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MACROALGAL CONTRIBUTION TO BENTHIC MACROFAUNAL COMMUNITIES
AND FOOD WEBS IN SHALLOW COASTAL HABITATS OF THE BALTIC SEA

TUOMAS I. KAHMA

Kahma, T.I. Macroalgal contribution to benthic macrofaunal communities and food webs in
shallow coastal habitats of the Baltic Sea. W. and A. de Nottbeck Foundation Sci. Rep. 51: 1–51,
ISBN 978-951-51-8446-7 (paperback), ISBN 978-951-51-8447-4 (PDF, http://ethesis.helsinki.fi)

Coastal zones are vulnerable to human activities, and eutrophication is one of the most severe
anthropogenic stressors of coastal ecosystems. The decline of Fucus vesiculosus in the Baltic Sea
has been of major concern in the past decades. The present thesis highlights the role of this
perennial macroalgae not only as a habitat-forming key species maintaining biodiversity in rocky
seafloor communities but also as a cross-habitat provider of energy subsidy to adjacent soft-
sediment ecosystems and associated macrofauna communities.

In coastal ecosystems, the flow of detrital matter connects spatially distinct habitats, and the
provision of such cross-habitat energy subsidies is fundamental for many ecological processes. The
local primary production and carbon export potential of large macrophytes can be very high.
However, the overall importance of macrophyte-originated detritus for coastal food webs is not
fully understood. In oceanic systems, the role of large kelps as an organic matter subsidy has been
studied previously. There is growing evidence that macroalgae-derived detritus are significant
spatial subsidies from shallow rocky vegetated habitats to nearby soft-sediment shallow areas and to
deeper offshore areas, where it fuels benthic macrofauna food webs. In shallow habitats of the
Baltic Sea, habitat-forming rockweed species Fucus vesiculosus forms abundant and highly
productive underwater forests, which host a high diversity of associated macrofauna. The carbon
export potential of F. vesiculosus to nearby shallow bare sediment habitats has been recently
recognized, but we know little about the role of this perennial macroalgal species in the coastal food
webs and the dynamics of associated benthic macrofauna communities.

The general aim of this thesis was to examine the dietary contribution of macrophyte-originated
detrital matter, especially drifting F. vesiculosus, to the associated benthic macrofauna communities
in coastal areas of the Baltic Sea influenced by large external inputs of macrophyte detritus.
Additional aims were to investigate how this role may change spatially and seasonally and to
provide insights into the fate of primary production in coastal systems dominated by large
macrophytes and affected by increasing ephemeral algal accumulations. A stable isotope approach
and Bayesian modelling were applied to assess the contributions of macrophyte-originated
components to the adjacent basal food webs potentially influenced by drifting detrital macrophyte
matter. The study took place in Hanko Peninsula, SW Finland.

There is a high diversity of potential macrophyte food sources in the shallow vegetated habitats of
the Baltic Sea since both marine and limnic species are present. The results indicated that the
dominating habitat-forming macrovegetation of a habitat (F. vesiculosus or angiosperm plants) does
not necessarily affect the contribution of the macrophyte component in the diets of detritivorous
benthic infauna. The stable carbon and nitrogen isotopic niche structures of a particular habitat,
however, are strongly affected by the dominant macrovegetation assemblage.

In the Storfjärden Bay, most of the sedimentary carbon on the seafloor seemed to be of
autochthonous origin, despite the proximity of riverine runoff. In offshore areas, pelagic primary
production dominated as the main energy source of the benthos, but the results showed that the
carbon export from F. vesiculosus can have a large contribution to the adjacent soft-sediment food
webs also here. Depth was an important factor regulating energy source dynamics. The results from
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different depths (from 3.5 to 45 m) indicated that the rockweed F. vesiculosus fuels soft-sediment
benthic macrofauna communities in the direct proximity of shallow vegetated habitats, but it can
also have a significant contribution in deeper soft-sediment areas of the coastal ecosystem. In
shallow (< 5 m) vegetated habitats, F. vesiculosus is one of the main energy sources of the clam
Macoma balthica, but also obligate suspension-feeding mussels (Mytilus trossulus) can incorporate
some of the fine-sized detrital matter exported from F. vesiculosus rocky bed communities. In
deeper areas (> 15 m), the amount of this cross-habitat energy subsidy might depend on the
magnitude of physical transport processes.

A temporal field study, examining species-specific dietary responses across three sampling dates,
showed that the preferred feeding strategy, but not the season, mainly shapes the dietary
compositions of the abundant benthic macroinvertebrate consumers. The results show that
accumulations of drifting filamentous algae are rapidly incorporated into the food web through
epigrazers. An in situ field experiment simulating a natural accumulation event and subsequent
decaying process of F. vesiculosus at different depths showed that algal decomposition progressed
relatively slowly.  Detectable incorporation of Fucus-derived matter to epigrazers and detritivorous
bivalves occurred after a few weeks, while simultaneously the incorporation of filamentous algae
decreased over time. Hence, it can be suggested that the ecological role of decomposing F.
vesiculosus is more important in areas where the algal matter can accumulate for several months.
The effect of depth influenced the food incorporation of typical epigrazers. As a rough quantitative
estimate, the effect of depth (3 m vs. 6 m) on the proportion incorporated was approximately 10 %
units between the two depths, which was roughly similar to the observed temporal dietary variations
in the studied area.
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1. INTRODUCTION
1.1. Macrophyte production in marine ecosystems

Coastal vegetated areas maintain some of the most productive, abundant, and ecologically valuable
communities in marine ecosystems (Gutiérrez et al. 2011, Seitz et al. 2014). In temperate areas, the
typical habitat-forming foundation species are perennial macroalgal kelps or seagrass meadows
(Dayton 1985, Duffy 2006). These macrophytes are key habitat-forming species, which modify the
physical environment and associated biodiversity, and provide many ecosystem services (Rönnbäck
et al. 2007, Gutiérrez et al. 2011). Although coastal vegetated habitats cover only narrow areas
around the shorelines, a recent estimate suggests that they might support 1 10 % of the global
marine net primary production (Duarte 2017). Locally, the primary production rates can be very
high: for example, large kelps can have production rates of up to 2.5 kg C per m2 per year (Duggins
et al. 1989, Krumhansl & Schleibling 2012).

A significant proportion of net primary production of coastal macrophytes can be exported to
adjacent habitats and offshore areas, and estimates of between 6 35 % (Watanabe et al. 2020) and
even up to 43 % (Krause-Jensen & Duarte 2016) have recently been suggested. A detritus-mediated
trophic link between primary producers and consumers was hypothesized as early as the beginning
of the 20th century when it was proposed for the first time that dissolved organic material from
primary producers fuels deeper food webs in aquatic ecosystems (Pütter 1907 and 1909).
Subsequently, the importance of detrital macrophyte (large kelps) matter providing energy and
nutrient subsidy for benthic food webs has become evident (e.g. Duggins et al. 1989, Vetter 1994,
Moore et al. 2004, Krumhansl & Scheibling 2012). In oceanic marine systems, it has been estimated
that approximately 80 % of the kelp primary production would enter the food webs in the form of
detrital matter (Krumhansl & Scheibling 2012). Grazing animals can increase the dispersal potential
of kelp detritus by even 2 orders of magnitude and accelerate its incorporation into the associated
food web (Wernberg & Filbee-Dexter 2018). The flow of detrital matter forms connections between
spatially separated habitats (i.e. spatial subsidies) and often leads to bottom-up effects in the
recipient habitat (Polis et al. 1997). Recent studies have shown that detrital macrophyte subsidies
can finally end up in deep offshore areas (Filbee-Dexter & Scheibling 2016, Kokubu et al. 2019,
Queirós et al. 2019), where carbon can be sequestered and locked away in the sediment from the
exchange with the atmosphere, due to the lack of rapid remineralization processes (Duarte et al.
2005, Krause-Jensen & Duarte 2016). A recent global ocean scale estimate suggests that about one-
third of macroalgae-derived dissolved carbon is transported below the upper mixed layer, and of the
particulate carbon, about 11 % is exported to deeper areas while the rest 89 % stays in coastal areas
(Krause-Jensen & Duarte 2016).

1.2. Macrophytes as an energy source in the Baltic Sea

In the brackish-water environment of the Baltic Sea, a species assemblage of both marine and
limnic macrophytes is typically present (Fig. 1, Table 1). The number of habitat-forming species is
relatively low compared to oceanic systems (HELCOM 2009), but shallow vegetated habitats are
still complex and represent spatially variable ecosystems with strong seasonality (Korpinen et al.
2007). Of the perennial macroalgae, the small-sized perennial phaeophyte Fucus vesiculosus (L.) is
considered the most important habitat-forming macrophyte of hard bottoms, where its biomass can
constitute 33 60 % of the total macrophyte biomass (Pekkari 1956, HELCOM 2009, Vahteri &
Vuorinen 2016). Similar to large kelp forests in oceans, F. vesiculosus forms monospecific
underwater forests in the shallow hard-bottom habitats of the Baltic Sea, in the absence of larger
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oceanic phaeophyte species (Fig. 1A). A recent estimate of 200 400 g C m-2 has been suggested for
its standing seasonal biomass (Attard et al. 2019a). In hard-bottom habitats, opportunistic
filamentous macroalgae (Fig. 1B, e.g. Cladophora glomerata (L.), Pilayella littoralis (L.)) are also
common and compete with perennial F. vesiculosus (Hällfors et al. 1975, Kiirikki & Lehvo 1997,
Takolander et al. 2017a). For macrophytes, physical factors like habitat protection and seafloor
substrate shape the dominant macrovegetation species assemblage. For example, in soft-sediment
sandy seafloors, angiosperm species like Zostera marina (L.) and limnic Potamogeton spp. are
common habitat-forming macrophytes (Fig. 1C D), forming mono- and multispecific communities
(Hällfors & Niemi 1981, Boström et al. 2014, Gustafsson & Norkko 2018, Kotilainen et al. 2020,
Rodil et al. 2021). In sheltered, shallow and muddy bottoms, limnic angiosperms such as
Ranunculus sp. and Myriophyllum sp. are often dominant species (Kotilainen et al. 2020).

