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Abstract
Changing abiotic factors, like temperature and light are important drivers of seasonality, affecting aquatic ecosystems and
organisms annually in a predictable pattern, structuring species composition, growth, reproduction and trophic interactions.
As a consequence of human induced climate change, coastal ecosystems are seeing a disruption in the predictability of
annual cycles. This in turn is affecting species composition at the base of the food web, possibly causing effects for higher
trophic levels. Although the benthic and pelagic environments are coupled, still very little is known about the effect that
changes in species composition will have on this interaction. In Study I, three species of common macrofauna from Baltic
Sea soft sediment bottoms were for the first time subjected to a gradient of spring bloom related diatoms and summer
bloom related cyanobacteria as food resource. We found a clear differentiation between the two food types regarding
preference of the consumers. The results highlight that diatoms were consumed by all species with a strongly positive linear
relationship with available food. Cyanobacteria was consumed, but with no clear pattern relating to amount available. In
Study II, we investigated if seasonal phytoplankton succession affects the composition of essential compounds in benthic
macrofauna, focusing on transfer of fatty acids (FAs) from phytoplankton via sediment to benthic consumers. The outcome
showed for the first time large interspecific variation in FA composition and concentration, but low seasonal variation
within species for five major invertebrate taxa over three seasons. We found only few convincing links between seasonal
phytoplankton production and its succession of FAs in the seston, sediment and the animals. This suggests that demands for
FAs differ substantially between taxa and that FAs of sedimenting organic material is not clearly reflected in the investigated
species. In Study III, we quantified recruitment of phyto- and zooplankton from oxic sediment to the pelagic environment,
under proposed changes to light and temperature caused by climate change. We found clear indications of both light and
temperature having an effect on phytoplankton (mainly cyanobacteria and dinoflagellates) recruitment in spring. We found
no effect on recruitment of phyto- or zooplankton in summer, but large differences in zooplankton recruitment in summer
compared to spring. The phytoplankton taxa that showed strong recruitment responses in spring, could with proposed
climate change scenarios potentially impact the species composition during spring, thus affecting food web dynamics. In
Study IV we used advanced molecular tracing techniques of compound specific stable isotope analysis of carbon and
nitrogen in amino acids in five taxonomic groups of phytoplankton, with the goal to advance methods of differentiating
between groups in mixed samples of phytoplankton. By applying this method to amino acids, we were able to differentiate
between all five taxonomical groups. The key in revealing the group specific finger printing on particular amino acids was
based on amino acid synthesis pathways and thus depletion or enrichment of isotopes. The novel findings presented in this
thesis further advances our knowledge about responses of benthic-pelagic coupling to environmental change and how to
further develop tracing of food webs in order to predict the effects of a changing environment on aquatic organisms.
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"The sea was angry that
day, my friends..."
 
- G. Costanza.





i 

Sammanfattning på svenska 

Förändring av abiotiska faktorer, såsom temperatur och ljus är viktiga 
drivkrafter för säsongsvariationer som påverkar ekosystem och 
organismer. I akvatiska miljöer återkommer dessa förändringar årligen 
i ett förutsägbart mönster, vilket formar och strukturerar 
artsammansättning, tillväxt, reproduktion och trofiska interaktioner. 
Som en konsekvens av mänskligt påverkad övergödning och 
klimatförändringar, upplever nu  kustnära ekosystem en störning i 
förutsägbarheten av dessa årliga säsongscykler. Detta påverkar i sin tur 
artsammansättningen längst ned i näringsväven, vilket i sin tur kan få 
ödesdigra konsekvenser för högre trofinivåer. Då de bentiska och 
pelagiska miljöerna är sammankopplade genom ett flertal komplexa 
processer, är fortfarande väldigt lite känt gällande hur förändringar i 
artsammansättningen kan påverka denna interaktion.  

I Studie I, undersökte vi effekten hos bentiska evertebrater av 
förändrad artsammansättning bland växtplankton i ett kontrollerat 
labbexperiment. Tre vanliga arter av bentiska makroevertebrater från 
Östersjöns mjuka sedimentbottnar blev för första gången exponerade 
för en gradient av kiselalger associerade med vårblomningen samt 
cyanobakterier associerade med sommarblomningen, som födokällor. 
Vi fann en tydlig preferens för kiselalger hos alla tre evertebratarter, 
med ett positivt linjärt samband mellan mängden kiselalger som fanns 
tillgängligt och hur mycket som konsumerades. Cyanobakterierna 
konsumerades också, men utan något tydligt mönster relaterat till 
tillgänglig mängd, som med kiselalgerna. Resultatet av denna studie 
lade grunden för ytterligare undersökningar av säsongsbunden kvalitet 
och kvantitet, med avsikt på fettsyror, i överföring från pelagisk 
primärproduktion till bentiska primär- och sekundärkonsumenter.  

I Studie II, undersökte vi därför om skillnader mellan säsonger i  
växtplanktonsuccession påverkar den biokemiska sammansättning av 
nödvändiga ämnen, såsom fettsyror, via sedimentet och slutligen i 
bentiska primär-  och sekundärkonsumenter. Resultatet visade för första 
gången, för fem viktiga bentiska evertebrater från samma geografiska 
område, stora skillnader i koncentration av olika fettsyror mellan arter, 
men samtidigt små skillnader inom arterna under tre olika säsonger. Vi 
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fann endast ett fåtal övertygande spår av fettsyror från säsongsbunden 
växtplanktonproduktion i seston, sediment och slutligen i djuren. Dessa 
fynd tyder på att behoven av olika fettsyror skiljer sig avsevärt mellan 
arter, samt att fettsyror från sedimenterande organiskt material inte helt 
självklart återspeglas i de undersökta arterna.  

Efter att ha fokuserat på den pelagisk till bentiska kopplingen i de två 
föregående studierna, kvantifierade vi i Studie III rekrytering av växt- 
och djurplankton från syrerikt sediment till den pelagiska miljön, under 
temperatur- och ljusförhållanden kopplade till klimatförändringar. Vi 
fann tydliga indikationer på att både ljus och temperatur påverkade 
växtplanktonrekryteringen (i huvudsak cyanobakterier och
dinoflagellater) under vårperioden. Vi fann ingen påverkan på varken 
växt- eller djurplankton under sommarperioden, men stora skillnader i 
djurplanktonrekrytering under sommaren jämfört med våren. De 
växtplanktontaxa vars rekrytering påverkades mest av ljus och 
temperatur under vårperioden kan potentiellt, som ett resultat av 
klimatförändringar, påverka artsammansättningen under denna årstid, 
vilket i sin tur kan påverka dynamiken i näringsväven.  

I Studie IV använde vi oss av en avancerad molekylär 
spårningsteknik, ämnesspecifik analys av stabila isotoper, av kol och 
kväve i aminosyrorna hos fem olika taxonomiska grupper av 
primärproducenter. Målet var metodutveckling för att kunna urskilja 
grupper av växtplankton i blandade prover utan att på förhand veta vilka 
dessa taxa är. Genom att applicera denna metod på just aminosyror, 
kunde vi urskilja samtliga fem taxonomiska grupper som undersöktes. 
I huvudsak var nyckeln till att kunna separera de gruppspecifika 
fingeravtrycken på aminosyrorna relaterad till aminosyrasyntesen och 
hur den för olika aminosyror påverkar ration av tunga och lätta isotoper, 
baserat på vilken grupp som syntetiserat en viss eller flera aminosyror. 
Detta är ett stort steg framåt i spårningsmetodik för näringsvävar. 

De helt nya fynd i studierna som presenteras i denna avhandling 
utvecklar och bidrar till vår förståelse för hur bentisk-pelagisk koppling 
påverkas av förändringar i miljön, samt hur metoder för att spåra flöden 
i näringsvävar kan utvecklas. Detta för att kunna förutspå hur 
förändringar i miljön påverkar akvatiska organismer. 
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Abstract 

Changing abiotic factors, like temperature and light are important 
drivers of seasonality, affecting aquatic ecosystems and organisms 
annually in a predictable pattern, shaping and structuring species 
composition, growth, reproduction and trophic interactions. As a 
consequence of human induced eutrophication and climate change, 
coastal ecosystems are now seeing a disruption in the predictability of 
annual seasonal cycles. This in turn is affecting species composition at 
the base of the food web, causing possibly detrimental effects for higher 
trophic levels. Although the benthic and pelagic environments are 
coupled, still very little is known about the effect that changes in species 
composition will have on this interaction. 

In Study I, three species of common macrofauna from Baltic Sea 
soft sediment bottoms were for the first time subjected to a gradient of 
spring bloom related diatoms and summer bloom related cyanobacteria 
as food resource. We found a clear differentiation between the two food 
types regarding preference of the consumers. The results highlight that 
diatoms were consumed by all species with a strongly positive linear 
relationship with available food. The more diatoms that were available, 
the more they consumed. Cyanobacteria was consumed, but with no 
clear pattern relating to amount available, as with diatoms. This laid the 
basis for further investigating if seasonal variations, in quantity and 
quality, of settling organic matter had an effect on the transfer of fatty 
acids from pelagic primary production to benthic primary and 
secondary consumers.  

In Study II, we therefore investigated if seasonal phytoplankton 
succession affects the biochemical composition of essential compounds 
in benthic macrofauna, focusing on transfer of fatty acids from pelagic 
primary production via the sediment to benthic primary and secondary 
consumers. The outcome showed for the first time large interspecific 
variation in fatty acid composition and concentration, but low seasonal 
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variation within species for five major invertebrate taxa from the same 
geographic location over three seasons. We found only few convincing 
links between seasonal phytoplankton production and its succession of 
FA in the seston, sediment and ultimately the animals. This suggests 
that demands for fatty acids differ substantially between taxa and that 
fatty acids of sedimenting organic material is not clearly reflected in the 
investigated benthic species.  

Having focused on the pelagic to benthic coupling in the two 
previous studies, in Study III we quantified recruitment of phyto- and 
zooplankton from oxic sediment to the pelagic environment, under 
proposed changes to light and temperature caused by climate change. 
We found clear indications of both light and temperature having an 
effect on phytoplankton (mainly cyanobacteria and dinoflagellates) 
recruitment in spring. We found no evidence of an effect on recruitment 
of either phyto- or zooplankton in summer, but large differences in 
zooplankton recruitment in summer compared to spring. The 
phytoplankton taxa that showed strong recruitment responses to 
increased light and temperature in spring, could with proposed climate 
change scenarios potentially impact the species composition during this 
period of the year, thus affecting food web dynamics.  

