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Abstract

Increasing changes in environmental conditions are reshaping marine ecosystems and their
communities on a global scale. Coastal areas are particularly vulnerable as environmental stressors
have a stronger impact due to the shallow waters and a restricted water circulation. At the interface
between land and sea, the direct impact of anthropogenic pressures is highest in the immediate
coastal zones. The effects of eutrophication and the steadily increasing impact of chimate change
constitute the major threats to coastal ecosystems, leading to altered ecosystem functioning via e.g.
habitat degradation, oxygen depletion and reorganisation of communities and their associated
ecosystem services. Zoobenthos has a crucial role in a healthy functioning ecosystem, as it reworks
sediments, remineralizes organic matter and serves as food resource for higher trophic levels, such
as benthivorous fish. The trophic link between benthic fauna and fish is strong in coastal areas,
since the majority of fish are at least partly benthic feeding. Hence, understanding long-term
structural changes in zoobenthos and fish communities in response to environmental drivers is an
important task, especially in the light of increasing environmental pressures. With only little
knowledge of the consequential functional aspects underlying changing communities over multi-
decadal time scales, frameworks are needed to evaluate how changing structures influence
community functionality.

In this thesis, I study the long-term progression of fish and zoobenthos communities in relation
to environmental drivers in a coastal system, the Aland Islands in the northern Baltic Sea, and apply
trait-based approaches capable of revealing how changing community compositions can alter
functional properties. Based on four papers, my thesis focuses on imvestigating the impact of
eutrophication and climate change on coastal fish and zoobenthos (paper I), the long-term
development of zoobenthos communities and the specific environmental drivers shaping them
(paper II), how diverging community patterns affect functional aspects of the benthic fauna
(paper III), and whether changes in the functional structures of zoobenthos communities affect the
food quality and linkage structure for benthic feeding fish communities (paper IV).

My thesis reveals that the strength of environmental drivers has shifted from being previously
eutrophication driven to being dominated by climate change-related drivers, affecting fish and
zoobenthos in different ways. Zoobenthos communities follow contrasting progression patterns
depending on area-specific developments in environmental drivers of sheltered and exposed
habitats. Applying regional climate projections, following IPCC scenarios, I demonstrate that those
drivers that have shaped the communities in the past, are likely to increase in strength in the future,
promoting an intensification of shown trends. 1 further showcase that the altered community
composition of zoobenthos has affected its functional structure over time, i.e. leading to different
functional characteristics of zoobenthos. Despite the contrasting functional structures, the
functional diversity remained similar and increased after the establishment of the invasive
polychaete Marenzelleria spp. Presenting a novel trait-based predation selectivity measure, my
thesis shows that the changes in functional structure of zoobenthos have led to a positive
development in food resource quality for benthic feeding fish and highlights a positive relationship
between functional diversity and food quality.

This thesis utilizes multi-decadal time-series to highlight long-term progression patterns of coastal
communities in relation to a dynamically changing environment. It further demonstrates the
advantages of combining traditional taxonomic-based community ecology with advances in
functional ecology to shed light on how changing communities influence the ecosystem from a
functional perspective. Presenting new combinations of frameworks and novel approaches, this
thesis enhances the understanding of future developments in communities and their functioning.
Key words: Zoobenthos, Infauna, Coastal fish, Climate change, Eutrophication, Time series, Exposure, Functional

diversity, Functional structure, Predation, Food quality, Trophic interaction, Bipartite networks, Prey characteristics,
the Aland Islands, Baltic Sea



Sammanfattning (Swedish abstract)

De allt storre foriandringarna 1 miljon omformar organismsamhillen och ekosystem globalt.
Kustnira omraden ir sirskilt sarbara eftersom forindringar 1 miljon paverkar grunda omraden med
begriansad vattenomsittning 1 hog grad. Pa grinsen mellan land och hav ir de direkta effekterna av
antropogen paverkan tydlhigast 1 den egentliga kustzonen. FEutrofieringen och den okande
klimatforindringen utgor de huvudsakliga hoten for kustekosystemen. Effekterna av dessa leder till
en forindrad ekosystemfunktion genom t.ex. habitatdegradering, ligre syrehalt och omorganisering
av organismsamhillen och ekosystemginster associerade till dessa. Bottendjur spelar en viktig roll
1 ekosystemens funktion. De omblandar sediment, remineraliserar organiskt material, och fungerar
som fodokilla for hogre trofinivier, sisom bottenitande fisk. Den trofiska linken mellan
bottendjur och fisk ir viletablerad 1 kustomraden, eftersom majoriteten av fisken atminstone delvis
dter bottendjur. Att forstd strukturella forindringar 1 bottendjur- och fisksamhillen 6ver tid, samt
hur de ir relaterade till drivande miljofaktorer under en tid av 6kat tryck frin miljon, ar viktigt. Vi
har begrinsad kunskap over de funktionella aspekter som doljer sig 1 de forindringar som
observeras hos organismsambhillen 6ver tid, vilket betyder att det finns ett behov av ramverk for att
utvirdera hur strukturella forindringar paverkar samhillenas funktionalitet.

I denna avhandling studerar jag lingtidsforindingar 1 fisk- och bottendjursamhillen 1 relation till
drivande faktorer i miljén i kustekosystemet Aland i norra Ostersjon. Jag anviinder mig av
egenskapsbaserade metoder for att mojliggora studerandet av hur forindringar 1 samhillsstruktur
kan foriandra funktionaliteten. Min avhandling bestar av fyra delarbeten och fokuserar pa att studera
effekten av eutrofiering och klimatférinding pi kustnira fisk och bottendjur (artikel I),
langtidsforiandringar 1 bottendjursamhiillen och de specifika miljovariabler som formar dem (artikel
II), effekten av divergenta samhillsmonster pa funktionella aspekter hos bottenlevande organismer
(artikel III) och huruvida forindringar 1 den funktionella strukturen hos bottendjursamhillen har
en effekt pa fodokvaliteten och Linkstrukturen for botteniitande fisk (artikel IV).

Min avhandling visar att styrkan av de drivande miljofaktorerna har skiftat fran att tidigare varit
eutrofieringsdriven till att domineras av klimatrelaterade faktorer. Detta paverkar fisk- och
bottendjursamhillen pi olika sitt. Bottendjursamhiillen foljer kontrasterande forindringsmonster
beroende pa den omradesspecifika utvecklingen av de drivande miljofaktorerna pa skyddade och
exponerade habitat. Genom att anvinda mig av regionala klimatprojektioner som foljer IPCC-
scenarier demonstrerar jag att de drivande faktorer som har format organismsamhillen under
tidigare decennier troligtvis okar 1 styrka 1 framtiden. Detta skulle da leda tll en intensifiering av de
trender som visats hir. I min avhandling visar jag ocksd att den forindring som observerats 1
bottendjursamhillets sammansittning har paverkat dess funktionella struktur 6ver tid, d.v.s. har lett
till en foriandring 1 funktionella karakteristika hos bottendjur. Trots de kontrasterande funktionella
strukturerna bibeholls den funktionella diversiteten som 6kade efter etablerandet av den invasiva
havsborstmasken Marenzelleria spp. Jag presenterar ocksd ett nytt matt pd egenskapsbaserat
predationsval och via det visar jag att forandringar 1 den funktionella strukturen hos bottendjur har
lett till en positiv utveckling 1 fédokvaliteten for bottenitande fisk samt visar pa ett positivt samband
mellan funktionell diversitet och fodokvalitet.

Den hir avhandlingen anvinder sig av en tidsserie som stricker sig over flera decennier for att
askadliggora forandringsmonster hos kustnira organismsamhillen 1 relation tll en miljo 1
forindring. Den visar ocksa pa fordelarna med att kombinera traditionell samhillsekologi baserad
pa taxonomi med funktionell ekologi for att belysa hur samhillen 1 forindring paverkar ekosystemet
fran ett funktionellt perspektiv. Genom att presentera nya kombinationer av ramverk och nya
tillvigagangssitt okar den hir avhandlingen forstielsen for den framtida utvecklingen hos
samhillena och 1 deras funktion.

Nyckelord: Bottenfauna, Infauna, Kustnéra fisk, Klimatférandring, Eutrofiering, Tidsserier, Exponering, Funktionell

diversitet, Funktionell struktur, Predation, Fédokvalitet, Trofisk interaktion, Bipartita natverk, Bytesegenskaper, Aland,
Ostersjon
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INTRODUCTION 1

1 Introduction

Coastal environments encompass some of the most productive and diverse ecosystems in the
world (McLean et al. 2001). Forming the transition-zone between land and sea, these dynamic
ecosystems comprise an array of complex habitat types that are vital for the marine biota as
well as human wellbeing. Concurrently, they are amongst the most threatened marine
environments due to steadily growing human pressures, namely nutrient input, physical
disturbance and fishing, as well as the effects of climate induced changes i hydrographic
parameters such as temperature rise (UNEP 2006). In recent decades, the combination of
eutrophication and chmate change has been recognized as a major threat to marine coastal
ecosystems (Cloern 2001; Harley et al. 2006; Boonstra et al. 2015), causing increased bottom
water hypoxia (dissolved oxygen concentrations of < 2 mg/l) and habitat degradation on a global
scale (Diaz & Rosenberg 2008). Coastal zones are commonly considered particularly
vulnerable to such pressures, as they are relatively shallow and encompass a restricted water
body. Furthermore, coastal areas can cover wide-ranging environmental gradients over short
distances, and hence, changes in environmental conditions have a potentially stronger impact
on coastal communities, where species may live at their physiological distribution limit
(Bonsdorff 2006). Therefore, it is of outmost importance to understand how changing
environmental conditions affect coastal communities, their composition and their functioning
n increasingly changing environments.

Benthic fauna has an indispensable role in coastal ecosystems, as it provides numerous
important functions at various levels. As a bioengineer, it promotes nutrient cycling,
remineralization of organic matter and enhances the oxygen penetration depth of the sediment
(Aller & Aller 1998; Jovanovic et al. 2014), expanding the habitat for aerobic organisms. It
further serves as indicator for environmental health (European Comission 2000; Perus et al.
2007; Josefson et al. 2009) and constitutes a crucial food resource for higher trophic levels,
such as benthic-feeding fish (Salvanes, Aksnes & Giske 1992; Greenstreet et al. 1997; Nilsen,
Pedersen & Nilssen 2006). Moreover, a large number of fish species utilize zoobenthic prey
during parts of their life cycle, particularly juveniles of many species, which makes the high
benthic productivity in coastal zones hotspot-areas for the link between zoobenthos and fish.
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2 Aims and scope of the thesis

The overall objective of my thesis is to increase the understanding of how the composition,
diversity and function of marine coastal communities, namely zoobenthos and fish, are
spatially and temporally shaped by environmental drivers related to eutrophication and climate
change, and how the functional structure responds to changing communities; using trait-based
approaches.

In the studied system, the coastal zone of the Aland Islands in the northern Baltic Sea, the
coupling between zoobenthos and fish is strong as the majority of fish species rely on the
benthos as their food resource during some stage of their life cycle. Changing zoobenthic
community structure may therefore not only cause altered functional characteristics of the
communities per se, but may also influence higher trophic levels through changing interactions
and a differential functionality.