Figure 1. Typical shallow-habitat macrophyte communities in the Baltic Sea. Canopies of Fucus
vesiculosus growing on a hard bottom (A), ephemeral Cladophora glomerata growing on a hard
substrate (B), Zostera marina growing on a sandy seafloor with some F. vesiculosus attached on
hard substrates (C), a soft-bottom habitat dominated by Potamogeton pectinatus (D). © A. Norkko

A B

C D
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TABLE 1. Some common macrophytes in the Baltic Sea (Hällfors & Niemi 1981, Takolander et al.
2017a, Kotilainen et al. 2020). Species collected in the present thesis are marked (+).

Chlorophyta
Acrosiphonia arcta (Dillwyn) Gain
Cladophora glomerata (L.)   +
Cladophora rupestris (L.) Kützing
Ulothrix sp. (Kützing)
Urospora penicilliformis (Roth) Areschoug
Ulva sp. (L.)   +

Rhodophyta
Ceramium rubrum (Agardh)
Ceramium tenuicorne (Kützing) Waern   +
Furcellaria lumbricalis (Huds.) Lamoroux   +
Phyllophora sp. (Nägeli)   +
Polysiphonia sp. (Greville)   +
Rhodochorton purpureum (Rosenvinge)
Rhodomela confervoides (Huds.) Silva

Phaeophyta
Chorda filum (L.)   +
Dictyospihon foeniculaceus (Huds.) Greville
Ectocarpus siliculosus (Dillwyn) Lyngbye
Fucus vesiculosus (L.)   +
Halosiphon tomentosus (Lyngbye) Jaasund
Pilayella (Pylaiella) littoralis (L.)   +
Sphacelaria arctica (Harvey)
Stictyosiphon tortilis (Gobi) Reinke

Tracheophyta and Charophyta
Ceratophyllum demersum (L.)   +
Chara aspera (Willdenov)
Chara baltica (Hartman) Bruzelius
Myriophyllum spicatum (L.)   +
Potamogeton pectinatus (Stuckenia pectinata) (L.) Böerner   +
Potamogeton perfoliatus (L.)   +
Ruppia maritima (L.)
Ranunculus baudotii (Godr.)   +
Ranunculus circinatus (Sibth.)
Zannichellia palustris (L.)
Zostera marina (L.)   +

Recently, there has been growing evidence of the detrital carbon export potential of F. vesiculosus
in the Baltic Sea. Attard et al. (2019a) suggested, based on novel Eddy Covariance measurements,
that the magnitude of this detrital carbon export (in the form of POM and DOM) can be up to 300 g
m-2 yr-1. This suggests that the external carbon subsidy from F. vesiculosus might have great
impacts on food webs not only in adjacent habitats directly influenced by F. vesiculosus but also in
deeper areas, where the deposition of detrital matter takes place. In comparison, the primary
production values of pelagic phytoplankton are an order of magnitude lower (Kuparinen 1984).
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Traditionally, phytoplankton has been considered the most important energy source for benthic food
webs (e.g. Elmgren 1978, Lignell et al. 1993). Despite the great carbon subsidy potential of F.
vesiculosus, its contribution to the benthic food webs has not been properly assessed so far. Of the
physical processes (i.e. currents and wave action) capable of transporting the drifting macrophyte
matter to the offshore areas, waves originating from the open sea are long enough to have an action
depth reaching occasionally a maximum of 60 meters in the Gulf of Finland (Petterson 2007).
Hence, the productive and abundant macrophyte beds in shallow habitats can theoretically provide
spatial subsidies even to the deepest offshore areas of the Baltic Sea.

In the Baltic Sea, the benthic macrofaunal communities in deeper areas are dominated by relatively
few macroinvertebrates, of which the clam Macoma balthica and the invasive polychaete
Marenzelleria spp. (Mesnil) are some of the most dominant consumers of deposited organic matter
in soft sediments (Lassig & Leppäkoski 1981, HELCOM 2009). In sandy areas, the bivalves Mya
arenaria (L.) and Cerastoderma glaucum (Bruguière) can be dominant, accompanied also by M.
balthica, polychaete Hediste diversicolor (Müller), amphipod Corophium volutator (Pallas) and
gastropod Peringia (Hydrobia) sp. (Hartmann) (Kotilainen et al. 2020). In shallow hard bottoms,
suspension-feeding mussel Mytilus trossulus is highly abundant (Westerbom et al. 2008, HELCOM
2009). In the shallow hard and soft bottom habitats of the Baltic Sea, the dominating
macrovegetation hosts a wide range of associated herbivorous, detritivorous, and omnivorous
primary consumers, including bivalves, gastropods, isopods, amphipods, polychaetes, and insect
larvae (Table 2) (Lassig & Leppäkoski 1981, Kautsky & Kautsky 2000). Macrophyte species often
maintain a high diversity of associated fauna. For example, abundant invertebrates associated with
growing F. vesiculosus include multiple amphipod species (Gammarus spp.), isopods (Idotea sp.,
Jaera albifons), gastropods (Theodoxus fluviatilis (L.), Lymnaea (Radix) sp., Hydrobia (Peringia)
sp., Littorina sp.), clams (Macoma balthica, Mya arenaria, Cerastoderma sp.) and mussels (Mytilus
trossulus) (Lassig & Leppäkoski 1981, Wikström & Kautsky 2007, Kersen et al. 2011, Kotilainen
et al. 2020). Declining abundances of F. vesiculosus might change the composition and biomass of
these key primary consumers, which might affect higher trophic levels of the coastal ecosystem
(Wikström & Kautsky 2007). Understanding the role of F. vesiculosus as a local and cross-habitat
spatial subsidy is essential due to its main role as a coastal primary producer and a habitat-forming
key species. Despite recent studies focusing on large kelps as spatial subsidies in oceanic systems
(e.g. Renaud et al. 2015, Krause-Jensen & Duarte 2016, Kokubu et al. 2019, Queiros et al. 2019,
Smale et al. 2021), the corresponding role of F. vesiculosus and other macrophytes has been
scarcely studied (e.g. Hansen et al. 2012) and is not fully understood in the Baltic Sea.
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TABLE 2. Typical benthic primary consumer macroinvertebrates in the coastal habitats of the
Baltic Sea (Lassig & Leppäkoski 1981, Kotilainen et al. 2020). Species collected in the present
thesis are marked (+).

Crustacea
Bathyporeia pilosa (Lindström)
Corophium volutator (Pallas) +
Gammarus sp. (Fabricius) +
Jaera albifrons (Leach)
Idotea balthica (Pallas) +
Monoporeia affinis (Lindström)
Pontoporeia femorata (Krøyer)

Gastropoda
Bithynia tentaculata (L.)
Peringia (Hydrobia) sp. (Hartmann)
Lymnaea sp. (Montfort) +
Stagnicola palustris (Müller)
Theodoxus fluviatilis (L.) +

Bivalvia
Anodonta anatina (L.)
Cerastoderma glaucum (Bruguière) +
Macoma balthica (L.) +
Mya arenaria (L.) +
Mytilus trossulus (Gould) +
Parvicardium hauniense (Petersen & Russell)

Polychaeta
Bylgides (Harmothoe) sarsi (Kinberg in Malmgren)
Hediste diversicolor (Müller) +
Marenzelleria spp. (Mesnil) +
Pygospio elegans (Claparède)

Insecta
Chironomidae +
Trichoptera +

1.3. Macrophytes and climate change in the Baltic Sea: the rise of ephemeral algae

Spatial macrophyte subsidies might be affected by environmental changes of current concern.
Global climate change is expected to alter key environmental factors (temperature, salinity, pH etc.)
in shallow coastal ecosystems in favour of opportunistic filamentous algae and at the expense of
large perennial macroalgae (Filbee-Dexter & Wernberg 2018). On a global scale, large perennial
kelp forests are declining in oceanic systems worldwide as a result of the increasing abundance of
ephemeral algae (Filbee-Dexter & Wernberg 2018). In the Baltic Sea, the low number of habitat-
forming key species results in enhanced vulnerability to environmental changes, as other species
might not replace their function and the ecosystem services they provide (HELCOM 2009). The
anthropogenic eutrophication process has resulted in a decrease in perennial macrophytes and the
rise of a system dominated by ephemeral opportunistic algae and pelagic primary production
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(Bonsdorff et al. 1997, Leppäkoski et al. 1999, Gustafsson & Boström 2014, Takolander et al.
2017a,b, Filbee-Dexter & Wernberg 2018). Especially, filamentous opportunistic algae might
overgrow F. vesiculosus in eutrophicated conditions (Berger et al. 2003; Råberg et al. 2005,
Korpinen & Jormalainen 2008), and simultaneously increased turbidity limits the depth of the
photic zone and the distribution of F. vesiculosus (Torn et al. 2006, Rohde et al. 2008). Since the
1940s, the depth distribution and biomass of F. vesiculosus have declined (Kautsky et al. 1986,
Torn et al. 2006, Vahteri & Vuorinen 2016). In addition, rising temperatures and decreasing
salinities might threaten the presence of F. vesiculosus in the Baltic Sea (Takolander et al. 2017b),
but the trends toward low salinity are highly uncertain (Meier et al. 2022). As these changes might
alter the magnitude and type of macrophyte-derived carbon subsidy to the associated food webs,
understanding the importance of the detrital macrophyte-derived energy subsidy is important in the
Baltic Sea. In a recent Finnish national assessment, benthic habitats characterized by Fucus sp. are
classified as endangered on the IUCN Red List category (Kotilainen et al. 2020).