In Study IV we used advanced molecular tracing techniques of 
compound specific stable isotope analysis of carbon and nitrogen in 
amino acids in five taxonomic groups of primary producers, with the 
goal to advance methods of differentiating between groups in mixed 
samples of phytoplankton. By applying this method to amino acids, we 
were able to clearly differentiate between all five investigates 
taxonomical groups. The key in revealing the group specific finger 
printing on particular amino acids was based on amino acid synthesis 
pathways and thus depletion or enrichment of isotopes. This is a great 
leap forward in methods for tracing of food webs.   

The novel findings of the studies presented in this thesis further 
advances our knowledge about responses of benthic-pelagic coupling 
to environmental change and how to further develop tracing of food 
webs in order to predict the effects of a changing environment on 
aquatic organisms.  
 



v 

Contents 

Sammanfattning på svenska ............................................................................... i 

Abstract ............................................................................................................ iii 

Contents ............................................................................................................v 

List of articles.................................................................................................... vi 

Author contributions ........................................................................................ vi 
Introduction ..................................................................................................... 1 

Benthic-pelagic coupling ......................................................................................... 2 
Biogeochemical cycling ...................................................................................... 4 
Movement of organisms .................................................................................... 6 
Trophic interactions ........................................................................................... 8 

Seasonality .............................................................................................................. 8 
The Baltic Sea ........................................................................................................ 10 
Fatty acids as indicators of food quality ............................................................... 12 
Amino Acids in the aquatic environment .............................................................. 15 
Food web tracing .................................................................................................. 16 
Stable isotope analysis.......................................................................................... 18 
Compound specific stable isotope analysis........................................................... 20 
Aim of thesis ......................................................................................................... 21 

Study designs and methods ..............................................................................22 

Pelagic to benthic coupling – adaptations to seasonality and a changing climate

 .............................................................................................................................. 22 
Benthic to pelagic coupling – recruitment from sediments to the plankton under 

changing climate .................................................................................................. 25 
Disentangling food web dynamics by advancement of CS-SIA ............................. 27 

Results and discussion ......................................................................................29 

Response of benthic macroinvertebrates to settling OM of differing quality ...... 29 
Responses of plankton recruitment to changing abiotic factors .......................... 36 
Advancement of food web tracing by use of CS-SIA of amino acids .................... 39 

Conclusions and future perspectives .................................................................42 

Acknowledgements ..........................................................................................45 

References .......................................................................................................47 

 



vi 

List of articles 

I. Hedberg P., Albert S., Nascimento FJA., Winder M. Effects of 
changing phytoplankton species composition on carbon and 
nitrogen uptake in benthic invertebrates. Limnol Oceanogr, 66: 
469-480. https://doi.org/10.1002/lno.11617  

II. Hedberg P., Lau DCP., Albert S., Winder M. Low fluctuations 
in fatty acid concentration among benthic invertebrates in a 
seasonally driven system. Manuscript. 

III. Hedberg P., Olsson M., Höglander H., Brüchert V., Winder M. 
Drivers of plankton recruitment from the benthic environment. 
Manuscript. 

IV. Burian A., Nielsen JM., Khan MA., Riekenberg P., Hedberg P., 
van Breugel P., Schouten P., Bulling M., Winder M. Tracing 
energy flows in aquatic food webs based on isotopic fingerprints 
emerging from amino acid synthesis. Manuscript. 

Author contributions 

I. PH, SA, FJAN and MW designed the study. PH and SA 
collected animals and sediment, cultured phytoplankton and ran 
the experiment. PH analyzed the data. PH and MW wrote the 
manuscript. SA and FJAN participated with comments and 
constructive feedback on the written material.  

II. PH and MW designed the study. PH and SA collected samples 
from the field. PH prepared samples for fatty acid analysis. DL 
analyzed samples for fatty acids. PH analyzed the data. PH and 
MW wrote the manuscript. All authors contributed to the written 
work in discussions and editing.  



vii 

III. PH, VB and MW designed the study. PH collected samples in 
the field and ran the experiment. PH and HH indentified 
phytoplankton. PH and MO indentified zooplankton. PH 
analyzed the data. MW and PH wrote the manuscript. All 
authors contributed to the written work in discussions and 
editing.  

IV. AB, JMN and MW designed the study. AB and JMN cultured 
phytoplankton. JMN, PR, PB, PS and PH did laboratory 
analyses (amino acid extraction by derivatization). MB and MK 
did data analyses. AB and MW wrote the manuscript. All 
authors contributed to the written work in discussions and 
editing. 

 
 

 





1 

Introduction 

Most living organisms have to relate in one way or another to changing 
environmental factors. While being similar as aquatic environments, the 
demands on the inhabitants are very different whether it is salinity 
tolerance of the ocean, coping with the turbidity of a small humic lake, 
or withstanding strong unidirectional flow of a river. Primary producers 
are dependent on solar energy, whether they are macroalgae firmly 
attached to a rock in a stream, pelagic phytoplankton in the middle of 
the ocean or seagrass near a shore. However, solar energy affecting 
water movement, temperature and daylength, coupled together with 
nutrient availability are factors that lead to predictable seasonal patterns 
that have a strong impact on growth and reproduction among primary 
producers and consumers throughout the food web. Primary producers 
of open oceans, the phytoplankton, are the base from which energy 
transfer is channeled throughout the ecosystem. In systems with strong 
seasonality, the productivity and growth of phytoplankton dictates 
productivity of all higher trophic levels. Solar irradiance and 
temperature are the main drivers of seasonality that affects other biotic 
and abiotic factors. Should this finely tuned balance, that relies on the 
timing and recurring seasons be disturbed by a change in the climate, 
this can lead to adverse effects in trophic interactions or change species 
composition with detrimental effects on ecosystem services.  It is 
therefore of utmost importance to disentangle how organisms respond 
to potential environmental changes in order to predict future scenarios. 
Aquatic environments are structured more distinctly in three 
dimensions than terrestrial environments for most moving organisms. 
Organisms incapable of flight, seldom ventures long vertical distances, 
however, aquatic environments are strongly connected along the 
vertical gradient.    

Waterbodies, whether they are lakes or oceans consist of two major 
habitats, the open water and the bottom sediment, or rather the pelagic 
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zone and the benthic zone. Most of the worlds’ benthic zone is soft 

bottom sediments located at depths where no sunlight reaches. This 
dark and seemingly inhospitable place is inhabited by species well 
adapted to this environment. The pelagic zone is where most of the 
primary production occurs and benthic secondary producers living 
below the euphotic zone are dependent on the sedimentation of this 
organic material (OM) as their main source of food. Benthic consumers 
and bacteria aid in the breakdown of the OM and the former also 
oxygenate soft bottoms by means of bioturbation. In turn, these animals 
are food for higher trophic levels, like other invertebrates or fish. The 
benthic zone is also an evolutionary seed bank where large numbers of 
resting stages of both phyto- and zooplankton deposit and lie dormant, 
awaiting a diapause or favorable conditions to start the recruitment of 
the next generation. As such, the benthic and pelagic habitats are tightly 
coupled through biological processes. Yet, biological processes that 
link these two habitats are often not well studied and knowledge of how 
this linkage is affected by environmental change needs advancement.  

The overall aim of this thesis is to disentangle how changes in species 
composition of pelagic primary producers affect benthic consumers and 
in turn how recruitment from sediments affect plankton blooms. 
Finally, the thesis provides an advanced approach to trace energy flow 
in food webs.  

Benthic-pelagic coupling 
The traditional and early description of benthic-pelagic coupling dealt 
mostly with fluxes of sedimenting dead OM from the pelagic to the 
benthic environment and conversely, release of inorganic nutrients and 
resuspension from the sediment to the free water mass (Hargrave 1973; 
Graf and Rosenberg 1997; Raffaelli et al. 2003). However, the links 
between the pelagic and the benthic environments are far more complex 
and can perhaps, apart from abiotic factors like solar energy and wind, 
be categorized in three major mechanisms affecting the coupling; 
biogeochemical cycling, movement of organisms and trophic 
interactions (Fig. 1) (Baustian et al. 2014). While these three major 
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mechanisms are important to consider, there are of course other factors, 
like temperature caused by solar energy for example, that cause 
stratification and can limit the coupling between the benthic and pelagic 
environments by preventing nutrients and small particles from crossing 
these boundaries (Imberger and Patterson 1989). Stratification can be 
permanent depending on depth of the system, as with haloclines in 
coastal systems that prevent mixing of waterbodies, but typically 
thermoclines when present in shallow systems and especially so in 
higher latitudes, are usually related to seasonal changes and usually 
disrupted with onset of stronger winds and less sun irradiance 
associated with beginning of the fall (Broeker 1991; Griffiths et al. 
2017). As both thermoclines and haloclines prevent mixing of 
waterbodies, resuspension is usually limited to relatively shallow 
sediments or during seasons that allow wave action to reach the bottoms 
(Väli et al. 2013; Griffiths et al. 2017). In deep oceans, there is not much 
exchange of organic material from the benthic environment to the 
pelagic, and deep ocean sediments are considered a carbon trap as it 
sequesters enormous amounts of organic material produced in the 
pelagic system (Lal 2008). In contrast, shallower coastal and estuarine 
environments, being among the most productive ecosystems in the 
world, have a more dynamic relationship in both nutrients, 
biogeochemical cycles and organic material between the pelagic and 
the benthic environments (Marcus and Boero 1998; Griffiths et al. 
2017). The coupling described within this thesis refers to biological 
processes linking the pelagic environment and deep soft sediment 
bottoms below the euphotic zone.  
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Biogeochemical cycling 
Even in the early description of benthic-pelagic coupling, the fluxes of 
nutrients between these two environments were recognized and 
although the work of this thesis rather focusses on biological processes 
in an ecological context, it is crucial to understand the basics of this 
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cycling as it lays the foundation for how the aquatic ecosystems work 
and how the benthic and pelagic environments are coupled.  