Understanding how environmental change is affecting communities 1s a central task to
identify how communities and their interactions are likely to develop/ respond under future
conditions. In my thesis, I define the environmental drivers shaping the community structures
of zoobenthos and fish over multi-decadal time frames and apply state of the art cimate change
projections, designed for the studied region, to investigate the likely impact future
environmental conditions will have. I further investigate how long-term community changes
impact the functional diversity as well as the functional structure of zoobenthos in the studied
ecosystem, and present a novel concept on how functional changes of zoobenthos
communities can provide insight into altered food quality for fish; using a trait-based predation
selectivity framework.

My thesis is based on four papers (Fig. 1). In the first paper (paper I), I analyse the role of
eutrophication and climate change on coastal fish and zoobenthos communities to understand
the respective impact of drivers stemming from both pressures. In the second paper (paper II),
I study detailed patterns in long-term progression of zoobenthos communities on an extended
spatial and temporal scale in relation to the changing environment. I study system specific
environmental drivers shaping the communities, highlight changes in species composition and
diversity, and include future climate change projections for the studied area. In the third paper
(paper III), I investigate how the diverging community patterns found in paper II affect
functional aspects, such as functional diversity and structure of the benthic fauna. In the fourth
paper (paper IV), I test whether functional changes in prey communities (zoobenthos) affect
the food quality and linkage structure for predator (fish) communities, using a novel trait-based
predation selectivity measure.

Insights from these studies contribute to the two overarching goals of my thesis, (1) to develop
an enhanced understanding of how the structure and function of coastal communities
(zoobenthos and fish) are shaped through dynamic environmental impacts, and (i1) to present
concepts and frameworks combining traditional community ecology with current advances in
functional ecology, shedding light on how changing communities influence the ecosystem from
a functional perspective.
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Figure 1: Conceptual diagram of this thesis, including themed summaries of the four papers and how they are
interconnected to form a unified entity.

My studies investigate the long-term spatial and temporal progression of defined
communities uncovering general ecological patterns (papers I-IV), where resulting concepts
can be applied on broad ecological scales (paper IIT & IV). Furthermore, the combination of
community and functional ecology is not a common approach, and rarely done over multi-
decadal time frames. Thus, the work included in my thesis offers sound ecological foundations,
methods to tackle knowledge gaps 1n the field, and opens up new avenues for future research.

3 Background

8.1 Anthropogenic and environmental impacts in coastal ecosystems

As the interface between land and sea, coastal ecosystems are influenced by pressures
stemming from land and the adjacent open waters as well as the local atmosphere and human
activity.  With steadily increasing human populations along coastlines and increasing
agricultural growth in catchment areas, the anthropogenic impact on coastal ecosystems 1s
particularly strong (Nicholls et al. 2007; Cloern et al. 2016).

Not only are coastal areas important places for human well-being and recreation, they are
fundamental ecosystem-service-hotspots, e.g. forming nursery and feeding habitats for fish,
providing a nutrient filtering function from land towards the open sea, acting as important
fishing grounds, and zones responsible for a strong benthic-pelagic coupling (e.g. Loo &

Rosenberg 1989; Josefson & Conley 1997; Grittiths et al. 2017). Many of these ecosystem
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services are threatened directly via human and terrestrial-driven impacts, namely by overfishing
as a result of the ever-increasing demand in marine resources (Pauly, Watson & Alder 2005),
by topographical destruction of benthic habitats through dredging (Thrush & Dayton 2002),
and by nutrient mputs from agriculture and industry (e.g. HELCOM 2011), leading to
eutrophication and organic enrichment; just to mention a few. The addition of clhimate-related
pressures to such direct anthropogenic impacts often acts synergistically and exacerbates the
impact of both (Harley et al. 2006; Kirby, Beaugrand & Lindley 2009; Blenckner et al. 2015).
For instance, exploited fish stocks leads to a reduction in size, age and diversity of fish
populations, and nutrient loads are indirectly affected by climate change, with future scenarios
projecting higher precipitation rates leading to more nutrient runoff from land. In such
scenarios fish stocks can be more vulnerable to additional stress such as climate related changes
in temperature or salinity (Brander 2007; Niiranen et al. 2013) and eutrophication in coastal
areas can be worsened, in spite of possible net-reductions in agricultural nutrient use (IPCC
2013; BACC II Author Team 2015).

It has been shown in multiple systems that the community structure (species richness,
abundance and biomass) of benthic fauna changes in a somewhat predictable way along
gradients of organic enrichment (eutrophication), in both, time and space (Pearson &
Rosenberg 1978), with one of the most influential structuring factor being the food availability
(Rosenberg 2001). Increased eutrophication enhances primary production and, thus, the
amount of particulate organic matter settling down through the water column onto the benthos.
The amount of organic matter reaching the benthos is a function of depth, with decreasing
availability at greater depths as the sinking time increases and therefore the time for pelagic
organisms to utilize it mcreases. The coupling between pelagic production and benthic
utilization is therefore especially pronounced in shallow coastal areas. However, with escalating
eutrophication the organic enrichment eventually becomes too high, and microbial
degradation and respiration processes promote oxygen depletion within and above the
sediment, to such an extent that bottom waters turn hypoxic or even anoxic. This results in
decreasing benthic biomass, abundance and species diversity (Pearson & Rosenberg 1978) and
unsurprising for aerobic organisms, oxygen depletion is considered a major driver shaping
benthic communities (Rosenberg 2001). Furthermore, with increasing impacts of climate
change, the phenomenon of hypoxic and anoxic areas is likely to become globally more
frequent and stronger (Karlson, Rosenberg & Bonsdorff 2002; Diaz & Rosenberg 2008;
Conley et al. 2009; Rabalais et al. 2010).

The response of coastal fish to increasing eutrophication is similar to the described response
of zoobenthos, initially being positively affected by increasing food supply, but thereafter the
consequences of eutrophication induce a negative response (Breitburg et al. 2009). The
distribution and production of zoobenthos and fish 1s also affected by changes in climate-
related parameters, such as temperature and salinity (Holbrook, Schmitt & Stephens 1997;
Bonsdorff 2006). Changes in hydrographic conditions have led to structural changes in both
offshore and coastal ecosystems (e.g. Mollmann et al. 2009; Olsson, Bergstrom & Géardmark
2012; 2013). In contrast to the generally nonlinear response of zoobenthos and fish to
eutrophication-induced stressors, altered temperature, salinity and other hydrographic
parameters may affect both groups differentially, causing dissimilar responses of benthic fauna
and fish (paper I).

Progressively changing hydrographic conditions due to the climatic change are threatening
marine communities, especially in coastal areas with restricted water masses. Elevated
concentrations of greenhouse gases in the atmosphere, leading to global warming, also cause
higher water temperatures, thus influencing the physiological function of organisms and
affecting the thermal tolerance and distribution limits of marine species, while further
promoting oxygen depletion (Carstensen et al. 2014a, paper I). Temperature 1s projected to
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increase in the future, which is likely to cause a stronger stratification in the water column,
while also lowering the gas solubility capacity of water, reducing the oxygen saturation levels.
Temperature increase also has direct effects on the physiology of species, causing distributional
shifts of some species poleward where thermal tolerance limits are surpassed. These
distributional shifts have been shown to have rates of up to 70 km per decade for some benthic
species in the North Atlantic, especially affecting those species already living at their
physiological distribution limit (Birchenough et al. 2015). Furthermore, phenology in general,
including life-history events, such as the onset of spawning and larval development, dispersal
success, as well as metabolic rates and mortality are influenced by rising temperature (Edwards
& Richardson 2004; Birchenough er al. 2015).

It becomes clear that the effects of climate change comprise a complex suite of drivers that
also act in concert with non-climate related pressures, fuelling direct and indirect effects on
communities. To understand the influence of dynamically changing environments on the
communities of today, future species constellations, and subsequent impacts on these
communities, it is vital to reveal the drivers of long-term progressions by exploring historic
information on these same communities. Shedding light on entire community responses to
environmental change promises a more complete perception of how the ecosystem - as such,
and potential interactions among species and trophic levels are shaped by their environment.

8.2 Trait-based approaches and their relevance in understanding
effects of community changes

The taxonomic identity of species, their proportional abundance within an assemblage, and
the total number of taxa within a community (species richness) have long been, and still are,
corner stones In community-ecology research. Linking changes in the environment to species-
based attributes 1s common practise and provides an ecologically valid insight into how
environmental parameters influence a single species, or entire communities. However, the
simple taxonomic identity of a species often only offers limited information regarding its
ecological role. Utilizing current communities, rough proxies such as zoobenthic biomasses or
species-based quality indices have been developed to describe the environmental health of
marine ecosystems, with indicator species serving as informants for water quality or defined
ecological functions (European Comission 2000; Rosenberg et al. 2004; Perus et al. 2007,
Timmermann et al. 2012). Similarly, other approaches have combined species-based
biodiversity measures with the state of an ecosystem status to determine the relationship
between biodiversity and ecosystem functioning (e.g. Naeem et al. 1994; Tilman 1996;
Schwartz et al. 2000; Naeem 2002; Duffy 2006).

Questions remain, however, such as: what does a species name, or the number of species in
a system really tell the observer about its functionality or ecological role? Several species in a
community may be closely related, appear different from a taxonomic point of view, and yet
may share similar phenotypic traits, e.g. similar feeding mode or providing similar ecological
functions. Reiss et al. (2009) defined the term functional traitas “a component of an organism’s
phenotype that determines its effect on processes (Petchey & Gaston 2006) and its response
to environmental factors (Naeem & Wright 2003)”. Therefore, focusing on the ecologically
relevant characteristics of species - their functional traits - instead of their taxonomy per se,
intuitively promises better insights into ecosystem functioning relationships. The perception of
a trait representing a proxy for an organism’s performance is not novel as such (sensu Darwin
1859), however, the concept of trait-based approaches as employed in current methodology
originated and matured mainly in terrestrial plant ecology over the past decades (Grime 1974;
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Grime & Hunt 1975; Shipley & Keddy 1988; Keddy 1992; Leishman & Westoby 1992) where
its application grew from species based studies to community (Petchey & Gaston 2002) and
ecosystem level (Lavorel & Garnier 2002).

In the marine realm, the consideration of functional aspects of communities probably started
with the work of the early pioneers in benthic ecology, commonly fish ecologists, who
perceived the importance of zoobenthos because of the its direct link to fish. In their early
works (e.g. Petersen 1913; Molander 1928; Thorson 1957) they found that regional benthic
assemblages 1 Scandinavia exhibited global ecological parallels regarding their community
structure and function (Rosenberg 2001). They described different community types based on
dominant or conspicuous species and the common species pool associated with this type of
community. The central finding was that although species identities differ across large spatial
scales (e.g. comparing the eastern Atlantic and the Pacific coast), there are parallel community
types with similar ecological features present ubiquitously (Thorson 1957). These parallel
communities comprise similar “ecosystem players”, species with similar morphology, life
history and supposedly also function, despite their difference in taxonomic identity and
geographic distribution. This perception resulted in the grouping of communities into
functionally similar taxa that share common resource needs, provide similar ecosystem services
or show comparable behaviour, so called functional groups, and enabled ecologists to better
understand and predict interspecific interactions and ecosystem properties without the need
to consider individual species (e.g. Steneck & Watling 1982; Bonsdorff & Pearson 1999;
Pearson 2001).