In the Baltic Sea, both opportunistic and perennial macroalgae (F. vesiculosus) might provide
lateral carbon subsidies to adjacent habitats, when the algae detach from the rocky seafloor
environment and drift away (Fig. 2). The detached algae (Fig. 3) might settle into nearby shallow
soft sediments to decay and be consumed there (Fig. 2: 1), or drift via waves and currents to deeper
areas, where final microbial decomposition (and burial) takes place (Fig 2: 2), releasing nutrients in
the form of POM and DOM to the water column (Fig 2: 3).

Figure 2. A conceptual overview of macrophyte subsidies in the Baltic Sea. © I.F. Rodil
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Figure 3. Detached algae detritus covering the seafloor in Spikarna Islets, Hanko archipelago. © K.
Attard

The overgrowth of opportunistic filamentous algae under eutrophicated conditions has resulted in
intensive accumulations of drifting filamentous algae mats, which can extensively cover the
seafloor in the northern Baltic Sea (Vahteri et al. 2000). The smothering effect of such algae mats
can stress the benthic infaunal communities by inducing oxygen deficiency (Norkko & Bonsdorff
1996a,b), but on the other hand, they can also provide food and habitat for some benthic
macroinvertebrate species (Norkko et al. 2000, Salovius et al. 2005, Rodil et al. 2021). The
decomposition rates of drifting algae strongly depend on the algal species in question, and
filamentous algae tend to decompose faster than perennial kelps (Rice & Tenore 1981, Dethier et al.
2014, Conover et al. 2016). The degradation process and epifaunal colonization of drifting
filamentous algae have previously been studied in the Baltic Sea (Salovius & Bonsdorff 2004, Rodil
et al. 2021). Increasing depth slows the degradation process of drifting algae, which mainly results
from lower temperatures (Salovius & Bonsdorff 2004). However, less is known about the dietary
incorporation of drifting opportunistic algae into adjacent food webs. This underlines the
importance of studies focusing on the importance of different macrophyte species, including both
perennial and ephemeral species, as energy subsidies to coastal food webs, taking the regulating
environmental factors (depth, temperature etc.) into account.

1.4. Tracking nutrient inputs in ecosystems
In coastal ecosystems, the number of potential energy and nutrient sources is high, as they can be
fueled by both autochthonous and allochthonous sources. For example, these sources include land
and river runoff, local phytoplankton production and lateral drifting of detrital macrophyte matter
(Polis et al. 1997, Bouillon et al 2011, Hyndes et al. 2014). This complexity of multiple potential
food sources is challenging for studies aiming to track the origins and relative importance of
different sources.

As a traditional approach, the compositions of specific organic compounds (fatty acids, pigments
etc.) have been used as markers to study the quality and transformations of organic matter (e.g. Le
Guitton et al. 2015). Also, stable isotopes of carbon ( 13C) and nitrogen ( 15N) (i.e. a dual-isotope
approach) have been applied for food web studies since the 1970s, and they provide a useful tool for
tracking nutrient and energy flows in ecosystems (Fry 2006, Grey 2006, Bouillon et al. 2011). The
main advantage of this method is that it incorporates both spatial and temporal aspects of an
organism and its potential food sources, and the stable isotope signals are reasonable easy to trace
and predict (Bouillon et al. 2011). The composition of carbon-13 is highly variable between
different primary producer taxa and terrestrial and marine species, thus making it possible to track
the origin of produced carbon. Nitrogen-15, in turn, enriches food webs, indicating the trophic level
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of an organism (Fry & Sherr 1984, Fry 2006, Bouillon et al. 2011). In complex systems, the great
number of different carbon and nitrogen sources lead to overlapping isotope signals of diverse taxa,
and possible spatio-temporal variations of isotope signals can often cause difficulties in partitioning
food sources (Bouillon et al. 2011, Mittelmayr et al. 2015a,b). Adding sulfur ( 34S) as a third tracer
together with carbon and nitrogen (i.e. a triple-isotope approach) helps to resolve complex food web
questions, which might not be possible to distinguish with dual-isotope approaches (Peterson &
Howarth 1987, Fry 1988, Connolly et al. 2004). Novel computation techniques provide more
accurate quantitative methods for studying element and nutrient flows with stable isotope tracers.
Since the 2010s, Bayesian methods have been developed to calculate proportion probabilities of
different nutrient sources of consumer fauna (Parnell et al. 2010, Layman et al. 2012), as well as to
estimate bionomic and scenopoetic niche sizes and widths, which represent the resource utilization
and bioclimatic habitat of a species or population (Newesome et al. 2007, Jackson et al. 2011). In
the northern Baltic Sea, food web studies applying the stable isotope approach have been quite rare
so far (but see Nordström et al. 2009 and 2010, Hansen et al. 2012, Karlson et al. 2015, Nordström
et al. 2016), as well as studies focusing on food source partitioning (Karlson et al. 2015).

2. AIMS OF THE THESIS
The main aim of this thesis is to study how detrital matter derived from Fucus vesiculosus and other
abundant macrophytes can influence the basal food webs in coastal areas of the Baltic Sea.
Additional aims are to examine how this contribution may change both spatially and temporally and
to provide insights into the fate of macrophyte-derived primary production in coastal systems
affected by increasing detritus accumulations. Many recent food web studies focus on seagrass
meadows or kelp forests in fully oceanic conditions, but this study aims to enlighten the role of
drifting F. vesiculosus, ephemeral algae, and other macrophytes as an energy subsidy in the
brackish-water Baltic Sea. Specifically, this thesis aims to:

2.1. Characterize the main macrophyte food source diversity in the Baltic Sea and study the
effects of different dominating macrophyte assemblages on the diet contributions to primary
consumers (Chapter I). In the Baltic Sea, the presence of both marine and limnic macrophytes
complicates the efforts to study the origin of macrophyte-derived energy subsidy to the basal food
webs. The diversity of stable isotope signatures of different abundant macrophyte taxa was studied,
and a comparative analysis of the isotope niche structures and primary consumer dietary
compositions was performed for two key types of shallow vegetated habitats, dominated by either
F. vesiculosus or angiosperm plants (Chapter I).

2.2. Study the role of environmental factors affecting the degradation and dietary
contributions of detached drifting macroalgae across archipelago seascapes (Chapters II and
III). Coastal areas receive carbon and nutrient subsidies from land and river runoffs as well as from
autochthonous sources (i.e. from marine phytoplankton and macrophytes), which makes these
ecosystems complex in terms of their carbon source dynamics. To quantify the importance of the
main primary food sources to key benthic consumers, a seascape-scale food source study was
performed across environmental gradients (i.e. depth, salinity and wave exposure) in the Storfjärden
Bay (Chapter II). Here, we examined Fucus vesiculosus, the most productive and abundant
macrophyte, as a potential key macrophyte energy source for the benthic food webs. The effects of
depth on the incorporation of decomposing macroalgae were further studied through a manipulative
in situ experiment, and the contribution of macroalgae to key macroinvertebrate consumers was
examined over time (Chapter III).
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2.3. Examine the decay process and the fate of carbon derived from algal detritus
accumulations in coastal ecosystems (Chapters II and III). While the seascape-level study in the
Storfjärden Bay (Chapter II) provided general information on the importance of drifting F.
vesiculosus to benthic primary consumers, a separate manipulative in situ experiment in the
Spikarna Lagoon (Chapter III) simulated the natural accumulation event of decomposing F.
vesiculosus and freshly-settled filamentous algae across a relatively long period of 2 months at two
different depths. The colonizing macrofauna community succession and their dietary changes across
time were examined in an incubation experiment. Simultaneously, the dietary incorporation of F.
vesiculosus and ephemeral algae, and the community changes of key grazer fauna were also
observed in natural conditions in the same area during a temporal sampling campaign (Chapter III).

3. MATERIALS AND METHODS
3.1. Characterizing the food source diversity and examining large-scale environmental factors
(Chapters I and II)
3.1.1. Study area and sampling design

The field studies of chapters I and II were performed during the summer of 2017 in the
Storfjärden Bay close to  Tvärminne Zoological Station (TZS), Hanko Peninsula, SW Finland (Fig.
4). The bay is a shallow (< 40 m) coastal ecosystem, typical for the archipelagos of the Northern
Baltic Proper. The bay covers an area of approx. 30 km2, including both rocky and soft-sediment
coastal habitats. The Northern part of the bay is influenced by a river input (Karjaanjoki), while the
Southern part borders the open sea. As a coastal ecosystem, there are several potential primary
energy sources, including both allochthonous (terrestrial/riverine runoff) and autochthonous inputs
(pelagic phytoplankton, coastal macrophytes). Recently, Attard et al. (2019b) have estimated that
approximately 40 % of the littoral habitats in the area are covered by F. vesiculosus habitat type, 34
% by the bare seabed, and 13 % by Z. marina habitat type.