The cycling of carbon (C), oxygen (O2) and inorganic nutrients like 
nitrogen (N) and phosphorus (P), together with the deposition of pelagic 
OM to the benthic environment are processes that are all dependent on 
and coupled to each other (Baustian et al. 2014). Oxygenation of the 
water is highly influenced by primary production, respiration and the 
water-atmosphere interface, from where O2 diffuses further down in the 
water column, ultimately reaching the bottom (Odum 1956; Provoost et 
al. 2013). If the OM load is high enough, excess material will not be 
cycled within the pelagic but reach the benthic zone where breakdown 
of this material can cause a net respiration, which can lead to epizodic 
hypoxia and in extreme cases to permanent anoxia, if macro- and 
meiofauna cannot process the amount or if they are absent (Carstensen 
et al. 2014). Anoxia in sediments not only leads to a reduction in the 
bioturbating fauna that is needed for oxygenation inhabiting the 
affected area, but can also lead to higher fluxes of inorganic N (in the 
form of N2-gas) and P to the pelagic (Griffiths et al. 2017). The pelagic 
N-pool, consisting mainly of nitrate (NO3-) and ammonium (NH4+), 
originates either from remineralization from oxic breakdown of OM in 
the benthic or pelagic environments and is readily taken up by primary 
producers. Thus, for organic N deposited in to the sediment and 
inorganic N (either as NO3-, NH4+ or N2-gas, depending on the 
conditions) is released back to the water (Arrigo 2005). In a similar way 
phosphate (PO43-), which is the most common P-compound dissolved 
in the water column, is cycled within and between the pelagic and 
benthic environments with regards to both its organic and inorganic 
forms (Conley et al. 2002). The aquatic carbon cycle is fueled by 
complex biological and chemical processes relying on uptake of  
atmospheric and soluble CO2 primarily via primary production, 
respiration, OM mineralization and calcium carbonate (CaCO3) 
dissolution (Wolf-Gladrow 1994; Plattner et al. 2001). Much of the 
oceanic C is cycled within the pelagic system through trophic 
interactions, but the deposition of OM to the seafloor represents an 
enormous carbon sink, where it is either buried or can be remineralized 
(Wolf-Gladrow 1994; Baustian et al. 2014). This flux of OM from the 
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pelagic environment to the bottom becomes the organic part of bottom 
sediments and depending on stages of breakdown, contributes to a 
number of dissolved gasses and nutrients and gradients thereof 
(Schneider et al. 2017).    

Movement of organisms 
The movement of organisms and organic material between the pelagic 
and benthic environments plays an important role in the coupling 
between these environments, e.g., a fish actively seeking food on the 
bottom, a diatom sinking due to its heavy silica frustule or a newly 
hatched copepod nauplii leaving the bottom for a life in the water 
column.  

Large fractions of phytoplankton primary production eventually sink 
out to the bottom, fueling the benthic secondary production (Rodil et al. 
2020). There can be large fluctuations in both quality and quantity of 
OM influx to the benthic environment, depending on whether primary 
production is allowed to settle undisturbed or if a majority of it is 
consumed before reaching the sea bed (Graf 1989). This has 
consequences for organisms residing on deep bottoms below the 
euphotic zone that are dependent on sedimenting OM as food. Spring 
blooms in temperate regions are usually characterized by large amounts 
of diatoms, phytoplankton that sink out relatively fast due to their heavy 
silica frustule and aggregation of cells and in some systems due to a 
lack of pelagic grazers early in the season, thus reaching the benthos in 
an intact state with high nutritional value (Davies et al. 1984; Tiselius 
and Kuylenstierna 1996). Consecutive blooms are to a much larger 
extent grazed by zooplankton, leaving less OM of good quality for 
sedimentation to the benthic environment (Gustafsson et al. 2013; 
Friedland et al. 2016; Griffiths et al. 2017). In addition, the amount and 
the quality of OM influx to the benthic environment is positively linked 
to biomass of soft bottom macrofauna (Johnson et al. 2007). The 
bioturbating activities of benthic macrofauna keep soft bottoms 
oxygenated, by stirring the sediment, consuming and burying settling 
OM (Bonsdorff and Blomqvist 1993; Elmgren and Hill 1997). 
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Additionally, bioturbation releases nutrients that can affect 
phytoplankton growth in the pelagic environment (Welsh 2003).   

Many organisms make use of both the benthic and pelagic 
environments during different life history stages. Diapaused eggs of 
zooplankton may deposit onto sediments as a strategy for temporal 
dispersal, if persisting conditions are deemed unfavorable for the 
offspring and at time of hatching the emerging young return to the 
pelagic environment (Katajisto et al. 1998; Gyllström and Hansson 
2004). It has also been shown that ingestion and fecal deposition 
without digestion of phytoplankton resting stages by benthic 
macrofauna facilitates germination and thus couple the benthic and 
pelagic environments (Karlson et al. 2012). Most benthic invertebrates, 
but also higher animals like benthic fish, may spend most of their life 
on deep soft bottoms, but start off as drifting or actively swimming 
pelagic larvae dispersing spatially before returning to the bottom 
(Marcus and Boero 1998; Baustian et al. 2014).  

Migrations of organisms between habitats can be an important factor 
for nutrient availability and food transport, and while this may seem 
self-evident on a two dimensional plane, it holds true and is important 
for benthic-pelagic coupling by the diel vertical migrations by 
zooplankton and fish (Polis et al. 1997). These migrations that occur in 
conjunction with daylight transport large amounts of energy, mass and 
nutrients in terms of the organisms themselves and for example fecal 
matter, between the pelagic and benthic environments and is thought to 
be a trade-off between predator avoidance and search for food (Bollens 
et al. 1992; Steinberg et al. 2000). Several species of zooplankton do 
not only migrate on a diel basis, but also seasonally, thereby at times 
significantly influencing carbon sequestration (Bandara et al. 2021). 
Another type of migration with implications for resources is the 
emergence of aquatic insects, that consume OM in the benthic 
environment after hatching up until the time they leave for the terrestrial 
food web (Martin-Creuzburg et al. 2017).  
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Trophic interactions 
As previously mentioned, benthic secondary production below the 
euphotic zone is highly reliant on pelagic primary production, but with 
diel vertical migrations and foraging behavior, there are more 
interactions between the benthos and pelagic inhabitants depending on 
taxa composition. Pelagic fish larvae feed on planktonic organisms 
even if their adult life stage is benthic, but as they settle into the benthic 
environment make an ontogenetic diet shift and transition from 
planktivores to benthivores (Link et al. 2002). It has also been shown 
that some fish species who generally are considered to be 
zooplanktivores can switch to benthic prey if resources become scarce 
during certain seasons and for many species, benthic fauna make up a 
large part of their diet (Solomon et al. 2011; Vesterinen et al. 2020).  

Seasonality 
Seasonality is a dominant driver of parameters influencing living 
conditions for species in northern temperate systems. Changing 
environmental conditions coupled to changing seasons can put 
constraints on species growth and reproduction and dictate whether 
taxon-specific favorable or less favorable conditions should be met for, 
e.g., growth, reproduction, dormancy, living off of stored reserves or 
migration for example (Visser et al. 2020). Driven by solar energy and 
wind that affect the mixing and stratification patterns as well as nutrient 
availability, the pulses of increasing and decreasing primary production 
in the photic zone of temperate and polar environments fuel secondary 
production both in the pelagic and benthic environments (Svedrup 
1953, Ackley et al. 1979). In tropical areas where the seasonal changes 
might not be as distinct with regards to temperature and day length for 
example, drivers like terrestrial runoff during rainy season, cloud cover 
and nutrient upwelling are key parameters influencing diversity, 
productivity and reproduction (McClanahan 1988). In systems driven 
by large changes in temperature and day length between seasons, the 
increased primary production during the spring is the first and often 
most important input of energy to the food web after the much less 
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productive winter, after which several blooms of differing quality and 
quantity follow until late fall and beginning of winter signals the end of 
the productive seasons for most taxa (Visser et al. 2020). Phytoplankton 
blooms from late spring throughout summer and to some extent all the 
way into the fall are all necessary to uphold the increased biomass and 
complex trophic interactions during the productive period, but unlike 
early spring bloom that mostly sediments to the bottom, these 
subsequent blooms are to a greater extent consumed within the pelagic 
environment (Richardson et al. 2000). The finely tuned relationship that 
begins with the onset of spring and the productive season and that is the 
food basis for higher trophic levels through a myriad of ecosystem 
interactions could, however, be disrupted if abiotic factors affecting the 
climate would change (Sundby et al. 2016; Hjerne et al. 2019).  

There are always trade-offs in growth, foraging and reproduction and 
these are especially pronounced in systems with strong seasonality 
where there are large differences between productive and unproductive 
periods (Varpe 2017). For organisms in seasonally driven systems it is 
crucial for growth and fitness how quickly the onset of the productive 
season can be utilized (Winder and Schindler 2004). As different 
reproductive strategies can rely on either availability of stored recourses 
or current resources, the reproductive cycle may differ a lot between or 
even within species that have longer than annual cycles (Varpe et al. 
2009). Recruitment methods for some copepod species is the shedding 
of unhatched eggs, letting them sink out and hatch when conditions are 
favorable, whether that is during the productive season (thus hatching 
rather rapidly), or staying dormant until conditions improve (Viitasalo 
and Katajisto 1994; Katajisto et al. 1998). Also phytoplankton have 
dormant stages, or resting cysts, in order to overcome long periods of 
unfavorable conditions, where nutrients, temperature or light might not 
support growth and reproduction (Agrawal 2009; Ellegaard and Ribeiro 
2018). Diatoms typically have a competitive advantage by making use 
of the very first available light and cold temperatures in early spring, 
when no other phytoplankton species have started their growing season 
(Josefson and Hansen 2003). Many coastal fishes in the temperate 
regions spawn in spring as their eggs hatch rather rapidly, with the 
larvae relying on high and nutritious plankton production, making the 
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transition into juveniles with ontogenetic diet shifts once the non-
productive season is approaching (Byström and Garcia-berthou 1999). 