A functional group, therefore, comprises groups of species that share the same functional
traits. With the introduction of functional trait-based methods, i.e. only considering the suite
of functional characteristics species comprise, a higher degree of freedom and more flexibility
was added in comparison to the more static functional groups, allowing a multitude of traits to
be studied across entire communities and ecosystems (Bremner, Rogers & Frid 2003, 2006;
Messier, McGill & Lechowicz 2010). In zoobenthic communities, where genera can be highly
variable regarding their phenotype, functional traits are particularly well suited for providing
more accurate information on ecosystem functioning than classical species identity and
abundance measures. Because of the assumed strong linkage between functional traits and
ecosystem functioning (Diaz & Cabido 2001; Lavorel & Garnier 2002; Diaz et al. 2013), trait-
based approaches are increasingly gaining popularity, and the relatively novel field of functional
ecology has been established during recent decades (Keddy 1992; Cadotte, Carscadden &
Mirotchnick 2011).

The urge to understand and expose a possible relationship between biodiversity and
ecosystem functioning (BEF) has created an entire field of research (e.g. Naeem et al. 1995;
Tilman 1996; Solan, Aspden & Paterson 2012). Theory assumes that with higher biodiversity
the measure for ecosystem functioning will increase; ecosystem functioning being any kind of
process related to the community performance, for example: productivity, bioturbation rates,
resilience to perturbation. Although positive BEF relationships have been demonstrated
(Balvanera et al. 2006), using species richness as such has only very limited explanatory power
in measuring biotic diversity (Hooper et al. 2002). The processes in an ecosystem are more
tightly coupled to functional characteristics of associated species than to their taxonomic
identity (Tilman et al. 1997; Diaz & Cabido 2001; Hooper et al. 2002; de Bello et al. 2010).
Therefore, applying the diversity of functions rather than the species diversity has proven to
be a more accurate predictor in explaining ecosystem processes (Griffin et al. 2009; Gagic et
al. 2015; Strong et al. 2015).

Functional diversity within a community has been highlighted as a key explanatory driver for
the magnitude of ecosystem processes (Tilman et al. 1997; Solan et al. 2004), the communities’
resilience to environmental stress (Folke et al. 2004), and the variety of ecosystem services in
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general (de Bello er al. 2010). Appreciating the ecological relevance and explanatory power
stemming from functional diversity measures, much effort has been spent on developing
indices capable of capturing it (Petchey & Gaston 2002; Villéger, Mason & Mouillot 2008;
Laliberté & Legendre 2010), as well as on the critical comparison and evaluation of such
indices (Lavorel et al. 2008; Schleuter et al. 2010; Mason et al. 2013).

‘While species 1dentities are often specific to geographic regions, the processes and functions
required for ecosystem functioning may in fact be ubiquitously similar, enabling trait-based
approaches for broad-scale and inter-species comparisons of community functionality.
Although community changes are commonly studied over time and space, the underlying
functional implications are often omitted. Applying a functional framework hand in hand with
traditional taxonomic approaches offers a toolbox for understanding the functional
consequences of long-term community changes. However, it is surprising that only a few
studies take advantage of combining empirically collected long-term data with current advances
in functional-trait-based approaches to shed light on altered functionality of communities over
long-term scales. Linking these approaches will be a merit to understand how the impact of
climate change, which 1s only manifesting over decades, affects current and future
communities, and ecosystem functioning, in a changing world.

8.3 'The Baltic Sea ecosystem

The Baltic Sea is a sea of gradients. The geography of this semi-enclosed brackish water body
enforces steep gradients in hydrographic conditions. In the south the only connection to a fully
marine environment are the narrow Danish straits and in this virtually non-tidal system, both
saltwater inflows and major mixing events are hence dependent on unpredictable storm
activities (Meier, Feistel & Piechura 2006). Towards the north, salinity rapidly declines due to
large river discharges creating strong horizontal and vertical salinity gradients (Hordoir & Meier
2010) with almost freshwater conditions in the Bothnian Bay and the easternmost part of the
Gulf of Finland (Fig. 2). Moreover, the hydrographic conditions in the Baltic Sea are highly
variable and consequently sensitive to any
changes in climate (BACC Author Team
2008; BACC II Author Team 2015).
Biodiversity patterns roughly follow the
gradients n salinity, favouring either
marine or freshwater communities and
displaying a diversity gap with relatively
fewer species being able to thrive in
brackish water conditions (Remane 1934;
Bonsdortf 2006; Zettler et al. 2013).With
many species living at their physiological
distribution limit, even minor changes in
their physical surrounding may have
pronounced effects on reorganization of
communities (Segerstrile 1957; Bonsdorff
2006; Roust et al. 2013).

The geography of the Baltic Sea also
contributes to its vulnerability to eutro-
phication. The limited water exchange and
the large catchment basin, comprising
about one fifth of the European continent Figure 2: The Baltic Sea and its salinity gradient.

Salinity
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and including 14 countries (BACC Author Team 2008), makes eutrophication one of the
major ecosystem threats (Cederwall & Elmgren 1980, 1990; HELCOM 2011). With high
nutrient loads and organic deposition there is a steadily increasing trend for the hypoxic volume
in the Baltic Sea (Carstensen et al. 2014b). Topography (including deep basins), the lack of
mixing events, and the salinity gradient favour strong stratification, which makes the Baltic Sea
highly susceptible to oxygen depletion. Although varying in size from year to year (Hansson &
Andersson 2015), the Central Baltic contains the largest permanent hypoxic zone in the world
(Diaz & Rosenberg 2008). Furthermore, 209% of all detected hypoxic sites worldwide, are
located in the coastal area of the Baltic Sea (Conley et al. 2011). This estimation may be biased
since the Baltic Sea is one of the most studied systems worldwide, however, this notable
proportion highlights the significant threat that oxygen depletion represents for the Baltic Sea,
not only as a deep-water phenomenon, but increasingly in shallow coastal zones. Vaquer-
Sunyer and Duarte (2008) estimated the increase of coastal hypoxic sites to be at an alarming
5.5 % per year globally. In a changing climate characterized by temperature rise, further oxygen
depletion 1s anticipated (Meiler et al. 2011a; Kabel et al. 2012; Carstensen et al. 2014a). The
Baltic Sea was revealed to be the most rapidly warming large marine ecosystem during the past
20 years (Belkin 2009). Although the climate signal is uncertain over this relatively short time
frame, the inter-decadal variability is strong in the Baltic and the effects of a progressively
changing climate are pronounced due to the generally shallow water body and limited water
exchange (BACC II Author Team 201)5).

Communities in the Baltic Sea, as we know them, are of relatively young age in ecological
terms, as the entire brackish water-body formed approximately 8000 years ago (Bonsdortf
2006). Taking this into consideration, Bonsdorff (2006) described the Baltic Sea to still be
undergoing a successional phase, with new species being able to occupy niches that so far
remained open. This, as well as shifted environmental conditions may contribute to the
successful establishment of certain 1invasive species such as the Harris mud crab
(Rhithropanopeus harrisi) (Hegele-Drywa & Normant 2014), the spinoid polychaete
Marenzelleria spp (Norkko, Bonsdorff & Bostrom 1993), and the round goby (Neogobius
melanostomus) (Kornis, Mercado-Silva & vander Zanden 2012). If successful invaders do not
compete for space or resources with native species then the invader may not necessarily be
considered as an ecological threat, and may even serve as an additional player for a specific
ecosystem service (e.g. Norkko et al. 2012; Aarnio et al. 2015). However, species interactions
are complex and reorganisations of communities may lead to altered ecosystem functioning.
Yet, there 1s a lack of studies investigating the altered functional properties stemming from
changing communities. In this respect, the mainly stationary zoobenthos communities are 1deal
candidates for studying the long-term effects of dynamically changing environments on the
resident biota, as they cannot escape the stressors. Additionally, the benthic fauna represent
vital ecosystem players, providing a plethora of ecosystem services (as detailed in section 1).
To understand the development of coastal systems under environmental change, research on
this crucial group is paramount, firstly due to their direct functions such as bioturbation and
filtering, but also since other trophic levels depend on them, namely benthic feeding fish
communities, comprising the majority of coastal feeding fish in the Baltic Sea.

The pressures the Baltic Sea faces today comprises threats that many coastal and estuarine
systems are, and will be, facing in the near future world-wide. Using the coastal zoobenthos
and fish communities of this model system to understand progression patterns and functional
changes in response to environmental change, contributes to a more complete and general
understanding of changing coastal communities and the resulting implications for coastal
ecosystem functioning.
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4 Matenals and methods

To assess the objectives addressed in my thesis, the use of long-term community data, spanning
decades, was indispensable. I compiled and combined several data series and sampling events
as well as conducted a sampling season myself in 2013, which included all sampling sites for
papers II-IV, marking the current end point of a four-decade time-series. Paper I solely relied
on monitoring programmes. In the following section I briefly describe the studied coastal
system, as well as sampling procedures, data type, and analytical methods and approaches
applied in papers I-IV forming the body of this thesis (Tab. 1).

4.1 Study area - the Aland Islands

The data for all four papers included in my thesis was collected in the coastal zone of the Aland
Islands. The Aland Islands are situated in the northern Baltic Sea at the junction of the
Bothnian Sea, the Gulf of Finland and the Northern Baltic Proper. This complex archipelago
system comprises thousands of islands forming a mosaic of habitats from soft to hard
substratum, vegetated areas to barren grounds, shallow sheltered bays to exposed open-sea
areas. Within this heterogeneous land- and seascape, gradients in environmental conditions,
such as temperature, salinity and oxygen saturations can be steep over relatively small spatial
scales from the inner to the outer coastal zone. Consequently, the Aland Islands create a
multitude of general costal types with wide ranging environmental gradients, making them a
suitable model area to study general aspects of coastal ecosystems.

Table 1: Summary overview of all data types and methods applied in papers I-IV. Blue shadings indicate connection of
respective papers regarding similar application of data, method or approach.

Paper | Paper Il Paper Il Paper IV

¢ 2 Zoobenthos 5 sites 30 sites 16 sites 16 sites
3 : ° 1992-2012 16 1973-2013 1973-2013 1973-2013
52 £ 14 1994-2013
98 6 sites, 1982-2007
324
ESE Fisn
§ Jn 45 sites, 2002-2012 species from Paper |

® = Community analysis composition

=3 § 8

]
o 2
8 &  Trait-based analysis R eatiocdld

of traits (CWM) it

254 GAM GAM
2 s linear regression repeated measures
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<G E SIMPER SIMPER

Envrionmental drivers .
» = Secchi depth, temperature,
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content in sediment

E Ensemble mean changes of
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] Climate change oxygen chlorophyll a, of
projections ‘future climate' (2070 to
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4.2 Sampling sites and methods

4.2.1 Coastal fish community sampling

The majority of the fish species in the coastal zone of the Aland Islands feed on zoobenthos
(e.g. Mattila & Bonsdorft 1988). In paper I, benthic feeding fish were defined as those species
feeding on benthic organisms during at least part of their life cycle (Voipio 1981; Bonsdorff &
Blomgvist 1993). The fish community includes both marine and freshwater species as well as
cold and warm water species (Tab. 2), exemplifying the system as model area that can be
related to marine, brackish-estuarine and freshwater systems. The included surveys were
conducted in the north-western part of the Aland archipelago (Fig. 8, paper I) as part of a
regional monitoring programme. Two different long-term data-series were analysed to study:
(1) the long-term development in the post-juvenile benthic-feeding fish community, and (2) the
changes in depth distribution of benthic feeding fish; both in relation to changing
environmental drivers over the past decades.

