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“Kokemus on hieno asia.
Kokemus on sitd, ettd tietdd
jalkeenpdin miten jokin asia
olisi pitdnyt hoitaa.”

—Jyri Erma—







ABSTRACT

The distribution and traits of fish are of interest both ecologically and socio-economically.
In this thesis, phenotypic and structural variation in fish populations and assemblages was
studied on multiple spatial and temporal scales in shallow coastal areas in the archipelago
of the northern Baltic Proper. In Lumparn basin in Aland Islands, the fish assemblage
displayed significant seasonal variation in depth zone distribution. The results indicate that
investigating both spatial and temporal variation in small scale is crucial for understanding
patterns in fish distribution and community structure in large scale. The local population
of Eurasian perch Perca fluviatilis L displayed habitat-specific morphological and dietary
variation. Perch in the pelagic zone were on average deeper in their body shape than the
littoral ones and fed on fish and benthic invertebrates. The results differ from previous studies
conducted in freshwater habitats, where the pelagic perch typically are streamlined in body
shape and zooplanktivorous. Stable isotopes of carbon and nitrogen differed between perch
with different stomach contents, suggesting differentiation of individual diet preferences. In
the study areas Lumparn and Ivarskirsfjirden in Aland Islands and Galtfjirden in Swedish
east coast, the development in fish assemblages during the 2000’s indicated a general shift
towards higher abundances of small-bodied lower-order consumers, especially cyprinids.
For European pikeperch Sander lucioperca L., recent declines in adult fish abundances
and high mortalities (Z = 1.06—1.16) were observed, which suggests unsustainably high
fishing pressure on pikeperch. Based on the results it can be hypothesized that fishing has
reduced the abundances of large predatory fish, which together with bottom-up forcing by
eutrophication has allowed the lower-order consumer species to increase in abundances. This
thesis contributes to the scientific understanding of aquatic ecosystems with new descriptions
on morphological and dietary adaptations in perch in brackish water, and on the seasonal
variation in small-scale spatial fish distribution. The results also demonstrate anthropogenic
effects on coastal fish communities and underline the urgency of further reducing nutrient
inputs and regulating fisheries in the Baltic Sea region.

Keywords: Fish assemblage, fisheries, eutrophication, seasonality, trophic level, morphology,
stable isotopes, fish diet



SVENSK SAMMANEFATTNING (Swedish abstract)

Fiskarnas egenskaper och utbredning har alltid varit av stort ekologiskt och socioekonomiskt
intresse. Dennaavhandling handlar om fenotypisk och strukturell variation hos fiskpopulationer
och -samhillen pa olika rumsliga och tidsliga skalor i norra egentliga Ostersjons grunda
skirgardsomraden. I Lumparn pa Aland visade fisksamhillet tydlig sdsongsvariation mellan
olika djupzoner. Resultaten indikerar ocksa att kunskap om fisksamhillens strukturella
variation pa smé rumsliga och tidsliga skalor &r nddvéandig for att kunna forsta fordndringar
i samhillsstrukturen pa storre skalor. I den lokala abborpopulationen Perca fluviatilis L.
observerades habitat-specifik variation i morfologi och fodoval. De pelagiska abborrarnas
foda bestod av fisk och bottenlevande evertebrater, och de var i genomsnitt hogre i
kroppsform an de litorala abborrarna. Resultaten skiljer sig frin tidigare studier utforda i
sOtvattenhabitat, ddr pelagiska abborrar oftast &r mera stromlinjeformade &n litorala abborrar
och har djurplankton som huvudsaklig foda. Férhéllandet av stabila kol- och fosforisotoper
skiljde sig mellan abborrindivider med olika maginnehall, vilket tyder pé differentiering
i individuellt fodoval. Likartade fordndringar noterades i fisksamhillets struktur under
2000-talet i tre olika kustnira studieomraden — Lumparn och Ivarskirsfjirden pa Aland samt
Galtfjarden i Svenska Ostkusten. I alla tre fisksamhillen 6kade abundansen av sma fiskar
och speciellt mortfiskar. Abundansen av stora gosar Sander lucioperca L. minskade i alla tre
studieomraden, och mortaliteten hos gos var hog (Z = 1.06—1.16). Detta tyder pa ohéllbart
hogt fisketryck och pa att fisket har minskat stora rovfiskars proportion i fisksamhallet.
Tillsammans med 6vergddning har detta gynnat mindre fiskar pé ldgre trofinivaer. Den
hédr avhandlingen bidrar till vetenskaplig forstaelse om akvatiska ekosystem med nya
beskrivningar pa morfologi och fédoval hos abborre i brackvattenhabitat, och pa sméskalig
variation i fisksamhéllens struktur. Resultaten bevisar ocksd antropogeniska effekter pé
kustnira fisksamhéllen och framhiver behovet att skdra ned néringsutslédpp och reglera
fisketrycket i Ostersjons kustregioner.

Nyckelord: Fisksamhallet, fiske, 6vergddning, sdsongsvaration, trofiniva, morfologi, stabila
isotoper, fodoval



SUOMENKIELINEN TIIVISTELMA (Finnish abstract)

Tieto kalojen ominaisuuksista ja levinneisyydestd on aina ollut sekd ekologisesti ettd
sosiockonomisesti tidrkedd. Tdssd viitoskirjatutkimuksessa tutkittiin pohjoisen Itdmeren
saaristovyohykkeen kalapopulaatioita ja -yhteisdjd padllekkdisesti useassa alueellisessa
ja ajallisessa mittakaavassa. Ahvenanmaan Lumparnilla kalayhteisén rakenne vaihteli
voimakkaasti eri syvyysvyohykkeiden vélilld vuodenajasta riippuen. Tulokset osoittavat,
ettd yhteisorakenteen vaihtelun huolellinen kartoittaminen pienessd mittakaavassa auttaa
olennaisesti ymmartdméaan kalayhteisdjen rakennetta ja toimintaa suuressa mittakaavassa.
Lumparnin ahvenpopulaatiossa Perca fluviatilis L. havaittiin elinympdristéjen vélisiad
eroja sekéd kalojen morfologiassa ettd ruokavaliossa. Ulappavyohykkeen ahvenet kayttivét
ravinnokseen kaloja ja pohjaeldimid ja olivat ruumiinmuodoltaan korkeampia kuin
rantavyOhykkeen ahvenet. Tulokset eroavat aikaisemmista jarvissé tehdyistd tutkimuksista,
joissa ulappavyohykkeen ahventen on todettu kéyttdvin ravinnokseen tyypillisesti
eldinplanktonia ja olevan ruumiinmuodoltaan virtaviivaisempia kuin rantavyohykkeen
ahvenet. Yksil6illd joilla oli erilaiset mahansisélldt, oli myos erilainen hiilen ja typen stabiilien
isotooppien suhde, mikd viittaa yksiloiden viliseen erilaistumiseen ravinnonvalinnassa.
Kalalajien wvallintasuhteet muuttuivat 2000-luvun aikana samankaltaisesti kolmella
eri rannikkoalueella — Ahvenanmaan Lumparnilla ja Ivarskérsfjardenilli sek&d Ruotsin
itdrannikon Galtfjardenillé. Pienikokoisten lajien edustajat, erityisesti siarkikalat, yleistyivit,
kun taas suuret petokalat, erityisesti suuret kuhat Sander lucioperca L., harvinaistuivat
kaikilla tutkimusalueilla. Kuhapopulaatioissa havaittiin myds korkeaa kuolevuutta
(Z = 1.06-1.16), mikéd yhdessd yksilomédrien vihenemisen kanssa viittaa kestiméttomén
korkeaan kalastuspaineeseen. Tulokset viittaavat my0s siihen, ettd kalastus on vdhentdnyt
suurten petokalojen osuutta kalayhteis6issd, mikd yhdessa rehevoitymisen kanssa on suosinut
ravintoverkossa alemmilla tasoilla olevia lajeja edesauttaen niiden edustajien runsastumista.
Tamé véitoskirjatutkimus tuottaa uutta tieteellistd tietoa vedenalaisista ekosysteemeistd
esittelemalld uusia tuloksia sekd ahvenen morfologiasta ja ravintovalinnasta murtovedessi
ettd rannikoiden kalayhteisdjen rakenteen vuodenaikaisvaihtelusta. Lisdksi tulokset tuovat
esille yhteiskunnan haitallisia vaikutuksia rannikkovesien kalayhteisdihin ja korostavat
Itdmeren rannikkoalueiden ravinnepédstdjen ja kalastuspaineen rajoitusten tarpeellisuutta.

Avainsanat: kalayhteisd, kalastus, rehevoityminen, vuodenaikaisvaihtelu, trofiataso,
morfologia, stabiilit isotoopit, kalojen ravintovalinta
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1 INTRODUCTION

Scientists who aim to explore the structure
and function of ecosystems have the
disadvantage — and the privilege — of having
to deal with endless variation in nature.
Finding general patterns in the structure
and function of a natural system can seem
impossible considering the variety of
habitats and species assemblages, affected
by the seasonally changing environmental
conditions, human activities and other
factors. Simultaneous synergistic or
antagonistic effects of multiple factors on
different scales are difficult to identify
and even more difficult to quantify, and
scientists have only recently begun to
grasp the system-wide effects of multiple
stressors.

Considering aquatic ecosystems, fish are
probably the most familiar ecosystem
compartment for the general public. Fish,
and especially coastal fish, also provide
food, recreation and income for millions of
people worldwide. This thesis focuses on
the dynamics of coastal fish communities
in the archipelago region of the northern
Baltic Proper. The seasonal and spatial
distribution of fish in shallow coastal
waters, diet and morphology of Eurasian
perch Perca fluviatilis in different habitats,
recent trends in European pikeperch Sander
lucioperca populations and coastal fish
assemblages are addressed in particular.
The effects of fisheries and eutrophication
on coastal fish assemblages are discussed.