In shallow coastal ecosystems, pronounced seasonal and permanent 
stratification is a strong driver of nutrient availability and benthic-
pelagic coupling, that can have large effects on species composition 
both in the pelagic and benthic environments (Griffiths et al. 2017). 
Stratification of water masses can also function as a barrier for 
dissolved gasses, affecting oxygen availability near bottoms, thus 
causing hypoxia (O’Boyle and Nolan 2010). Climate change mediated 
ocean warming might prolong the stratification and thus this can also 
limit nutrient redistribution from deeper layers to reach the upper layers, 
where phytoplankton concentration is highest, ultimately favoring 
species able to cope with nutrient limitations, such as cyanobacteria that 
are able to uptake atmospheric nitrogen (Kahru and Elmgren 2014). 
This, in turn can have a negative effect on secondary production, due to 
lesser nutritional value of these species, as cyanobacteria commonly 
bloom during the time of year when especially pelagic copepods have 
their highest metabolic demands (Giovannoni and Vergin 2012; 
Schmidt et al. 2020). Ice cover in the winter forms a physical barrier 
between the water and atmosphere, preventing wind and heat energy 
from affecting the upper part of the water mass, something that with 
loss of sea ice can have effects that are poorly understood (Brown et al. 
2020). With projected climate change the northern hemisphere will see 
a reduction in snow and ice cover (IPCC 2013), something that can 
affect wind forcing on water masses and together with increased solar 
radiation might lead to both warming and more light, thus affecting 
onset of spring bloom and/or species composition (Sommer et al. 2012; 
O’Reilly et al. 2015).  

The Baltic Sea 
As one of the largest brackish water bodies in the world in the temperate 
northern hemisphere, the Baltic Sea displays a north-south salinity and 
temperature gradient that has a strong effect on species composition as 
both limnic and marine species co-exist in this species-poor and 
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relatively shallow and semi-enclosed sea (Läppranta and Myrberg 
2009). With its many freshwater tributaries and relatively low influx of 
saltwater through the Danish straits, environmental parameters like ice 
cover, nutrient dynamics, halocline, temperature, thermocline and both 
episodic hypoxia and persistent anoxia in bottom water, are parameters 
all organisms residing in the Baltic Sea environment need to relate to 
(Snoeijs-Leijonmalm and Andrén 2017). Seasonal changing 
environmental conditions strongly affect the upper part of the water 
mass in the Baltic Sea, with ice cover, strong winds and temperature 
fluctuations that in turn have large consequences for organisms living 
in the upper water column. In contrast, deep bottoms are usually 
characterized by more constant abiotic condition (Janas et al. 2017).   

Since the 1950's, the Baltic Sea has been subjected to high levels of 
eutrophication caused by anthropogenic activities resulting in an 
increase in phytoplankton production (Larsson et al. 1985). This has 
also led to large areas of anoxic soft bottoms that with projected climate 
change might extend, causing further deterioration of the benthic 
environment (Carstensen et al. 2014). However, the two major 
phytoplankton bloom events in the Baltic Sea take place in the spring, 
dominated by diatoms and dinoflagellates and in the summer where 
cyanobacteria dominate (Poutanen & Nikkelä 2001, Höglander et al. 
2004). The timing and species composition of these two blooms are 
crucial in the link between primary production and primary consumers 
(Hjerne et al. 2019). Accumulated nutrients of N and P during the non-
productive winter period lay the basis for an intensive phytoplankton 
spring bloom, later followed by an increase in zooplankton (Josefson 
and Hansen 2003). At the onset of and throughout the majority of it, the 
spring bloom results in an excess of OM that largely remains ungrazed, 
as zooplankton at this point has not yet reached numbers high enough 
to consume this algal biomass, causing a high amount of diatoms to sink 
to the bottom (Winder and Varpe 2020). This OM input is a high quality 
food for benthic deposit-feeding organisms (Ahlgren et al. 1997). The 
sedimentation of the spring bloom is commonly considered as crucial 
to the benthic fauna causing rapid growth due to high nutritional levels 
of polyunsaturated fatty acids (Ahlgren et al. 1997). Once the initial 
diatom bloom has reached its peak, dinoflagellates capable of vertical 



12 

migration take over, thus reducing the amount of OM actually reaching 
the bottom (Höglander et al. 2004). The spring bloom uses up most of 
the dissolved N and as a consequence the following summer bloom, 
being strongly N limited, favors cyanobacteria capable of fixing 
atmospheric N (Larsson et al. 2001; Kahru and Elmgren 2014). The 
summer bloom of cyanobacteria is considered to be of lower nutritional 
value due to low levels of polyunsaturated fatty acids and is potentially 
toxic (Engstrom et al. 2000). Sedimenting OM during fall and winter is 
much more variable in both quantity and quality, often reaching the 
bottom in an already degraded state (Gustafsson et al. 2013; Rodil et al. 
2020). 

Fatty acids as indicators of food quality 
Sedimenting OM available as food for benthic consumers differs in 
quantity depending on seasonality, plankton species composition and 
other factors as previously mentioned. However, the aspect of quality 
is of equal importance and can vary substantially both between food 
items but also in requirements of the consumer (Kainz et al. 2004; Bi 
and Sommer 2020). A good indicator of food quality, especially in 
aquatic environments, are different forms of lipids, in particular the so 
called fatty acids (FAs) (Arts et al. 2001). The two groups that make up 
the lipids of organisms, the polar lipids (phosphogycerides and 
glycosylglycerides) and the non-polar lipids (steryl esters, waxes, 
sterols, acylglycerols and free fatty acids) are of great nutritional 
importance for consumers (Von Elert et al. 2003; Guschina and 
Harwood 2009) Apart from being able to provide organisms with 
energy, these lipids have specific and diverse functions, including 
constituents of cell membranes, being involved in cell signaling and 
immunological responses, precursors of hormones, or affecting both 
organism growth in general and reproduction in particular (Brett and 
Müller-Navarra 1997; Guschina and Harwood 2009)  

FAs have many roles in organisms and as such they are either 
synthesized de novo as is the case for all FAs in primary producers and 
to some extent in bacteria, ingested as part of the diet for any organisms 
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in higher trophic levels, or a combination where one FA can be 
consumed and elongated (C atoms added to the FA C chain) and 
desaturated (introduction of double bonds between C atoms in the C 
chain of the FA) by enzymes in the organism (Dalsgaard et al. 2003). 
The de novo synthesis of FAs in primary producers usually starts with 
Acetyl-CoA and, following Type I FA synthetase, ends up with the 
saturated FA palmitic acid (16:0) and from there gets desaturated and/or 
elongated into longer chain saturated (SAFA), monounsaturated 
(MUFA) and polyunsaturated (PUFA) FAs (Dalsgaard et al. 2003) (Fig. 
2). 
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With the same starting point (Acetyl-CoA), animals are able to produce 
a number of FAs, but are restricted in, for example PUFAs of 18 
carbons lengths, namely 18:33 (-linolenic acid, ALA) and 18:26 
(linoleic acid, LIN) and thus, must acquire them through the diet (Arts 
et al. 2001). Some of the most crucial FAs related to growth and 
reproduction in consumers, where deficiencies can have detrimental 
effects, are the so called highly unsaturated fatty acids (HUFAs) of 20 
to 22 carbons length, often called essential FAs (EFAs) (Arts et al. 
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2001). The EFAs consist of eicosapentaenoic acid (EPA), 
docosahexaenoic acid (DHA) and arachidonic acid (ARA), and while 
there certainly are quite a few animals that can elongate and desaturate 
the precursors ALA and LIN into the respective end-products, many 
cannot do so at a sufficient rate to keep up with their metabolic needs 
(Bell et al. 2007). For higher trophic level organisms like fish, species 
differ vastly in their capability to synthesize these lipids and need to 
consume many of them as part of their diets, although the dietary 
requirements of EFAs are not well known for most consumers 
(Glencross 2009). The EFAs, are physiologically essential for 
neurological development among other things, but for some species 
(mainly freshwater) they do not need to be part of the diet as they can 
be converted into these end-products from shorter chain FAs (Tocher 
2003). There are discrepancies in the definitions of EFAs, where some 
authors label ALA and LIN as EFAs, while others define ARA, EPA 
and DHA as EFAs (Arts et al. 2001). In this thesis, the definition used 
when referring to EFAs is to ARA, EPA and DHA. 

Amino Acids in the aquatic environment 
Amino acids (AAs) are the building blocks of proteins but also have a 
multitude of functions in cells related to RNA and DNA synthesis, 
reproduction, cell signaling and energy substrates to name a few (Wu 
2010). They are traditionally classified as the essential and non-
essential AAs based on whether they can be synthesized by animals or 
must be acquired through the diet (Wu 2009). However, there are still 
many uncertainties regarding which AAs are essential as there are many 
taxa specific requirements in consumers (Ruess and Müller-Navarra 
2019). The main source of AAs and hence protein in aquatic food webs 
are the phytoplankton, fueling higher trophic levels (Bleakley and 
Hayes 2017). This makes phytoplankton (and to some extent bacteria) 
the main source of organic N in aquatic environments (McCarthy et al. 
2007). While regulating many organismal functions, not only growth, 
AAs can also limit consumers if certain stochiometrical requirements 
are not met (Raubenheimer and Simpson 2004). It has, however, been 
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shown for aquatic primary consumers that AA deficiencies in their diet 
can be compensated by internal physiological adaptations (Burian et al. 
2018). Phytoplankton, the main produces of AAs in aquatic 
environments, are an extremely diverse group of organisms and as such, 
AA biosynthesis differs between taxa due to different enzymatic 
pathways (McCarthy et al. 2013). These pathways and their consistency 
under different growth conditions can function as identifiers of specific 
taxa, aiding in food web tracing (McCarthy et al. 2013; Larsen et al. 
2015).   

