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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 Åland 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 Ivarskärsfjärden in Åland Islands and Galtfjärden 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 SAMMANFATTNING (Swedish abstract)

SUOMENKIELINEN TIIVISTELMÄ (Finnish abstract)

Fiskarnas egenskaper och utbredning har alltid varit av stort ekologiskt och socioekonomiskt
intresse. Denna avhandling handlar om fenotypisk och strukturell variation hos fiskpopulationer
och -samhällen på olika rumsliga och tidsliga skalor i norra egentliga Östersjöns grunda
skärgårdsområden. I Lumparn på Åland visade fisksamhället tydlig säsongsvariation mellan
olika djupzoner. Resultaten indikerar också att kunskap om fisksamhällens strukturella
variation på små rumsliga och tidsliga skalor är nödvändig för att kunna förstå förändringar
i samhällsstrukturen på större skalor. I den lokala abborpopulationen Perca fluviatilis L.
observerades habitat-specifik variation i morfologi och födoval. De pelagiska abborrarnas
föda bestod av fisk och bottenlevande evertebrater, och de var i genomsnitt högre i
kroppsform än de litorala abborrarna. Resultaten skiljer sig från tidigare studier utförda i
sötvattenhabitat, där pelagiska abborrar oftast är mera strömlinjeformade än litorala abborrar
och har djurplankton som huvudsaklig föda. Förhållandet av stabila kol- och fosforisotoper
skiljde sig mellan abborrindivider med olika maginnehåll, vilket tyder på differentiering
i individuellt födoval. Likartade förändringar noterades i fisksamhällets struktur under
2000-talet i tre olika kustnära studieområden – Lumparn och Ivarskärsfjärden på Åland samt
Galtfjärden i Svenska östkusten. I alla tre fisksamhällen ökade abundansen av små fiskar
och speciellt mörtfiskar. Abundansen av stora gösar Sander lucioperca L. minskade i alla tre
studieområden, och mortaliteten hos gös var hög (Z = 1.06–1.16). Detta tyder på ohållbart
högt fisketryck och på att fisket har minskat stora rovfiskars proportion i fisksamhället.
Tillsammans med övergödning har detta gynnat mindre fiskar på lägre trofinivåer. Den
här avhandlingen bidrar till vetenskaplig förståelse om akvatiska ekosystem med nya
beskrivningar på morfologi och födoval hos abborre i brackvattenhabitat, och på småskalig
variation i fisksamhällens struktur. Resultaten bevisar också antropogeniska effekter på
kustnära fisksamhällen och framhäver behovet att skära ned näringsutsläpp och reglera
fisketrycket i Östersjöns kustregioner.

Tieto kalojen ominaisuuksista ja levinneisyydestä on aina ollut sekä ekologisesti että
sosioekonomisesti tärkeää. Tässä väitöskirjatutkimuksessa tutkittiin pohjoisen Itämeren
saaristovyöhykkeen kalapopulaatioita ja -yhteisöjä päällekkäisesti useassa alueellisessa
ja ajallisessa mittakaavassa. Ahvenanmaan Lumparnilla kalayhteisön rakenne vaihteli
voimakkaasti eri syvyysvyöhykkeiden välillä vuodenajasta riippuen. Tulokset osoittavat,
että yhteisörakenteen vaihtelun huolellinen kartoittaminen pienessä mittakaavassa auttaa
olennaisesti ymmärtämään kalayhteisöjen rakennetta ja toimintaa suuressa mittakaavassa.
Lumparnin ahvenpopulaatiossa Perca fluviatilis L. havaittiin elinympäristöjen välisiä
eroja sekä kalojen morfologiassa että ruokavaliossa. Ulappavyöhykkeen ahvenet käyttivät
ravinnokseen kaloja ja pohjaeläimiä ja olivat ruumiinmuodoltaan korkeampia kuin
rantavyöhykkeen ahvenet. Tulokset eroavat aikaisemmista järvissä tehdyistä tutkimuksista,
joissa ulappavyöhykkeen ahventen on todettu käyttävän ravinnokseen tyypillisesti
eläinplanktonia ja olevan ruumiinmuodoltaan virtaviivaisempia kuin rantavyöhykkeen
ahvenet. Yksilöillä joilla oli erilaiset mahansisällöt, oli myös erilainen hiilen ja typen stabiilien
isotooppien suhde, mikä viittaa yksilöiden väliseen erilaistumiseen ravinnonvalinnassa.
Kalalajien vallintasuhteet muuttuivat 2000-luvun aikana samankaltaisesti kolmella
eri rannikkoalueella – Ahvenanmaan Lumparnilla ja Ivarskärsfjärdenillä sekä Ruotsin
itärannikon Galtfjärdenillä. Pienikokoisten lajien edustajat, erityisesti särkikalat, yleistyivät,
kun taas suuret petokalat, erityisesti suuret kuhat Sander lucioperca L., harvinaistuivat
kaikilla tutkimusalueilla. Kuhapopulaatioissa havaittiin myös korkeaa kuolevuutta
(Z = 1.06–1.16), mikä yhdessä yksilömäärien vähenemisen kanssa viittaa kestämättömän
korkeaan kalastuspaineeseen. Tulokset viittaavat myös siihen, että kalastus on vähentänyt
suurten petokalojen osuutta kalayhteisöissä, mikä yhdessä rehevöitymisen kanssa on suosinut
ravintoverkossa alemmilla tasoilla olevia lajeja edesauttaen niiden edustajien runsastumista.
Tämä väitöskirjatutkimus tuottaa uutta tieteellistä tietoa vedenalaisista ekosysteemeistä
esittelemällä uusia tuloksia sekä ahvenen morfologiasta ja ravintovalinnasta murtovedessä
että rannikoiden kalayhteisöjen rakenteen vuodenaikaisvaihtelusta. Lisäksi tulokset tuovat
esille yhteiskunnan haitallisia vaikutuksia rannikkovesien kalayhteisöihin ja korostavat
Itämeren rannikkoalueiden ravinnepäästöjen ja kalastuspaineen rajoitusten tarpeellisuutta.