1.1 FISH COMMUNITIES:
DYNAMIC SYSTEMS OF MOBILE
ORGANISMS

The abiotic factors together with the biota
create habitats: “a description of a physical
place, at a particular scale of space and
time, where an organism either actually
or potentially lives” (Kearney 2006).
Habitat preferences of fish, regular fish
movements and seasonal reproduction
patterns create complex variation in fish
abundances in space and time. Regular
movements of some migratory fish
(Hobson 1999) and especially of those of
special commercial value such as salmon
Salmo salar (Karlsson & Karlstram 1994)
are rather well studied as the main focus
of fish studies has traditionally been on
the commercial stocks. The local (within/
between-habitat) movements and fine-scale
spatial distributions of many fish species
are less well studied, and community level
studies especially are still today few in
number (Letourneur et al. 2001; Methven
et al. 2001; Sundblad & Bergstrom 2014;
Snickars et al. 2014).

Thescene inthe coastal aquatic environment
is set by the geographical location and
topography of the water body, which has
for the northern Baltic Proper archipelago
been described by Snickars et al. (2009),
Vahteri et al. (2009) and Rosqvist et al.
(2010) among others. Because primary
production needs daylight, the aquatic
communities are typically organised in
depth zones, the best known example
being the rocky shore zonation (Alongi
1998; Chappuis et al. 2014). The primary
production in a system is further regulated
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by the nutrient availability (Nixon 1995;
Alongi 1998; Scheinin & Mattila 2010).
In systems with a salinity gradient, such as
estuaries (Alongi 1998; Elliot 2007), the
biota is distributed according to its salinity
tolerance. Also, the fish are typically
distributed according to species-specific
preferences for depth, substrate and habitat
structure (Pihl et al. 2002; Vahteri et al.
2009; Malek et al. 2014; Snickars et al.
2015). Descriptions on the depth zone
distribution of coastal fish communities
are still few (Pihl & Wennhage 2002),
and most studies on littoral fish have
been conducted in the easily accessible
shallow littoral zone (Allen 1982; Rajasilta
et al. 1999; Sandstrom & Karas 2002).
Characterisation of the reproduction
habitats, which are often located in the
shallow coastal zone (Snickars et al. 2009;
Kallasvuo et al. 2011), has recently become
an important area of research because the
coastal development increasingly threatens
spawning sites of many species (Sundblad
& Bergstrom 2014).

The mechanisms of fish movement include
at least connectivity of metapopulations
and/or habitats withy larval dispersal
(Cowen & Sponaugle 2009; Sheaves et al.
2015), diel foraging (Methven et al. 2001;
Pihl et al. 2002; Hrabik et al. 2006) and
annual spawning migrations (Karlsson &
Karlstram 1994; Pihl et al. 2002; Stockwell
et al. 2014). Many species undergo
ontogenetic habitat shifts as a part of the
normal growth and development (Wang
& Eckmann 1994; MacPherson 1998;
Bystrom et al. 2003; Elliot et al. 2007).
Biological interactions such as competition
(Mehner et al. 1996; Estlander et al. 2010;

Kekaldinen et al. 2010) and anti-predator
behaviour (Brabrand & Faafeng 1993;
Snickars et al. 2004) can also initiate a
habitat shift.

Not only are the fish mobile, but also
the absolute species abundances change
seasonally. In temperate regions such as the
Baltic Sea region, majority of the primary
production, growth and reproduction occur
during the warm summer months resulting
in characteristic seasonal cycles in all biota
(Axenrot & Hansson 2004; Nordstrom et
al. 2009; Scheinin & Mattila 2010). In the
Baltic Sea, spawning of most fish species
takes place in springtime (Bystrom et al.
2003; Snickars et al. 2010; Kallasvuo et al.
2011; Sundblad & Bergstrom 2014), and as
a consequence abundance of young-of-the-
year fish is generally high in late summer
(Sandstrom & Kards 2002; Axenrot &
Hansson 2004; Kallasvuo et al. 2011).
Recruitment success, how many juveniles
survive to adulthood, is later reflected
in year-class strength, abundance of fish
born in a particular year in the catches
of adult fish (Pekcan-Hekim et al. 2011;
Heikinheimo et al. 2014).

The above-mentioned patterns in habitat
preference, fish movement and recruitment
have most often been described for single
species. Traditionally, the fisheries science
has concentrated on following stock sizes
of commercially important species (Mace
2001; Mollmann et al. 2014). The fisheries-
scientific term fish stock refers to “semi-
discrete groups of fish with some definable
attributes of interest to managers” (Begg
et al. 1999), often practically equalling a
population or subpopulation. Currently,
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there is a trend towards community-level
studies (Mollmann & Diekmann 2012;
Olsson et al. 2012; Sundblad & Bergstrom
2014) along with the recent development in
multivariate analysis methods (Anderson
2001) and the growing need for ecosystem-
based management that sets the focus on
the system rather than on single species
(Pikitch et al. 2004; M6llmann et al. 2014).
As the monitoring interest usually lies in
the long-term trends (Mace 2001; Adjers et
al. 20006), the issue of the seasonal changes
is often circumvented by conducting the
sampling at the same time each year and
descriptions on the seasonal variation in
fish communities in the Baltic Sea are still
few in number (Axenrot & Hansson 2004;
Olsson et al. 2012).

1.2 INTRASPECIFIC VARIATION
IN FISH

In community-level studies the diet and
traits are often assumed identical in
conspecific individuals (Araujo et al. 2011;
Bolnick et al. 2011). In most animals,
however, fish included, the effect of age
and size of the individual on its diet is often
evident, which may have crucial importance
for trophic interactions (Werner & Gilliam
1984; Quevedo et al. 2009; Rudolf et al.
2014; Svanbick et al. 2015). A fish may
undergo one or several ontogenetic diet
shifts from the juvenile diet towards the
adult diet as described for perch by Mehner
et al. (1996) Sandstdom and Karas (2002)
and Estlander et al. (2010). Even individual
diet specialisation has been documented in
several fish species (reviewed by Araujo
et al. 2011), but theories of underlying

mechanisms are still under development.

In many fish species, habitat choice and
intraspecific diet specialisation seem to be
connected to body shape, i.e. morphology
(Skulason & Smith 1995). This so called
resource  polymorphism  phenomenon
has been extensively studied in perch
which is rather sedentary in behaviour
(Bergek & Bjorklund 2009) and displays
high morphological plasticity (Svanbick
et al. 2015). Typically, in lake systems
juvenile perch feeds on zooplankton
and the adult perch population is
divided into sub-populations of fish-
feeding, deep-bodied littoral perch and
plankton-feeding, streamlined pelagic
perch (Svanbiack & Eklov 2003, 20006),
although some contradictory results have
been reported (Kekildinen et al. 2010).
In the pelagic environment a streamlined
body ought to be more beneficial for
preying on zooplankton, while in the
littoral environment a deeper body would
provide higher manoeuvrability for benthic
foraging in a structurally complex habitat
(Skulason & Smith 1995; Svanbick &
Ekl6v 2003).

Although direct comparisons have not
been reported, it seems that in the brackish
Baltic Sea, the ontogenetic diet shift from
zooplankton to invertebrates/fish occurs
earlier and cannibalism is less common than
in lake habitats (Lappalainen et al. 2001;
Sandstom & Karas2002; Svanbick & Eklov
2003, 2006). Individual diet specialisation
in perch has been documented in perch
based on stomach contents (Svanbick
et al. 2015), stable isotopes (Quevedo et
al. 2009) and gut bacteria (Bolnick et al.
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2014). Currently it is not clear how diet,
competition, predation, habitat, inherited
features and morphology interact and lead
to formation of phenotypically diverse sub-
populations in perch (Horppila et al. 1999;
Svanbick et al. 2008; Bergek & Bjorklund
2009; Kekéldinen et al. 2010).

1.3 TROPHIC INTERACTIONS
AND AQUATIC FOOD WEBS

Within an ecosystem, the trophic
interactions of the species compose a food
web, “a map that describes which kinds of
organisms in a community eat which other
kinds” (Pimm et al. 1991). The trophic level
expresses the position of a species in a food
web beginning on the primary producers
on trophic level 1 (Pimm et al. 1991).
The ecosystem is regulated from within
by bottom-up and top-down processes
(Hunter & Price 1992; Horppila et al. 1998;
Mollmann & Diekman 2012) comprised of
multi-level trophic interactions. Bottom-up
regulation implies that the system is built on
and supported by the primary production,
and changes in primary production, bottom-
up forcing, are reflected to the whole system
(Chassot et al. 2007; Viaroli et al. 2008;
Burghart et al. 2013). Top-down regulation
implies that abundance and biomass of a
system are controlled by consumers, and
changes in consumer abundances may cause
cascading effects, trophic cascades, in the
whole system (Casini et al. 2008; Eriksson
et al. 2009). The relative importance of
the bottom-up and top-down processes
in ecosystem regulation has been debated
extensively (Hunter & Price 1992; Horppila
et al. 1998; Mollmann & Diekmann 2012).

Determining the diets and trophic levels of
single species and the construction of food
webs based on those largely relies on the
stomach content analysis (Ahlbeck et al.
2010; Baker et al. 2014) and stable isotope
analysis (Peterson & Fry 1987; Vander
Zanden & Rasmussen 1999; Post 2002).
Isotopes are naturally occurring variants
of the same element with different number
of neutrons and therefore different atom
masses. Because of metabolic processes,
the heavier isotopes enrich in the food
chains in relation to the lighter isotopes and
therefore the ratio between the heavier and
the lighter isotopes in an organism reflects
its trophic position (Peterson & Fry 1987).