Because of the heterogeneous nature of Storfjärden Bay and the adjacent offshore areas in the
South, we aimed to design a sampling setup encompassing both environmental gradients and
different coastal habitat types. Thus, we established three larger-scale transects from North to South
(northern A, middle B, and southern C) across the bay, ranging from shallow vegetated habitats to
the deepest areas (Fig. 4). The aim was to ensure that the sampling design would cover both the
freshwater/marine, sheltered/exposed and depth gradients, which were hypothesized as
environmental factors affecting the energy and nutrient sources of the basal food webs. Before the
determination of sampling locations, a three-dimensional geophysical mapping of the seafloor was
performed by the R/V Electra, to choose locations in terms of the seafloor type. In total, 18
sampling locations were determined. For each transect, two sampling locations were chosen from
shallow vegetated habitats (< 5 m), dominated by either F. vesiculosus or angiosperm plants. For
deeper areas of each transect, sampling locations at depth strata of 10 20m, 20 30m, and > 30m
were chosen.
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Figure 4. The study area in Tvärminne, including the three transects (A, B and C) across the
freshwater-seawater gradient (i.e. N to S latitudinal distance), and the across shore-pelagic depth
gradient (red lines). The double-arrows indicate the estimated average distances between the
transects. Six nearshore locations (A1–2, B1–2, C1–2) were chosen, as well as ten sublittoral
locations (A3–5, B3–5, C3–4, S1–2), and two locations for water sampling (W1 and W2).

In the shallow habitats, all samples were collected by SCUBA diving, and in the deeper locations (>
10 m), the samplings were performed using a Van Veen, Gemax, and Haps samplers from a
research vessel. Dominant macrophytes present in the shallow vegetated habitats and their
associated epifauna, sediment, and macroinfauna were collected. In addition, water samples were
collected from 5 locations for particulate (POM) and dissolved organic matter (DOM) extraction.
The macrophytes were washed by hand, and epifauna was removed and identified. The sedimentary
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matter was sieved to collect macroinfauna. All epifaunal and infaunal animals were retained in
filtered seawater to empty gut contents, and subsequently freeze-dried and powdered for stable
isotope analysis. Particulate organic matter (a fraction of > 0.2 μm) was extracted by filtering from
the water samples, and dissolved organic matter was obtained according to the solid phase
extraction method as described by Dittmar et al. (2008).

All samples were analyzed for carbon and nitrogen stable isotope compositions ( 13C and 15N) by
ion ratio mass spectrometry. In addition, samples for Chapter II were analyzed for sulfur-34
isotope compositions ( 34S), to provide better resolution for the later Bayesian mixing modelling.
The analyses were performed at the Department of Geological Sciences of Stockholm University.

3.1.2. Data analysis

Three types of data analyses were applied for chapters I and II. Firstly, the isotopic niche sizes and
structures (sensu Hutchinson in Newesome et al. 2007) of the shallow vegetated habitats were
examined using the Bayesian SIBER package for R (Jackson et al. 2011) (Chapter I). In the
isotopic niche analysis, information on the resource utilization and bioclimatic (i.e. habitat) stage of
a particular species or a population can be obtained by using stable isotope information, since the
chemical stable isotope composition of an organism reflects both its consumption and the
surrounding environmental factors. When presented in a two-dimensional space with stable isotope
information as axes (i.e. in a  value space), the resulting space construct is comparable to the
ecological niche of the species in question (Newesome et al. 2007). Secondly, to examine possible
spatial stable isotope gradients in the study area, revealing a coarse qualitative biogeochemical
picture of terrestrial and autochthonous nutrient sources of the area, a generalized linear model
(GLM) regression analysis using depth and latitude as response variables was performed for the raw
stable isotope data of sedimentary matter and two abundant infaunal species (M. balthica and
Marenzelleria spp.) (Chapter II). The calculations were performed with R and MATLAB software.
Finally, novel Bayesian mixing modelling, developed for calculating quantitative probabilities of
different carbon sources consumed by macroinvertebrate primary consumers (Parnell et al. 2010,
Layman et al. 2012, Stock et al. 2018) was performed for the data using the MixSIAR package for
R (Stock et al. 2018) (Chapters I and II). A dual-isotope (C N) approach was used for the analyses
in Chapter I to examine the dietary compositions of consumer animals, and for a better resolution,
a triple-isotope (C N S) approach was used for Chapter II. For the seascape-scale dietary analysis
in Chapter II, the dietary compositions and the macrophyte contribution to the key benthic
macroinvertebrate consumers Macoma balthica and Marenzelleria spp. were examined spatially by
using three-source mixing models including pelagic POM representing mainly phytoplankton,
sedimentary matter, and the productive macroalgae Fucus vesiculosus. In addition, the diet of
Mytilus trossulus was examined by using POM, DOM and F. vesiculosus as food sources. In
Chapters I and II, the effect of proposed specific correction equations (Post et al. 2007) to correct
possible biases related to the fatty acid concentrations of an organism on its 13C values was also
tested. The MixSIAR dietary analysis results presented in this thesis were calculated without the
lipid correction. However, in Chapters I and II, results applying the lipid corrections were
included as supplementary material for reference.
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3.2. Studying temporal dietary variability and the degradation and incorporation of
accumulated macroalgae in situ (Chapter III)

3.2.1. Study area and sampling design

A temporal campaign and an in situ manipulative experiment were conducted in Spikarna, a small
group of rocky outer islets enclosing a shallow lagoon in the outer Hanko archipelago, close to the
Storfjärden bay (Fig. 5). The islets form an enclosed shallow lagoon  (3 m water depth), while the
depth rapidly increases to over 10 20 meters outside the islets. There are two different habitat types
inside the lagoon. The Southern rocky-bottom part of the lagoon is dominated by an abundant
community of canopy-forming Fucus vesiculosus (“FC”, i.e. Fucus canopy habitat). The northern
soft-bottom part of the lagoon has a sandy seafloor (“DA”, i.e. detritus accumulation habitat), which
occasionally receives detached macroalgae from the southern part of the lagoon, forming large
accumulated mats of algal detritus (Fig. 5 B).

Fig. 5. The study area in the Spikarna islets and the location of the study sites. Small photos show
the Fucus canopy habitat (FC, figure A) and the detritus accumulation habitat (DA, figure B) for the
seasonal study, and the shallow (Sh, 3 m) and deep (De, 6 m) sites of the mesh-bag (figures C-D)
algal degradation experiment.



21

To monitor the temporal changes in the macrofauna community succession and the food source
variations for primary consumer macrofauna, we sampled attached and detached macrophyte
material in the Spikarna Lagoon on three occasions; June 2017, September 2017, and May 2018.
Fresh (FC) and detached (DA) macrophyte material, associated epifauna, and sediment samples
were collected by SCUBA diving. The biomass of the different macrophytes and the abundance of
all the associated macrofauna were determined for the two habitat types of the lagoon. Macrophytes
were washed and epifauna was removed, and all animals were retained in filtered seawater to empty
gut contents. Samples were then freeze-dried and powdered.

The degradation process of accumulated macroalgae and the food source utilization of the
associated consumer fauna was studied in a manipulative in situ experiment setup, which took place
at two different depths at the Spikarna islets. Decaying Fucus vesiculosus matter was placed into
mesh bags (Fig. 5 C D) inside the shallow lagoon at 3 m (Fig 5. “Sh”) and outside the islets at 6 m
(Fig 5. “De”) and subjected to a natural decay process. Temperature and light intensity
measurements were recorded continuously at both depths using data loggers. After incubation
periods of 2, 6, 21, or 62 days, the degraded Fucus matter, detached ephemeral Pilayella littoralis
(which had naturally settled on the bags), and all the colonizing epifauna were collected from each
bag. Also, the macroinfauna under each bag was sampled. The abundance of colonized epifauna
and infauna was determined, and the animals were stored in filtered seawater overnight to empty
gut contents. Samples were then freeze-dried and powdered.

The macrophyte material and macrofauna samples of both the monitoring study and the
manipulative in situ experiment were freeze-dried, powdered, and analyzed for elemental carbon
and nitrogen contents and stable 13C and 15N isotope compositions. The stable isotope analysis
was performed by gas source ion ratio mass spectrometry at the Laboratory of Chronology, Finnish
Museum of Natural History, Helsinki.

3.2.2. Data analysis

To examine temporal changes in the abundance of the macroalgae-associated macrofauna in both
the canopy and the detritus habitats, non-parametric multivariate analyses of variance
(PERMANOVA) were performed. We used habitat type as a fixed factor and sampling date as a
random factor for the analysis. For the manipulative in situ experiment, changes in the abundance of
the colonizing epifauna species were also analyzed with PERMANOVA using depth as a fixed
factor and incubation time as a random factor. Analyses were performed with PRIMER 7 software
(Clarke & Gorley 2015).

To estimate the importance of both fresh and decaying accumulated macroalgae as a food source for
the primary consumer macrofauna, a dual-isotope (13C and 15N) approach and the Bayesian
MixSIAR package (Stock et al. 2018) for R software were used. Two types of Bayesian MixSIAR
models were calculated for the consumer species: (1) models with species as a fixed variable and
habitat/site as a random variable (both for the monitoring study and the in situ experiment), and, (2)
models with incubation time as a continuous variable were calculated for the in situ experiment.
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4. RESULTS AND DISCUSSION
The studies included in this thesis provide new information on the role of coastal macrophytes as
food sources in the basal food webs of the Baltic Sea. In terms of the macrophyte food source
diversity and related stable isotopes signatures, shallow coastal vegetated habitats are very
heterogeneous food environments depending on the sources they provide (Chapter I). The spatial
study in Storfjärden Bay indicated that the influence of macrophyte cross-habitat subsidies can be
detected also in the deeper offshore areas, where the detrital matter can drift from shallower areas
(Chapter II). A period of approximately 1 2 months is required to detect the incorporation of
accumulated and decomposing F. vesiculosus matter into the associated consumer fauna (Chapter
III). The key findings of the included studies are presented in detail below.