Nyckelord: Fisksamhället, fiske, övergödning, säsongsvaration, trofinivå, morfologi, stabila
isotoper, födoval

Avainsanat: kalayhteisö, kalastus, rehevöityminen, 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

1.1 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 & Karlstråm 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 & Bergström 2014;
Snickars et al. 2014).
The scene in the 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; Sandström & Karås 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
& Bergström 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 &
Karlstråm 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;
Byström et al. 2003; Elliot et al. 2007).
Biological interactions such as competition
(Mehner et al. 1996; Estlander et al. 2010;
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Kekäläinen 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; Nordström et
al. 2009; Scheinin & Mattila 2010). In the
Baltic Sea, spawning of most fish species
takes place in springtime (Byström et al.
2003; Snickars et al. 2010; Kallasvuo et al.
2011; Sundblad & Bergström 2014), and as
a consequence abundance of young-of-theyear fish is generally high in late summer
(Sandström & Karås 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; Möllmann et al. 2014). The fisheriesscientific term fish stock refers to “semidiscrete 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 (Möllmann & Diekmann 2012;
Olsson et al. 2012; Sundblad & Bergström
2014) along with the recent development in
multivariate analysis methods (Anderson
2001) and the growing need for ecosystembased management that sets the focus on
the system rather than on single species
(Pikitch et al. 2004; Möllmann et al. 2014).
As the monitoring interest usually lies in
the long-term trends (Mace 2001; Ådjers et
al. 2006), 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; Svanbäck 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) Sandstöm and Karås (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
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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 & Björklund 2009) and displays
high morphological plasticity (Svanbäck
et al. 2015). Typically, in lake systems
juvenile perch feeds on zooplankton
and the adult perch population is
divided into sub-populations of fishfeeding, deep-bodied littoral perch and
plankton-feeding, streamlined pelagic
perch (Svanbäck & Eklöv 2003, 2006),
although some contradictory results have
been reported (Kekäläinen 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; Svanbäck &
Eklöv 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;
Sandstöm & Karås 2002; Svanbäck & Eklöv
2003, 2006). Individual diet specialisation
in perch has been documented in perch
based on stomach contents (Svanbäck
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 subpopulations in perch (Horppila et al. 1999;
Svanbäck et al. 2008; Bergek & Björklund
2009; Kekäläinen 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;
Möllmann & 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, bottomup 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; Möllmann & Diekmann 2012).
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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 15N
and lighter 14N) and carbon (heavier 13C
and lighter 12C) is well applicable to food
web studies (Vander Zanden & Rasmussen
1999; Post 2002; Nordström et al. 2009).
The δ-value describes the isotope ratio
in the sample related to an international
standard (δ = Rsample / (Rstandard−1) x 103,
where R = heavier isotope : lighter isotope,
Peterson & Fry 1987). The δ15N enriches
by 3–5‰ per trophic level, and is often
used to estimate the trophic level of an
organism. The δ13C enriches 0–1‰ 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 δ-values, and the
enrichment per trophic level vary spatially,
and therefore the δ-values cannot be
directly compared among different sites
(Vander Zanden & Rasmussen 1999; Post
2002). In terms of δ15N, the problem can
be overcome by calculating the trophic
level with the δ15N of a local organism of
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a known trophic level (baseline δ15N), and
the local enrichment rate of δ15N (Trophic
level = (trophic level of baseline organism
+ δ15Nsample – baseline δ15N) / enrichment of
δ15N, 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 et al. 2014). The increased
primary production may benefit especially
the lower order consumer fish and increase
the total fish abundance (Bonsdorff et al.
1997; Ådjers 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;
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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
(Sandström & Karås 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; Möllmann
& Diekmann 2012). Many commercially
targeted fish species are large-bodied
predators (FGFRI 2006; 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 singlespecies approach (Begg 1999; Mace 2001;
Möllmann 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;
Möllmann 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;
Möllmann 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;
Möllmann 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
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fish-dominance to a state dominated by
turbid water, phytoplankton and plankton
feeding fish (Scheffer & Carpenter 2003;
Rosqvist et al. 2010; Möllmann 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; Möllmann 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;
Möllmann et al. 2014, 2015). Recent
studies report several approaches to multispecies 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 ecosystembased management (Mace 2001; Pikitch
2004; Möllmann 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, III & IV)?

•

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

•

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

•

Can the diet, morphology and stable
isotope signals in perch be linked
to each other and/or to the habitat
characteristics (paper II)?
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3 MATERIALS AND
METHODS
The study was conducted in three coastal
basins, namely Lumparn, Ivarskärsfjärden
and Galtfjärden, 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, Ivarskärsfjärden and Galtfjärden
(papers III & IV) in 1995–2009. Methods
used in this study are summarised in
Table 1.