Food web tracing 
In order to understand how different organisms relate to each other in 
resource use and how resources are distributed, it is crucial to assess the 
flow of energy and cycling of nutrients in natural systems (DeAngelis 
1980). From primary producer to top predator, the food web structure 
can vary depending on system complexity, species richness and season 
(Sommer and Stibor 2002). Not all organisms neither can nor should be 
studied with the same methods and depending on the question of 
investigation, links between organisms and between organisms and 
resources can be analyzed with different approaches (Fig. 3).  
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Controlled lab experiments can provide information about organisms 
and their feeding habits, but any prerequisites that are unknown to the 
investigator could be a limiting factor and mask true relationships. 
Investigating interactions in their natural environment adds valuable 
information, but also adds complexity and difficulty that must be 
overcome, especially in aquatic environments where observation can be 
difficult (Power 2001). Predator-prey or herbivore-plant interactions 
are examples of methods for investigating food webs, which can be 
done either by means of direct field observations or microscopic 
examination following dissection, for organisms where this is feasible. 
Stomach content may be utilized when ingestions over shorter time 
scales are of interest, but digestive rates can make it hard to identify 
ingested items (Østergaard et al. 2005). DNA analysis, in conjunction 
with observation and dissection is particularly useful for organisms 
where size might be a constraint, like zooplankton (King et al. 2008).  
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Stable isotope analysis 
One alternative to the methods of tracing energy flow in ecosystems 
that has become standard is the use of stable isotope analysis (SIA). 
Since the mid 1940s the use of stable isotopes (SI) has been common 
practice for geochemists, as tracers and to understand elemental 
cycling, but only since the 1980s has it been used in any greater extent 
in ecological research (Peterson and Fry 1987). While SI of many 
elements, such as boron, chloride, hydrogen, oxygen, sulfur and silica 
(B, Cl, H, O, S and Si) can be used for different purposes, the most 
common and applied elements in ecology are carbon and nitrogen (C 
and N) (Fry 2006). So what are stable isotopes? 

The building blocks of all chemical elements, atoms, consist of three 
particles called protons, neutrons and electrons. In any uncharged 
element (i.e., non-ions), the number of positively charged protons in the 
nucleus are always the same as the number of negatively charged 
electrons surrounding it. However, the number of neutrons can vary in 
the nucleus, causing no chemical change per se to the element but the 
very subtle mass change it leads to has consequences for how it behaves 
in for example biological processes (Fry 2006). This is because with the 
extra neutron takes more energy to cleave the bond between a 13C atom 
and the molecule it is part of, than a 12C atom and its corresponding 
molecule (Fry 2006). The difference in the number of neutrons is the 
difference between the versions, or isotopes, of that element. Using 
carbon (C) that has three isotopes as an example, there is 12C with 6 
protons and 6 neutrons (6 + 6 = 12), 13C with 6 protons and 7 neutrons 
(6 + 7 = 13) and 14C with 6 protons and 8 neutrons (6 + 8 = 14). 12C and 
13C are the stable isotopes, that will keep their respective neutrons and 
14C is unstable, causing it to undergo radioactive decay. In general, the 
lighter isotope of most elements is the more common one, where C 
occurs as 12C (98.89%), 13C (1.11%) and 14C (~0.1%) (Sharp 2017). The 
absolute isotopic ratio is commonly not measured in samples, but rather 
the relative difference between the heavier and the lighter isotopes as 
this method gives more precise results (McKinney et al. 1950). That 
means that isotope values are reported unitless, as a ratio between 
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isotopes, and as such given the  (delta) notation derived from the 
following formula: 
 

 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑅𝑠𝑡𝑑

𝑅𝑠𝑡𝑑
) 𝑥 1000 

 
In the equation given above, R is the ratio of heavy to light isotope in a 
measured sample and standard expressed in permille (x 1000). The 
standards for all elements are set by the International Energy 
Authority’s laboratory in Vienna and is for C based on a calcium 

carbonate fossil (Pee Dee Belemnite) and for nitrogen (N) the N gas 
present in the atmosphere. Using the formula, if a sample is analyzed 
and found to contain a 13C/12C ratio (R) lower than the standard by 10 
ppt, it is reported as 13C = -10‰.  

In ecology, when energy flows and trophic linkages are investigated, 
C and N are by far the most commonly used elements as these two 
elements are large parts of the building blocks, proteins and lipids of all 
organisms and thus good tracers regarding diets from primary producers 
to top predators throughout the food web (Post et al. 2007; Boecklen 
2011).When using SIA as tracers in food webs, it is crucial to consider 
metabolic or trophic fractionation as this is the foundation for why this 
method is used. Kinetic and metabolic reactions can influence where 
different isotopes accumulate, as is the case with plants that take up CO2 

by having an affinity for the lighter isotope, which results in a 
fractionation of more 13CO2 left behind in the atmosphere than in the 
plant (O’Leary 1988). The underlying principle of the higher energy 
requirements for bond-cleaving between the heavier isotopes and their 
molecules, as mentioned above, causes the heavy isotope to accumulate 
in the tissues of organisms consuming other organisms (Fry 2006). This 
mechanism can then be used to trace origin of the diet, by identifying 
the baseline as C only fractionates minimally from primary producer to 
highest trophic levels and N fractionates by ~ 3.4‰ for each trophic 

step (Post 2002). That means that the 13C value of a consumer is close 
to that of the primary producer at base of the food web. This is used to 
determine which primary producer that serves as the baseline for that 
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particular food web. In theory then, if a nitrogen fixing cyanobacteria 
(taking up nitrogen from the atmosphere) has a 15N value of 0, the 
primary consumer of that cyanobacteria will have a value of 3.4‰ and 

the secondary consumer will have a value of 6.8‰. 

Compound specific stable isotope analysis 
An advanced approach to the commonly used “bulk” SIA, is the stable 

isotope analysis of different biochemical compounds (compound-
specific stable isotope analysis, CS-SIA), like AAs or FA. Small 
changes can be measured more accurately and with a higher resolution 
than “bulk” SIA as compounds, like AAs fractionate in a predictable 
manner (Chikaraishi et al. 2009a). The disentangling of trophic 
pathways in aquatic environments, where observations can be difficult, 
have been shown to benefit from CS-SIA (McCarthy et al. 2004). 

As AAs are present in large quantities in all organic material, making 
up almost half of the organic carbon and almost all of the nitrogen in 
living organisms, they have proven to be suitable as indicators of both 
C and N flow in food webs (Wu 2009). In FAs, studies have shown that 
a number of consumer taxa can elongate shorter chain FAs into essential 
FAs, thereby circumventing the need for them in their diet (Taipale et 
al. 2011). However, as only plants, bacteria and algae are able to 
synthesize AAs de novo, consumers are forced to meet their 
requirements for the essential AAs (EAAs) for growth and reproduction 
by means of diet (Wu 2009). As C of EAAs fractionates minimally 
through the food web and primary producers have quite complex and 
intricate biosynthetic pathways for making EAAs, patterns of 13C are 
well suited for phylogenetic tracing, i.e. food web origins (McMahon et 
al. 2013; Larsen et al. 2015). As some non-EAAs go through quite 
substantial fractionation, that in organisms can be derived from a 
carbon-pool of different origins and some primary producers use similar 
enzymes during biosynthesis making them hard to distinguish from 
each other, it is crucial to use appropriate AAs in order to be able to 
separate taxa (Larsen et al. 2009; McMahon et al. 2010). As several 
AAs fractionate a lot through the trophic levels and accumulate 15N by 



21 

means of metabolic processes thereby making them suitable as “tracers” 

or “trophic indicators”, there are others that do not enter the same 

metabolic pathways, hence do not fractionate and can be used as 
“source indicators” (McClelland and Montoya 2002; Popp et al. 2007; 
McMahon and McCarthy 2016). The principle behind fractionation in 
AAs and how they can be used as either trophic- or source indicators is 
the breaking (so called cleavage) or not of C-N bonds in the molecule 
that are dependent on the metabolic pathways (McCarthy et al. 2013). 
The source indicators, like phenylalanine, pass through organisms 
virtually unaltered from primary producer to top consumer with regards 
to its N.     

Aim of thesis 
The main aim of this thesis is to relate environmental changes due 
seasonal transitions and to climate change to the coupling between the 
benthic and pelagic environments. In order to improve our 
understanding of food web interactions the studies herein are based on 
controlled, short term experiments as well as field sampling over a 
longer time period. Much of the work focuses on disentangling 
ecologically relevant biological links between pelagic organisms and 
benthic organisms in a food web context with the use of advanced 
biochemical analyses (Study I and II). These two studies are centered 
around the climate change and seasonal aspect of quality and quantity 
of OM input from the pelagic to the benthos and response in the 
macrofauna. In contrast, Study III focuses on the benthic contribution 
in terms of emerging phyto- and zooplankton to the pelagic, by means 
of recruitment and how this relates to seasonality and the potential 
changes with climate change. Study IV provides a step forward in 
terms of advanced methods for tracing food web dynamics by assessing 
patterns in stable isotopes in AA of primary producers in order to trace 
trophic interactions. 
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Study designs and methods  

Seasonality and changes to species composition derived from human 
induced climate change plays a major role in the coupling between the 
benthic and pelagic environments. Although resilience among certain 
taxa seems plausible, the lack of studies on benthic organisms given 
their importance as oxygenators and bioturbators of deep soft bottoms, 
as well as their role in the food web, demands attention. In three out of 
four studies of this thesis, we investigated responses of benthic-pelagic 
coupling to the effects of seasonality and climate change in the Baltic 
Sea. SIA was used to trace sedimenting phytoplankton in benthic 
consumers (Study I) and to evaluate food web dynamics of trophic 
position and origins of OM in benthic macrofauna (Study II). FA 
analysis was used to investigate transfer and variability over seasons in 
FA primary production to primary and secondary consumers (Study 
II). We compared rates of emergence of phyto- and zooplankton from 
oxic sediment “seed banks” under proposed alterations to abiotic factors 

that could have consequences for pelagic bloom dynamics (Study III). 
Lastly, we used C and N fingerprinting by means of CS-SIA for source 
separation in primary producers (Study IV).  