4.1. General food source diversity of the shallow vegetated habitats (Chapter I)

The taxonomical diversity of the most abundant macrophytes from the studied shallow vegetated
habitats included limnic angiosperms, seagrass Z. marina, and common marine macroalgae from
the Chlorophyta, Rhodophyta, and Phaeophyta phyla (Fig. 6). In total, 15 different macrophyte
species were sampled (Table 1). In addition, sedimentary matter, seston particulate organic matter
(POM), and dissolved organic matter (DOM) were included as potential food sources. In terms of
stable isotopic compositions, the 13C variation range covered a wide range from 13C enriched
angiosperms (-10 ‰) to a highly depleted rhodophyte species Phyllophora sp. (-36 ‰) (Fig. 6).
Because the 13C range was wide, the macrophytes can be separated into two different functional
groups within the 13C vs. 15N space: (1) Large-sized macrophytes (either macroalgae or
angiosperms), and (2) opportunistic filamentous algae, of which the former is more 13C enriched
and the latter more depleted (Fig. 6, rectangles A and B, respectively). The observed 13C and 15N
compositions of the studied macrophytes fell within previously reported typical variation ranges
(e.g. Osmond et al. 1981, Hansen et al. 2012). However, we could not find previous studies
reporting the 13C and 15N compositions of some macrophytes included in this study (Phyllophora
sp., Ceramium tenuicorne, Furcellaria lumbricalis, Chorda filum) of the Baltic Sea.

In total, 13 different species of the associated consumer macrofauna were collected and analyzed in
this study (Table 2). Their observed 13C values had a narrower variation range than the food
sources (Fig. 6). Suspension feeder bivalves were more 13C depleted than grazer species. The 15N
compositions of the consumers were generally above the maximum 15N values of potential food
sources (Fig. 6).
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Figure 6. Mean (±SD) 13C and 15N signatures of food sources and consumers in shallow
vegetated habitats of Chapter 1. Rectangles show the variation range (±SD) of ephemeral algae (A)
and perennial macrophytes (B).

The Bayesian isotope niche analysis (SIBER) of 13C and 15N values showed that shallow
vegetated habitats can be very heterogeneous environments in terms of the quality of macrophyte
food sources that they provide for the associated primary consumers. The isotope niche size and
shape (i.e.  value space representing the resource utilization and habitat stage) of the dominating
primary producer assemblage was mirrored in the associated primary consumer community.
Macrobenthic communities had a larger niche size in the hard-bottom habitats dominated by F.
vesiculosus than in the angiosperm-dominated soft-bottom habitats (Fig. 7). This observation is a
result of the different species assemblages (macroalgae vs. angiosperm plants) present in the two
habitat types since the 13C and 15N variation ranges (Fig. 7 A and B) were larger in the Fucus-
dominated habitat. In terms of 2-dimensional  value spaces (i.e. the area enclosed within SIBER
standard ellipses), the overlapping niche area (i.e. the shared  value space enclosed within the two
ellipses) between habitats was ca. 25 % for both the macrophyte and the consumer communities.
When comparing the three different sampling sites of the same habitat type, the niche sizes and
positions were very similar (Fig. 7 C and D), and the differences here could be explained by
environmental variability affecting dominant species present and isotope baselines (Hansen et al.
2012, Lange et al. 2018). In terms of common bivalve species found simultaneously in the two
habitat types (M. balthica, C. glaucum, M. arenaria), the isotope niche position of Mya arenaria
differed most notably between the habitat types (Fig. 7 E and F). The standard ellipse indicated
niche area of M. balthica overlapped with M. arenaria in the Fucus-dominated habitat, and M.
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arenaria overlapped with C. glaucum in the angiosperm-dominated habitat (for more details, see
Fig. 5 in Chapter I). Also, the niche size of M. balthica was slightly larger in the Fucus-dominated
habitat, which likely indicates a larger isotopic diversity of utilized food sources compared to the
angiosperm-dominated habitats, which could relate to the high carbon export potential of the Fucus
habitat (Attard et al. 2019a,b, Rodil et al. 2020a). In the angiosperm habitats, the slightly smaller
niche size of M. balthica might indicate a greater dependency on a limited pool of local and nearby
food sources, which have a more similar isotopic composition.

Although the feeding preference of a species is the most important factor determining the 13C and
15N values in grazers (Nordström et al. 2016), it is conceivable that the variable macrophyte

isotopic composition of a habitat type will affect the isotopic values of unselective detritivorous
consumers. Bivalves can reportedly utilize some fine-sized macrophyte-originated matter from the
water column (Maloy et al. 2013, Navarro et al. 2016). According to a former study in the Baltic
Sea (Hansen et al. 2012), a correlation between 13C values of invertebrate primary consumers and
macrophyte taxa present was observed in shallow macrophyte-dominated bays. Although this might
partly explain the observation in this study that the facultative deposit-suspension feeder M.
balthica showed 13C differences between the two habitat types (Fig. 7 E and F), another
explanation relates to its ability to change the dominant feeding mode in different environments
(Ólafsson 1986, Nordström et al 2010). Instead, the niche positions of obligate suspension feeders
C. glaucum and M. arenaria were more constant between the two habitat types, which gives support
to the latter explanation. This study further, therefore, suggests that the fixed feeding mode of these
two bivalve species results in lower consumption of fine-sized detrital macrophyte matter in
comparison to M. balthica.
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Figure 7. Maximum-likelihood fitted standard ellipses showing macrophytes (A) and consumer
fauna (B) between the two habitat types, consumer animal community between the three sampling
locations in Fucus-dominated (C) and angiosperm-dominated habitats (D), and infaunal clam
community in Fucus-influenced (E) and angiosperm-dominated benthic habitats (F).
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4.2. Dietary compositions of primary consumers in shallow vegetated habitats (Chapters I and
II)

The Bayesian MixSIAR dual-isotope models for the primary consumer fauna mainly reflected their
preferred feeding modes. Most of them are herbivores or detrivores significantly feeding on
macrophyte matter. Here, epigrazers Idotea balthica and Theodoxus fluviatilis preferred F.
vesiculosus as a major part of their diet, while filamentous opportunistic algae (Fig. 6, rectangle A)
were more important for Gammarus sp. When comparing these results to previous in vitro feeding
experiments, I. balthica high (even tenfold) preference for F. vesiculosus (Jormalainen et al. 2001)
over filamentous algae, but another study (Goecker & Kåll 2003) reports that both I. balthica and
Gammarus sp. prefer filamentous algae. The model suggests high (70 %) dietary proportions of F.
vesiculosus in the diet of T. fluviatilis, but it should be mentioned that the model did not include
epiphytic microalgae, which can also be consumed by T. fluviatilis (Skoog 1978). The model result
for Trichoptera larvae suggesting a slight preference for filamentous algae over F. vesiculosus is
quite similar to former gut content studies reporting approximately equal proportions of both algae
(Haage 1970 and 1971), but it should be underlined that our model is based only on two
observations.

Seston POM and DOM was the main dietary part of the obligate suspension feeder bivalves C.
glaucum and M. arenaria and M. trossulus (Fig. 8), but the models suggest that also macrophyte-
originated matter can be a small part of their diet (<10%), which has also been reported in older
dietary studies (Maloy et al. 2013, Navarro et al. 2016). For the facultative suspension/deposit-
feeding clam M. balthica, both dual-isotope models (Chapter I) and triple-isotope models
(Chapter II) indicated higher macrophyte and sedimentary matter dietary contributions than for
obligate suspension feeders C. glaucum and M. arenaria. This is likely the result  of its more
flexible feeding mode (Ólafsson 1986). When comparing two different mixing model types, the
dual-isotope (CN) models (for details see Chapter I) showed somewhat lower macrophyte dietary
contributions for M. balthica than the triple-isotope (CNS) models (for details see Chapter II) from
the same locations. A comparison between F. vesiculosus dominated and angiosperm-dominated
habitats shows that the dominating macrovegetation (F. vesiculosus or angiosperms) had minimal
effect on the macrophyte dietary contributions of the bivalve species present in both habitat types
(Fig. 8). Instead, the dietary proportions of macrophytes are quite similar between the habitat types.
It should be noted that in the examined brackish-water habitats, there was a mixture of different
angiosperm species, and limnic P. pectinatus was among the dominating angiosperm species
according to our observations. Thus, P. pectinatus was probably a more important local detrital
carbon source than marine Z. marina.

The dual-isotope model for omnivorous polychaete Hediste diversicolor (Chapter I) indicated an
approximately one-quarter median dietary proportion of perennial macrophyte matter, while the two
triple-isotope models for Marenzelleria spp. (Chapter II) showed variable proportions (3 % and 32
%). These results were quite similar to a mixing model study in English estuaries (Aberson et al.
2016). The model for amphipod C. volutator gives support to previous studies (Stuart et al. 1985,
Gerdol & Hughes 1994, Créach 1997) reporting preferred feeding on microphytobenthos, but also
some feeding on plant detritus.
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Fig. 8. Median dietary compositions of fauna in the shallow habitats (Fucus- and angiosperm-
dominated), with Bayesian credibility intervals (50 %, 90 %, and 95 %).