3.1 STUDY AREAS
The study areas Lumparn (60°07′N 20°07′E,
papers I, II, III & IV) and Ivarskärsfjärden
(60°16′N 19°48′E, papers III & IV) in the
Åland Islands, and Galtfjärden (60°10′N
18°34′E, papers III & IV) on the Swedish
east coast are brackish coastal basins
located in the inner archipelago zone of the
archipelago in the northern Baltic Proper
(Fig. 1).
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 (Vestøl 2006).
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 I
Paper II
3 years
3 years
Time range
Late summer
Early summer
and late summer
Assemblage –
Individual –
system
population
Ecological scale
nfish = 2 299
nfish = 27 467
Geographical
scale

Scope

Data gathering

Variables of
interest

1

Local
0.5–10 km
1 area
7 study sites
Fish assemblage;
spatial and
seasonal patterns

Paper III
10 years
Autumn

Paper IV
15 years
Autumn

Assemblage

Population

nfish = 37 108

nfish = 8 124

Local
Regional
4 km
30–100 km
1 area
3 areas
2 study sites
18 study sites
Perch;
Fish assemblage;
intrapopulation
long-term
and individual
development
variation
Gillnet fishing1.
Gillnet fishing1.
Gillnet fishing1.
Water sampling. Stomach content Water sampling.
Zooplankton
analysis. Stable Commercial
sampling.
isotope analysis fishing catches.
Zoobenthos
Air temperature.
sampling.
North Atlantic
Macrophyte and
Oscillation.
substrate survey
Fish abundance Perch length,
Fish abundance,
and biomass.
weight and body biomass, mean
Water
depth. Perch
length, mean
measurements. stomach contents trophic level,
Coverage of
and main food
diversity and
substrates and
item. Perch stable number of
macrophytes.
isotope ratio of
species. Water
Zooplankton and carbon and
measurements.
zoobenthos
nitrogen.
Fishing pressure.
abundance.
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Regional
30–100 km
3 areas
18 study sites
Pikeperch;
long-term
development
Gillnet fishing1.
Age reading.
Water sampling.
Bird counts.
Commercial
fishing catches.
Air temperature.
Pikeperch
abundance,
length, age, yearclass strength
and mortality.
Water
measurements.
Fishing pressure.
Great cormorant
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.

Figure 1. Study areas. The study areas Lumparn and Ivarskärsfjärden in the Åland Islands, and Galtfjärden on
the Swedish east coast in the northern Baltic Proper. Map by Ulf Bergström.

plankton (Scheinin & Mattila 2010; Sheinin
et al. 2013), macroinvertebrates (Perus &
Bonsdorff 2004; Nordström et al. 2009;
Törnroos & Bonsdorff 2012; Törnroos et
al. 2013), birds (Heinänen 2010) and fish
(Ådjers 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 benthopelagic 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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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.

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

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 benthopelagic study site). Each individual fish was
identified for species, measured for total
length to the nearest 1 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)

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

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 = nfish / nnet 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 total length)
individuals.

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 (μg/l) of the
dominant zooplankton groups of taxa, and
seasonal means of the water measurements.

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 μm 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
(μg/l) temperature (°C), salinity, pH, total
nitrogen (μg/l), total phosphorus (μg/l),
turbidity (NTU) and oxygen contents (%)
were measured. For zooplankton, pooled
samples from the whole water column
were taken and filtered through a 50 μm
plankton sieve. The zooplankton species
were identified to the lowest possible

3.2.2 PERCH DIET, STABLE
ISOTOPES AND MORPHOLOGY
(PAPER II)
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 total
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
length3, Ricker 1975) and the relative body
depth (DBR = 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 δ15N, 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 δ15N and δ13C
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 δ15N and
the local enrichment of the δ15N according
to Post (2002).
The Baltic clam displays seasonal
variation in δ-values suggesting it may
switch between the suspension- and
deposit-feeding modes based on resource
availability (Nordström 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 δ-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,
IVARSKÄRSFJÄRDEN AND
GALTFJÄRDEN IN 1995–2009
(PAPERS III & IV)
The fish sampling in Lumparn,
Ivarskärsfjärden and Galtfjärden 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
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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 Ivarskärsfjärden and 135–180 net
nights in Galtfjärden. Each individual fish
was identified for species and measured
for total length (mm). Water sampling
for salinity, pH, temperature (C°), total
phosphorus (μg/l), total nitrogen (μg/l),
chlorophyll a (μg/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
III)
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
(PAPER IV)
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 total 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-yearold pikeperch, and the year-class strength
was related to the water temperature. Great
cormorants Phalacrocorax carbo were
counted annually in Galtfjärden, and the
annual pikeperch consumption by great
cormorants was estimated as in Östman
et al. (2013). The pikeperch instantaneous
mortality (Z) and annual mortality (A) 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 III were performed with
the PRIMER 6 with PERMANOVA+
program package (www.primer-e.com).
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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 = 0.05/ncomparisons). In case the variables
were continuous and normally distributed,
the parametric Pearson’s correlation
analysis was used. Otherwise, the nonparametric Spearman’s rank correlation
analysis was used.
In paper I, a Principal Component Ordination 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 variance, Anderson 2001).
The environmental variables which best
explained the variation in the fish species
abundances were identified with the nonparametric multivariate regression method
Distance-based Linear Modelling, DistLM
(Anderson et al. 2008).
In paper II, the relative body depth, body
condition and δ13C 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 δ15N, δ13C,
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 δ15N, δ13C, individual
trophic level, relative body depth and body
condition among perch with different main
food source were tested with ANOVA.
In paper III, 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
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assemblage, a Bray-Curtis dissimilarity
matrix was constructed with the squareroot 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 IV, 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 Söderström
(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; Törnroos
et al. 2013). Due to high abundances of
Baltic clam, the zoobenthos biomass was
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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 Åland).

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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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

(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

250

Other

Pikeperch

200
White bream

CPUE, n/gillnet

150

Smelt

Ruffe
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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 benthopelagic 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.

100
Three-spined
stickleback

50

Bleak

Roach

Shallow
littoral

Deep littoral BP

Early summer

Shallow
littoral

BP

LS/d

LW/d
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LN/s

BP
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LW/d

LN/d
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LW/s

LN/s

0

Deep littoral BP

Late summer

Study site, depth zone and season

Perch

Baltic herring,
large
Baltic herring,
small

Figure 3. The species abundances (CPUE = nfish / nnets) in the seven study sites in Lumparn basin in early
summer (May–June) and late summer.