The first data-series, Fish 1, comprises a yearly fish survey, using standardized coastal nets,
of six fixed sites that have been sampled six times during August in the years 1983-2007, with
two linked multimesh gillnets (five mesh sizes, 17-50 mm) in shallow waters of 2-5> m (Adjers
et al. 2006). The second fish data-series (Fish 2) used Nordic multimesh gillnets (12 mesh
sizes, 10-55 mm) at a total of 45 sites including four depths, < 3 m, 3-6, 6-10, 10-20 m,
sampled ones a year in August during the time frame of 2002-2012 (HELCOM 2008).

Table 2: Benthic feeding fish community included in paper | and IV.

Family Species Common name Origin Warm/cold-water
Clupeidea Clupea harengus Herring Marine cold
Cottidae Triglopsis quadricornis Fourhorn sculpin Freshwater cold
Cyprinidae Abramis bjoerkna Silver bream Freshwater warm
Cyprinidae Abramis brama Bream Freshwater warm
Cyprinidae Leuciscus idus Ide Freshwater warm
Cyprinidae Rutilus rutilus Roach Freshwater warm
Osmeridae Osmerus eperlanus Smelt Freshwater cold
Percidae Gymnocephalus cernuus  Ruffe Freshwater warm
Percidae Perca fluviatilis Perch Freshwater warm
Pleuronectidae  Platichthys flesus Flounder Marine -
Salmonidae Coregonus lavaretus Whitfish Freshwater cold

Although the two fish data-series cannot be directly compared regarding their absolute
numbers, due to the different sampling methods and frequency, each series provides a proxy
for the development of the benthic feeding fish community over the respective time periods.
Fish abundances for both data-series were calculated in catch per unit effort (CPUE), per year
in Fish 1, and per depth class in Fish 2. To harmonize both data sets regarding their different
depth classes and mesh sizes, a depth class regrouping (to < 6 m and 6-20 m) and species
specific length cut-offs were applied, respectively (paper I). In both fish surveys, bottom-water
temperature was measured on each sampling occasions and in the Fish 1 data series Secchi
depth was additionally recorded.
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4.2.2 Coastal zoobenthos community sampling

For paper I the zoobenthos data was collected from sites closely located to the coastal fish
survey areas described above (Fig. 3, paper I). Five sites were sampled in the north-western
part of Aland, in May during the years 1994-2002 at depths ranging from 8-42 m, using three
Van Veen grab (0.1 m’) replicates per site (Adill et al. 2013). Samples were then sieved through
a 1 mm screen and fixed in a formalin-buffered solution. Species were identified to the lowest
practical taxonomic level, counted and weighed in the laboratory. As the biomass of coastal
zoobenthos 1s relatively stable over the summer months (Bonsdorff’ & Blomqgvist 1989), the
available biomass during spring sets a proxy for the potential food resources the benthic feeding
fish community can utilize in this area during the summer season. The environmental variables
related to zoobenthos in paper I were taken from a regional monitoring program, close to the
study area. Summer values (May-September) of surface salinity, temperature and Secchi depth
were averaged for the years 1994-2012 and used for the analysis.

The zoobenthos data used in papers II-IV comprises an extended spatial and temporal
coverage, including 30 sites (16 of them in paper IIT & IV) spread around the Aland Islands,
covering different exposure levels and coastal types (Fig. 3, paper II-IV). The degree of
exposure to waves and wind, depth, and proximity to land are important factors structuring
communities, for example: abundance, biomass, species identity (Pihl 1986; Kilar &
McLachlan 1989; Ricciardi & Bourget 1999). These structuring factors are incorporated in an
established exposure index for northern Baltic Sea coasts developed by Isaeus (2004). Hence,
I a priori grouped the stations into sheltered and exposed sites. This also provided a habitat
proxy reflecting depth and wind mixing, while precise information on soft-sediment

D@® Fish 2 A
O Zoobenthos

Exposure grou

O Sheltered

Paper lll, IV{ 5] Exposed 1

A Exposed 2

60°N —f

15 20 km

Figure 3: The Aland Islands with all sampling sites included in this thesis: Paper I: Fish 1, 6 sites sampled during
1983-2007; Fish 2, 45 sites sampled during 2002-2012, Zoobenthos, 5 sites sampled during 1994-2002, Paper
11-1V: 8 Sheltered and 8 Exposed 1 sites sampled in 1973, 1989, 2000 and 2013; Paper II: 14 Exposed 2 sites
sampled in 1994, 2000, 2006 and 2013. BS: Bothnian Sea; BP: Baltic Proper; GF: Gulf of Finland.
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topography is limited to only small local areas in the heterogeneous environments of this region
(Roust et al. 2011).

For paper II, I analysed two long-term data sets. The first data set included 8 sheltered and
8 exposed sites covering a 40-year time frame, with samples taken in 1973, 1989, 2000, and
2013. The second data set included 14 exposed sites, located 1n the transition zone between
the outer coastal and the open offshore areas, spanning 19 years and sampled in 1994, 2000,
2006 and 2013 (Fig. 3, paper II). The first data series was also utilised in the studies in
papers III & IV. All samples were collected with an Ekman-Birge grab sampler (289 cm’)
taking 5 replicates per site, sieved on 0.5 mm screen (1.0 mm before 2013, see paper I) and
fixed in a formaldehyde solution. One additional sample was taken to determine the organic
content in the sediment in the laboratory by loss of ignition (3 h at 500 °C). At each site, Secchi
depth as well as surface (1 m beneath surface) and bottom (1 m above bottom) temperature,
salinity, oxygen concentration/ saturation and pH were measured. Species were determined to
the lowest possible taxonomic level, counted and their wet weight biomass was measured to
the nearest 0.1 mg.

4.3 'Trait-based analysis and concepts

For papers III & IV, I selected a set of relevant traits reflecting key functions of zoobenthos
communities within coastal ecosystems (Tab. 3). With the selected traits, I focused on two
main functional aspects, namely, the quality of zoobenthos as food resource for fish (traits
reflecting production, susceptibility to predation and palatability proxies) and the role of
zoobenthos as ecosystem engineers (traits connected to habitat modification, bioturbation and
elemental cycling). While paper III includes traits for both of these aspects, paper IV only
focuses on the traits reflecting the food quality of zoobenthos for coastal fish. I developed one
novel and specific trait-entity representing a species-specific energy content proxy that provides
an estimate of palatability and food resource quality (paper III). The remaining 10 traits
applied, including a total of 41 trait categories, were used according to Toérnroos and Bonsdorff
(2012).

Due to certain species showing plasticity regarding their trait category expression, I applied
a fuzzy coding procedure (Chevenet, Doleadec & Chessel 1994) with category scores from 0
to 3, where 0 indicates no expression and 3 indicates the absolute expression of a category
(Tornroos & Bonsdorft 2012). For all analyses included in papers III & IV, the fuzzy coded
species-trait matrices were then abundance-weighted by the average species abundances (five
replicates) for each of the included stations.

In the work presented here, functional diversity was considered as the diversity in
distribution and range of expressed functional traits, with functional traits reflecting
morphological and behavioural characteristics influencing ecosystem processes (Diaz &
Cabido 2001; Petchey & Gaston 2006). For calculating the functional diversity of zoobenthos
communities, I used the Functional Dispersion (FDis) metric developed by Laliberté and
Legendre (2010). FDis 1s unaffected by species richness, can be abundance-weighted and 1s
capable of handling more traits than species, making its application desirable for the analysis
carried out 1n the relatively species poor Baltic Sea. The metric calculates the abundance-
weighted mean distance of individual species to their group centroid (all species of a
community) in a multivariate trait-space. High values therefore indicate a wide dispersion of
species traits in the multidimensional space and therefore a high functional diversity.
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Table 3: List of included functional traits with associated functions that were included in paper Il & IV

Trait Category Function Paper
Maximum size Small 1-5 mm Proxy for ecosystem functioning and 1, v
Medium 5-30 mm palatability
Large >30 mm
Protection No protection Proxy for palatability (production) I, v
Tube
Burrow
Case
Soft shell
Hard shell
Fragility Fragile Proxy for palatability (production) I, v
Intermediate
Robust
Longevity Very short <1yr Energy fixation, turnover, production rate n
Short 1-2yr
Long 2-5yr
Very long >5yr
Energy Low <1.7kJ/g Proxy for quality as food resource 1, v
Medium 1.7-3.4 kJ/g
High 3.4-5.1 kJ/g
Environmental position Infauna deep >5cm Susceptability to predation, space 1, Iv
Infauna middle within 2-5 cm resource dynamics
Infauna top top 2 cm
Epibenthic
Benthic pelagic
. " Energy transport: n
Feeding position Suspension production from pelagos
Surface elemental cycling/production bentho-pelagos
Subsuface elemental cycling within benthos
;?ii“ve Decomposition
Dispersal habit Non dispersal resident Production, movement of resources 1
Local 10-1000 m
Long distance >1km
Sediment transport No transport Habitat modification, bioturbation, 1
Diffusive mixing elemental cycling within benthos

Surface deposition
Conveyer belt transport
Reverse conveyer belt transport

Movement swimming Susceptability to predation, space v
surface crawling resource dynamics
burrowing

Protruding sediment protruding Susceptability to predation v

In addition to the functional diversity measure, I also used community weighted mean traits
(CWM) to showcase the functional structure of communities and its development over time
in relation to the altered taxonomic compositions of communities. All trait-based calculations
(FDis, CWM) were performed in the ‘FD’ library (Laliberté, Legendre & Shipley 2014) in the
open source statistical computing software R ver. 3.0.2 (R Development Core Team 2013).

In paper IV, I present a concept to evaluate the food quality based on prey traits and predator
specific feeding preferences. With this approach, I highlight how community changes of prey
can affect the food quality for predators. The species-specific predation selectivity 1s based on
(1) binary feeding links between predator and prey, (i1) the trait composition of the prey, and
(111) the sum of each prey trait category in relation to the number of species in the predators’
diet (Fig. 4). Relating the resulting diet selectivity profiles to the CWM of the present
zoobenthos creates a ratio indicating the match-mismatch of available food resources to the
theoretical demand of the predators and, hence provides a proxy for altering food quality when
applied over temporal scales.

To find out if there were changes in the food web structure stemming from functional
changes in the prey (CWM), I build predator-prey interaction networks, 1.e. bipartite food
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webs including only two trophic levels (i.e. fish as predator and zoobenthos as prey) to
understand whether the degree of predation specialization and plasticity may change over time
and space due to altered trait compositions in prey assemblages. All bipartite webs were based
on the trait-based feeding selectivity of predators and CWM of the prey (paper IV). All
networks and indices were calculated i the ‘bipartite’ library (Dormann, Gruber & Friind
2008; Dormann et al. 2009; Dormann 2011) using the R computing software.

i) Predator prey matrix (binary) i) Prey species by trait matrix iii) Trait-based
of Predator 1 predation selectivity

Predator ‘

- P, P, P Prey species
s S1 S S; P,
1 SUM of prey traits in diet
Sz T XXXXXX number of species in diet T 1
- = X - X - -X T, | 05
2 g —
& =
>
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Figure 4: Conceptual illustration of trait-based predation selectivity development from (i) binary predator prey matrix,
to (ii) constructing a predator specific prey-species by prey-matrix to (iii) the division of the sums of prey traits in diet
by the number of prey species in diet.