4.3. The origin and utilization of main food sources at different spatial scales (Chapter II)

The results showed clear isoscape gradients in the Storfjärden Bay (Fig. 9). The generalized linear
regression analysis (GLM) of the spatial-scale patterns of 13C, 15N, and 34S compositions of
sedimentary matter, M. balthica, and Marenzelleria spp. showed delta value gradients across the
two response variables, i.e. depth and latitude (distance from North) (Fig. 9 A, D, G). In most cases,
these isoscape gradients were significant with the depth variable. However, the results were not as
clear with the latitudinal variable and indicated significant effects in fewer cases. Of the significant
(p < 0.05) isoscape gradients, the 13C values of sediment, M. balthica, and Marenzelleria spp.
showed 13C depletion with increasing depth. Of the latitudinal gradients, the 13C values of M.
balthica (Fig. 9 B, E, H) and Marenzelleria spp. (Fig. 9. C, F, I) showed significant (p < 0.01)
enrichment towards the open sea. This was also the case with M. trossulus (see Fig. 4 in Chapter II
for details). The adjusted R2 values of the full models were above 0.55 for 13C. For the 15N
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values, the adjusted R2 values of the full models were below 0.2, but the depth gradients were
significant with depth (p<0.05). The depth gradients of 15N were slightly enriching for sediment
and M. balthica (p < 0.01), but slightly depleting for Marenzelleria spp. (p < 0.05) (see Table 3 in
Chapter II for details). In terms of the 34S, the models showed significantly (p < 0.05) enriching
34S gradients for sedimentary matter and Marenzelleria spp. with increasing depth (Fig. 9 G and I).

In general, the stable isotope data from the study area indicated qualitatively that the energy sources
fueling the benthic ecosystem in the Storfjärden Bay were mainly autochthonously produced with
little riverine input of terrestrial material. The pelagic dissolved organic matter (DOM) seemed to
be mainly of terrestrial origin, but in comparison to autochthonous sources (i.e. pelagic
phytoplankton and coastal macrophyte production), the influence of terrestrial input was probably
much smaller. In contrast, the pelagic organic matter (POM) seemed to be of marine phytoplankton
origin. Since consumer animals and sediment in the deepest areas of the bay were depleted in 13C, it
indicates that the pelagic primary production dominates in deeper areas as a carbon source (as also
suggested by Rodil et al. 2020b); whereas 13C enriched sources (i.e. macrophytes) are more
important at shallower depths. The observed increasing 13C values of M. balthica, Marenzelleria
spp., and M. trossulus across the North-South gradient might indicate some terrestrial 13C depleted
influences in the northern parts of the study area (Fig. 9. A C, and for details, see Table 3 and Fig.
4 in Chapter II).

The Bayesian MixSIAR triple-isotope models for M. balthica and Marenzelleria spp. indicated that
the mean dietary contributions of the three food sources included in the study (i.e. pelagic POM,
sedimentary matter, and F. vesiculosus) changed across depth gradients (Fig. 10). The models
showed that the latitudinal gradient had effects on the proportion of F. vesiculosus (Fig. 10 A B),
but in terms of the other two food sources, the effect of the latitudinal gradient was not clear. In
addition, the shape and direction of the gradients differed between the two species, when it comes to
the contributions of pelagic POM (Fig. 10 C D) and sedimentary matter (Fig. 10 E F).
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Figure 9. 3-D panels showing linear multivariate regressions across depth (x) and latitudinal
gradients (y) of 13C (panels A–C), 15N (panels D–F) and 34S (panels G–I) compositions (z) for
the sediment matter, M. balthica and Marenzelleria spp. The latitudinal data (y) corresponds to
three transects and is expressed as a distance (km) from the northernmost transect A (see Fig. 4,
also Chapter II).
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Figure 10. The mean proportions (z-axis) of F. vesiculosus (top panels), POM (middle panels), and
sediment (bottom panels) in the diet of M. balthica (A C) and Marenzelleria spp. (D F) as a
function of depth gradient (x-axis, m) and a latitudinal gradient (y-axis, km from North). Error bars
indicate the standard deviations of Bayesian posterior distributions. Polynomial surface fits
illustrate the overall trends across the gradients. The latitudinal data were pooled (i.e. three
transects) and are expressed as a distance (km) from the northernmost transect (see Fig. 4, also
Chapter II).

M. balthica          Marenzelleria spp.
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From a quantitative perspective, the Bayesian MixSIAR model results showed that, at the
shallowest depths (< 10 m), in the direct proximity of abundant Fucus beds, the contributions of
Fucus-derived matter can be of great importance (even 39 %) in the diets of both M. balthica and
Marenzelleria spp. (Fig. 10 A and D). These dietary proportions are corroborated by recent
observations from the area, indicating that the carbon subsidies from Fucus beds to adjacent
habitats can fuel an equivalent of approx. 50 % of the annual respiration of mussel beds (Attard et
al. 2019b). However, the Fucus contribution gradually decreased with increasing depth, and the
shape of the gradient shows the similarity between the species, but the models indicated slightly
lower mean proportions of Fucus in the diet of Marenzelleria spp. compared to M. balthica. It is
notable that at the deepest locations (> 30 m) of the study area, the models still indicated a small
dietary influence of Fucus (2 10 % for M. balthica), indicating a trophic link existing between
shallow vegetated habitats and the deeper offshore areas of the Storfjärden bay, as the detrital
macrophyte matter drifts to the deeper areas. The dietary contribution of F. vesiculosus showed also
a latitudinal gradient. Therefore, at the locations close to the open sea in the South (Fig. 4, transect
C), the proportions of F. vesiculosus were higher than in the Northern parts of the study area, and
this is the case with both species. This could probably be explained by physical processes capable
of transporting the detrital macrophyte matter, or spatial differences in standing macrophyte
biomasses across the Storfjärden bay. The models for M. trossulus obtained only from the
shallowest (< 10 m) depths, similarly showed higher proportions (8 10 %) of F. vesiculosus in the
Southern locations (see Fig. 7 in Chapter II for details).

In contrast to F. vesiculosus, the spatial gradients of the two other food source proportions (i.e.
POM and sedimentary matter) differed between M. balthica and Marenzelleria spp., likely
reflecting the different behavior and feeding modes of these organisms (e.g. Ólafsson 1986, Zettler
et al. 1994, Kotta et al. 2004). The bivalve M. balthica, feeding solely on the seafloor surface,
showed a variable dietary contribution of pelagic POM, but the models indicated the lowest
proportions in the shallowest locations (Fig. 10 B). Instead, the burrowing polychaete
Marenzelleria spp. showed a rapid increase of dietary POM proportion across increasing depth, and
at the deepest areas, the main food source was POM with mean proportions of approximately 40-50
% (Fig. 10. E). In the diet of M. balthica, the contribution of sedimentary matter increased with
depth (Fig. 10. C). Instead, the sedimentary matter was the most important part of the diet of
Marenzelleria spp. at shallower areas (60 70 %), while its proportion decreased across increasing
depth (Fig. 10. F).

4.4. Temporal community and dietary variations of abundant epigrazers (Chapter III)

The temporal study in the Spikarna Lagoon encompassing three sampling occasions in June 2017,
September 2017, and May 2018 (Fig. 11) showed strong variability over time. In September 2017,
an event of detached ephemeral algal accumulation (mainly Ceramium sp.) occurred in the Northern
part of the lagoon (detritus site, Fig. 5. “DA”), and a large mat of drifting algae was observed to
cover the sandy seafloor (Fig. 3). The results clearly showed the temporal variability of the Fucus
vesiculosus associated macrofauna community and its dietary contribution was also detected. In
terms of the community structure, the abundances of macroinvertebrates were significantly different
between the two habitat types (i.e. canopy vs detritus accumulation) and over the three sampling
dates. In the detritus accumulation site, the macrofauna community structure seemed to be more
variable compared to the Fucus canopy site. The differences in abundance between the two sites
reflected the temporal variations of detached algae detritus supply into the detritus accumulation
site and the relative stability of standing Fucus biomass across time in the Fucus canopy habitat.
For example, in September 2017 during the ephemeral algal accumulation event, the abundance of
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amphipod Lymnaea peregra peaked in the detritus accumulation site (Fig. 11 B).

Fig. 11. Mean (± SE) of the total macrofauna abundance and abundance of the most abundant
consumer fauna (i.e. Mytilus trossulus, Theodoxus fluviatilis, Lymnaea peregra, Gammarus spp,
Idotea spp.) in the canopy and detritus sites over time (June 2017, September 2017, and May 2018).

Bayesian MixSIAR comparison models between the two main macroalgal food sources, i.e. Fucus
vesiculosus and ephemeral algae (a mixture of Pilayella littoralis and Ceramium sp.), showed that
the temporal dietary variations of four common epigrazers (Theodoxus fluviatilis, Lymnaea peregra,
Gammarus spp, Idotea spp.) present in both habitats were smaller in the Fucus canopy site (Fig. 12
A) than in the detritus accumulation site (Fig. 12 B). In general, the dietary compositions were quite
similar to the previous observations from the Storfjärden bay (Fig. 8) and reflected species-specific
feeding preferences (e.g. Jormalainen et al. 2001, Goecker & Kåll 2003, Råberg & Kautsky 2007,
Korpinen et al. 2008).  Interestingly, in September during the ephemeral algal accumulation, the
median dietary proportions of filamentous algae (Pilayella and Ceramium sp.) were approximately
10 30 % units higher in the detritus accumulation site than in June and May (Fig. 12), indicating
that seasonal pulses of accumulated ephemeral algae can be rapidly incorporated into the food webs
through associated epigrazer fauna. The habitat type also showed a slight effect on the diets in June
and May, but here the dietary differences between the two habitat types were similar in magnitude
to the variations within a habitat. In June and May, the median dietary proportions of Fucus were
generally approx. 5 10 % units lower in the Fucus canopy site (Fig. 12 A) than in the accumulation
site (Fig. 12 B), and this observation concerns all species despite different species-specific feeding
preferences. For example, Gammarus sp. preferred filamentous algae over Fucus, while I. balthica
was less specialized in terms of algal preference in its diet (Fig. 12). This might result from the
better palatability of the decomposing algae compared to fresh canopies since the palatability of
detached and decomposing Fucus is presumably better due to the loss of deterring phytochemicals
(Amsler 2001, Jormalainen & Ramsay 2009), which reduces the assimilation efficiency of fresh
algal tissue (Jormalainen et al. 2005).
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A. Fucus canopy site.