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 (Kääriä
et al. 1997), three-spined stickleback
(Snickars et al. 2009; Björkblom et al.
2010), perch (Byström et al. 2003; Snickars
et al. 2010; Sundblad & Bergström 2014),
smelt Osmerus eperlanus (Shpilev et al.
2005), roach (Sundblad & Bergström
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
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the gillnet catches, in August 2008–2010,
young-of-the-year individuals of threespined stickleback, ten-spined stickleback,
common goby Pomatoschistus microps and
sand goby Pomatoschistus minutus, were
numerous in the shallow littoral study sites
(unpublished, Noora Mustamäki; 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 (Kääriä et
al. 1997). In late summer, the adult fish
were more evenly dispersed throughout
the basin; ten-spined stickleback, threespined 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 I & 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; Byström 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 total
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 benthopelagic 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 (Svanbäck et al. 2015) for lake
habitats.
In addition to perch, also roach and white
bream Blicca bjoerkna displayed sizespecific distributions with increasing
adult fish total 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; Svanbäck et al. 2015), this
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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; Kekäläinen 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 depthzone distribution of fish within the
Lumparn basin and between the Lumparn
basin and adjacent areas 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 δ15N 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).
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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 (χ21 =
0.14, p = 0.71). The females grew faster
(unpublished, Noora Mustamäki) 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
II). The littoral perch had significantly
higher body condition, δ13C and individual
trophic level, but lower relative body depth
and δ15N 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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100 %
Zooplankton

80 %
60 %

Macroinvertebrates

40 %
20 %

Fish

Littoral

30-35 cm

20-29.9 cm

10-19.9 cm

30-35 cm

20-29.9 cm

10-19.9 cm

7.5-9.9 cm

5.0-7.4 cm

0%
3.3-4.9 cm

Mean proportion, % wet weight

20

Bentho-pelagic

Total length and habitat
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 (į15N) and carbon (į13C), individual
trophic level (trophic level based on individual į15N and baseline į15N), relative body depth
(body depth / total length) and body condition (Fulton’s condition factor K = total weight /
total length3) in the littoral and bentho-pelagic habitats in the Lumparn basin. Relative body
depth, body condition and į13C were positively correlated with total length.
Habitat
Littoral
Bentho-pelagic
1–8 m
17–22 m
Depth
Higher
Lower ***
Baseline į15N
Lower
Higher ***
Perch relative body depth 1
Perch body condition 1
15

Perch į N
Perch į13C
Perch individual trophic level

Higher

Lower ***

Lower
Higher
Higher

Higher **
Lower ***
Lower ***

** = p < 0.01, *** = p < 0.001, see paper II for the statistical analyses.
1
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;
Svanbäck & Eklöv 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
Sandström and Karås (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 (Svanbäck & Eklöv
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 benthopelagic 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 (Byström et al. 2003), and
competition and predation affect perch
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morphology (Kekäläinen 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 Svanbäck and Eklöv (2003, 2006)
and Bergek and Björklund (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 Björklund (2009)
reported fine-scale differences in both
genetics and morphology of perch in the
Baltic Sea. Cederberg (2011) observed no
difference in either perch diet or morphology
among the northern, western and southern
littoral locations in Lumparn, indicating
that the variation within the littoral habitats
of the Lumparn basin was small. Svanbäck
and Eklöv (2003, 2006) and Svanbäck et
al. (2015) have previously concluded that
the perch body depth is connected to diet,
habitat and inherited features, signifying
resource polymorphism. Kekäläinen 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; Sandström &
Karås 2002) are different from the results
of lake studies (Svanbäck 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
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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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al. 2011). However, the small differences
in δ15N indicate that although preferring
certain type of prey, the perch still fed on
several trophic levels. Also, δ13C was, but
δ15N 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, Svanbäck
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.

Figure 5. δ-values (mean ± SE) of carbon (δ13C) and nitrogen (δ15N) 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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4.4 LONG-TERM TRENDS
IN THREE COASTAL FISH
ASSEMBLAGES
The study areas Lumparn, Ivarskärsfjärden
and Galtfjärden 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,
Galtfjärden had lower temperature and
salinity than Lumparn and Ivarskärsfjärden
(paper IV). Predation pressure by a great
cormorant breeding colony and frequently
observed grey seals Halichoerus grypus
was highest in Galtfjärden (Table 3).
Over the study period, the fish assemblages
of
Lumparn,
Ivarskärsfjärden
and
Galtfjärden shifted towards higher
dominance of small-bodied lower order
consumer fish (PERMANOVA; Study
area: p < 0.01, Year: p < 0.01, Fig 6 ; Paper
III). Especially the pikeperch stocks were
found to be depleted (Table 3; paper IV).
Also perch and smelt declined both in total
abundance and proportion in Galtfjärden,
while in Lumparn and Ivarskärsfjärden
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 III & 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. 6).
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Table 3. Environmental stressors and changes over time in the fish assemblages and
pikeperch populations in Lumparn, Ivarskärsfjärden and Galtfjärden. Fish assemblage
parameters: species abundances (CPUE = nfish / ngillnets), 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 total length) individuals, year-class strength (based on 3year 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 III).
Study area
Time period

Environmental
stressors

Fish
assemblage,
paper III

Pikeperch,
paper IV

Eutrophication
status
Commercial
fishing catch
Predator
abundance 3
Total catch, CPUE
Mean total length
Mean species
trophic level
Number of species
Shannon index
Pikeperch, CPUE
Cyprinids, CPUE
Perch, CPUE
Large pikeperch,
CPUE
Small pikeperch,
CPUE
Year-class
strength
Z/A

