 
in the metabarcoding signal (Zamora-Terol et al. 2020a).  Both mutual-
istic and parasitic symbionts have major impacts on the ecology and 
evolution of their host populations, sometimes with consequences for 
ecosystem-level processes, and will impact the flow of energy, carbon, 
and nutrients in the food web. 

This thesis shows that bridging the gap between DNA metabarcoding 
and network modeling contributes to a mechanistic understanding of 
ecosystem processes. The approach presented here opens for investigat-
ing marine pelagic food webs using an already existing toolbox of net-
work analysis and flux modeling. With a highly resolved plankton food 
web, we can reevaluate ecosystem stability and sustainability to better 
predict the oceans’ responses to environmental changes. 
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