B. Detritus accumulation site.

Fig. 12. Median proportions of Fucus vesiculosus (brown) and filamentous algae (Pilayella
littoralis and Ceramium sp.; green) in the diet of four main epigrazer species (Gammarus sp., Idotea
balthica, Theodoxus fluviatilis, and Lymnaea peregra) in the canopy site (A) and detritus
accumulation site (B) over seasons (June 2017, September 2017, and May 2018). Bayesian
credibility intervals (50%, 90%, and 95%) are presented.
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4.5. The dietary incorporation of decaying algal detritus in a manipulated in situ experiment
(Chapter III)

During the two-month manipulative in situ experiment conducted in the Spikarna Lagoon, the C/N
ratio of Fucus matter decreased significantly over time (from approx. 35 25 to 10) at both sites
across the experiment, which indicated the degradation process (see Chapter III for details). In
addition to the decomposing Fucus matter placed in the mesh bags, fresh detached ephemeral
Pilayella littoralis naturally settled on the seafloor and the mesh bags during the experiment. The
temperature conditions slightly differed between the two depths. During the experiment period, the
mean temperature was higher in the shallow (11.5 ± 0.6) than in the deep (9.2 ± 0.2) site for the first
10 days of the experiment. This might have affected the degradation process at some level, but the
observed C/N ratios indicating the degradation state of F. vesiculosus did not differ significantly
between the two depths. Also in the shallower site, photosynthetic activity might have been higher
due to higher light exposure (1950 ± 135 lux) compared to the deep site (30 ± 21 lux).

The epifaunal and infaunal colonization response was immediate. During the experiment, consumer
macrofauna species (of which Gammarus sp., M. balthica, T. fluviatilis, Idotea sp., and M. trossulus
were the most abundant) rapidly colonized the decomposing Fucus vesiculosus matter in the
shallow and deep sites inside and outside the lagoon (Fig. 13). The average abundance of the
colonizing fauna was significantly higher in the deep site compared to the shallow site (Fig. 13 A).
In terms of species, the colonization response was different between sites. In the shallow site, the
amphipod Gammarus sp. was the fastest and most abundant species (Fig. 13 B), but in the deep site,
the blue mussel M. trossulus was the most abundant colonizer (Fig. 13 C). The most likely
explanation for the different colonization responses might still be different environmental
conditions (temperature, light, exposure, currents) that characterized the two sites inside and outside
the lagoon. The shallower site inside the lagoon was also situated in the proximity of a fresh Fucus
canopy habitat, from where highly mobile consumers like Gammarus sp. can rapidly migrate. The
deeper site, in turn, was more exposed to currents capable of transporting sessile and slow
consumers like M. trossulus and T. fluviatilis to the mesh bags containing decomposing Fucus
matter.

Fig. 13. Mean (±SE) total number of macroinvertebrates in the shallow and deep sites (A) and the
abundance of the main species in the shallow (B) and deep (C) sites per bag over time (sampling
dates, t1-t4 2018). The number of individuals is a composite of the epifauna associated with the
algae within the mesh bag and the macroinfauna in the sediment under the bag. See Table 5 for
significant pairwise comparisons.
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In general, the dietary compositions of the manipulated experiment were close to the observations
in natural conditions in the Spikarna Lagoon (Fig. 12) as well as in the Storfjärden Bay area (Fig.
8), but differences between the two depths were also observed (Fig. 14). For example, the averaged
MixSIAR models for the whole 60-day incubation time showed that the median dietary
contributions of Fucus vesiculosus to crustacean epigrazers Gammarus sp. and I. balthica were
higher in the shallow site inside the lagoon than in the deep site outside the islets (Fig. 14). Vice
versa, the dietary contribution of Pilayella littoralis was higher in the deep site than in the shallow
site. The observed difference was between 10 40 % units, depending on the species in question
(Fig. 14). However, this was not the case with the gastropod epigrazer T. fluviatilis (Fig. 14). It is
conceivable that these differences are related to the environmental factor differences (temperature
and light) of the two sites (Rothäusler et al. 2011a,b and 2017), and to the proximity of fresh Fucus
canopies in the shallow site might have some effect as mobile consumers can feed within a large
area. In general, the resulting loss of deterring phytochemicals during degradation might increase
grazer preference over perennial brown algae (e.g. Jormalainen and Ramsay 2009, Rothäuser et al.
2017). In this study, however, the C/N ratios of F. vesiculosus did not indicate significant
differences in degradation speed between the shallow and deep habitats. Thereby, the higher Fucus
contribution in the diet of Gammarus sp., I. balthica and M. trossulus in the shallow habitat might
rather indicate the proximity of the productive Fucus-canopy habitat with a large detrital carbon
export potential (Attard et al. 2019b), than differences in the degradation speed.

The MixSIAR models using incubation time as a continuous variable revealed temporal changes in
dietary incorporation across the experiment. The models showed an increasing trend of median
dietary proportions of Fucus vesiculosus for all the observed consumer species and both sites, while
the incorporation of Pilayella littoralis decreased simultaneously (Figs 15 and 16). When
comparing the two depths, the results showed that for the two main crustacean epigrazers (i.e.
Gammarus sp. and I. balthica), the dietary incorporation of Fucus was faster in the shallow site than
in the deep site (Fig. 15). The shallow site benefited especially the amphipod Gammarus sp., as the
median dietary proportions of the two algal species overlapped and switched at the end of the
experiment. In the deep site, gastropod T. fluviatilis showed a dietary change from Pilayella to
Fucus at the end of the experiment (Fig. 16). Of the bivalves M. trossulus and M. balthica, the
temporal trends of the different food source proportions were quite similar across the experiment. In
their diets, the highest contributor was the seston component (POM/DOM), and the median dietary
proportion showed a slightly increasing trend across time (Fig. 16). They showed a slight increasing
diet contribution of Fucus proportion over time towards the end of the experiment when Fucus was
significantly degraded, while the proportion of Pilayella decreased simultaneously (Fig. 16).

It is known that different algal species show different decomposition rates (Rice & Tenore 1981,
Dethier et al. 2014, Conover et al. 2016, Bettignies et al. 2020). During the experiment, only Fucus
vesiculosus seemed to degrade over time, which was indicated by the decreasing C/N ratio. The
ephemeral P. littoralis showed a relatively constant C/N ratio throughout the experiment except at
the end of the incubation. The higher C/N ratio of decomposing Fucus in contrast to ephemeral
algae was responsible in part for the slower dietary incorporation of Fucus matter by the consumer
fauna over time. In our experiment, Fucus gradually decomposed, which was observed as
increasing incorporation of Fucus to the consumer fauna towards the end of the incubation time.
This observation was similar with both crustacean epigrazers (Gammarus sp. and Idotea sp.) at both
depths as well as with both bivalves (M. balthica, M. trossulus), despite their different feeding
behaviors. The results indicate that the proximity of fresh Fucus canopies leads to faster
colonization of associated macrofauna and faster dietary incorporation of F. vesiculosus in the
shallow site. However, it should be mentioned that the two depths in the experiment were relatively
shallow, and experiments at greater depths (> 30 m), where the macroalgal detritus might finally
end up, would provide additional information.
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Fig. 14. Median dietary proportions of F. vesiculosus (brown), P. littoralis (green) and seston
POM/DOM (blue) in the diet of (Gammarus sp., Idotea balthica, Theodoxus fluviatilis, Lymnaea
peregra, Mytilus trossulus, Macoma balthica, Hediste diversicolor, and Chironomid larvae) as an
overall mean including all observations across the two-month incubation time at shallow (3 m) and
deep (6 m) sites. Bayesian credibility intervals (50 %, 90 % and 95 %) are presented.
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Figure 15. Bayesian continuous variable models showing the median dietary proportions of Fucus
vesiculosus (red) and Pilayella littoralis (blue) in the diets of epigrazer arthropods I. balthica and
Gammarus sp. as a nonlinear function of the two-month incubation time in the shallow (3 m) and
deep (6 m) sites. The coloured fades indicate the Bayesian 95 % credibility intervals.
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Figure 16. Bayesian continuous variable models showing the median dietary proportions of F.
vesiculosus (red), P. littoralis (blue) and pelagic POM/DOM (green) in the diets of T. fluviatilis, M.
balthica and M. trossulus as a nonlinear function of the two-month incubation time in the deep (6
m) site. The coloured fades indicate the Bayesian 95 % credibility intervals.
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5. CONCLUSIONS AND FUTURE IMPLICATIONS
5.1. Macrophyte subsidies in the coastal habitats of the Baltic Sea

The study gives support to the hypothesis that detrital macrophyte matter provides energy subsidies
even at greater depths in the Baltic Sea, confirming previous observations on the carbon export
potential of large macroalgae in oceanic systems (Vetter 1994, Renaud 2015, Queiros 2019, Smale
et al. 2021), and particularly of F. vesiculosus in the Baltic Sea (Attard et al. 2019a,b, Rodil et al.
2020a). This study included a representative range of common macrophytes, from four different
phyla, representing the coastal habitats of the Baltic Sea. The overall variability of the carbon stable
isotope signature representing primary producers was high in the hard-bottom Fucus vesiculosus
dominated habitats compared to the angiosperm-dominated soft-bottom habitats, which was related
to the higher species diversity present and, thus, wider overall stable isotope variation ranges.
Differences in the dominating macrophyte species assemblages were mirrored in the isotope niches
of associated primary consumer fauna as well since the colonizing fauna had quite a low diversity
and it differed in terms of species present, which increases the weight of species-specific stable
isotope compositions in isotope niche modellings. The spatial differences seemed to be of less
importance in shaping isotope niches than the dominating macrovegetation of a habitat. As a
conclusion of the isotope niche analysis, the results show that because of the great impact of
dominating macrovegetation on the isotope composition and niches, it is important to carefully and
separately examine different habitat types to construct reliable and comprehensive food web models
of a patchy ecosystem such as the coastal Baltic Sea.