Lumparn
1999–2009

Ivarskärsfjärden Galtfjärden
1999–2009
1995/1998–2008

High 1
Lowest 2
Intermediate 2

High 1
Intermediate 2
Lowest 2

Very high 1
Highest 2
Highest 2

Lowest 2

Intermediate 2

Highest 2

Ĺ
Ļ
Ļ

Ĺ
Ļ
Ļ

ĺ
Ļ
Ļ

ĺ
ĺ
ĺ
Ĺ
Ĺ
Ļ

ĺ
ĺ
ĺ
Ĺ
Ĺ
Ļ

ĺ
ĺ
Ļ
Ĺ
Ļ
Ļ

ĺ

ĺ

Ļ

ĺ

ĺ

Ļ

1.15 / 68%
High 3

1.16 / 69%
High 3

1.06 / 65%
High 3

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.
Ĺ = increasing, Ļ = decreasing, ĺ = no trend over time (papers III and IV)
1

According to Lundberg et al. (2005)
Study areas compared to each other
3
Related to Eero (2004), Heikinheimo et al. (2006), and Vainikka & Hyvärinen (2012)
2
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Figure 6. Non-parametric multidimensional scaling (nMDS) of the annual species abundances (square rooted
CPUE, CPUE = nfish/ngillnets annually) in Lumparn, Ivarskärsfjärden and Galtfjärden.

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 Galtfjärden that was the most eutrophic
(Lundberg et al. 2005) area and where also
the commercial fisheries catches (kg/ha)
were highest (papers III & IV). In addition,
the predation pressure by great cormorants
and grey seals was considered to be highest
in Galtfjärden (paper IV). On the other
hand, despite the eutrophic conditions,
the observed changes were least dramatic
in Ivarskärsfjärden where the pressures

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
Galtfjärden also predation (paper IV;
Östman 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
areas (Table 3; Eero 2004; Heikinheimo
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et al. 2006; Vainikka & Hyvärinen 2012).
In Galtfjärden, where the great cormorant
predation seemed to add to the pressure
on the heavily fished pikeperch and perch
populations (Paper IV; Östman et al. 2013;
Salmi et al. 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 IV). During
the study period there were several
warm summers yielding to strong yearclasses 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 Ivarskärsfjärden (paper III). However,
a declining trend in the pikeperch year-class
strength was observed in Galtfjärden. 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
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no adverse changes were observed in
the benthic fish species. On the contrary,
fourhorn
sculpin
Myoxocephalus
quadricornis was abundant and in
Galtfjärden (Fig. 6; paper III). However,
the large fluctuations and increasing trend
in abundance in Galtfjärden 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 Ivarskärsfjärden was
clearly lower compared to Galtfjärden,
and consisted mainly of ruffe, gobids and
eelpout (papers I, II & III; unpublished,
Noora Mustamäki). 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; Möllmann 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 bottomup 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 Galtfjärden
possibly also perch (paper III) 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 (Bonsdorff et al. 1997; Ådjers 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
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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; Möllmann et
al. 2015; HELCOM 2013).
The declines in pikeperch abundance (papers
III & IV) and high mortalities (paper IV)
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 IV; Heikinheimo et al. 2006;
Vainikka & Hyvärinen 2012). Pikeperch
fishing already is more strictly regulated
in Åland 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 Ivarskärsfjärden compared
to Galtfjärden.
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; Möllmann 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 shortterm 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 III; Scheffer & Carpenter 2003;
Casini et al. 2008; Eriksson et al. 2009;
Möllmann 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;
Möllmann 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 (Möllmann 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 IV; Snickars et al. 2010; Kallasvuo
et al. 2011; Sundblad & Bergström 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
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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 Sandström and
Karås (2002). It seems that the youngof-the-year fish were either specifically
preferred by perch and pikeperch, or
simply very easily available. These
findings suggest that not only the youngof-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 youngof-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 & Björklund 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
(Björkblom et al. 2013) and infections
(Ström-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 II & IV)
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; Sandström
& Karås 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 IV;
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
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study illustrate that because of the seasonal
variation, developing such models for the
fish assemblage of the Baltic Sea (Vahteri
et al. 2009; Bergström 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 largescale 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;
Bergström 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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We studied seasonal and small-scale spatial variation in ﬁsh assemblage structure in the northern Baltic Proper archipelago. The study was conducted in a shallow coastal basin during three consecutive production-seasons. The structure of the ﬁsh assemblage changes signiﬁcantly seasonally, from early summer (May – June) to late summer (August– September), and spatially over short distances (ca. 500 m) and small depth intervals
(ca. 5 m) in an area without physical barriers. The magnitude of the seasonal variation was depth zone-speciﬁc, indicating that seasonal patterns
from a given depth zone cannot be directly extrapolated to adjacent ones, let alone to a whole water body. In early summer, the adult ﬁsh displayed
spawning aggregations, and their abundance was highest closest to the shoreline. In late summer, the adult ﬁsh were more evenly distributed and
the assemblage was dominated by high abundances of juvenile ﬁsh. The results underline the importance of including several spatial and temporal
scales into studies on ﬁsh distribution. The resulting patterns from such studies may appear idiosyncratic unless the nature and magnitude of seasonal variation and small-scale depth zone distribution are taken into account.
Keywords: archipelago, Baltic Sea, depth zone, ﬁsh community, habitat, littoral, seasonality.