Using the isotopes of nitrogen (heavier *N
and lighter “N) and carbon (heavier '3C
and lighter '2C) is well applicable to food
web studies (Vander Zanden & Rasmussen
1999; Post 2002; Nordstrom et al. 2009).
The oJ-value describes the isotope ratio
in the sample related to an international
standard (0 = R -/ (R . .~ x 10°,
where R = heavier isotope : lighter isotope,
Peterson & Fry 1987). The 6/°N enriches
by 3-5%o per trophic level, and is often
used to estimate the trophic level of an
organism. The J0”°C enriches 0—1%o per
trophic level, and it is often used to identify
food sources (Peterson & Fry 1987; Post
2002). The isotope signals in the primary
producers, the baseline J-values, and the
enrichment per trophic level vary spatially,
and therefore the J-values cannot be
directly compared among different sites
(Vander Zanden & Rasmussen 1999; Post
2002). In terms of 0”°N, the problem can
be overcome by calculating the trophic
level with the "N of a local organism of
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a known trophic level (baseline 6°N), and
the local enrichment rate of 6/°N (Trophic
level = (trophic level of baseline organism
+ 6’N__ —baseline 6”°N) / enrichment of

sample

§"N, Post 2002).

1.4 FISHERIES AND
EUTROPHICATION THREATEN
THE COASTAL FISH STOCKS

The anthropogenic effects, the (negative)
effects of human activity, on coastal sea
areas are evident worldwide (Airoldi &
Beck 2007; HELCOM 2013; Newton et
al. 2014). This thesis mainly addresses the
effects of eutrophication and fisheries on
coastal fish communities.

Due to blooms of cyanobacteria,
eutrophication is probably the most
commonly known environmental problem
in the Baltic Sea today (Lundberg et al.
2005; Andersen et al. 2011; HELCOM
2013). Eutrophication, the increase of
primary production by excess nutrient
inputs (Nixon 1995), is characterised by
high levels of nitrogen and phosphorus,
high chlorophyll a concentration, high
turbidity and low Secchi depth (Nixon
1995; Lundberg et al. 2005; Andersen et al.
2011; Carstensen etal. 2014). The increased
primary production may benefit especially
the lower order consumer fish and increase
the total fish abundance (Bonsdorff et al.
1997; Adjers et al. 2006; Chassot et al.
2007; Lefébure et al. 2013). Eutrophication
may lead to oxygen depletion, hypoxia,
in bottom waters (Lundberg et al. 2005;
Carstensen et al. 2014) which adversely
affects the benthic fauna (HELCOM 2013;

Carstensen et al. 2014) and demersal fish
(Eby et al. 2005). The deteriorated light
conditions through turbidity affect the
macrophyte- and zooplankton communities
(Rosqvist et al. 2010; Scheinin & Mattila
2010; Burghart et al. 2013; Scheinin et al.
2013) changing the environment for fish
(Sandstrom & Kards 2002; Snickars et al.
2009).

Fishing directly affects abundances of the
target fish species (Mace 2001; Law 2002;
Eero 2004; Birkeland & Dayton 2005) and
indirectly the whole ecosystem (Casini et
al. 2008; Eriksson et al. 2009; Mollmann
& Diekmann 2012). Many commercially
targeted fish species are large-bodied
predators (FGFRI12006; SWAM 2012; ICES
2014), and larger individuals are often more
desired as catch (Law 2002; Birkeland &
Dayton 2005; Pauly & Palomares 2005).
Excessive (size-selective) fishing pressure
induces changes in the size distribution
(Bianchi et al. 2000; Dulvy et al. 2004),
growth and maturation (Law 2002) of the
target species, and may lead to recruitment
overfishing where the harvesting rate
exceeds the recruitment rate (Mace 2001;
Eero 2004; Shin et al. 2005). Perhaps the
most infamous example is the collapse of
the North Atlantic cod stock (Mace 2001).
Although excessive fishing is generally
acknowledged harmful, the fishing quotas
are politically sensitive and political and
socio-economic interests often make
implementation on fishing restrictions
complicated (Mace 2001; Lappalainen
2002; Eero 2004; Heikinheimo et al. 2006).

Reduction of certain species and/or size
classes by fisheries changes the size
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spectrum, dominance relationships and
trophic structure of the fish community
(Bianchi et al. 2000; Pauly & Palomares
2005; Olsson et al. 2012), which remains
unnoticed by the traditional single-
species approach (Begg 1999; Mace 2001;
Mollmann et al. 2014). A decline in the
large predators can relax the top-down
regulation and induce a trophic cascade,
where the relaxed predation allows an
increase in lower-level consumer fish,
which in turn increases predation on
zooplankton and allows an increase in
phytoplankton (Eriksson et al. 2009;
Mollmann et al. 2015). The increase in
phytoplankton increases turbidity which
affects macrophytes and changes the visual
environment of fish. Previous studies
indicate that such trophic cascades already
have taken place in the Baltic Sea and
other marine systems (Casini et al. 2008;
Eriksson et al. 2009; Baden et al. 2012;
Mollmann et al. 2015).

As described above, the observed
ecosystem-level effects of bottom-up
forcing by eutrophication (Chassot et al.
2007; Viaroli et al. 2008; Rosqvist et al.
2010; Burghart et al. 2013; Scheinin et al.
2013) and the top-down induced trophic
cascade (Casini et al. 2008; Eriksson et
al. 2009; Baden et al. 2012) can be similar
in many aspects (Hunter & Price 1992;
Horppila et al. 1999; Breitburg et al. 2009;
Mollmann et al. 2015), and further shaped
by the local conditions (Olsson et al. 2012).
Disturbance from eutrophication and/or
fisheries and/or other stressors may lead
to a regime shift where the whole aquatic
system abruptly shifts from a state with
clear-water, macrophyte and predatory

fish-dominance to a state dominated by
turbid water, phytoplankton and plankton
feeding fish (Scheffer & Carpenter 2003;
Rosqvist et al. 2010; Mo6llmann et al. 2015).
In empirical research it may be impossible
to distinguish between causes of such a
shift, especially as the same system is often
subjected to several stressors and their
effects intermix (Scheffer & Carpenter
2003; Viaroli et al. 2008; Breitburg et al.
2009; Lefébure et al. 2013; Mollmann et
al. 2015). After a lengthy scientific debate
(Hunter & Price 1993; Sheffer & Carpenter
2003), a consensus on multiple stressors
causing large-scale ecosystem effects
has begun to emerge in the literature
(Breitburg et al. 2009; Olsson et al. 2012;
Mollmann et al. 2014, 2015). Recent
studies report several approaches to multi-
species community/system level analyses
(Casini et al. 2008; Eriksson et al. 2009;
Rosqvist et al. 2010; Olsson et al. 2012)
and attempts to applications in ecosystem-
based management (Mace 2001; Pikitch
2004; Mollmann et al. 2014).
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2 AIMS OF THE THESIS

The overall aim of this thesis was to clarify
patterns of seasonal and spatial variation
and development over time in coastal fish
assemblages in the shallow coastal areas
in the archipelago region of the northern
Baltic Sea. The main research questions
assessed in the studies included in this
thesis were:

*  Which fish species are present and how
abundant are they (papers I, 1l & 1V)?

*  How does the presence and distribution
of species change among depth zones
(paper 1), seasonally (paper 1) and over
longer time periods (papers III & 1V)?

e Can the fish species abundances
(papers I, III & IV) or intraspecific
variation (papers I, II) be linked to
habitat characteristics (papers I & 1I)
or anthropogenic stressors (papers I,
I & 1V)?

e Can the diet, morphology and stable
isotope signals in perch be linked
to each other and/or to the habitat
characteristics (paper 1I)?

3 MATERIALS AND
METHODS

The study was conducted in three coastal
basins, namely Lumparn, Ivarskérsfjarden
and Galtfjarden, in the northern Baltic Sea
(Fig. 1). The material originates from two
field projects, one conducted in Lumparn in
2008-2010 (papers I & II) and the other in
Lumparn, Ivarskérsfjarden and Galtfjarden
(papers III & 1V) in 1995-2009. Methods
used in this study are summarised in
Table 1.

3.1 STUDY AREAS

The study areas Lumparn (60°07'N20°07'E,
papers L, 11, III & 1V) and Ivarskérsfjarden
(60°16'N 19°48'E, papers III & 1V) in the
Aland Islands, and Galtfjirden (60°10'N
18°34'E, papers III & 1V) on the Swedish
east coast are brackish coastal basins
located in the inner archipelago zone of the
archipelago in the northern Baltic Proper

(Fig. ).

The archipelago between Finland and
Sweden in the northern Baltic Sea is one
of the largest archipelago areas in the
world with tens of thousands of islands
and skerries. The coastlines of the region
are constantly reshaped by the post-glacial
land uplift of 4-5 mm/year (Vestel 2000).
Salinity is 3—7, and the water temperature
ranges from near-zero and ice cover in
wintertime to up to 25°C in late summer
(Rosqvist et al. 2010). The islands and
shallow water create a mosaic of littoral
habitats with rich biota of macrovegetation
(Rosqvist et al. 2010; Rinne et al. 2011),
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Table 1. Scope and scale of the original papers I-IV.

Paper | Paper Il Paper Il Paper IV

3 years 3 years 10 years 15 years
Time range Early summer Late summer Autumn Autumn

and late summer

Assemblage — Individual — Assemblage Population
Ecological scale System population

n., = 27 467 n. =2299 n. =37108 n. =8124

Local Local Regional Regional
Geographica| 0.5-10 km 4 km 30-100 km 30-100 km
scale 1 area 1 area 3 areas 3 areas

7 study sites 2 study sites 18 study sites 18 study sites

Fish assemblage; Perch; Fish assemblage; Pikeperch;
Scope spatial and intrapopulation  long-term long-term

P seasonal patterns and individual development development
variation

Gillnet fishing'.  Gillnet fishing’.  Gillnet fishing".  Gillnet fishing".
Water sampling. Stomach content Water sampling. Age reading.

Zooplankton analysis. Stable Commercial Water sampling.
. sampling. isotope analysis fishing catches.  Bird counts.
Data gathering Zoobenthos Air temperature. Commercial
sampling. North Atlantic fishing catches.
Macrophyte and Oscillation. Air temperature.
substrate survey
Fish abundance Perch length, Fish abundance, Pikeperch
and biomass. weight and body biomass, mean abundance,
Water depth. Perch length, mean length, age, year-
measurements.  stomach contents trophic level, class strength
Variables of Coverage of and main food diversity and and mortality.
interest substrates and item. Perch stable number of Water
macrophytes. isotope ratio of  species. Water = measurements.
Zooplankton and carbon and measurements.  Fishing pressure.
zoobenthos nitrogen. Fishing pressure. Great cormorant
abundance. abundance.