When it comes to the dietary models of associated common bivalves (i.e. shared species present in
both habitats), the differences between species reflected mainly their species-specific feeding
modes, but not necessarily the dominating macrovegetation as such, although the isotope niche
analysis results might indicate a slightly larger food source diversity for M. balthica in hard-bottom
Fucus vesiculosus dominated habitats. The observed dietary compositions of epigrazers were in line
with previously reported observations in the Baltic Sea. The dual-isotope (C and N) food web
modelling approach indicates that large perennial macrophytes of the Baltic Sea and ephemeral
algae can be separated quite easily due to their distinct carbon isotope signatures, but for more
accurate food source separation in these complex ecosystems (i.e. at a taxa level), multiple isotope
approaches and more sophisticated tracking methods are needed.

This thesis demonstrates that the energy sources of the examined coastal ecosystem show strong
spatial variations at a seascape scale. The depth gradient is the most important factor regulating the
relative importance of different energy sources of benthic primary consumers. In terms of the origin
of energy sources, the results indicate a strong dependence on autochthonous sources, while the
importance of terrestrial riverine matter might be smaller. Especially at shallow depths, perennial
macrophytes (F. vesiculosus as the most important in the area) strongly fueled key benthic
detritivorous deposit-feeders, but in deeper areas, the macrophyte matter is replaced by pelagic
primary production. However, the models indicate that a macrophyte detritus mediated the trophic
link between shallow habitats and deeper (>30 m) offshore areas is important (as conceptualized in
Fig. 2), and the influence of macrophyte-originated matter is at detectable levels at greater depths as
well. Here, the greater habitat exposure (i.e. the magnitude of physical transportation processes)
mirrored in the greater importance of macrophyte-originated matter as an energy source for the
benthic ecosystem.

The strong seasonality in the Baltic Sea is reflected in the community structure and food source
utilization of the abundant primary consumer fauna. The results indicate that temporal pulses of
ephemeral macroalgae can be rapidly incorporated into the food webs through epigrazer fauna in
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shallow ecosystems of the Baltic Sea. Of the perennial macrophytes, the degradation process of F.
vesiculosus is relatively slow, and periods of several weeks, even months, are required to
decompose the algae to a stage where effective incorporation to food webs will take place. Here,
depth, and consequently temperature and light, are regulating factors. This outcome is in line with
recent studies on large kelps (Bettignies et al. 2020, Smale et al. 2021), which report that periods of
several weeks are required to start the degradation. The slow degradation times lead to a great
dispersal potential of F. vesiculosus detritus if physical transportation processes are effective. These
results suggest that in the Baltic Sea, the ecological significance of Fucus-derived cross-habitat food
subsidy might be especially important in areas where the detached algae matter is capable to settle
and decay for periods of several months (i.e. sheltered habitats and deep accumulation seafloors).
Instead, faster-degrading ephemeral algae might be incorporated into benthic food webs more
rapidly, when an accumulation event of such opportunistic algae occurs.

Since temperature regulates the degradation process, it can be suggested that warming temperatures
could increase the incorporation of slowly decomposing perennial macroalgae into the food webs in
the Baltic Sea. At the same time, however, rising temperatures are harmful to growing F.
vesiculosus canopies and may intensify eutrophication effects (Takolander et al. 2017a,b), which
might result in the dominance of ephemeral opportunistic algae with faster biomass turnover. From
the perspective of food web dynamics, the effects of such environmental changes will assumedly
depend on the response of grazer macrofauna at the lower trophic level. The effect of associated
grazer macrofauna might accelerate the degradation of macrophytes (Wernberg and Filbee-Dexter
2018), and at the same time, some grazer species can even benefit from ephemeral algal mats
(Norkko et al. 1996b, Norkko et al. 2000, Rodil et al. 2021).

5.2. Physical evidence of cross-habitat detritus transportations

To validate the Bayesian mixing models, which suggest the decreasing influence of F. vesiculosus
with increasing depth gradient and increasing influence towards the open sea (Fig. 10 A,D), the
magnitude and role of physical processes (Petterson 2007) capable of transporting the detrital
macrophyte matter from littoral habitats to offshore areas should be examined. Here, a multivariate
regression analysis is presented (Fig. 16), by using depth and the significant wave height of long
waves (Tp = 7 s,  75 m) at the study area as explanatory variables, and the mean F. vesiculosus
dietary proportions of M. balthica and Marenzelleria spp. (values presented in Fig. 10) as the
response variables. The wave height data is based on a wave refraction model calculating the wave
decay as they propagate into the Tvärminne archipelago (Kahma 2021). Higher wave height (> 1 m)
occurs in the South, closer to the open sea. The regression indicates significant dependences
between F. vesiculosus dietary proportions vs. both wave height and depth, of which wave height
indicates greater coefficients of determination. For M. balthica, the R2 value for wave height is 0.75
(p = 0.008) and for depth 0.54 (p = 0.001). For Marenzelleria spp., R2 value for wave height is 0.77
(p < 0.000) and for depth 0.70 (p = 0.023). These results indicate that the dietary impact of drifting
detrital macrophyte subsidy increases in importance in areas where the physical transportation
processes are more powerful, which supports the results of the Bayesian mixing models. However,
it should be noted here that also marine macrophyte biomasses might be greater in more exposed
areas in the study area in question. Further studies are recommended to quantify the effect of
physical processes and to verify these findings.
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Fig. 16. Linear multivariate regressions across depth (x) and the significant wave height of long
waves (y) of the mean (±SD) Fucus vesiculosus dietary proportions (z) in the diets of M. balthica
(A) and Marenzelleria spp. (B) in the Storfjärden bay. The values represent the significant wave
height that is exceeded 10 % of the open water season.

5.3. Limitations and further studies

In this study,  several methodological assumptions can affect the applied Bayesian mixing models.
The preparation of input stable isotope data and the determination of trophic enrichment factors
(TEF) can greatly affect the results produced by Bayesian mixing models, such as the MixSIAR that
have been used in this study (Bond and Diamond 2011). In addition, the fatty acid concentration of
an organism can affect its 13C values, resulting in biases in stable isotope studies, and to avoid
these problems, specific correction equations have been proposed (Post et al. 2007). There are
several reported approaches and possibilities for determining and applying TEF values for
consumers, and this issue has been discussed (e.g. McCutchan et al. 2003, Nadon & Himmelmann
2006, Caut et al. 2009, Phillips et al. 2014), similarly to the case with lipid corrections (e.g. Post et
al. 2007, Ricca et al. 2007). To take these issues into account, the effect of different TEF values of
carbon and nitrogen were examined in Chapter II to test the model’s robustness, and the results
were included as supplementary material. With the lipid corrections proposed by Post et al. 2007,
the mixing models would show generally much higher reliance on 13C enriched sources (i.e. Fucus-
derived carbon) than the models without lipid corrections, because the uncorrected 13C  signal is
more depleted than the corrected one. For example, in a recent 13C and 15N mixing model study
(Renaud et al. 2015) lipid corrections proposed by Post et al. (2007) were applied, resulting in
relatively high estimated dietary proportions of macroalgae in benthic invertebrates. Since the
results in Chapters I and II show that the effect of the proposed correction equations can be as high
as 10 30 % units in the mixing model outputs and thus lead to very different conclusions, this leads
to an important question of whether the corrections should be applied or not. In previous studies,
there have been some controversies on this issue (Arostegui et al. 2019), and the usability of using
the C/N ratio as a proxy of tissue lipid content might depend on the taxa in question (e.g. Lehtonen
1996, Ricca et al. 2007, Patterson & Carmichael 2016). This underlines the importance of studies
on the influence of tissue lipid contents on the 13C  values of aquatic invertebrate species. In this
thesis, a conservative and cautious approach has been adopted and hence, the results are presented
without the correction equations. If the correction equations were applied, the estimated macrophyte
dietary contributions would be close to the results reported recently by Renaud et al (2015).

A B

M. balthica Marenzelleria spp.

Fucus proportion
(/1)
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It is recommendable that for a more accurate separation of different energy sources of coastal
ecosystems of the Baltic Sea, more sophisticated methods should be used in further studies. For
example, including fatty acid tracers (e.g. Leduc et al. 2009, Jankowska et al. 2018, Geraldi et al.
2019) would provide better resolution for mixing models, as well as using more stable isotope
tracers to separate terrestrial and marine sources (e.g. 2H). To take biomass and production rate
differences into account, the MixSIAR package allows for using informative priors for better model
accuracy (Stock et al. 2018), and further studies with such estimates from the study area are
recommendable. Finally, combining molecular taxonomy methods with stable isotope mixing
models might provide interesting information on the contributions of different macrophytes to the
benthic ecosystem (Geraldi et al. 2019).

As a next step, controlled laboratory studies will give additional information when examining the
effects of climate change on the decomposition of macroalgae and on the feeding response of
associated primary consumers . Here, the response of different algae species and their consumers
could be studied, as well as the effect of changing environmental parameters such as temperature,
salinity, acidity and light.
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