Introduction
The trend towards integrated ecosystem-based management of
natural resources (Ellis et al., 2011; Guidetti et al., 2014;
Möllmann et al., 2014) has increased the need to describe, explain,
and predict the dynamics of ﬁsh communities in space and time
(Moore et al., 2010; Bergström et al., 2013; Sangil et al., 2013).
However, spatio-temporal variation in the structure of entire ﬁsh
assemblages is poorly understood at seasonal short-term and local
spatial scales. Fish distribution is often described on region-wide
spatial scales (Vahteri et al., 2009; Bergström et al., 2013; Guidetti
et al., 2014) and over time-scales of years or decades (Mustamäki
et al., 2014a; Möllmann et al., 2014), but the large-scale patterns
will often appear idiosyncratic without proper knowledge of the
underlying small-scale variation. Without understanding how the
structure of ﬁsh assemblages varies at seasonal and local scales,
efforts to attribute large spatial and temporal changes in ﬁsh communities to anthropogenic causes may not be efﬁcient.
Although there are obvious species-speciﬁc preferences among
ﬁsh for certain types of habitat (Moore, 2010; Bergström et al.,
# International

2013; Schultz et al., 2014; Snickars et al., 2014), ﬁsh are by character
highly mobile and dynamic. Most types of regular ﬁsh movement
events, such as larval dispersal (Hinrichsen et al., 2012; Able,
2005; Cowen and Sponaugle, 2009; Sheaves et al., 2014), ontogenetic
habitat shifts (MacPherson 1998; Mustamäki et al., 2014b), spawning migrations (Pihl et al., 2002; Jung and Houde, 2003; Neuenfeldt
et al., 2013), and feeding migrations (Methven et al., 2001; Peltonen
et al., 2004), take place at local scales, among adjacent habitats
(Deegan, 1993; Pihl et al., 2002; Able, 2005; Elliot et al., 2007).
These movements are difﬁcult to tell apart from the annual variation
in the abundance of young-of-the-year ﬁsh (Hinrichsen et al., 2012;
Axenrot and Hansson, 2004), year-class strength ﬂuctuations in
adult ﬁsh (Mustamäki et al., 2014a), long-term trends in ﬁsh communities (Olsson et al., 2012; Möllmann et al., 2014; Mustamäki
et al., 2014a; Snickars et al., 2015), as well as patterns of predation,
competition, growth, and survival (Hixon et al., 2012).
Fish populations in the temperate region display seasonal variation due to annual migrations and spawning events (Methven
et al., 2001; Jung and Houde, 2003; Axenrot and Hansson, 2004).
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Depth is generally the most important single factor that shapes
underwater habitats (Rinne et al., 2011; Chappuis et al., 2014) and
thereby also the structure of the ﬁsh communities (Pihl and
Wennhage, 2002; Malek et al., 2014; Schultz et al., 2014). The horizontal distribution of ﬁsh has been associated with topography, substrate type, and/or macrophyte vegetation (Anderson et al., 2009;
Snickars et al., 2009; Vahteri et al., 2009; Sangil et al., 2013). In the
littoral areas of the Baltic Sea, a handful of studies have addressed
variation in the structure of the whole ﬁsh assemblage, either
among seasons or among depth zones (Nellbring, 1985; Axenrot
and Hansson, 2004; Olsson et al., 2012; Snickars et al., 2014).
However, both types of variation have not been addressed together,
and rather few such studies are published from other shallow littoral
marine areas (Letourneur et al., 2001; Methven et al., 2001). Vahteri
et al. (2009) have previously described the role of the archipelago
zone, and Snickars et al. (2009) the role of the habitat isolationexposure gradient to the structure of ﬁsh communities, whereas
Bergström et al. (2013) have constructed large-scale ﬁsh distribution
models for the archipelago habitats in the northern Baltic Proper.
This study describes variation in the seasonal depth zone distribution in the ﬁsh assemblage of a coastal basin in the archipelago of
the northern Baltic Proper. We monitored the structure of the ﬁsh
assemblage in relation to seasonal and spatial gradients of biotic
and abiotic habitat characteristics in a semi-enclosed brackish
water embayment during three consecutive ice-free productionseasons in 2008–2010. The purpose of this paper is to demonstrate
the importance of understanding seasonal and local variation when
interpreting larger-scale trends in ﬁsh communities. We wanted to
ﬁnd out (i) whether there are signiﬁcant seasonal changes in species
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composition of ﬁsh assemblages among the habitats studied and (ii)
which environmental variables that are mainly associated with the
spatial variation and/or temporal changes observed.

Material and methods
Study sites
Because of the northern latitudes, the Baltic Sea region is subjected
to seasonal changes in light and temperature, which lead to annually
cyclic variation in the biota (Hinrichsen et al., 2012; Scheinin and
Mattila, 2010; Holliland et al., 2012). In the archipelago of the northern Baltic Proper, islands create an underwater environment characterized by shallow water, a variety of substrate types and highly
variable exposure to wind and waves (Bekkby et al., 2008). These features shape the macrophyte (Rinne et al., 2011), plankton (Scheinin
and Mattila, 2010; Scheinin et al., 2013), and zoobenthos (Aarnio
et al., 2011; Törnroos et al., 2013) communities creating a mosaic
of littoral habitats for ﬁsh (Snickars et al., 2009; Vahteri et al.,
2009). The majority of the ﬁsh species common in the archipelago
spawn in shallow water in spring (Kääriä et al., 1997; Shpilev et al.,
2005; Snickars et al., 2009, 2010).
This study was conducted in Lumparn (60807′ N 20807′ E); a
semi-isolated basin located in the southeastern Åland Islands
(Finland) in the Archipelago Sea region of the northern Baltic
Proper (Figure 1). The total area of the basin is 100 km2 and it
is connected to the surrounding sea through narrow straits in the
north and south. The seabed descends from the shorelines
towards a central plane at 20 m. The basin can be divided according
to water depth into three principal, structurally distinctive depth