Pelagic to benthic coupling – adaptations to seasonality 
and a changing climate 
Transitions between seasons and the effect this has on phytoplankton 
species composition and further linkages to other pelagic organisms like 
zooplankton and the fate of sedimenting phytoplankton OM, is rather 
well described in the literature (Heiskanen and Kononen 1994; 
Höglander et al. 2004). However, the actual effect on the benthos and 
how deep soft bottom organisms relate to varying input and quality of 
OM is not as well studied. The general consensus is that from a 
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nutritional aspect and largely related to FA content, spring bloom 
phytoplankton species are superior to summer bloom species, 
especially in the Baltic Sea, where diatoms dominate early spring bloom 
and cyanobacteria dominate summer blooms (Hjerne et al. 2019) 

In studies focusing on benthic macrofauna from the Baltic Sea, 
diatoms are often used as a food readily accepted by most species (Kotta 
and Ólafsson 2003; Karlson et al. 2011) and field studies have shown 
that macrofauna of the Baltic Sea do eat and assimilate cyanobacteria 
related to summer blooms (Karlson et al. 2014). But the discrepancy 
between the two phytoplankton groups (diatoms and cyanobacteria) 
was studied the first time in Study I of this thesis. The rationale behind 
the experimental set-up was that macrofauna might eat cyanobacteria 
in their natural environment, simply because it is what is available in 
terms of relatively fresh OM, but given a choice, would they still eat it? 
The study was designed as a mesocosm experiment with lab-cultured 
phytoplankton that was labeled with SI, field-collected macrofauna and 
sediment and set over a four week duration with a gradient of the two 
phytoplankton species available as food (Fig. 4). SIA allowed for 
tracing of phytoplankton in consumer tissues and ISOerror version 1.04 
(Phillips and Gregg 2001) was used in calculations of amounts of C and 
N consumed from each food species.  
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Fig. 4. Schematic set-up of the experiment in Study I. Three species of benthic 
macrofauna were given a choice between varying degrees af diatoms and 
cyanobacteria as food.  
 
Due to eutrophication and climate warming, summer bloom associated 
cyanobacteria have increased, while spring bloom associated diatoms 
have decreased in coastal ecosystems (Hjerne et al. 2019). This in turn 
is expected to decrease inputs of essential macromolecules, like FAs for 
higher trophic levels (Lehtonen and Andersin 1998a; Schmidt et al. 
2020) Moreover, Study I was carried out over a short period of time 
and in an experimental context. In Study II we determined if 
seasonality had an effect on the transfer of FAs from pelagic primary 
production to benthic primary and secondary consumers, which was 
investigated over the course of about a year from field-collected 
macrofauna, sediment and seston samples (Fig 5).  
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Fig. 5. Description of sampling points and samples collected in Study II. Sampling 
took place during different parts of the year when sedimenting OM varied in both 
quantity and quality. Five species of benthic macrofauna, surface sediment and seston 
from the water column were sampled. 
 
Five of the most common macrofaunal species found in the northern 
Baltic Proper were collected for analysis of FA concentration and SIA 
to determine trophic level and potential differences in origin of OM 
used as food. We collected two active and competing species of 
amphipods, Monoporeia affinis and Pontoporeia femorata, the 
sedentary clam Limecola balthica, the invasive polychaete 
Marenzelleria sp. and lastly the predatory priapulid worm Halicryptus 
spinulosus. Given that phytoplankton are the major producers of FAs in 
aquatic systems and that primary consumers are a key vector of FAs to 
higher trophic levels (Dalsgaard et al. 2003; Benke and Huryn 2010), 
any changes to species composition of phytoplankton could possibly 
have detrimental effects on trophic interactions in the food web. 

Benthic to pelagic coupling – recruitment from sediments 
to the plankton under changing climate 
Study I and II dealt with dependence of the benthos on sedimenting 
OM in mostly a pelagic to benthic context. In Study III, we 
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investigated the reverse relationship of contributions from the benthic 
environment to the pelagic by means of phyto- and zooplankton 
recruitment. For coastal ecosystems, the recruitment and hatching of 
resting stages of both phyto- and zooplankton have mainly been studied 
from deep sediment cores as multi-decadal seed banks or from anoxic 
sediments (Salazar Torres and Adámek 2013; Broman et al. 2015; 
Ellegaard and Ribeiro 2018). When oxygenated sediments and more 
recently deposited resting stages of phytoplankton are investigated, it is 
usually in a context of harmful algae blooms (Roy et al. 2018; Urrutia-
Cordero et al. 2020). As resting stages and diapaused eggs are readily 
available for recruitment when anoxic sediments are oxygenized 
(Broman et al. 2015), such dormant depositions are likely an important 
contribution from the sediment to the pelagic environment in 
oxygenated areas. This has been shown as an important contribution to 
pelagic plankton dynamics with hatching and emergence of diapuased 
eggs of Daphnia spp. (Cáceres 1998). 

As with Study I and II the seasonal aspect is presented as well, in 
comparison between spring and summer emergence of phyto- and 
zooplankton. In Study III, we wanted to investigate in addition whether 
proposed climate change related to changing factors like light due to 
loss of sea ice and increased temperature would affect recruitment. We 
set up a microcosm study of oxygenated, field-collected sediment cores 
with sterile-filtered bottom water, collected the water after one week 
and identified hatched taxa and cell-counts by traditional microscopy. 
Microcosms were subjected to either dark conditions and same 
temperature as bottom water at collection, dark conditions and an 
increase in temperature (2 C), exposed to weak light and same 
temperature as bottom water at collection, or lastly, subjected to weak 
light and an increase in temperature (2 C) (Fig 6).   
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Fig. 6. Schematic set-up of the experiment in Study III. Field collected sediment cores 
from an oxic bottom was subjected to ambient temperature and no light (first), a 2 C 
increase in temperature and no light (second), ambient temperature and weak light 
(third) and a 2 C increase in temperature and weak light (fourth).    

Disentangling food web dynamics by advancement of 
CS-SIA 
Study IV deals with the challenging task of tracing C and nutrient flows 
in food webs, by applying CS-SIA of C and N isotopes in AAs in order 
to differentiate between aquatic primary producers. The integrative 
approach of SIA, where information on diet in consumers is based on 
longer time periods, can help answer questions that the snap-shot 
approach of microscopy and DNA analysis of stomach content might 
have difficulties with (Chikaraishi et al. 2009b; Layman et al. 2012) . 
While bulk SIA relies on a few isotopes as tracers, the application of 
SIA on individual AAs (CS-SIA) increases resolution substantially by 
looking at patterns of 13C and 15N in several AAs (McMahon et al. 
2015; Pollierer et al. 2019). CS-SIA of AAs has the potential to 
differentiate between diverse taxonomical groups. Study IV is an 
attempt and important step to apply this advanced method in order to 
differentiate between five different phytoplankton groups. We cultured 
34 strains, both freshwater and marine, from five phytoplankton groups, 
including chlorophytes, diatoms, cyanobacteria, haptophytes and 
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eustigmatophytes that were then analyzed for 13C and 15N in their 
AAs (Fig. 7). 
 

 
Fig. 7. Isotopic ratios of both carbon and nitrogen of individual amino acids were 
measured in cultured phytoplankton in Study IV. 
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Results and discussion 

In three out of four studies in this thesis, we show how benthic-pelagic 
coupling is related to environmental change and the effect this has on 
food web dynamics. In the context of lab controlled tracing of food in 
consumers (Study I), we show resource utilization between two 
different phytoplankton species in three common benthic invertebrates 
inhabiting soft bottoms in the Baltic Sea. In Study II, based on field 
collected benthic invertebrates, sediment and seston, we show large 
interspecific differences, but also contrasting results to the assumption 
of seasonal succession of sedimenting OM into consumers with regards 
to FAs. For Study III, projected climate change scenarios and the 
adverse effects on recruitment of phytoplankton, particular during 
spring, potentially causing shifts in species composition was 
investigated. Lastly, in Study IV application of advanced CS-SIA of 
AAs revealed for the first time that all larger groups of primary 
producers that were investigated could be separated based on 
metabolism of AAs. The results presented in this thesis further advances 
the knowledge of the importance of links between the benthic and 
pelagic environments and an improved approach to food web tracing 
using SI.   
 

Response of benthic macroinvertebrates to settling OM 
of differing quality 
In Study I, we found that, when given a choice between a typical spring 
bloom related diatom (Skeletonema costatum) and a typical summer 
bloom related filamentous cyanobacteria (Nodularia spumigena), three 
of the most common macrofaunal species Monoporeia affinis, Limecola 
balthica and Marenzelleria sp. consumed both. However, there was a 
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clear differentiation between the two food types regarding preference 
of the consumers. The results highlight that diatoms were consumed by 
all species with a strongly positive linear relationship with available 
food. The more diatoms that were available, the more they consumed. 
Although consumed and a good resource of C and N, no clear pattern 
was found for the cyanobacteria (Fig. 8), i.e., there was not an increase 
in consumption with increased availability.  

 

 
Fig. 8. Main results from Study I of mean (  ±S.E) assimilated carbon and nitrogen 
amount in μg ind-1, from diatoms (a) and from cyanobacteria (b) for the three different 
macrobenthic species for each treatment. Treatments represent percent (numbers) of 
each phytoplankton species Di (diatoms) and Cy (cyanobacteria) (see Fig. 4).  
 
There was also a large discrepancy between amount consumed between 
species. The fast moving and very active amphipod Monoporeia affinis 
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was able to consume more of the diatoms than the two other species that 
are less active. Interestingly, no such pattern was found for the 
amphipods when it came to cyanobacteria. While cyanobacteria have 
been shown to be consumed by zooplankton, benthic macrofauna and 
meiofauna (Nascimento et al. 2009; Hogfors et al. 2014; Karlson et al. 
2014) and the results of our study corroborate those previous findings, 
the marked difference in preference for diatoms in all species with 
higher availability suggests that, although cyanobacteria are consumed, 
diatoms are the preferred staple food of benthic macrofauna. The 
preference could likely be linked to the higher nutritional value of 
diatoms compared to cyanobacteria (Galloway and Winder 2015). This 
in turn could possibly have negative implications for this group of 
animals as the Baltic Sea has already shifted towards a lesser biomass 
of spring bloom dominated by diatoms and an increase in cyanobacteria 
(Kahru and Elmgren 2014; Hjerne et al. 2019). How much of the 
cyanobacteria that actually reaches the benthic environment, given that 
the main bloom forming filamentous species are buoyant (Walsby 
1975), is not entirely clear (Heiskanen and Kononen 1994; Rodil et al. 
2020).  