" All the estimates on fish abundance are based on gillnet catches. The gillnet is a highly selective gear; the
catchability is species-specific and dependent on the mesh size and the soak time (Appelberg et al. 1995; Olin et al.
2009). Thus the gillnet catch should never be regarded as a mirror image of the fish community, but a subsample of
the fish assemblage recruited to the gear. The whole fish community cannot be sampled representatively with any
single method, and therefore several sampling methods must be combined in order to accurately describe the whole
community.
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Figure 1. Study areas. The study areas Lumparn and Ivarskarsfjarden in the Aland Islands, and Galtfjérden on

the Swedish east coast in the northern Baltic Proper. Map by UIf Bergstrom.

plankton (Scheinin & Mattila 2010; Sheinin
et al. 2013), macroinvertebrates (Perus &
Bonsdorff 2004; Nordstrom et al. 2009;
Tornroos & Bonsdorff 2012; Térnroos et
al. 2013), birds (Heinidnen 2010) and fish
(Adjers et al. 2006; Vahteri et al. 2009;
Snickars et al. 2015).

3.2 STUDIES IN LUMPARN IN
2008-2010 (PAPERS I & II)

The Lumparn basin can be divided into three
different habitat zones by depth —‘shallow
littoral zone’ from the shoreline down to

approximately 3 m depth, ‘deep littoral
zone’ at 3-8 m depth and the ‘bentho-pelagic
zone’ from approximately 8 m down to the
maximum depth of 25 m. In the shallow
littoral zone where the daylight reaches
is characterised by structurally complex
macrophyte vegetation. In the deep littoral
zone, there is little or no daylight and
macrophyte vegetation, while the bentho-
pelagic zone consists of vegetation-free
clay substrate and the water column above
it. Three littoral locations (northern littoral,
NL; western littoral, WL; and southern
littoral, SL) were chosen to cover variation
within both types of littoral habitats, and
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each of them was further divided into a
‘shallow littoral’ (s) and a ‘deep littoral’
(d) study site. The bentho-pelagic habitat
was represented by a sampling area (BP)
in the middle of the Lumparn basin (depth
17-22 m). A sampling point for water and
plankton was located in the middle of each
of the resulting seven study sites; NL/s,
NL/d, WL/s, WL/d, SL/s, SL/d and BP

(Fig. 2).

Fishing was conducted in early summer
(May—June) and late summer (August—
September) with Nordic multimesh
gillnets placed overnight (c. 12 h). A

Figure 2. The studied locations in the Lumparn basin

(Fig. 1). BP = bentho-pelagic, NL = northern littoral, WL
= western littoral, and SL = southern littoral. Each littoral location was further divided into a ‘shallow littoral’ (s,
depth 0-3 m) and a ‘deep littoral’ (d, depth 5-8 m) study site, resulting in seven study sites in total. Map by Henri
Jokinen.

Nordic multimesh gillnet is designed to
catch the full length distribution of the
fish population and is comprised of 12
panels with different mesh sizes (5, 6.25,
8, 10, 12.5, 15.5, 19.5, 24, 29, 35, 43 and
55 mm bar length; Appelberg et al. 1995).
The placement and number of the gillnets
used was related to the depth of the water
column (total 240 Nordic gillnets in the
littoral study sites and 210 in the bentho-
pelagic study site). Each individual fish was
identified for species, measured for total
length to the nearest | mm, and weighed
for total weight to the nearest 0.1 g.
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3.2.1 SEASONAL AND SPATIAL
VARIATION IN THE FISH
COMMUNITY (PAPER I)

The whole fishing catch caught in
2008-2010 at the seven study sites
(Fig. 2) was studied (n = 27 467). The
proportion of adult fish ripe for spawning
was noted. Catch-per-unit-effort as the
average number of individuals per gillnet
(CPUE = n., | n_, nights) was used as a
measure of fish species abundances. For
the Baltic herring Clupea harengus var.
membras, separate CPUE values were
calculated for small/juvenile (< 9 cm total
length) and large/adult (> 9 cm fotal length)
individuals.

Macrophyte  species coverages and
substrate type coverages were mapped
in each shallow littoral study site as in
Scheinin et al. (2013). The substrate in
the deep littoral and BP study sites were
studied with an Ekman grab sampler
and macrophytes with a Luther rake.
Zoobenthos samples were taken with an
Ekman grab sampler and sieved through
a 500 um sieve. The fauna was identified
to the lowest possible taxa, counted, and
weighted wet to the nearest 0.01 g. Water
sampling and zooplankton sampling were
conducted monthly in each study site. For
water, Secchi depth (m), chlorophyll a
(ng/l) temperature (°C), salinity, pH, total
nitrogen (pg/l), total phosphorus (pg/l),
turbidity (NTU) and oxygen contents (%)
were measured. For zooplankton, pooled
samples from the whole water column
were taken and filtered through a 50 pm
plankton sieve. The zooplankton species
were identified to the lowest possible

taxa and counted. The abundances were
converted to biomasses (nug/l, wwt) as in
Scheinin and Mattila (2010).

Environmental variables used in the
multivariate analyses (section 3.2) were
exposure (Bekkby et al. 2008), mean
coverage (%) of the substrate types, mean
coverage (%) of the dominant macrophyte
groups of taxa, mean biomass (g/m2) of
the dominant zoobenthic groups of taxa,
seasonal mean biomass (ug/l) of the
dominant zooplankton groups of taxa, and
seasonal means of the water measurements.

3.2.2 PERCH DIET, STABLE
ISOTOPES AND MORPHOLOGY
(PAPERII)

The material consisted of the perch (n =
2 299) caught in the gillnet fishing in the
NL/shallow, NL/deep and BP study sites,
and beach seining in the NL/shallow study
site in August—September in Lumparn in
2008-2010 (Fig. 2). In addition to fotal
length (mm) and total weight (g), each
individual perch was measured for body
depth to the nearest 1| mm and determined
for sex. The body condition (Fulton’s
condition factor K = total weigth / total
length®, Ricker 1975) and the relative body
depth (D,, = body depth / total length,
paper II, Cederberg 2011) were calculated.
Stomachs were removed and a stomach
content analysis was performed, the
main food item identified, and the mean
proportion (wet weight) of each group of
stomach contents for each 2.5 cm length
category of perch calculated as described in
paper II. For the baseline 6”°N, Baltic clams
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Macoma balthica were collected from the
study sites. Muscle samples of the perch
and the Baltic clams were taken, prepared,
and sent for analysis of 0”°N and 0”°C
according to the instructions of the Stable
Isotope Facility, University of California
(http://stableisotopefacility.ucdavis.edu).
The individual trophic level of each perch
was calculated with the baseline 6”°N and
the local enrichment of the 6”°N according
to Post (2002).

The Baltic clam displays seasonal
variation in J-values suggesting it may
switch between the suspension- and
deposit-feeding modes based on resource
availability (Nordstrom et al. 2009). The
possible bias to the baseline was minimized
by collecting all the Baltic clams at the
same time. The choice of the tissue to be
analysed and pre-treatment of the samples
may result in different J-values in the
stable isotope analysis, but according to
Carabel et al. (2006) fish muscle tissue
should not need pre-treatment and thus the
stable isotope samples were not pre-treated
in this study.

3.3 STUDIES IN LUMPARN,
IVARSKARSFJARDEN AND
GALTFJARDEN IN 1995-2009
(PAPERS III & IV)

The fish sampling in  Lumparn,
Ivarskérsfjarden and Galtfjarden in 1995—
2009 was conducted annually in autumn
on six sampling points (Fig. 1) with series
of bottom-set gillnets placed overnight (c.
14 h). The gillnet series used in 1995-1998
consisted of four gillnets with mesh sizes

of 25, 30, 38 and 50 mm bar length, and in
1999 a gillnet with the mesh size of 45 mm
bar length was added to the series. The
annual effort was 90 net nights in Lumparn
and Ivarskdrsfjairden and 135-180 net
nights in Galtfjirden. Each individual fish
was identified for species and measured
for total length (mm). Water sampling
for salinity, pH, temperature (C°), total
phosphorus (png/l), total nitrogen (pg/l),
chlorophyll a (ng/l) and Secchi depth
(m) was conducted annually in August in
each study area. Data on the commercial
fisheries catches were obtained from
the official national statistics, and data
on air temperatures from the national
meteorological institutes.

3.3.1 LONG-TERM TRENDS IN
THE FISH ASSEMBLAGES (PAPER
I11)

The total fish catch (n = 37 108) from
1999-2010 was studied. Total number of
species, mean total length (= SD), mean
species trophic level (£ SD, species trophic
level according to Froese & Pauly 2011)
and Shannon index (H, Shannon & Claude
1948) were calculated for each year and
study area. Annual values of CPUE were
calculated separately for each species and
study area. Annual commercial catches
(kg/ha) of each species or group reported
were calculated for each study area. Annual
values for station-based North Atlantic
Oscillation were derived from the National
Center for Atmospheric Research (Hurrell
et al. 2014).
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3.3.2 LONG-TERM TRENDS
IN THE PIKEPERCH STOCKS
(PAPER1V)

The material consisted of all the pikeperch
(n = 8 124) caught in 1995-2009. Age
(years) of each individual pikeperch was
determined. Annual CPUE values were
calculated for each gillnet monitoring
point for ‘all pikeperch’, ‘small pikeperch’
(< 40 cm in total length) and ‘large
pikeperch’ (= 40 cm in fotal length). The
‘large pikeperch’ exceed the minimum
landing size of all study areas and ought
to represent both the spawning stock and
the part of the stock directly affected by
fisheries. Annual commercial pikeperch
catch (kg/ha) was calculated. Daily mean
water temperature was estimated based
on daily mean air temperature and the
available water temperature data. The
year-class strength was approximated
based on the CPUE values of three-year-
old pikeperch, and the year-class strength
was related to the water temperature. Great
cormorants Phalacrocorax carbo were
counted annually in Galtfjdrden, and the
annual pikeperch consumption by great
cormorants was estimated as in Ostman
et al. (2013). The pikeperch instantaneous
mortality (Z) and annual mortality (4) were
estimated with a linear regression model
according to Dunn et al. (2002).