Figure 1. The studied locations in the Lumparn basin (60807′ N 20807′ E) in the Åland Islands, northern Baltic proper. Each littoral location was
further divided into “shallow littoral” (0 – 3 m) and “deep littoral” (5– 8 m) study site, resulting in seven study sites in total.
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zones: the “shallow littoral”, the “deep littoral”, and the “benthopelagic (BP)”. The macrophyte communities of Lumparn form
species-rich and structurally complex shallow littoral habitats regularly down to 3-m depth. In the deep littoral depth zone below, the
number of resident macrophytes drops until the depth limit for all
macrophyte life is reached at the depth of 8 m (Scheinin and
Söderström, 2005). The BP habitat consists of the macrophyte-free
bottoms and the water column above.
Three littoral locations differing in their topography and bottom
substrate were chosen to cover variation in the inshore environments of the whole basin. At the northern (NL) and southern (SL)
littoral locations, shores of gravel (at the NL) and sand (at the SL)
slope gently towards the open basin. At the western littoral location
(WL), the rocky bottom slopes steeper towards the centre of the
basin. All littoral locations were sheltered [depth attenuated exposure according to Bekkby et al. (2008)]. Each littoral location
was further divided into two study sites to represent the “shallow
littoral” depth zone (0 –3 m) and the “deep littoral” depth zone
(5– 8 m). A sampling area (1.5 × 2 km) with the total depth
varying between 17 and 22 m represented the BP depth zone. On
the whole, our study comprises seven different study sites: the NL
shallow (NL/s), the NL deep (NL/d), the WL shallow (WL/s),
the WL deep (WL/d), the SL shallow (SL/s), the SL deep (SL/d),
and the BP (Figure 1).

Fish data
The ﬁshing was conducted in May–June and August–September in
2008–2010 with Nordic multi-mesh gillnets. One Nordic gillnet is
30 m long and 1.5 m high and consists of 12 panels, each with a different mesh size (5, 6.25, 8, 10, 12.5, 15.5, 19, 24, 29, 35, 43, and
55 mm bar length; Appelberg et al., 1995). The nets were soaked
from 6 –7 p.m. until 6 –7 a.m. The number of gillnets used in each
depth zone was related to the depth of the water column as described
below. Gillnet is a passive gear, and the catchability varies according
to ﬁsh size and species and ﬁsh mobility (Appelberg et al., 1995; Olin
et al., 2009). Therefore, the catch obtained is not a mirror image of
the ﬁsh community, but a sample of the ﬁsh assemblage catchable
with the type of gillnet selected. However, subsamples obtained by
ﬁshing with the same gear, on same sampling points and at the
same time each year ought to reﬂect patterns in the community
structure.
In the shallow littoral study sites (NL/s, WL/s, and SL/s), one
bottom-set-net was placed parallel with the shoreline at ca. 1.5-m
depth and another perpendicular to the shoreline, starting at ca.
1.5-m depth. The mean catch of the two nets was used as a replicate.
Four such replicates were taken in each shallow littoral study site
during both May – June and August–September in 2009/2010, in
total 96 net nights. In the deep littoral study sites (NL/d, WL/d,
and SL/d), one bottom set-net was placed parallel to the shoreline
at 5– 6-m depth, another at a right angle to the shoreline starting
at 5 –6-m depth. Additionally, one surface net was placed next to
the bottom set-nets so that it could freely turn with the wind. The
mean catch of the three nets was used as a replicate. Four such replicates were taken during both May–June and August –September in
2009/2010, in total 144 net nights. In the BP study site, sets of ﬁve
nets were used to cover the whole water column. One of the nets
was set on the surface. Three midwater nets were suspended from
ﬂoats to the depths of 5, 10, and 15 m, and one net was set to the
bottom. The mean catch of the ﬁve nets was used as a replicate.
Twelve such replicates were taken both during May – June and

during August– September in 2008 and six replicates during
August–September in 2009/2010, in total 180 net nights.
Each individual ﬁsh was identiﬁed to species, measured to the
nearest 1 mm in total length (LT) and weighed to the nearest 0.1 g
in total weight (WT). The proportion of ﬁsh ripe for spawning
was noted. The catch per unit effort (cpue), average number of
ﬁsh per gillnet, was calculated for each species. For Baltic herring,
separate cpue values were calculated for small/juvenile and large/
adult ﬁsh; individuals shorter than 9 cm were classiﬁed as “small”
(most of them young-of-the-year, YOY, based on the length distribution and observations during the experimental ﬁshing). For
other species, this was not considered necessary as very few juveniles
were caught.