Our findings also support previous studies indicating the importance 
of diatoms as high quality food for benthic invertebrates residing on 
deep soft bottoms (Lehtonen and Andersin 1998b; Höglander et al. 
2004). This is the first study to compare preference between spring 
related diatoms and summer related cyanobacteria among Baltic Sea 
benthic macrofauna. Regarding the low C and N incorporation from 
diatoms, compared to cyanobacteria, is probably caused by cell rupture 
due to osmotic pressure, while acclimating diatoms to the salinity of the 
experimental units. Diatoms were cultured at 23 PSU and were 
gradually acclimated to 6 PSU over the course of 12 hours. However, 
even though this likely caused loss of large amounts of C and N, thus 
resulting in less OM as food than intended and compared to 
cyanobacteria, we were still able to observe the clear pattern described 
above.  

Given the results of Study I that spring bloom related phytoplankton 
is preferred over summer bloom species, we further investigated if 
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seasonal phytoplankton succession affects the biochemical composition 
of essential compounds in benthic macrofauna.  

The main findings of Study II were that the concentrations of major 
FA groups like SAFA, MUFA, BAFA and PUFA, as well as the EFAs 
EPA and DHA varied substantially between taxonomic groups (Fig. 9), 
but within species we observed a general stability in FA concentration 
throughout the seasons. This study is the first to investigate FA 
concentrations in these five major groups of macrofauna from the Baltic 
Sea from the same area across almost one full year.  
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Fig. 9. PCA biplot of benthic macroinvertebrates, seston and sediment of fatty acid 
concentrations from Study II. Both plots describe data for the full sampling period 
Jul 2018 – Apr 2019. The amount of variance explained by each axis is shown in 
parenthesis. (a) Including major groups of fatty acids MUFA (monounsaturated fatty 
acids), SAFA (saturated fatty acids), BAFA (bacterial fatty acids) and PUFA 
(polyunsaturated fatty acids) and (b) for the essential fatty acids ARA (arachidonic 
acid), EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid). 
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We found only few convincing links between seasonal phytoplankton 
production and its succession of FAs in the seston, sediment and 
ultimately the animals. There were striking similarities between the two 
amphipod species, which was expected as these two are competing for 
resources in the Baltic Sea (Lopez and Elmgren 1989). Interestingly, 
two such different organisms as the clam and the priapulid worm were 
similar with regards to FA concentrations, although one is a 
suspension/deposit feeder and the other is a predator. We speculate that 
their adaptation to prolonged anoxia could be a cause for this similarity, 
as there might be a trade-off due to the use of glycogen in anoxic 
metabolism, wherefore there could possibly be less use for lipid 
reserves (Hochachka et al. 1973). Our study shows for the first time that 
the invasive polychaete Marenzelleria sp. has a very high concentration 
of PUFAs and EFAs, making it stand out from the other species. This 
result is a bit surprising, as these polychaetes are adapted to forage deep 
down in the sediment, making use of degraded and nutritionally poor 
OM (Renz and Forster 2013). Additionally, in this species we found a 
relationship between the two EFA precursors LIN and ALA and their 
respective end-products (ARA and DHA) (see FA synthesis pathways 
illustrated in Fig. 2). This suggests occurrence of EFA synthesis in 
Marenzelleria sp. The polychaete was the only species to show a major 
accumulation and following drop-off of most FAs in late fall, which we 
speculate is related to reproduction as they spawn during this time 
period (Bochert et al. 1997; Sikorski and Bick 2004; Kauppi et al. 
2018). Although focusing on general lipid levels and not FAs, 
substantial differences in both M. affinis and P. femorata depending on 
time of year but also geographic location were observed in a previous 
study (Lehtonen 2004). Large differences caused by geographical 
location  might be part of the explanation as to why we observed such 
stability in FA concentrations. Had we collected more animals 
elsewhere, to compare with, there would perhaps have been more 
differences related to OM sedimentation. Depth and hence temperature 
and geographic location affects the lifecycle of amphipods (HELCOM 
2013) and could very well have an influence on responses in FA 
concentrations depending on time of year and available OM. 
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Seston was mainly driven by SAFAs and in general the sediment 
contained very little FAs, something that has been shown in previous 
studies (Goedkoop et al. 2000). It does not seem as if FAs in 
sedimenting OM, whether it is part of the seston or specific 
phytoplankton species prevalent during certain seasons, is reflected 
clearly in benthic macrofauna. The stability of all investigated species 
is unexpected as previous studies have found fluctuations in some 
pelagic and benthic invertebrate species (Goedkoop et al. 2000; Ravet 
et al. 2010; Lau et al. 2012). Seemingly, certain species of benthic 
macrofauna, like Limecola balthica and Halicryptus spinulosus, for 
which almost no detectable changes were found over the course of three 
seasons, could perhaps be less sensitive to changing environmental 
factors that affect the sedimenting OM than previously thought. As both 
M. affinis and P. femorata are considered important for higher trophic 
levels, being rich in lipids (Lehtonen 2004), Study II adds 
Marenzelleria sp. as a member of this highly nutritious benthic 
macrofauna, being rich in PUFAs and EPA.  

Indiscriminatory deposit feeders like most of the animals 
investigated in Study I and II are prime examples of animals where gut 
dissection would prove futile even if size was not an issue, since most 
of what is in their guts are sediment particles. This creates an obstacle 
when trying to answer the question of what is “food” and what is just 

passing through. As has previously been shown for benthic 
invertebrates of the primary consumer taxa investigated in this thesis, 
they do consume both spring and summer bloom associated OM, but 
the outcome of Study I, shows that spring associated OM is preferred. 
It is therefore puzzling that none of the taxa showed any clear 
relationship in biochemical compounds produced in phytoplankton 
related to seasonal transitions of OM in Study II. This suggests on one 
hand, that benthic organisms are well adapted to the conditions of soft 
bottoms below the euphotic zone and simply have low demands on the 
OM quality. One the other hand, bottom temperature and the longevity 
of phytoplankton cells might be an important consideration. During the 
sampling period for Study II, bottom temperature did not exceed 6 C 
(data available through the Swedish Meteorological and Hydrological 
Institute, SMHI, at https://sharkweb.smhi.se) and it is possible that both 

https://sharkweb.smhi.se/
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diatoms and to some extent dinoflagellates are available as food for very 
long time periods. Stored cold and dark, they have been shown to 
survive as vegetative cells for up to nine months and sometimes even 
longer (Lewis et al. 1999). Perhaps spring bloom sedimentation and 
potential fall bloom diatom sedimentation is enough to meet the 
requirements of the benthos. Additionally, being a relatively shallow 
sea, resuspension of older material is common in the Baltic Sea and this 
particulate matter is utilized as food by the fauna (Blomqvist and 
Larsson 1994; Lauringson et al. 2014). Benthic organisms form a 
crucial trophic link between primary production and higher trophic 
levels, and their nutritional value for predators is of importance. Using 
FAs as diet tracers in benthic invertebrates, although successful at times 
(Cook et al. 2000) has proven to be difficult (Kelly and Scheibling 
2012; Jardine et al. 2020), therefore, future studies on these species and 
benthic primary consumers in general should focus on disentangling 
whether EFAs can be synthesized to the extent that only little is needed 
through dietary sources, thus keeping their role in the food web intact 
in the event of changing species composition of primary producers. 
Also in a population context, deficiencies in EFAs could play a role 
with lower fecundity for some species, ultimately reshaping the species 
composition on soft bottoms, which in turn could affect oxygenation as 
some species are more active than others. Of the investigated species, 
the ones with lowest FA concentrations that also showed least 
variability over the year, were the most sedentary.   

Responses of plankton recruitment to changing abiotic 
factors 
In Study III we investigated the benthic contribution to the pelagic 
environment in terms of recruitment of plankton as a response to 
elevated temperature and access to light. Factors that have been 
suggested as a result of projected climate change.  

Our results showed clearly that phytoplankton recruitment in spring 
is affected by light and temperature and also by the combination of the 
two, although it did not have an additive effect (Fig. 10). We found no 
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evidence of an effect on recruitment of either phyto- or zooplankton in 
summer between treatments. This is probably due to temperature 
having surpassed most species’ threshold levels.  
 

 
 

Fig. 10. Main findings for phytoplankton of Study III, showing mean (  ±S.E) 
recruitment of phytoplankton cells from Baltic Sea coastal sediments during the 
spring (left column) and summer (right column) period for cyanobacteria, diatoms 
and dinoflagellates. Cell counts are shown for the following treatments: control 
(CTRL) kept dark at in situ temperature, an increase of +2 C (T), weak green light 
(L), and a combination of elevated temperature and light (T+L). Filled symbols are 
total counts of the respective taxa, open symbols are the dominating groups and 
genera, contributing to more than 95% of total counts.  

 
Early blooming diatoms showed no response to different treatments in 
spring, suggesting that they may rely on cues, like temperature, that 
already had started their recruitment at the collection temperature. Both 
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dinoflagellates and cyanobacteria showed strong recruitment responses 
to increased light and temperature in spring that with proposed climate 
change scenarios potentially could have an impact on species 
composition during this period of the year, something that has already 
started shifting in the Baltic Sea for diatoms and dinoflagellates (Hjerne 
et al. 2019). Whether recruitment from sediments play a role in this is 
currently not known, but given the large increase in emergence of cells 
with the different treatments, it could very well be an important factor 
in competing with diatoms for resources. As most studies focusing on 
phytoplankton recruitment from sediments, use cell counts or 
abundance (Hansson 1996; Ståhl-Delbanco and Hansson 2002; 
Rengefors et al. 2004; Cao et al. 2005) we also estimate the C 
contribution in recruitment from the sediment as carbon budgets of even 
quite species poor aquatic systems have proven hard to calculate 
(Elmgren 1984; Sandberg et al. 2000). As identification of 
dinoflagellates was to a rather high taxonomic level, C content 
calculations were based on smaller size classes of the included taxa, in 
order to not overestimate C content. Our highest estimate of 72.6 g C 
m-2 week-1 is still considered low compared to phytoplankton 
sedimentation rates. Even so, our results show for the first time an 
estimation for oxygenated coastal sediments that do not experience 
periods of pronounced hypoxia and thus do not collect resting stages of 
different organisms over time for release once again oxygenated as has 
been shown before (Broman et al. 2017).  