4.4 Statistical analyses

Overall, the applied methods encompass a broad set of statistical techniques, combining
traditional community ecological tools with more timely statistical advances. Besides the
multivariate analyses, which were done with the PRIMER package (version 6), with the
PERMANOVA + add on (Clarke & Gorley 2006; Anderson, Gorley & Clarke 2008) all other
analyses were performed in R, using the libraries specified in the following sections.

In paper I & II, I used Generalized Additive Models (GAMs) to analyse the potential non-
linear relationship between the biotic response variables, CPUE for fish (paper I) and
zoobenthos biomass (paper II), and the abiotic explanatory variables, to reveal long-term
environmental drivers. The models were built in the ‘mgev’ library (Wood 2006) in R. To
detect statistically significant shifts in variables across the time series in paper I, change-point
analysis was applied using the ‘changepoint’ library (Killick & Eckley 2014) in R.

To analyse the compositional changes of zoobenthos communities over time and exposure
categories in paper II, I used the multivariate analyses, similarity percentage analysis
(SIMPER), and non-metric multidimensional scaling (nMDS). These analyses allow to
highlight the similarities between assemblages between exposure groups as well as over time.
For comparing the biodiversity of assemblages, I used k-dominance curves (paper II). With a
two-factor (year and exposure) repeated measures ANOVA design, I checked for significant
differences in zoobenthos biomass progression over time and between exposure categories,
with sites set as the error term.

In paper III, I used a two-factor PERMANOVA test design to find out if the functional
composition, represented by the CWM of communities, followed the taxonomic changes in
species composition over time and space, as was found in paper II. In cases where the
functional composition differed significantly, I used a SIMPER analysis to showcase, which



MATERIALS AND METHODS 15

traits were significantly differently expressed and which were the ones mainly responsible for
the observed change. To test for changes in functional diversity of zoobenthos over time and
exposure categories, I applied a linear mixed-effect model with exposure and year as fixed
factors and station as random factor to account for non-independence of observations from
the same stations over time, using the ‘nlme’ library (Pinheiro et al. 2015) in R.

In paper IV, I tested if the trait-based food quality proxy for the predator community has
changed over time and space by building a generalized-linear mixed-effect model (GLMM)
with year and exposure as fixed factors, and sampling-sites and fish species as random factors,
to account for non-independence of observations, using the ‘nlm4’ library (Bates et al. 2015)
in R. To further reveal a possible relationship between functional diversity and food quality, 1
calculated the Pearson’s correlation coefficient between the respective measures.

4.5 Chmate change projections

In paper II, climate change projections were applied to the study area to gain knowledge of
how environmental conditions are likely to change in the future. By taking advantage of the
msights from past long-term progression patterns and knowledge related to key environmental
drivers (paper I & II) an awareness of the potential development of future environmental
conditions enables a better understanding of how communities may progress

At present, global climate models are too coarse to provide sufficient detail to resolve the
atmospheric surface fields in the Baltic Sea area, or on regional scales, and in coastal zones in
general. For this a finer scale analysis is important to capture physical dynamics impacting
specific ecosystems (Meler et al. 2011b). Hence, the regional climate model RCAO (Rossby
Centre Atmosphere Ocean model) (Doscher et al. 2002) was used, with a horizontal resolution
of 25 km that enabled a better representation of surface conditions such as the regional
hydrography and land-sea mask. The dynamical downscaling approach uses output data from
two global circulation models, the ECHAMS/MPI-OM (Jungclaus et al. 2006; Roeckner et al.
2006) and the Hadley Centre model HadCM3 (Gordon et al. 2000). The models were forced
with different greenhouse gas emissions (A1B, A2) following IPCC scenarios (IPCC 2013) and
two different sets of initial conditions. The atmospheric data fields were then used to force a
physical biogeochemical model RCO-SCOBI (Rossby Centre Ocean circulation model
coupled to the Swedish Coastal and Ocean Biogeochemical model) (Meler 2003; Eilola, Meler
& Almroth 2009) with horizontal resolution of 3.7 km, 83 vertical layers with a layer thickness
of 3 m and a time-step of 150 s. Oxygen levels and primary production are tightly coupled to
the amount of nutrients exported to the sea (e.g. Savchuk et al. 2008; Gustafsson et al. 2012),
therefore, three different nutrient load scenarios were applied: a reference scenario (REF)
where nutrient concentrations in rivers and atmospheric deposition continue at current levels
(see Eilola et al. 2009); a business-as-usual scenario (BAU) with increased river nutrient
concentrations (HELCOM 2007) and current levels of atmospheric deposition; and a Baltic
Sea Action Plan (BSAP) scenario with riverine nutrient concentration reduction and a 509 cut
i atmospheric deposition, following targets set by the Baltic Sea Environment Protection
Commission (HELCOM) Baltic Sea Action Plan (HELCOM 2007, 2013; Gustafsson,
Savchuk & Meier 2011).

In total 12 scenario simulations were used for paper II, with four different climate scenarios
(an ensemble) In combination with each of the three different nutrient load scenarios. The
changes in future annual mean water temperature, salinity, mean summer (June to August)
bottom oxygen concentrations and mean spring (March to May) phytoplankton concentration
in the Aland archipelago were derived from the difference between future levels (2070 to 2099)
compared to present levels (1978 to 2007).
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5 Results and discussion

In this thesis, I show, that in the Baltic Sea, environmental drivers affecting coastal communities
seem to have shifted from the predominantly eutrophication-driven pressures to more climate-
driven environmental variables. This holds true for zoobenthos and fish, although both groups
respond differentially, with decreasing benthic biomasses and increasing fish abundances in
deeper but warmer waters (paper I). Subsequently, I focused further on the biomass
progression of the benthic fauna and found different development progressions in different
coastal areas, depending on the degree of exposure. These diverging patterns are subject to
area-specific environmental drivers that, considering the climate change projections for this
region, are likely to intensify in the future. Zoobenthic communities have additionally
undergone major compositional changes, with the most striking change being the
establishment of the mvasive polychaete Marenzelleria spp as the most abundant species in
the coastal zone of the Aland Islands of today (paper II).

Although observing striking differences in community composition, species diversity and
biomass between sheltered and exposed areas, I highlight that the functional diversity remained
similar in both areas. Marenzelleria appeared to contribute to a higher and more stable
functional diversity over time. Despite the maintained functional diversity, I uncover changes
in the communities’ functional structure (CWM). The functional changes were not strictly
linked to changes in taxonomic composition, suggesting that species changes do not imply
functional changes per se (paper III). Following the altered functional structures of studied
communities, I present a trait-based predation selectivity measure, taking the functional
structure of prey communities into account, revealing an overall increasing food quality for fish
over time and a different plasticity of species in coping with changing food resources
(paper IV). In the following sections I discuss these results in further detail.

5.1 Responses of zoobenthos and fish communities to a changing
environment

5.1.1  Shift from eutrophication to climate change-dominated drivers and the
differential influence on zoobenthos and fish

Futrophication and climate change are recognized as major threats to coastal ecosystems and
the 1mpact of both can be detrimental to coastal communities. In paper I, I show that the
relative strength of these environmental drivers in shaping zoobenthos and fish communities
has shifted over time. Climate-related variables, namely temperature and salinity have now
become dominant, as compared to the previously eutrophication-driven system.

Most of the 11 encountered fish species were of freshwater origin and favoured warmer water
conditions (Tab. 2). During the studied period (1983-2007) the total abundance of the benthic
feeding fish increased over time (Fish 1 data, shallow waters), as did the overall trend of bottom
water temperature and Secchi depth (Fig. 5a). While the Secchi depth was low in the 1980s,
highlighting a eutrophication dominated system with high pelagic primary production, it
increased and remained comparably high in the 1990s, suggesting a less eutrophic state
(Fig. ba). Although following similar temporal trends, there were no linear relationships
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Figure 5: Time series of: a) total abundance (logCPUE) of benthic feeding fish at < 6 m depth, bottom temperature
(°C) and Secchi depth (m); and b) biomass of zoobenthos (g ww m?), surface (1 m depth) salinity (psu) and Secchi
depth (m). Both a) and b) include change-point analysis. Solid lines indicate single change-point regimes of time
series restricted to one possible gross change-point, dotted lines indicate the maximum number of change-point
regimes restricted to the maximum number of binary segments of time series.

between the total fish abundance and the two environmental variables (paper I). However,
using GAMs, non-linear and additive effects were detected, revealing that bottom temperature
and Secchi depth did have a significant effect on the abundance of benthic feeding fish over
time (Fig. 6a). In contrast to the overall increase in fish abundance, the zoobenthos biomass in
the same study (paper I) followed a decreasing trend over time, driven by decreasing salinity
in the area (Fig. 5b, 6b). Despite the fact that decreasing zoobenthos biomass has previously
also been linked to decreasing food availability, 1.e. increasing Secchi depth, (e.g. Cederwall &
Flmgren 1980), the Secchi depth in studied area was highly variable (Fig. 5b) and showed no
significant effect over ime. However, the combination of Secchi depth and salinity led to a
significant GAM selection, indicating the same directional effect of Secchi depth on benthos
as demonstrated for fish (Fig. 6a, b).

The negative effects of increasing temperature on fish abundance in shallow waters during
the past decade (Fig. 6a) were compared to the results from the Fish 2 data series, evaluating
the development in depth distribution of fish. There, the abundance of fish in shallow waters
was mainly stable, but showed a decreasing tendency with higher temperatures (Fig. 7).
However, at depths > 6 m the increasing abundance of fish was linked to increasing
temperatures, suggesting a gradual shift in the preferred habitat to deeper and warmer waters
(Fig. 7). This implies that deeper aphotic feeding grounds will become more important for
benthic feeding fish as climate change impacts unfold. In the Baltic Sea in particular, this could
become problematic as the available feeding grounds become squeezed, with temperature
driving fish into deeper waters (acting from above), and hypoxic areas becoming shallower and
mcreasing 1n size (Conley et al. 2011; Hansson & Andersson 2015).

Paper I illustrates that both eutrophication and climate change, have affected the production
of fish and benthos during the past decades, but the relative strength of variables has shifted.
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The response to Secchi depth in zoobenthos and fish gradually changed over time from having
a negative effect to becoming neutral toward the end of the study period, while the effect of
temperature in shallow waters became significantly negative during the 2000s and was neutral
in the beginning of the period (Fig. 6a). At the same time, the response was reverse in deeper

waters where total fish abundance increased (Fig. 7).

The effect of decreasing salinity became

significantly negative during the latter years of the study, contributing to the decline in

zoobenthos biomass (Fig. 6b).