3.4 STATISTICAL ANALYSES

The multivariate non-parametric analyses
in papers I and IIl were performed with
the PRIMER 6 with PERMANOVA+
program package (wWww.primer-e.com).

The parametric and non-parametric
univariate analyses in papers II, III and IV
were performed with the GraphPad Prism
version 5.04 for Windows (www.graphpad.
com), PASW statistics version 18.0 and the
IBM SPSS statistics version 21 (www-01.
ibm.com/software/analytics/spss).

In general, parametrical statistical tests
were used if the data - either original or
transformed values - met the requirements
of normality by Kolmogorov-Smirnov test
(»p > 0.05) and homogeneity by Levenes
test (p > 0.05). In case the data did not
meet the requirements of normality and
homogeneity, non-parametric analyses
were used instead. One-way approaches
were chosen for the univariate tests, as
the data, even after transformations, was
not suitable for two-way parametrical
tests. In all analysis of variance, ANOVA,
Bonferroni post hoc test was used. In the
Kruskall-Wallis tests either the Dunn’s post
hoc test was used, or pairwise comparisons
were performed with the Mann—Whitney
U test and the significance levels were
Bonferroni-corrected (5 % significance
level = 0.0S/nmmparisons). In case the variables
were continuous and normally distributed,
the parametric Pearson’s correlation
analysis was used. Otherwise, the non-
parametric Spearman’s rank correlation
analysis was used.

In paper I, a Principal Component Ordi-
nation PCO (Clarke 1993) was constructed
for the normalised environmental
variables in order to detect patterns in the
environmental variables in the Lumparn
basin. A Bray-Curtis dissimilarity matrix
was constructed with the square root
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transformed fish CPUE data. To visualise
seasonal and spatial patterns in the fish
assemblages, the matrix was subjected to
a non-metric Multidimensional Scaling
nMDS (Clarke 1993). Differences among
the study sites and depth zones were
analysed with a Permutational Multivariate
Analysis of Variance, PERMANOVA (a
nonparametric equivalent of multivariate
analysis of wvariance, Anderson 2001).
The environmental variables which best
explained the variation in the fish species
abundances were identified with the non-
parametric multivariate regression method
Distance-based Linear Modelling, DistLM
(Anderson et al. 2008).

In paper 11, the relative body depth, body
condition and 0”°C between the littoral
and bentho-pelagic study sites were
compared with the analysis of covariance,
ANCOVA, with total length as covariate.
The stomach contents between the study
sites were compared with Mann—Whitney
U-test. Relationships among J6°N, 6°°C,
relative body depth, body condition, total
length and mean proportions of stomach
contents were analysed with the Pearson
and Spearman correlation analyses. The
differences in 0N, 073C, individual
trophic level, relative body depth and body
condition among perch with different main
food source were tested with ANOVA.

In paper IlI, trend over time was identified
with Linear regression analysis or
Spearman correlation analysis for mean
total length, mean species trophic level,
number of species, Shannon index, CPUE
and environmental variables. For the
multivariate analyses of the whole fish

assemblage, a Bray-Curtis dissimilarity
matrix was constructed with the square-
root transformed fish species (CPUE) data.
To analyse patterns in the fish assemblages,
the matrix was subjected to nMDS (Clarke
1993). Differences among the study
areas were analysed with PERMANOVA
(Anderson et al. 2008). The environmental
variables which best explained the
variation in the fish species abundances
were identified with DistLM (Anderson et
al. 2008).

In paper 1V, differences among the study
sites in hydrography and pikeperch
abundance were analysed with either
ANOVA or Kruskall-Wallis test. Trends
in the abovementioned parameters within
study sites over time were analysed
with the Spearman correlation analysis.
Relationship between log-transformed
year-class strength and water temperature
was studied with LR analysis.
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4 RESULTS AND DISCUSSION

4.1 DESCRIPTION OF THE FISH
HABITATS IN LUMPARN

Within the Lumparn basin (paper I),
the shallow littoral habitat type was
characterised by high variety of substrate
types, mainly gravel, boulders, silt and sand.
The dense macrophyte vegetation consisted
mainly of common reed Phragmites
australis, pondweeds Potamogeton spp.
and Stuckenia pectinata and bladderwrack
Fucus vesiculosus. All macrophyte species
encountered were common and the species
composition typical for the archipelago
region (Munsterhjelm 2005; Rinne et al.
2011). The southern littoral location was
sandier and the macrophyte vegetation
there was sparser than in the northern
and western littoral locations. In the deep
littoral habitat type, the substrate consisted
mainly of clay and no macrophyte
vegetation was encountered, although
according to Scheinin and Soéderstrom
(2004) the macrophyte vegetation in the
basin reaches to the depth of 8 m. In the
bentho-pelagic habitat type the substrate
consisted invariably of clay and there was
no vegetation.

The zoobenthic community in the Lumparn
basin (paper I) was dominated by mudsnails
Hydrobia spp. in numbers, and the Baltic
clam in biomass. Also for zoobenthos,
the species composition was similar as
in previous descriptions from the nearby
areas (Perus & Bonsdorff 2004; Toérnroos
et al. 2013). Due to high abundances of
Baltic clam, the zoobenthos biomass was

highest in the bentho-pelagic area and
western deep littoral study site. Due to high
abundances of mudsnails, the zoobenthos
abundance was highest in the western and
southern deep littoral study sites (paper I).

Water  temperature, total  nitrogen
content, total phosphorus content and
total zooplankton biomass peaked in late
summer. The surface water quality and
zooplankton community were very similar
in all study sites in the Lumparn basin
(paper I). Also for the zooplankton, the
species encountered were common and the
community structure and seasonal variation
similar as in previous descriptions from
the archipelago region (Scheinin & Mattila
2010; Scheinin et al. 2013). Near bottom
in the bentho-pelagic area the water was
colder, total phosphorus higher and oxygen
content lower than in the other study sites.
However, the water mass in the Lumparn
basin seems to have been effectively mixed
as neither temperature stratification nor
hypoxia was observed during this study.
Hypoxia has been occasionally observed
in late summer in Lumparn (unpublished,
Environmental Laboratory of Aland).

4.2 SPATIAL AND SEASONAL
VARIATION IN FISH
ASSEMBLAGE IN THE LUMPARN
BASIN

The Lumparn fish assemblage was
dominated by Baltic herring, perch, roach
Rutilus rutilus, bleak Alburnus alburnus,
three-spined  stickleback  Gasterosteus
aculeatus and ruffe Gymnocephalus cernua,
and in total 26 species were encountered
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(paper I). In early summer, perch was
aggregated to the shallow littoral zone, ruffe
into the deep littoral zone, three-spined and
ten-spined stickleback Pungitius pungitius
to the vegetation-rich western and northern
shore, and greater sandeel Hyperoplus
lanceolatus and lesser sandeel Ammodytes

tobianus to the sandy southern shore. In
late summer, perch and ruffe declined in
abundance and both species were more
evenly distributed among the depth zones,
while the stickleback and sandeel species
were nearly absent. Small Baltic herring
was encountered in high abundances in all
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study sites in late summer, but it especially
seemed to favour the sandy southern shore
and the surface waters of the bentho-
pelagic location (Fig. 3). The study
site-season interaction was statistically
significant in PERMANOVA (p < 0.001,
paper I). The above-described site and
depth-specific seasonal patterns, and the
higher aggregation to specific depth zones
in early summer were also illustrated in
nMDS (paper I). Depth, season and the 3D
macrophyte coverage were identified as the
most significant environmental variables
affecting the fish species abundances in the
DistLM procedure (paper I). The results
indicate that depth was the most important
spatial character, and both the fish
assemblage and the biotic environmental
characteristics were further affected by
local conditions and seasonal variation in
the abiotic factors.

The fish in the Lumparn basin (paper
I) seemed to display both spawning
migration (Deegan 1993; Able 2005; Elliot
et al. 2007) and ontogenetic habitat shifts
(MacPherson 1998). The ripe adult fish
were aggregated to certain depth-zones or
specific sites in early summer, presumably
for spawning as most fish species in the
region — for instance Baltic herring (Kééaria
et al. 1997), three-spined stickleback
(Snickars et al. 2009; Bjorkblom et al.
2010), perch (Bystrom et al. 2003; Snickars
et al. 2010; Sundblad & Bergstrom 2014),
smelt Osmerus eperlanus (Shpilev et al.
2005), roach (Sundblad & Bergstrom
2014) and lesser sandeel (Bonislawska
et al. 2014) — spawn in the littoral
zone in springtime, and juveniles were
encountered in late summer. In addition to

the gillnet catches, in August 20082010,
young-of-the-year individuals of three-
spined stickleback, ten-spined stickleback,
common goby Pomatoschistus microps and
sand goby Pomatoschistus minutus, were
numerous in the shallow littoral study sites
(unpublished, Noora Mustamaiki; Jokinen
2010) and in perch stomach contents
(paper II; Cederberg 2011). It seems
apparent that the Lumparn basin serves
as a nursery area for the above-mentioned
species and Baltic herring (Ké&irid et
al. 1997). In late summer, the adult fish
were more evenly dispersed throughout
the basin; ten-spined stickleback, three-
spined stickleback, greater sandeel and
lesser sandeel practically disappeared,
and the abundances of perch and adult
Baltic herring were generally lower in the
late summer, suggesting post-spawning
migration out of the Lumparn basin (Fig.
3). Baltic herring was the only species in
which individuals ripe for spawning were
encountered in the late summer, and in
which individuals that were too small to
be juveniles of the previous spring were
encountered in early summer catches. This
suggests the existence of autumn spawning
Baltic herring (McQuinn 1997) in the area,
but further studies on age distribution
and spawning of Baltic herring would be
needed to confirm this.