Previous studies, mainly focusing on lakes have found that light and 
shallow sediments (less than 10 m) seems to be the most important 
factor for recruitment of this type (Hansson 1996; Rengefors et al. 2004; 
Cao et al. 2005). It is therefore interesting that our results show, in 
contrast to this, recruitment from 20 m depth in complete darkness but 
only elevated temperature as a factor in spring. Hansson (1996) 
additionally found that thermal stratification functions as a barrier for 
emerging phytoplankton, thus limiting them from optimizing growth 
near the surface. This is of importance when considering our results of 
phytoplankton emergence during spring, when no thermal stratification 
yet has occurred. Thus, no such barrier should prevent benthic 
recruitment from reaching the surface to optimize growth. Recruitment 
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of phytoplankton cells in summer were orders of magnitude lower and 
no differences between treatments could be detected. Whether the low 
recruitment depended on sediments being depleted of resting stages and 
cells at this time of the year is not known.   

Zooplankton showed no response to treatments neither in spring nor 
summer, but large differences were found between seasons, in terms of 
species, developmental stage and numbers. Nauplii of three species of 
copepods, including Eurytemora sp., Acartia sp. and Temora sp., as 
well as adults of the Eurytemora sp., were manifold higher in summer 
than spring, indicating that spring conditions are probably not suitable 
for hatching of these species. Nauplii of the copepod Acartia sp. showed 
no difference in hatching between spring and summer, but rather an 
even emergence during both seasons. This is expected as Acartia (A. 
bifilosa) is a broadcast spawner, releasing the eggs before hatching, thus 
ending up on bottom sediments (Katajisto 2003). Whether the high 
numbers of Eurytemora sp. nauplii in summer came from resting eggs 
in the sediment or from egg bearing females is not known, but 
Eurytemora sp. has been shown to produce overwintering diapause 
eggs in fall that hatch after a substantial resting period (Katajisto et al. 
1998). In addition to that, RNA sequences from sediments in the Baltic 
Proper are dominated by this genus, probably derived from buried eggs 
(Broman et al. 2019). Our results show that hatching or recruitment 
from sediments of these two common copepod species is not affected 
by slight increases in temperature or access to light.  

The results from Study III shows for the first time an estimation and 
seasonal comparison in terms of cell counts and individuals of a wide 
variety of taxa from the benthic to the pelagic from natural bottom 
sediments under a proposed climate change scenario.  

Advancement of food web tracing by use of CS-SIA of 
amino acids 
While the application of SIA in bulk tissues of organisms is a useful 
tool when tracing labelled food as in Study I, or differentiating between 
terrestrial vs. marine origin or trophic levels (Study II), there are large 



40 

limitations on the level of detailed information such tissues can give us. 
Therefore, in Study IV we investigated the potential of using SIA on 
individual AAs of a wide range of lab-cultured phytoplankton in order 
to uncover differences in isotopic fractionation between these groups 
and hence be able to separate dietary sources at the base of the food 
web. Metabolism of AAs was an important finding with pronounced 
effects on the isotopic ratios of both C and N. For both 13C and δ15N, 
patterns of synthesis from both non-AA precursors and synthesis 
through modification of AAs were found. While the complexity with N 
cycling in AA synthesis posed a hurdle, patterns were found with 
regards to trophic and source AAs. Although the study found large 
variations within the five groups, analysis was successful in separating 
all five groups (Fig. 11). As most previous studies investigating 
isotopes of AAs have focused on either C or N (Larsen et al. 2009, 2015; 
McMahon and McCarthy 2016), the combination of the two in Study 
IV is an important addition to the advancement of this technique.  

 
 

 
Fig. 11. Linear discriminant analysis of the main results from Study IV, showing 
that using carbon and nitrogen isotopic ratios of AAs all investigated phytoplankton 
taxonomical groups could be separated. Synthesis pathways of AA metabolism had a 
pronounced effect on ratios of both carbon and nitrogen isotopes. 
 
Patterns of δ13C and δ15N in general were linked to precursors of AA 
and the metabolic pathways in AA synthesis, specific for groups of taxa. 
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Based on their enriched δ15N values, which stems from their metabolic 
activity in consumers, the so called trophic AAs are commonly used to 
differentiate between trophic levels unlike the so called source AAs  
(McMahon and McCarthy 2016). Interestingly, this was found to be the 
case already at the level of primary producers, as source AAs were 
found to be depleted in 15N, compared to trophic AAs, in line with  
findings by McCarthy et al. (2013). The individual AA metabolism had 
an impact across AAs, but any variation for single specific AAs was 
related to taxonomic groups. Relationships in the enrichment or 
depletion of both 13C and 15N were found for several AAs, i.e. a similar 
pattern of enrichment or depletion between two different AAs, and were 
related to taxonomy. Further, metabolic pathways of AA synthesis 
displaying similarities thus observed, led to the finding of a positive 
relationship in isotopic similarity with increasing phylogenetic 
closeness. The additional deep-learning algorithm that was developed 
with artificial mixtures of the data present, further honed the accuracy 
of predicting taxa.           

This use of SI of AAs in tracing of food webs could potentially 
disentangle and overcome the puzzling discrepancies between Study I 
and Study II. Seemingly, we could not detect any major differences 
related to diet and source of assimilated OM in most of the animals 
investigated by use of fatty acid analysis. By applying CS-SIA of AAs 
either additionally or separately it is possible that more clarity could 
have been obtained. The results from Study IV clearly show that 
diatoms (Bacillariophytes) and cyanobacteria (Cyanophytes) can be 
separated on primary consumer level. As these are major taxa in the 
Baltic Sea, presumably affecting consumers very differently regarding 
nutritional status, sedimentation rates and seasonal occurrence, 
application of this technique would be very useful. Whether the 
difficulties when applying the outcome of Study IV and further 
advancing it to include trophic fractionation can be overcome will 
hopefully be revealed in a not too distant future.      
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Conclusions and future perspectives 

The aim and main objective of this thesis and the studies herein, was to 
increase and further advance the knowledge about responses of benthic-
pelagic coupling to environmental change, using a combination of 
approaches in terms of lab controlled experiments with field collected 
organisms (Study I and III), completely field based collection (Study 
II) and a completely lab controlled experiment with cultured 
phytoplankton (Study IV). As for the analysis methods, a mix of 
molecular tools like SIA, CS-SIA and FA analysis together with classic 
microscopy and cell counts were applied.  

In Study I – II, the seasonal aspect of both changing quantity and 
quality of settling OM available as food for the benthos was included. 
In Study III the seasonal aspect was considered when comparing 
plankton recruitment in spring and summer, as was projections of 
climate change with elevated temperature and light levels. We showed 
for the first time that benthic soft bottom invertebrates prefer spring 
bloom related diatoms over summer bloom related cyanobacteria in a 
lab study (Study I). However, no indication of adverse nutritional 
effects across three seasons from sedimenting OM could be detected 
while analyzing field collected animals (Study II); FA concentrations 
in five benthic macrofauna species were stable over time. Whether these 
animals are adapted to not fully rely on dietary OM for essential 
biomolecules (like FAs) and thus have internal regulation and synthesis 
of these, or if the pulses of preferred OM is enough to last throughout 
the full year, warrants further investigation. Not only are these animals 
important from a nutritional aspect for higher trophic levels, but they 
are also oxygenators of soft bottoms (Bonsdorff and Blomqvist 1993; 
Lehtonen 1996; Elmgren and Hill 1997). Accurate determination of 
sedimenting OM, including resuspension, as well as fine tuning of C 
budgets for ecosystem functioning has so far proved difficult and must 
be further developed to make accurate predictions on future availability 
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of nutritious OM for benthic animals (Blomqvist and Larsson 1994; 
Sandberg et al. 2000; Gustafsson et al. 2013; Rodil et al. 2020). If 
deteriorating conditions for benthic taxa as a result of climate change 
will cause loss of certain species, it is of utmost importance to determine 
what the implications might be for food web dynamics as well as 
benthic-pelagic coupling. Can the loss of one species be compensated 
by another?  

A bit surprisingly, Study III found quite substantial recruitment of 
cyanobacteria under conditions related to climate change as early as the 
beginning of March. Dinoflagellates were also highly affected by these 
conditions. Cyanobacteria are typically not associated with spring 
blooms, but seem to benefit from increases in light and temperature. 
However, drivers and causes for cyanobacterial bloom variations in 
both time and space are still not fully understood (Kahru et al. 2020). 
Although it is not probable that cyanobacteria will compete with 
diatoms during spring, but by increasing earlier in the season by benthic 
recruitment, these species may have a competitive advantage by the 
onset of the summer bloom. Dinoflagellates have already been shown 
to replace diatoms in certain geographical areas of the Baltic Sea 
(Hjerne et al. 2019) and if this situation is further accelerated by 
recruitment from sediments, there might be a decline in diatoms quicker 
than anticipated. The results from Study III do imply, however, that it 
does not seem impossible that contributions from the benthic 
environment could be an important factor. Whether this will have 
implications for species composition in the pelagic and thus for the food 
web as a consequence of climate change, remains to be seen. 

As with all molecular tools like DNA analysis, FA analysis, SIA and 
CS-SIA, no one method holds the answer for all questions. The tools 
for disentangling food webs are constantly advancing, as has been 
shown in Study IV of this thesis. Being able to differentiate between 
diverse groups of primary consumers, based on their AA synthesis 
pathways and hence, their isotopic fingerprints is already a big piece of 
the puzzle in tracing of nutrient and energy flows in food webs. The 
ability to identify and differentiate groups of algae based on their 
isotopic ratios of specific AA in predictable patterns, is a great leap 
forwards. Given the complexity of what trophic fractionation might 
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add, hopefully future studies will be able to tell if these patterns can be 
predicted in consumers as well. Combining fatty acid analysis with CS-
SIA of AA could be a great way of balancing the shortcomings of one 
method with another in order to get to the fact of the matter. CS-SIA 
can perhaps be used to clarify which groups of taxa are being consumed, 
but to assess if these supply the consumer with essential biomolecules 
not related to AAs, we need other methods, like FA analysis. 

With the studies presented, more light is cast on the interplay of 
processes affecting both deep soft bottoms as well as the pelagic 
environment and further advances our understanding of them. It is my 
hope that the four studies presented in this thesis will contribute to 
predicting responses of benthic-pelagic coupling to environmental 
change.    
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