In direct contrast, decreasing salinity would be expected to have a positive effect on the
coastal fish community, as most of the species originate from freshwater and prefer the less
saline water (Voipio 1981; Ojaveer et al. 2010; Olsson et al. 2013). Unfortunately, a lack of

comparable data restricted this direct comparison.
However, the climate change scenarios included in
paper II, project decreasing salinity levels in the
region of up to 2 units by the end of this century
(Fig. 10), conditions favouring freshwater fish
species, with potentially strong future 1mpact
considering that the long-term decrease of just over
0.5 units during the past 30 years has contributed to
the negative response in zoobenthos depicted in
paper I. Besides the apparent shift towards
mncreased climate-related drivers, the results from
paper I highlight the differential response of
zoobenthos and fish which, considering their trophic

O <6m
6-20 m

LogCPUE

0 T T T
Figure 7: Relationship between abundance of
benthic-feeding fish (Log CPUE) and bottom
temperature (°C) at the corresponding depth years
(Fish 2, years 2002-2012). Linear regressions
<6m:r?= 0.02, F19=0.14, p=0.71 and 6—20 m:
= 0.41, F19=6.18, p = 0.03, highlighted in blue.
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link and the intensification of climate-related pressures, could increase the gap between their
respective productivities. At the beginning of the study period, benthic feeding fish were
estimated to consume about 30 % of the standing stock of zoobenthos in shallow habitats of
the studied region (Mattila & Bonsdorff 1988). With an increase in fish abundance of ca. 20
% over the past decades (Fig. 5a), it 1s likely that the total consumption and demand is higher
today (Olsson et al. 2013), which may eventually lead to shortages in food availability and
further decreases in benthic biomasses.

Besides a potentially lower food resource availability for benthic feeding fish, decreasing
benthic biomass also suggests a shifted role of other provided ecosystem services
(Timmermann et al. 2012), such as the coastal filter function (Lloret & Marin 2011), nutrient
cycling and remineralization of organic matter and bioturbation (Braeckman et al. 2010;
Norkko et al. 2013; Maximov et al. 2015). Enhancing the understanding of long-term
developments in zoobenthos communities and the implications of changes in biomass
progression, community structure and diversity patterns, is important to expand our knowledge
on how the changing environment contributed in shaping benthic communities and how it 1s
likely to continue doing so. This is why, in paper II, I focused exclusively on the progression
patterns of benthic fauna with a broader scope, including a wider range of sampling sites
covering diverse coastal types and hydrography, and encompassing data from 1973 to 2013.
This enabled me to reveal more detailed pathways in the development of zoobenthos
communities and eventually relate them to tailored future chmate projections for the study
area.

5.1.2 Long-term patterns in zoobenthic biomass progression

In paper II, I studied the long-term development of zoobenthic communities with particular
focus on biomass progression and found a diverging trend between sampling sites, with
continuously decreasing biomass in sheltered areas, and increasing and comparably high
biomass values in the exposed coastal areas (Fig. 8). The fact that the shown area-specific trends
were consistent over four decades, highlights the importance to focus on regional and local
processes when investigating heterogeneous habitats.

The divided pattern in biomass progression was best explained by the additive effect of
bottom oxygen saturation, organic matter in the sediment, and sea surface temperature (SST)
(Fig. 9 “All areas’). To disentangle potential area specific effects of the revealed environmental
drivers, I further applied two sub-models for the respective areas. Firstly, this enabled me to
uncover that communities in sheltered

areas were mainly limited by oxygen- 250 O Sheltered
. . O Exposed 1
saturation over the past decades (Fig. 9 B Exposed 2

‘Sheltered’), a finding supported by 200

other recent studies showing that 1504
100+
50
2009; Conley et al. 2011; Caballero-
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Alfonso, Carstensen & Conley 2014; 1973 1989 1994 2000 2006 2013
Lennartz et al. 2014). Secondly, I show Year

that the exposed areas were driven by Figure 8: Total zoobenthos biomass wet weights (wet wt) (g m™),
the additive effect of increasi - .”  including shells, of all exposure groups over sampled years (mean
€ addiive ctiect ol creasing organic 4 SE). nd: no data for respective exposure group within the given

content and SST (Fig. 9 ‘Exposed’). year.

m2)

oxygen depletion in coastal areas 1s
becoming more frequent and negatively
impacting communities (Long & Seitz

Biomass wet wt (g
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This overall progression seen at the study sites 1s conceptually in line with the Pearson
Rosenberg paradigm (Pearson & Rosenberg 1978), where eutrophication in the immediate
coastal area (sheltered) has progressed to a state where oxygen became a limiting factor, but
the outer areas (exposed) still profit from increasing organic matter in the sediment, serving as
food resource for the benthic fauna. The reversed biomass values in 1973 of sheltered (high)
and exposed (low) areas and their gradual change thereafter could support this view, assuming
that at this point the organic content was still favouring sheltered areas during that time, yet,
the even lower levels in the exposed areas acted as limiting factor for biomass production.

‘While SST only had a marginal, though still significant effect, excluding it from the models
resulted in similar results regarding oxygen and organic content of sheltered and exposed areas
respectively, highlighting their importance for biomass progression (Tab. S3, Fig. S2 in the
Supplement of paper II). The inclusion of SST did, however, improve the ‘All areas’ model
by roughly 20 % of the explained deviation, which indicates its importance as proxy for warm
and cold years.

oxygen saturation

organic matter surface temperature

Figure 9: Generalized additive
models (GAMs) best explaining
the effect of selected predictor
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5.1.83 Future projections of environmental drivers

The projections of the regional model allowed insights into likely future changes in the specific
coastal areas included in this thesis. The future projections compare the ensemble mean
changes of SST, sea surface salinity (SSS), bottom oxygen concentration and surface
phytoplankton concentrations (serving as proxy for aggregation of organic content) between a
‘future climate’ (the last 30 years of this century) and the conditions measured between 1978
and 2007 (‘present climate’) (Fig. 10). The fact that the environmental and biotic data series
presented 1n this thesis fall mainly within the ‘present climate’ (paper I 1983-2012, paper II-IV
1973-2013), 1s an advantage underlining the relevance of regional comparison of identified
drivers of change to projected future conditions. Fach of these listed variables has been
1dentified as driver of either zoobenthos (paper I & II), or fish communities (paper I), or both.

Towards the end of the 21st century, the annual mean SST is projected to increase by about
2.5 °C around the Aland Islands (Fig. 10a). Following the results from paper I, it is likely that
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this will intensify the negative effect of temperature on benthic feeding fish abundance in
shallow waters, and could further support their migration into deeper waters. Model results
from paper II (Fig. 9), relating the zoobenthic biomass to temperature, also suggest a negative
effect, which is however coupled to increasing organic content.
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In response to increasing river runoff, SSS is projected to decrease by 1.5 to 2 units, with the
most pronounced changes in the archipelago region and the slightly more saline Northern
Baltic Proper. Smaller changes are expected in the less saline waters coming from the north,
leading to fresher and more uniform salinity conditions in the study area (Fig. 10b). Although
not detected as a significant driver of zoobenthos biomass in the extended set of sites covering
multiple environment types in paper II, paper I stressed the negative influence of decreasing
salinity on local communities. In brackish water systems, salinity has an especially strong impact
on species composition, diversity, and biomass; with a congregate of freshwater and marine
species living at their respective physiological distribution limits even small changes can have
pronounced effects (Segerstrale 1957; Bonsdorft 2006; Cloern & Jassby 2012). The less saline
conditions 1n the future are on the contrary, likely to be supportive of the benthic feeding fish
abundance in this area as most of the species are of freshwater origin, contributing to the bulk
of the total abundance (Ojaveer et al. 2010; Olsson et al. 2013, paper I). The projected
developments in temperature and salinity, therefore, favour an intensification in strength of the
responses in fish and zoobenthos communities described in paper I, adding further to
contrasting trends 1n their respective productivity.

An alarming discovery is shown for projected future bottom oxygen conditions in the area.
Regardless of which nutrient load scenario was applied (BAU of BSAP), my results emphasise
a decreasing trend m oxygen levels in the immediate coastal zone and archipelago area
(Fig. 10c). Hence, the oxygen regime in shallow coastal waters seems to be driven by physical
processes, such as the increase in temperature. Having been the limiting factor for zoobenthos
communities in sheltered coastal areas over the past four decades (paper II), the general
decrease i oxygen concentration will intensify extreme events in coastal seasonal oxygen
depletion and therefore negatively affect zoobenthos in shallow as well as in deeper areas. Only
the full implementation of the Baltic Sea Action Plan and its associated reductions in nutrient
concentration and atmospheric deposition could potentially counterbalance the negative effect
of temperature and increased respiratory processes in deep areas, leading to improving oxygen
conditions (Fig. 10c, red shading)

Phytoplankton concentration, acting as proxy for the amount of organic content in the
sediment, followed tightly the intensity of the nutrient load scenarios (Fig. 10d). The intensity
of phytoplankton blooms also highlighted the physical position of the Aland Islands in the
transition between less nutrient-rich waters of the Bothnian Sea and those strongly eutrophied
waters of the Baltic Proper and the Gulf of Finland. Considering that the current scale of
average spring phytoplankton blooms is 9-12 mg chl m™ at present (Fleming & Kaitala 2006),
the projected changes would lead to an increase in intensity of up to 40 %, favouring organic
deposition to the benthos and decreasing Secchi depth. The higher organic content may first
contribute to increased productivity in zoobenthos of the exposed areas following the results
in paper II, until a break point is surpassed, inducing the negative consequences of
eutrophication (e.g. Pearson & Rosenberg 1978). Fish also respond with an initial increase in
abundance due to higher productivity (Adjers et al. 2006) followed by negative effects with
increasing eutrophication (Breitburg et al. 2009).

Taking all chimate projections into account, an intensification of environmental drivers
towards unfavourable conditions is likely to expand seaward, pushing the ecotone of coastal
communities farther out from the coast and archipelago. This is a worrying development
especially in combination with the steadily increasing hypoxic volume of the Baltic Sea, which
increased 10-fold over the past 100 years (Carstensen et al. 2014a;b). This combination of
environmental threats may lead to a more frequent and persistent disturbance for zoobenthos
and fish communities in the future.
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5.1.4 Alterations in zoobenthic community composition

Not only has the biomass progression of benthic communities changed significantly over the
study period, the coastal zoobenthos of the Aland Islands has further undergone major
compositional changes. In the previous sections, I highlight how the development in fish
abundance and zoobenthos biomass could be partly explained by environmental drivers,
however, in a dynamic environment, the realised niche-space species occupy may be extended
or shrunk accordingly, leading to reorganisations of species within communities (Westman
1991; Pearman et al. 2008). Sheltered and exposed areas could be clearly differentiated in
terms of species composition (Fig. 11), which in fact supported the ecological distinction of
habitat types in the first place. A total of 33 macrofaunal benthic taxa were found at the
included stations during the study period. Exposed areas generally displayed higher species
richness as well as higher biodiversity measures, particularly in the second half of the time-
series, compared to sheltered areas (paper II). According to established zoobenthic quality
indices, such as the benthic quality index (BQI) (Rosenberg et al. 2004) or the brackish water
benthic index (BBI) (Perus et al. 2007), characteristics in species composition of sheltered and
exposed areas suggest that the water quality increases with progressive distance from land
(paper II).