It appears that perch spawned and resided
as juveniles in the shallow littoral zone
(papers 1 & II), as previously described
by Snickars et al. (2004). Possibly the
juveniles and small/young adults generally
preferred the littoral food sources (paper
II) and/or the shelter provided by the
habitat structure in the shallow littoral zone
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(Brabrand & Faafeng 1993; Snickars et al.
2004). The possible habitat shifts in perch
larvae previously observed in lakes (Wang
& Eckmann 1994; Bystrom et al. 2003),
which should also be clarified for Baltic
Sea perch, were not observable with the
sampling methods used in this study. When
perch reached the size of 12—15 cm in fotal
length, it seems that some of them displayed
an ontogenetic habitat shift and migrated
to deeper water, while others stayed in the
littoral zone. It cannot be concluded from
this material whether the bentho-pelagic
perch performed diel feeding migrations
to the deeper areas (Hrabik et al. 2006) or
if they resided there more permanently,
but the observed statistically significant
differences in morphology and stable
isotope composition between the littoral
and the bentho-pelagic individuals suggest
sedentary behaviour (paper II). However,
the observations of littoral invertebrates
in the stomach contents of some bentho-
pelagic perch, and benthic invertebrates in
the stomach contents of some littoral perch
indicate that at least some adult individuals
did forage in both habitats, as previously
reported by (Svanbéck et al. 2015) for lake
habitats.

In addition to perch, also roach and white
bream Blicca bjoerkna displayed size-
specific  distributions with increasing
adult fish fotal length towards deeper
areas (p < 0.05, paper I). In fact, similar
trend was observed for several species,
but the differences were not statistically
significant. As the size of the individual
fish is an important factor determining
its diet and trophic position (Werner &
Gilliam 1984; Svanbéck et al. 2015), this

intraspecific variation indicates that the
fish assemblages can be structurally and
functionally different among depth zones
even with similar species abundances. Size
distribution of the adult fish and differences
in abundance may indicate habitat shifts,
but the pattern may also be a result of
differences in  growth, competition,
predation and survival in the different
habitat types (Lappalainen et al. 2001;
Snickars et al. 2002; Kekéildinen 2010;
Hixon et al. 2012). For firm conclusions on
mechanisms, the age and growth of the fish
species in the different habitat types should
be determined.

Paper I illustrates that within a relatively
small (max distance 10 km) coastal area
with no internal physical barriers, the
structure of the fish assemblage can vary
significantly over a distance of a few
hundred meters corresponding to 5-20
meter variation in total depth, depending
on the time of the season. The findings
support earlier ones indicating high
complexity in the small-scale distribution
of coastal fish (Letourneur et al. 2001;
Methven et al. 2001; Pihl and Wennhage
2002), and provide the first description
of the seasonality of such patterns for a
coastal Baltic Sea environment.

The results demonstrate that patterns
observed in one depth zone or season
cannot be directly extrapolated to larger
areas, and that drawing meaningful
conclusions on the small-scale distribution
in the fish assemblage structure requires
sufficient replication of sampling in space
and time. It should be noted here that also
the catchability of fish with gillnet, which
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is a passive gear, varies according to fish
size and species (Appelberg et al. 1995;
Olin et al. 2009) and may also change
seasonally. Therefore it may be advisable
to combine a gillnet fishing survey with
active fishing gears suitable for the study
site such as seining, trawling (Olin et al.
2009), detonations (Snickars et al. 2009)
or echo-sounding (Axenrot & Hansson
2004). The whole range of habitats that
each species uses throughout its lifecycle
and seasonally should be clarified in
order to plan effective management in
the coastal marine environment (Able
2005; Elliot et al. 2007). Combining the
effects of the multiple gradients affecting
seasonally changing habitats for a better
understanding of spatial distribution of
fish is an important future prospective for
studies on ecology and ecosystem-based
management of shallow coastal areas.

Seasonality in the small-scale and depth-
zone distribution of fish within the
Lumparn basin and between the Lumparn
basin and adjacent arecas and the entire
archipelago region is far from thoroughly
investigated, and this study can serve as
a starting point for future research in this
field. As the baseline 0°N values were
found to be statistically significantly
different between the littoral and the
pelagic zones in the Lumparn basin (paper
II), it may be possible to further analyse
the possible habitat shifts in fish with a
stable isotope analysis from fish otoliths.
The isotope signal in the annual growth
rings of the fish otoliths is similar to the
isotopic composition of the water the fish
has resided in, and can therefore be used to
track fish movements (Hobson 1999).

4.3 RESOURCE POLYMORPHISM
IN PERCH IN THE LUMPARN
BASIN

Two thirds of the perch caught were
female and no difference was observed
in the sex distribution between the
littoral and bentho-pelagic habitats (x,, =
0.14, p = 0.71). The females grew faster
(unpublished, Noora Mustamaéki) than the
males and therefore the largest individuals
tended to be females. However, when
the body condition, relative body depth,
stable isotopes and stomach contents were
analysed for difference between sexes with
total length as covariate, no statistically
significant differences were observed. It
was concluded that even though the sex
does affect the growth, the driving factor
for these parameters was the body size of
the fish and not the sex per se, and therefore
the sexes were pooled for further analyses.

Juvenile perch was encountered only in the
littoral areas, where it fed on zooplankton
and shifted to a diet of invertebrates and fish
at the length of 3—7 cm. The larger littoral
perch fed on littoral invertebrates and fish,
while the bentho-pelagic perch fed on
benthic invertebrates and fish (Fig. 4). In
both habitats, the isopod Saduria entomon
comprised a considerable part of the
invertebrate diet of large individuals (paper
I). The littoral perch had significantly
higher body condition, 6"*C and individual
trophic level, but lower relative body depth
and J0°N than the bentho-pelagic perch
(Table 2).

In the littoral study site, the diet of perch
(paper II; Cederberg 2011) was rather
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Figure 4. Diet of perch in the littoral and bentho-pelagic locations in the Lumparn basin. The littoral perch
consumed mainly littoral macroinvertebrates and bento-pelagic perch benthic macroinvertebrates. Cannibalism

was observed in less than 1 % of cases.

Table 2. Comparison of perch isotope ratios of nitrogen (5°N) and carbon (6"°C), individual
trophic level (trophic level based on individual §"°N and baseline 8"°N), relative body depth
(body depth [ total length) and body condition (Fulton’s condition factor K = fotal weight /
total length®) in the littoral and bentho-pelagic habitats in the Lumparn basin. Relative body
depth, body condition and 6°C were positively correlated with total length.

Habitat Littoral Bentho-pelagic
Depth 1-8 m 17-22 m
Baseline 6”°N Higher Lower ***

Perch relative body depth'’ Lower Higher ***
Perch body condition' Higher Lower ***

Perch &6"°N Lower Higher **

Perch 6”°C Higher Lower ***

Perch individual trophic level Higher Lower ***

**=p<0.01,** = p<0.001, see paper |l for the statistical analyses.
' Fig. 2 in paper II.
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similar to the diet of littoral perch in lakes
(Mehner et al. 1996; Horppila et al. 1999;
Svanbick & Eklov 2003, 2006; Estlander et
al. 2010), although the juveniles displayed
an ontogenetic shift from zooplankton diet
to invertebrates and fish earlier than in
lakes, and cannibalism was rare (4 cases in
total). One reason for these discrepancies
could be the high late-summer abundance
of small-bodied young-of-the-year fish in
the Lumparn basin that the juvenile perch
could start feeding on during their first
summer (Mehner et al. 1996). Although
performed for different purpose, previous
studies on perch diet in the northern Baltic
Proper by Lappalainen et al. (2001) and
Sandstrom and Karas (2002) are in line
with these results. In the bentho-pelagic
zone, however, the perch had deeper
bodies than in the littoral zone and fed
on benthic invertebrates and fish, which
clearly differed from previous descriptions
on the streamlined zooplanktivorous
pelagic perch in lakes (Svanbick & Eklov
2003, 2006). In fact, rather than pelagic,
the perch in the deeper areas in Lumparn
could be characterised as benthic feeders
also feeding on fish. In Lumparn, the Baltic
herring — not encountered in lakes — was
the dominant planktivore and the benthic
fauna was abundant. Possibly it was more
beneficial for the perch in the bentho-
pelagic zone to feed on zoobenthos and
abundant young-of-the-year fish, instead
of competing on zooplankton with the
Baltic herring. Based on previous studies,
the presence of other species affects perch
behaviour and morphology in lakes;
predation risk affects habitat shifts in
perch larvae (Bystrom et al. 2003), and
competition and predation affect perch

morphology (Kekéléinen et al. 2010). The
effect of presence of other zooplanktivores
on the zooplanktivory of perch could be
further clarified.