Following the development in taxonomic composition of assemblages in sheltered and
exposed areas, I could show a gradual shift over time, where species compositions between the
exposure groups become more similar towards the end of the study (paper II). However, 1
observed the largest differences within the groupings to have occurred in between the 1989
and the 2000 sampling campaigns. Interestingly, this time frame coincides with a well-described
regime shift in the Baltic Sea (Alheit et al. 2005), supporting the claimed impact on all trophic
levels (Osterblom et al. 2007; Méllmann et al. 2009), despite the fact that most of the previous
work has been dedicated to the pelagic system including phytoplankton, zooplankton, and fish.
The biggest shift in species composition was observed in the sheltered communities, possibly
linked to stronger impact of environmental stressors due to the shallow waters and restricted
water body (paper II).
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Figure 11: Relative abundance of species from pooled data from each exposure group in each year. Numbers at
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The most striking structural change to the entire Aland Island zoobenthos during the past
decades was the successful establishment of the mvasive polychaete Marenzelleria spp, which
has become the most abundant species in exposed sites of today (Fig. 11), since it was first
recorded in Finnish waters in the early 1990s (Norkko et al. 1993). The addition of
Marenzelleria likely contributed to the compositional shift of the studied communities during
that particular time frame, as well. It remains unclear if the described regime shift has triggered
favourable conditions for Marenzelleria to establish itself more successfully, or if Marenzelleria
has triggered the shift in benthic communities independent of the regime shift. It is clear,
however, that its presence and abundance have led to a different taxonomic structure, from
previously rather low abundances of polychaetes in the area. As a non-native species, its impact
on the ecosystem as well as its role as potential competitor with domestic species for space and
resources 1s still under debate. It is likely that Marenzelleria has filled an open niche it
successfully occupied without being in direct competition with other species (e.g. Friksson
Wiklund & Andersson 2014), following the post-glacial succession theory proposed by
Bonsdorff (2006). It has been suggested that Marenzelleria may act as ecosystem engineer and
could positively counteract or even prevent seasonal hypoxic conditions by long-term
bioirrigation (Norkko et al. 2012), though the functional role of this new arrival to the existing
species complex remains un-clarified.

The establishment of newly introduced species in particular, as well as general changes in
community structure, raise the question of how profoundly the functionality of the community
and therefore the range of ecosystem services, may be affected. To understand whether
changing community patterns also result in changing functional properties it is important to
use traditional taxonomic-based approaches hand in hand with functional approaches, such as
trait-based metrics, connecting community composition with functionality proxies. In the
following sections, I present and discuss the advances and results stemming from my work in
this thesis, linking these two approaches to increase the understanding of how changing
communities may impact particular functions and services of interest in an ecosystem.

5.2 Functional consequences of changing communities

5.2.1 Responses of functional diversity

Ecosystems with high functional diversity are supposedly exhibiting a broader range of
ecosystem functions (Clark et al. 2012). In paper II, I showed that the degree of exposure
affected the structuring of zoobenthic communities, i.e. their biomass, species composition
and diversity. The observed development suggests a lower environmental quality in sheltered
compared to exposed areas, displaying lower biomass, less diverse communities with more
opportunistic species and a poorer water quality. Surprisingly, the functional diversity
(measured as FDis) of communities followed similar trends in both exposure classes (Fig. 12a).
While exposure did not affect the diversity of functional traits in respective communities
(DF =16, p> 0.1, t = -0.9), time had a significant effect (DF = 44, p < 0.001, t = 3.79). In the
earlier years of the study period, 1973 and 1989, communities showed a high variation in their
functional diversity, suggesting a potentially higher disparity in the range of ecosystem services
and adaptability to change, depending on the local assemblage. In the latter study period (2000,
2013), however, sheltered and exposed communities were functionally more diverse while
displaying fewer variations. This suggests that both areas functionally adapted to their changing
surrounding environment over the past decades; indicative of a high resilience towards varying



RESULTS AND DISCUSSION 25

environmental conditions, while display-

ing a broader range of ecosystem Shetiored Exposed

processes (Hulot et al. 2000; Folke et al. © _ . ‘
2004; Cadotte et al. 2011). — = == E
The distinct change in the functional : E - E o
diversity pattern coincided with the arrival 1 : ——
of Marenzelleria in the system. To assess ‘
the potential implication of the newly
itroduced species on the functional : | o
diversity progression, I analysed FDis :

° o

excluding the invasive polychaete from the o -

data set. Being aware of this exclusion to 1973 1989 2000% 2013% 1973 1989  2000% 2013%
be fully hypothetical, ie. the species

. ) . b
composition most likely not being exactly ) Sheitered Exposed

the same without the abundance of T —
Marenzelleria, it highlights how : ‘
Marenzelleria alters the diversity of <
present functional traits in relation to &
communities without its overwhelming | :
presence. Excluding Marenzelleria from 1 3 P
the analysis resulted in the fading of the - 3 44

previously observed higher and less % °

o 4 L L

variable functional diversity in both areas w w w w w

Fie. 19b). eliminatine 1 il i 1073 1989 2000 2013 1973 1988 2000 2013
( 18- ),elInlndtlng 1e significant ellect Figure 12: Box-whisker plots of functional dispersion (FDis) in

of time (DF = 16, p> 0.1, t = 0.8) while sampled years grouped in exposure classes; white boxes

exposure class as a factor remained represent sheltered areas (stations n = 8), grey boxes
represent exposed areas (stations n = 8); a) shows FDis of full

K L community complex, b) shows FDis of communities excluding
p> 0.1, t = -1.0). It is worth mentioning Marenzelleria spp, triangles included in years of a) mark the

that Marenzelleria did not contribute to presence of Marenzelleria.

the higher FDis values by adding new functions to the species complex, but by strengthening
a modified composition of expressed functional traits through its high abundance and a
specific combination of traits.

Functional diversity measures have increased in popularity over the past decades and are a
useful proxy for the complexity of community functionality as well as ecosystem functioning
and the range of potential ecosystem services. However, my results indicate that as a sole
measure of ecosystem functioning, a functional diversity metric alone only provides limited
information, considering the huge ecological differences between sheltered and exposed areas
described in paper I, which were not depicted in the metric. This in an interesting finding in
itself, demonstrating that even communities considered to be in ecologically poor condition,
or comprise only few species (e.g. Tornroos et al. 2015), can sustain a relatively high functional
diversity.

unchanged, showing now effect (DF = 44,

5.2.2 Responses in functional structure

Functional diversity metrics alone do not convey information concerning the composition and
expression of functional traits and their associated qualitative services for ecosystem
functioning. This means that two equal functionally diverse communities could either function
i similar or completely different ways. Therefore, another measure i1s needed to uncover
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functional changes of communities. Community weighted means of traits (CWM) are practical
tools to evaluate functional changes, or current states, as they give insight into the functional
structure of the communities. Focusing on a set of a priori selected traits that are relevant for
answering the desired question, enables comparisons of community functionality over space
and time. Alterations of particular traits can affect predator-prey dynamics (Green & Coté
2014), remineralisation of nutrients and organic matter (Norling et al. 2007), as well as the
systems’ productivity (Roscher et al. 2012). Here, I focused on traits reflecting the quality of
zoobenthos as a food resource for fish and their role as bioengineers with associated ecosystem
functions (Tab. 3). Focusing on these ecosystem services offers new knowledge on how the
differentially affected sheltered and exposed communities have developed from a functional
perspective, in relation to their taxonomic changes.

My results show that despite the maintained functional diversity, the functional structure
changed within and across sheltered and exposed communities (Fig. 13 CWM, paper III). In
the first half of the study period (1973, 1989), the CWMs of sheltered and exposed
communities remained statistically indistinguishable, suggesting a similar functionality. The
taxonomic composition, on the other hand, was different between the exposure groups during
all years (Fig. 13, Taxonomic composition, paper III). This finding could be explained by
changes in functionally redundant taxa, sustaining the ecological functionality in spite of
compositional changes (Clare, Robinson & Frid 2015). In the later years, 2000 and 2013, the
difference between the functional structure of sheltered and exposed communities became
highly significant, implying functionally different communities in the respective areas.

Additionally, the functional structure of both areas now also differed significantly within each
exposure group, which shows that the functionality within both areas has also changed over

Functional structure (CWM) Taxonomic composition

Sheltered Exposed Sheltered Exposed

2000 % M%%

——l

Figure 13: Conceptual illustration of changes in functional structure, measured as
community-weighted means of trait expression (CWM), and species composition based on
the taxonomic changes, over time and exposure groups; black dotted lines indicate no
significant change resulting from two-factor PERMANOVA design, red arrows indicate

significant changes.
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time. This progressive functional change did not strictly coincide with compositional changes
in the taxonomy of the communities, which 1s in contrast to the previous finding explained by
functional redundancy of taxa. Even though there is a high functional redundancy in the
studied system (paper ITI), the functional structure displayed high flexibility over time leading
to functional changes irrespective of community changes (Fig. 13, paper III). This finding
emphasises the importance to consider the expression of functional traits on community levels
(CWM) and not only rely on taxonomic proxies when investigating functional changes.

Once significant changes in the functional structure of communities were found, applying a
two factor PERMANOVA design, in essence treating the trait categories in the functional
structure (CWM) as species in a community, I used community ecology tools, (SIMPER
analysis) to determine which exact trait category alterations were responsible and contributed
most to the changed in functional structure. These methods have to my knowledge not been
linked before, but constitute a useful toolkit for comparing community functionality, as the
change of particular functions can be pinpointed and evaluated.

The trait feeding-position, for instance, provides a proxy for productivity pathways as well as
the strength of coupling at the sediment water interface (Dimitriadis, Evagelopoulos &
Koutsoubas 2012). Alterations in feeding-position categories have largely contributed to the
changes observed here, indicating that the productivity is governed by different pathways in
relation to environmental change over time (Tomczak et al. 2012). Sheltered and exposed
areas mainly comprised suspension and surface feeding species during the 70s and 80s
(paper III), suggesting a strong dependency on pelagic productivity, which is in line with the
low Secchi depths and the general eutrophication driven system during this time (paper I).
During the following years, the suspension and surface feeding categories decreased in relative
importance, which could be linked to the less eutrophic state (HELCOM 2013), instead
displaying a more diverse set of feeding types, which points towards changing energy pathways
over time. An increase in sub-surface feeders, particularly in exposed areas, suggests more
sediment reworking and ventilation processes, which 1s also linked to nutrient and organic
matter recycling (Meysman, Middelburg & Heip 2006; Kristensen et al. 2012), and reinforced
by increasing importance of bioturbation-supporting sediment transportation types.

The trait size plays an important role, as it can influence the magnitude of many other traits
(EKIof et al. 2013) and is often considered as a “master trait” (Andersen et al. 2016). Especially
in predator prey relationships size i1s important (Klecka & Boukal 2013; Nordstrom et al.
2015), but proxies for prey accessibility and palatability, such as fragility, environmental
position, or energetic content, are also important to consider when assessing food quality
(Tab. 38). In 2013, the characteristics of sheltered communities suggested a development
toward increased accessibility, and a general increasing quality as a food resource for benthic
predators, based on size and positioning in the top layers of the sediment, as well as being
mainly without protection and relatively increasing energy contents, compared to the previous
years. Food quality patterns at exposed sites were mainly influences by continuously increasing
high-energy values and fragile species, also hinting at increased food quality, especially
considering that biomasses are relatively high (paper II). The benthic fauna at exposed sites
was however mainly positioned deeper in the sediment, which raises the question of its
availability to certain fish species, which may not be able to consume species buried at a certain
depth. It becomes clear that if the predator community is not also considered in the food
quality assessment, studying the CWM values related to food quality of prey communities
alone provides somewhat limited 1nsight. Hence, it 1s important to also include the capability
of specific predator species to consume the relevant prey species in conjunction with resource
quality characteristics.
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5.2.3 Altered food resource quality for fish

Predators select their prey irrespective of taxonomic identities but based on a multitude of
phenotypical characteristics, such as morphological, behavioural and life history traits (e.g.