The morphological differences between
littoral and bentho-pelagic perch, although
statistically significant, were small and
not observable with a naked eye. Using
several morphometric measurements,
as in Svanbdck and EklIov (2003, 2006)
and Bergek and Bjorklund (2009), rather
than only the relative body depth used in
paper II, could possibly have revealed
more patterns in the body shape of perch.
Previously, Bergek and Bjorklund (2009)
reported fine-scale differences in both
genetics and morphology of perch in the
Baltic Sea. Cederberg (2011) observed no
differenceineither perchdietormorphology
among the northern, western and southern
littoral locations in Lumparn, indicating
that the variation within the littoral habitats
of the Lumparn basin was small. Svanbick
and Eklov (2003, 2006) and Svanbick et
al. (2015) have previously concluded that
the perch body depth is connected to diet,
habitat and inherited features, signifying
resource polymorphism. Kekildinen et al.
(2010) did not observe any habitat-specific
differences in the body depth of perch,
but showed instead a connection to the
abundances of other species suggesting
that predation and/or competition may
also affect the perch morphology. The
choice of the feeding habitat within a
water body could possibly be the result of
diet specialisation (shaped by genotype,
predation, competition and resource
availability) and the morphology would
develop thereafter. This would explain
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why the results of this study and previous
studies conducted in brackish habitats
(Lappalainen et al. 2001; Sandstrom &
Karés 2002) are different from the results
of lake studies (Svanbick et al. 2015):
the perch in brackish water occupies a
different ecological niche than the perch in
freshwater lakes, and the local conditions
and interactions affect the diet and habitat
choice which then shape the morphology
accordingly. Taken together, the results
indicate high plasticity and dietary and
morphological adaptability in perch. It
seems plausible to assume that this is one
central reason why perch is such a common
species in a wide range of freshwater and
brackish habitats. Further studies should
include comparisons of diet, stable isotopes

and morphology of perch from different
Baltic Sea coastal areas in order to clarify
if the patterns observed in this study apply
to the Baltic Sea perch more generally.

The stable isotope signals differed among
perch with different main food item in
the stomach contents, suggesting that
the stomach contents at the moment the
individual perch happened to get caught
might not be a random event but represent a
more consistent diet (Fig. 5). Developing a
distinct stable isotope signal and body shape
in combination with a certain diet suggests
that perch has individual diet preferences
that are consistent over longer periods of
time (Vander Zanden & Rasmussen 1999;
Post 2002; Araujo et al. 2011; Bolnick et
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Figure 5. 6-values (mean + SE) of carbon (6/3C) and nitrogen (6/°N) in perch from the northern littoral location
and bentho-pelagic location (Fig. 1) with different main food item in the stomach contents.
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al. 2011). However, the small differences
in 0°N indicate that although preferring
certain type of prey, the perch still fed on
several trophic levels. Also, 6”°C was, but
0"’ N was not correlated with the total length
of the individual perch indicating that even
though the diet changed with individual
growth, the average trophic level of the
diet did not change. This is consistent with
the stomach content data showing that
perch of all sizes fed on several trophic
levels (paper II). Previously, Svanbick
et al. (2014) and Quevedo et al. (2009)
reported individual diet choice in perch
by estimating niche widths, but paper II is
the first report in which the stable isotope
signals were directly related to specific
stomach contents. Individual diet choice
in perch and how the seasonal variation
in the diet (Cederberg 2011) is reflected in
the isotope signals could be studied further
with a more extensive isotope study in the
Lumparn basin and also other Baltic Sea
coastal areas for which this study can serve
as a pilot.

To my knowledge, paper II is the first
published study where the diet, stable
isotopes and morphology of perch between
littoral and pelagic habitats have been
compared in a brackish water environment.
The seasonal and spatial patterns in
diet, stable isotopes, morphology and
distribution of perch, and their connections
to habitat characteristics, genotypic
variation and interactions with other
species in brackish habitats should be
addressed in future studies.

4.4 LONG-TERM TRENDS
IN THREE COASTAL FISH
ASSEMBLAGES

The study areas Lumparn, Ivarskirsfjarden
and Galtfjirden were highly eutrophic
(Lundberg et al. 2005) and especially the
pikeperch stocks were under considerable
fishing pressure (paper IV). Due to the
geographical location and topography,
Galtfjairden had lower temperature and
salinity than Lumparn and Ivarskérsfjérden
(paper 1V). Predation pressure by a great
cormorant breeding colony and frequently
observed grey seals Halichoerus grypus
was highest in Galtfjarden (Table 3).

Over the study period, the fish assemblages
of Lumparn, Ivarskérsfijirden and
Galtfjairden  shifted towards higher
dominance of small-bodied lower order
consumer fish (PERMANOVA; Study
area: p <0.01, Year: p <0.01, Fig 6 ; Paper
II). Especially the pikeperch stocks were
found to be depleted (Table 3; paper 1V).
Also perch and smelt declined both in total
abundance and proportion in Galtfjarden,
while in Lumparn and Ivarskérsfjarden
the abundance of perch increased but its
proportion in both assemblages remained
stable (Table 3; paper III). Fisheries and
eutrophication were identified as plausible
causes of the observed adverse changes
(papers 1II & IV). A decline in both mean
length and mean trophic level was observed
in the fish assemblages of all three study
areas due to the declining proportion of
the large-bodied predatory fish, especially
pikeperch, and increasing proportion of
secondary consumers, especially roach
and other cyprinid species (Fig. 0).
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Table 3. Environmental stressors and changes over time in the fish assemblages and
pikeperch populations in Lumparn, lvarskarsfijarden and Galtfjarden. Fish assemblage
parameters: species abundances (CPUE = n_ / ngmnets), mean total length (the mean total

length of all fish), mean trophic level (the mean of the trophic levels of all fish; species trophic
levels according to Froese & Pauly 2010), number of species and Shannon index (Shannon
& Claude 1948). Pikeperch population parameters: abundance (CPUE) of small (<40 cm in
total length) and large (=40 cm in fotal length) individuals, year-class strength (based on 3-
year old individuals), and mortality (instantaneous mortality, Z, and annual mortality, A, based
on linear regression as in Dunn et al. 2002). All parameters were recorded annually. The
commercial fisheries catches, chlorophyll a level and salinity were the most important factors
affecting the variation in the fish species abundances in the fish assemblages (based on
DistLM; paper llI).

Study area Lumparn Ivarskérsfjarden Galtfjarden
Time period 1999-2009 1999-2009 1995/1998-2008
Eutrophication High ' High ' Very high '
status Lowest 2 Intermediate Highest 2
Environmental Commercial Intermediate ? Lowest 2 Highest 2
stressors fishing catch
Predator Lowest 2 Intermediate Highest *
abundance °
Total catch, CPUE 1t 1 -
Mean total length | l l
Mean species l l l
Fish trophic level
assemblage, Number of species — — —
paper Il Shannon index — — — -
Pikeperch, CPUE — — |
Cyprinids, CPUE 1 1 1
Perch, CPUE 1 1 l
Large pikeperch, | l l
CPUE
Small pikeperch, — — l
Pikeperch, CPUE
paper IV Year-class — — |
strength
1.15/68% 1.16 / 69% 1.06 / 65%
ZIA iy 3 iyh 3 iyh 3
ngh ngh H|9h

Predators; grey seal Halicoerus grypus and great cormorant Phalacrocorax carbo.

Cyprinids; mainly roach Rutilus rutilus and white bream Blicca bjoerkna, single individuals of bream Abramis brama,
vimba Vimba vimba and ide Leuciscus idus.

1 =increasing, | = decreasing, — = no trend over time (papers lll and 1V)

' According to Lundberg et al. (2005)

2 Study areas compared to each other

® Related to Eero (2004), Heikinheimo et al. (2006), and Vainikka & Hyvérinen (2012)
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The magnitude of changes seemed to be
related to the general level of the multiple
stressors; initially the lowest predatory fish
abundance and the most drastic changes
during the sampling period were observed
in Galtfjdrden that was the most eutrophic
(Lundberg et al. 2005) area and where also
the commercial fisheries catches (kg/ha)
were highest (papers III & V). In addition,
the predation pressure by great cormorants
and grey seals was considered to be highest
in Galtfjarden (paper IV). On the other
hand, despite the eutrophic conditions,
the observed changes were least dramatic
in Ivarskdrsfjairden where the pressures

annually) in Lumparn, Ivarskérsfjarden and Galtfjarden.

of fisheries and predation were the
lowest. Pikeperch has been expected to
benefit from eutrophication as it prefers
turbid water, but it seems clear that any
positive effect has been counteracted by
the high fishing pressure (paper IV; Eero
2004; Heikinheimo et al. 2006), and in
Galtfjarden also predation (paper 1V,
Ostman et al. 2013; Salmi et al. 2015) and
possibly also other factors.

High pikeperch mortalities (instantaneous
mortality Z = 1.06—1.16, annual mortality
A = 65-69%) were observed in all study
arcas (Table 3; Eero 2004; Heikinheimo
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et al. 2006; Vainikka & Hyvérinen 2012).
In Galtfjarden, where the great cormorant
predation seemed to add to the pressure
on the heavily fished pikeperch and perch
populations (Paper IV; Ostman et al. 2013;
Salmi etal. 2015), the declining abundances
and declining year-class strength indicate
recruitment overfishing (Bianchi et al.
2000; Shin et al. 2005). As expected based
on previous studies by Pekcan-Hekim et
al. (2011) and Heikinheimo et al. (2014),
a positive relationship between summer
temperatures and pikeperch year-class
strength was found (paper 1V). During
the study period there were several
warm summers yielding to strong year-
classes in the northern Baltic Sea region
(Heikinheimo et al. 2014), which was
observed also in paper IV. Most likely the
warm summers have affected also other
species, and the summer temperature
is a plausible explanatory factor to the
increased total fish abundances in Lumparn
and Ivarskérsfjédrden (paper III). However,
adeclining trend in the pikeperch year-class
strength was observed in Galtfjérden. In all
study areas, all the pikeperch encountered
were relatively young and small, and it is
thus probable that many individuals only
live to spawn once (Lappalainen et al.
2003; Birkeland & Dayton 2005). During
the studies conducted in the Lumparn basin
in 2008-2010 (papers I & II; Jokinen 2010),
only a couple of pikeperch individuals
larger than the minimum landing size of 37
cm were encountered.