Husseman et al. 2003; Spitz, Ridoux & Brind’Amour 2014; Rodriguez-Lozano et al. 2016)

Building on the knowledge from paper III, I developed a new method that enables
assumptions on the development in food quality. This concept uses a predator-specific trait-
based predation selectivity measure. Linking resulting predation profiles to the development
in the functional structure of prey communities creates a useful proxy for the food-demand to
-availability ratio, and enhances the information about how well a predator can utilize the prey
community at hand. With this conceptual framework, it is possible to evaluate how long-term

changes in prey communities may impact
the food quality for higher trophic levels
from the bottom-up.

Using the benthic feeding fish
community from paper I, I utilised the
known binary feeding links to build a trait
diet spectrum, reflecting the affinity of the
fish  species toward particular trait
categories based on the entire pray range
(here zoobenthos community). My results
demonstrate that the fish display species-
specific feeding selectivity profiles with
varying  affinities  toward  individual
characteristics (traits categories) of their
zoobenthic  prey  (Fig. 14). This
emphasises the relevance of a species-
specific measure when aiming to evaluate
food quality in general. Although some
trait categories seem to be highly selected
i all species, e.g. medium sized,
epibenthic surface crawlers, the variation
in diet preference and ability to utilise
certain categories 1s indeed highly variable
among species.

I evaluated changes in food quality for
the benthic feeding fish community by
creating a metric derived from the static
feeding selectivity scores of predators in
relation to the changing community
weighted mean traits (CWM) of prey,
over time and space. A match between
prey CWM and the predator feeding
selectivity scores points to a preferable
food resource over mismatching ratios.
My results support the concept that the
changes in the functional structure
(CWM) of zoobenthos (paper III) have
had an effect on the food quality for the
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fish community over time. Increasing positive
model parameter-estimates show that the
overall food quality, including all fish species,
mncreased over time (GLMM 2000,
p<0.0001; 2013, p<0.0001), while exposure
showed no significant effect (GLMM,
p = 0.835) on the food quality proxy, despite
the difference in functional structure between
sheltered and exposed areas (paper III).
Exposure having no effect suggests that there
1s no generality in the influence of changing
quality-
measure per se. Instead it appears that the
combinations of particular traits play an im-
portant role for the food quality, depending
on the predator and its requirements.

In line with the community model result,
the species-specific models suggest a gradual
positive progression toward increased food-
quality over time for most of the species
(Fig. 15). Exposure again had no significant
impact on any of the fish species. Different

functional compositions on the

trends in the model estimates suggest that
exposure might play a marginal role for some
of the species. For example, the two species
Abramis bjoerkna and Leuciscus 1dus for
which the food quality did not increase over
time, show a negative trend in the factor
exposure.

The fact that the food quality generally
increased for the fish community over time,
may have positively contributed to the
increase 1n total fish abundances since the
mid-late 1990s that T depicted in paper I.
This connection remains mainly speculative,
with no direct quantitative link between the
patterns, but offers a potential explanation of
biotic driver in describing the increasing
abundance pattern of the benthic feeding fish
(paper I).

The time-frame of increasing food quality
coincided with the elevated functional
diversity values of benthic communities
described in paper III. The highly significant
correlation (Pearson’s correlation coefficient,
0.63, p < 0.0001) underlines the
positive effect of diverse prey-traits on the
food quality (Fig. 16) and supports a positive
functional diversity - ecosystem function
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Figure 15: Species-specific linear mixed-effect model
results. Colours indicate direction of parameter estimates,
with blue being positive and red being negative estimates.
All years are compared against the 1973 intercept.
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relationship (Hooper et al. 2005). This result confirms what theory suggests, namely that high
functional diversity increases the spectrum of available prey traits and thus the chance for a
predator to encounter the preferred food resource, while low functional diversity of prey would
increase the risk of not finding matching prey items, generally acting negatively on a predator
community with different feeding preferences.

Structural attributes of trophic interaction are linked to the functioning and resilience of
communities (Yen et al. 2016; Yletyinen et al. 2016). Hence, the success of a predator to cope
with changing prey communities will also depend on its feeding specificity and its plasticity to
adapt to altered diets. In paper IV, I constructed bipartite interaction networks linking the
functional composition of zoobenthos as prey with the feeding selectivity measure of fish, to
explore whether the degree of predation specialization and plasticity may change over time
and space due to altered trait compositions in prey assemblages. I found that different
functional compositions of zoobenthos can indeed alter the interaction structure with fish and
may influence their degree of specialisation depending on the available zoobenthic prey. While
the benthic feeding fish in general showed high variability in the total sum of interactions, the
ability to utilize the available zoobenthic prey remained stable for most of the predators, but
in particular for A. brama, O. eperlanus, P. fluviatilis, and P. flesus; suggesting a high plasticity
in coping with changing prey communities and thus also general conditions (paper IV). In
contrast, species that showed a decreasing ratio in utilised-prey to available-prey links over time,
such as A. bjoerkna and L. idus, appear indicative of lower plasticity in coping with the
changing prey communities (paper IV). This may also be reflected in food quality estimation
for the latter two species (Fig. 15), which both show no significant improvement of food quality
over time.

Although the conceptual approach to evaluate food quality is not directly linked to
quantitative responses in for example abundance patterns of fish, the trait-based predation
selectivity measure, as I presented them here, provide the best available knowledge on
qualitative aspects of how changing prey communities can affect the resource availability for
predator communities over time. With stomach content data often lacking, especially in data
sets of long-term and broad spatial scales, this novel approach can facilitate the understanding
of altered predator-prey interactions and could, thus, serve as conservation management and
ecosystem assessment tool. Being independent of taxonomic species identities, the presented
method promotes cross-systems comparisons and 1s applicable to all predator-prey
communities. It can further deal with newly introduced and invasive species serving as potential
food resources, if they reflect similar traits of the consumer-predation profile.
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6 Conclusions

6.1 Key findings

The findings in my thesis demonstrate that the structure and function of coastal communities
are heavily influenced by a progressively changing environment and that especially climate
change-related impacts are gaining in strength, reshaping communities and their way of
functioning (papers I-IV). My work utilised multi-decadal data-sets to reveal long-term
progression patterns in fish and zoobenthos communities in relation to environmental drivers
(papers I & II), and analysed the same communities from various perspectives, using classic
community and functional ecology tools, linking the discovered changes to several aspects of
ecosystem functioning (papers II-IV).

Coastal zoobenthos and fish communities are both governed by similar environmental
drivers but respond in contrasting ways. The benthic feeding fish may most likely profit from
further decreasing salinity levels, while being forced into deeper yet warming waters due to the
temperature increase. Zoobenthos, on the other hand, is negatively affected by both drivers,
decreasing salinity as well as increasing temperature strengthening oxygen depletion in the
immediate coastal zone (papers I & II). With a progressing intensification of the revealed
environmental drivers (Fig. 10), the ecotone of zoobenthos communities is pushed farther
seaward (paper II). Trends for both fish and zoobenthos suggest that being forced into deeper
and offshore waters may result in communities being more frequently disturbed, while their
available habitat gets squeezed by the growing strength in environmental drivers from land, and
by the continuously growing hypoxic volume from the open sea.

The community structure of the stationary zoobenthos was shaped by area specific
environmental drivers, depending on the degree of exposure. Communities in sheltered areas
were limited by oxygen, continuously decreasing in biomass over the past four decades,
whereas exposed sites where positively affected by increased food availability (organic content),
leading to diverging community developments (paper II). The development in functional
characteristics in both areas pointed toward communities providing different ecosystem
functioning (paper IIT) but also highlighted that taxonomic changes did not imply functional
changes and vice versa. Despite the differential community functionality, the functional
diversity (FDis) in both areas remained similar, although it increased in both over time. I
demonstrate that this pattern was supported by an mvasive polychaete, Marenzelleria spp,
showing a positive effect on the diversity of functions in both areas (paper III), which can be
seen as a surprising finding, as most invasive species are considered to have a negative effect
on established communities and their diversity (Bax et al. 2003; Streftaris & Zenetos 20006).

I also present a trait-based food quality proxy, with which I was able to reveal an increasing
food quality for the benthic feeding fish community (paper I) over time, based on the
previously described functional changes (papers III & IV). The difference in functional
structures between sheltered and exposed habitats (paper ITI) had no effect on the food quality,
underlining that the combination of particular traits plays a more prominent role for the food
quality, with no generality in altered functional structures necessarily affecting the food quality
(paper IV). Building interaction networks, including the functional structure and the predation
selectivity measure, I show that benthic feeding fish species have different plasticity for coping
with altered food resources, which makes them either vulnerable or more resistant to
environmental change shaping the prey communities (paper IV).
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6.2 Outlook and future directions

Combining classical community ecology approaches with advances in functional trait-based
ecology, as I do m my thesis, demonstrates how linking both approaches enhances the
understanding of the function of ecosystems and enables better evaluation of ecological
patterns. My thesis highlights the need for the inclusion of functional aspects, using for instance
the approaches presented in papers III & IV to highlight the resulting implications of changing
communities. There is a large potential to push the boundaries further by making use of
techniques from other disciplines, such as predictive modelling approaches of certain
functions, or the evaluation of species-based compared to trait-based food web models to
improve our understanding of dynamic trophic interactions. Furthermore, ecosystem
management tools could benefit from the gained knowledge of altered ecosystem functions
through changing communities. Currently, indicator species are often used in environmental
health/ quality indices, with species identities being very local and application over large spatial
scales being problematic, problems that could be overcome using tools constructed on
community functional structure (CWM). Such an approach would facilitate cross-system
comparisons as well as the conservation of desired functions that are responsible for particular
and 1important ecosystem services.

Trait-based approaches are icreasingly growing in popularity, since they promise better
understanding of functional relationships and ecosystem functioning than species-based
metrics (Gagic et al. 2015). Openly available data bases compiling trait information are growing
and becoming more detailed, encompassing an increasing number of species, making it more
feasible to integrate trait-based approaches. However, it is important to also be cautious about
what information categorical traits on the community level can offer and where the limitations
are. For example, the expression of a categorical functional trait should only be considered as
a proxy for the associated function or characteristic, improving its relevance by weighing it with
abundance or biomass. It is clear that on an individual level, not all sampled specimen express
the absolute same trait composition and the trait plasticity within a species gets somewhat lost
using categorical traits. Applying a weighted fuzzy-coding procedure helps considering the
among trait-category variability in one trait but not the within trait-category variability. Not all
specimen of a species grow to the same total size or burrow to the same total depth, for
mstance. Continuous traits are more accurate on an individual level but require detailed
measurements of all individuals, which is often 1mpossible when considering entire
communities or when using long-term data where this information has not been collected.
Approaches to consider intraspecific trait variability are available, e.g. based on the
Hutchinsonian niche concept and a modelled probabilistic trait-hypervolume (Carmona et al.
2016), but real-world application on faunal communities remains difficult because of the lack
of information/ data, which is required to apply such approaches. Experimentally combining
traits with empirically measured processes will help obtaining a better quantitative
understanding of certain functions. Linking qualitative methods, such as the predation
selectivity metric presented here (paper IV), to quantitative measures will enhance the scale of
applicability and enable predictive studies to better define future developments.
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