Although  eutrophication has  been
considered harmful to benthic fish species
due to increased hypoxia (Eby et al.
2005; Snickars et al. 2015), in this study

no adverse changes were observed in
the benthic fish species. On the contrary,
fourhorn sculpin Myoxocephalus
quadricornis was abundant and in
Galtfjarden (Fig. 6; paper III). However,
the large fluctuations and increasing trend
in abundance in Galtfjarden could partly be
due to increased hypoxia in deeper areas
(Carstensen et al. 2014). Hypoxia could
force the benthic sculpin to move to depths/
places that coincide with the sampling
stations and thus increase its proportion in
the catches (Eby et al. 2005; Snickars et al.
2015), but the theory could not be verified
based on this material. The proportion of
benthic species in the fish assemblages
of Lumparn and Ivarskdrsfjirden was
clearly lower compared to Galtfjarden,
and consisted mainly of ruffe, gobids and
eelpout (papers I, II & III; unpublished,
Noora Mustaméki). No effect of air
temperature or NAO was observed in this
study either, although previous studies
indicate that global climate change may be
an important driver of changes in coastal
fish communities (Pekcan-Hekim et al.
2011; Olsson et al. 2012; Heikinheimo et
al. 2014; Mollmann et al. 2014). Possibly
some other temperature/climatic variable
should have been used instead, or the
time series was simply too short to reveal
changes caused by large-scale climatic
trends. In any case, the effects of global
warming on fish assemblages cannot be
ruled out based on these results.

I hypothesize that the overall changes in
the fish assemblages observed in the study
areas were caused by simultaneous bottom-
up forcing and relaxing of top-down
control and competition (Hunter & Price
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1993; Breitburg et al. 2009). The removal
of pikeperch (paper IV) and in Galtfjarden
possibly also perch (paper I1I) by fisheries
has reduced the predation pressure and
competition, allowing an increase in the
abundance of secondary consumers (Casini
et al. 2008; Eriksson et al. 2009), in these
areas especially cyprinids and fourhorn
sculpin. The development has been further
enhanced by eutrophication and possibly
also warm summers increasing the total fish
abundance (Bonsdorffet al. 1997; Adjers et
al. 2006; Chassot et al. 2007; Heikinheimo
et al. 2014). The parallel increase of lower
order consumers and decrease of higher
order consumers was reflected in declining
mean total length and mean species
trophic level (Bianchi et al. 2000; Dulvy
et al. 2004; Pauly & Palomares 2004) of
fish in the communities. These changes
are most likely reflected in other parts of
the ecosystem, changing the structure of
the system and the energy flows, and thus
potentially leading to overall ecosystem
changes (Airoldi & Beck 2007; Viaroli et
al. 2008; Eriksson et al. 2009; Burghart et
al. 2013; Newton 2014).

Casini et al. (2008) and Eriksson et al.
(2009) have described recent similar
overall community changes in the aquatic
ecosystems of the same region, and Baden
et al. (2012) for the Swedish west coast.
The removal of predatory fish by fisheries
has induced trophic cascades leading to
increases the secondary consumer fish
abundance and further to phytoplankton
blooms in the pelagic zone (Casini et al.
2009) and overgrowth of filamentous algae
in the littoral zone (Eriksson et al. 2009;
Baden et al. 2012). The development

observed in the three coastal fish
assemblages in paper III therefore seems to
be a part of large-scale changes in the state
of coastal aquatic environments in northern
Europe (Chassot et al. 2007; Mdllmann et
al. 2015; HELCOM 2013).

Thedeclinesinpikeperchabundance (papers
IIT & IV) and high mortalities (paper 1V)
observed in this study and previous studies
by Lappalainen et al. (2002), Eero (2004)
and Heikinheimo et al. (2006) are a clear
call for management actions on Baltic Sea
pikeperch. Increasing the minimum landing
size and the mesh size, and restrictions and
bans on fishing should be implemented
(paper 1V; Heikinheimo et al. 2006;
Vainikka & Hyvarinen 2012). Pikeperch
fishing already is more strictly regulated
in Aland Islands than in the Swedish east
coast, which together with the on average
higher water temperature may be one
reason to the generally higher abundances
in Lumparn and Ivarskéarsfjarden compared
to Galtfjarden.

The adverse impacts of eutrophication
and excessive fishing pressure on aquatic
ecosystems has already been acknowledged
in several previous studies (Casini et al.
2008; Eriksson et al. 2009; Andersen et
al. 2011; Mollmann et al. 2014; Snickars
et al. 2015), and although the management
and conservation of the Baltic Sea
has been a political issue for decades
(HELCOM 2013), the results achieved
appear unsatisfactory as demonstrated
in this thesis (papers III & IV). Due to
buffering and compensatory mechanisms,
an ecosystem can tolerate a small or short-
term disruption, but long-term disruptions
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may lead to reorganization of the trophic
structure and result in a new stable state in
the whole system, such as a shift in a fish
community from a predatory fish dominated
state to a lower order consumer dominated
one (paper 1II; Scheffer & Carpenter 2003;
Casini et al. 2008; Eriksson et al. 2009;
Mollmann et al. 2015). Even though the
actual shift may occur within a relative
short period of time (paper III), these are
typically long-term events driven by years
or decades of anthropogenic pressure
(papers III & IV; Breitburg et al. 2009;
Mollmann et al. 2015). Even in the unlikely
case of discontinuing all anthropogenic
pressure, reversing such large-scale events
may prove difficult as the compensatory
mechanisms may have changed in favour
of the new state (Mollmann et al. 2015).

4.5 JUVENILE FISH IN THE
SHALLOW ARCHIPELAGO
WATERS IN THE NORTHERN
BALTIC SEA

Studies on juvenile fish, spawning
grounds, recruitment or year-class
strengths are usually conducted in regard
of management of the adult fish population
(paper 1V; Snickars et al. 2010; Kallasvuo
et al. 2011; Sundblad & Bergstrom 2014).
Several previous studies have established
a link between zooplankton abundances
and juvenile fish (reviewed by Daewel et
al. 2014), but it has not been thoroughly
investigated how the juvenile fish
abundance and the zooplankton-juvenile
fish-interaction are controlled by higher
order consumers. In the Lumparn basin,
zooplankton was a main component

in the diet of young-of-the-year perch,
and the young-of-the-year fish were the
prey of choice for many perch (paper II;
Cederberg 2011) and pikeperch (Jokinen
2010) in the late summer. As stated above,
high abundances of the small-bodied gobid
and stickleback juveniles in late summer
may trigger an early ontogenetic diet shift
(Mehner et al. 1996) observed in perch in
paper II and previously by Sandstrom and
Kards (2002). It seems that the young-
of-the-year fish were either specifically
preferred by perch and pikeperch, or
simply very easily available. These
findings suggest that not only the young-
of-the-year fish were potential recruits to
their respective adult stocks, but that they
also comprised a temporary food web
compartment of their own by feeding on
the zooplankton on its peak abundance
and by comprising a central part of the late
summer diet of the higher order consumer
fish. Future studies should further clarify
the trophic role and interactions of young-
of-the-year/juvenile fish.

4.6 VARIATION IN FISH
COMMUNITIES

Spatial and temporal variation on fish
community level is still today poorly
understood, as it is rather impossible
to include measures of all sources of
variation in a single study or analysis.
Growth and species-specific or even
individual ontogenetic shifts in diet
and habitat preferences of a single fish
shape the population structure and create
variation within population (paper II;
Bergek & Bjorklund 2009; Araujo et al.
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2011; Bolnick et al. 2013). The number of
offspring produced by a fish population is
not only affected by the absolute size of the
spawning stock, but also the spawning stock
structure is important as larger individuals
tend to produce more offspring (Birkeland
& Dayton 2005). Reproduction and fish
health in general can also be adversely
affected by chemical pollution, parasites
(Bjorkblom et al. 2013) and infections
(Strom-Bestor et al. 2010). The survival of
the offspring is affected by temperature and
therefore global warming ought to increase
the abundances and growth of juvenile
fish in the future (paper IV; Lefébure
et al. 2013; Heikinheimo et al. 2014).
Also food availability and competition
(Mehner et al. 1996) and predation on
eggs, fry and juveniles (papers 11 & 1V)
affect the recruitment. Eutrophication
may increase the survival by increasing
primary production and thereby abundance
of zooplankton (Bonsdorff et al. 1997;
Lefébure et al. 2013) that many juvenile
fish feed on (Mehner et al. 1996; Sandstrom
& Karas 2002). Increased turbidity by
eutrophication may benefit some species,
for instance roach in competition with
perch (Lappalainen et al. 2001). Variation
in the number of offspring produced and its
survival creates the long-term variation in
the species year-class strengths (paper 1V;
Heikinheimo et al. 2014).

Modelling the abiotic environmental
factors, such as depth, substrate type and
exposure, in order to identify biotopes
and potential habitats is a current trend
in marine environmental monitoring
(Andersen et al. 2009; Gogina & Zettler
2010; Rinne 2011). The results of this

study illustrate that because of the seasonal
variation, developing such models for the
fish assemblage of the Baltic Sea (Vahteri
et al. 2009; Bergstrom et al. 2013; Snickars
2014) is challenging.

In order to decrease variation in data, fish
sampling is most often conducted either
once a year or within one depth zone,
but this is not sufficient to determine
which habitats or geographical areas are
inhabited or needed by a specific species
of fish, or for construction of general large-
scale models. The whole range of habitats
that each species uses seasonally and
throughout its lifecycle should be clarified
in order to understand the structure of the
aquatic ecosystems, and to be able to plan
effective management in environments
where the fish movements are not
restricted by physical barriers (Able 2005;
Bergstrom et al. 2013). Thus creating
useful small-scale fish distribution models
requires considerable sampling effort with
sufficient spatial and temporal replication.

Variation in fish communities is highly
complex and may appear to be random, as
the sources and mechanisms of variation are
numerous. Some sources of variation, such
as small scale seasonal variation (paper I)
are hardly described at all, while others,
such as perch resource polymorphism
(paper II) are well studied at least in some
habitats, but their mechanisms are still
poorly understood. The negative effects of
high fishing pressure and eutrophication
and other habitat degradation are today
taken as a fact, but still the mechanisms
of their adverse impacts are under debate.
In this thesis, several sources of spatial,
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temporal and biological variation in fish
assemblages on different scales were
addressed. Together they add to the
knowledge of structure and function of
Baltic Sea coastal fish communities, and
create a complex picture of a dynamic
system changing in space and time.
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