Environmental data
Several biotic and abiotic factors were measured to describe and
characterize the conditions and resources available for ﬁsh in the
study sites.
Water and zooplankton were sampled monthly from May to
September in the middle of each study site in 2008–2010. In May
and August, the sampling was performed immediately before and
in June and September immediately after each ﬁsh sampling
period. The total water depth in the respective sampling points
was 2 m for each of the shallow littoral study sites, 5 m for each of
the deep littoral study sites, and 19 m for the BP study site. Secchi
depth (m) was controlled at each sampling point. Chlorophyll a
(mg l21), temperature (8C), salinity, pH, total nitrogen (mg l21),
total phosphorus (mg l21), turbidity (NTU), and oxygen content
(%) were measured at 1 m above the sediment surface at all study
sites and at 1 m depth in the deep littoral study sites and the BP
study site.
For zooplankton, the whole water column was covered by subsamples taken at even distances with sampling a Limnos (V ¼ 2.7 l)
sampler, starting from the surface. Three parallel sets of subsamples
were taken in each sampling point and pooled into one replicate.
The total volume of the samples was 27 l for both shallow and deep
littoral study sites and 54 l for the BP study site. The collected water
was ﬁltered through a 50-mm plankton mesh and preserved in unbuffered 5 vol % formaldehyde solution. The zooplankton fauna were
determined to the lowest possible taxonomical level, different ontogenetic stages were identiﬁed, and the abundances (individuals,
n l21) of the different species/life stages were calculated. The abundances were converted to biomasses (mg l21 wet weight) as in
Scheinin and Mattila (2010). The species were grouped into cladocerans, ciliates, bay barnacle nauplii/cypris (Amphibalanus improvisus),
copepods, larvae of bivalves/gastropods/polychaetes, and rotifers.
For each water variable and zooplankton group biomass, the seasonal
means from each study site were used as replicates in the statistical
analyses (mean of the May and June measurements to represent
early summer and mean of the August and September measurements
to represent late summer).
Macrophytes and the bottom substrate were studied in August
2008 and 2009. Each shallow littoral study site was studied by snorkelling along 25– 100 m transects reaching from the shore to 3-m
depth. The per cent coverage of each macrophyte species and different substrate types (sand, rock, stones, boulders, gravel, silt, clay)
were determined visually within 1 m2 squares, at 5 m intervals
along the transects. Additionally, the average height of the dominant
macrophytes and water depth were measured to calculate the threedimensional coverage (% of the water column) of macrophytes as
in Scheinin et al. (2013). In the deep littoral study sites, the
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macrophytes were sampled with a Luther rake as in Munsterhjelm
(2005). The macrophytes were identiﬁed to the species level and
grouped into ﬁlamentous algae, drifting algae and epiphytes, bladderwrack, charophytes, pondweeds, common reed, other algae, and
other vascular plants. The substrate type in the deep littoral and BP
study sites was estimated from samples taken with an Ekman grab
sampler (% in the sample). For each littoral study site, the means
of the coverage of each macrophyte group, three-dimensional
macrophyte coverages and substrate type percentages in the transect
squares for each shallow littoral study site were used as replicates in
the statistical analyses. For each deep littoral and BP study sites, the
means of the substrate type percentages in the Ekman grab samples
were used as replicates in the statistical analyses.
Zoobenthos was sampled with an Ekman grab sampler
(298 cm2) in August 2009. A set of ten samples was taken within
each study site. The samples were sieved through a 500-mm sieve
and preserved in 70% EtOH at 48C until analysis. The fauna were
identiﬁed to the lowest possible taxonomical level, counted (n),
and weighted wet at 0.01 g accuracy. The abundance and biomass
per m2 were calculated for each species. The fauna were grouped
into bivalves, snails, chironomids, isopods, polychaetes, and other
fauna. In the statistical analyses, the mean biomasses of each
group of taxa for each study site were used as replicates.

Statistical analyses
For the total abundance of ﬁsh (total cpue), difference among the
depth zones (ﬁxed factor) and study sites (random factor, nested
in depth zone) was analysed for the ln-transformed values with
nested ANOVA and Bonferroni post hoc test. ANOVA was run separately for early summer and late summer samples, as the data
were not suitable for a parametric two-way analysis. The analyses
were performed with IBM SPSS Statistics 21. Length distributions
(LT) of perch, roach, and white bream among the study sites were

compared with Kruskall –Wallis test and Dunn’s post hoc test. The
analyses were performed with GraphPad Prism 5.
Principal component analysis (PCA) with Euclidean distance
was used to describe variation among the study sites in terms of
the environmental conditions. The variables used as environmental
factors in the multivariate analyses are listed in Table 1. The coverage
percentage variables were square-rooted and all variables were normalized. Non-parametric multidimensional scaling (nMDS) was
used to give a graphical presentation of the ﬁsh species abundances.
The ﬁsh species cpue data were square-rooted, a Bray –Curtis
dissimilarity matrix was constructed, and the matrix was subjected
to the nMDS procedure. In this analysis, a stress level of less than 0.20
gives a satisfactory representation (Clarke, 1993). Permutational
multivariate analysis of variance PERMANOVA (Anderson, 2001)
was used to analyse differences in the ﬁsh species abundances
among depth zones (ﬁxed factor), seasons (ﬁxed factor), and
study sites (nested in depth zone). The environmental variables
which best explained the variation in the ﬁsh species abundances
were identiﬁed with the distance-based linear model (DistLM), a
non-parametric multivariate regression analysis that performs a
distance-based analysis on a linear model for a resemblance
matrix (Anderson et al., 2008). A DistLM analysis with forward regression and selection based on the Aikaike information criterion
for ﬁnite samples AICc (Cavanaugh, 1997) was performed with
the ﬁsh abundance matrix and the normalized environmental
factors, and the results were illustrated with a distance-based redundancy analysis (dbRDA) plot. The analyses were performed in
PRIMER 6 with the PERMANOVA + add-on program package
(Clarke, 1993; Anderson, 2001; Anderson et al., 2008).
All the analyses were performed also with the ﬁsh species biomasses per unit effort and with the small Baltic herrings excluded,
and separately for each depth zone and season with the appropriate
environmental factors, but the results were essentially similar and
therefore not reported.

Table 1. The environmental variables used in the DistLM and the Principal component ordination (PCO).

Waterb

Zooplankton biomass (mg l21)b
Macrophyte coverage (%)c
Substrate coverage (%)c
Zoobenthos biomass (g m22)

Variablea
Depth
Season
Total phosphorus (mg l21)
Temperature (8C)
Turbidity (NTU)
Chl a d, Secchi depth, temperatured, total nitrogend, pH, salinity
Cladocerans
Rotifersd, bay barnacle nauplii/cyprisd, copepods, ciliates, larvae of bivalves/gastropods/polychaetes
Three-dimensional total macrophyte coverage
filamentous algae, bladderwrackd, drifting/epiphytes, common reed, charophytes, pondweedsd
Sand
Gravel
Silt, clayd, stonesd, bouldersd, rock
Bivalves
Snails, chironomidsd, isopodsd, polychaetes, oligochaetes

R 2 Pseudo-F
0.22 39.2***
0.18 30.7***
0.01 4.5***
0.02 3.8**
0.01 2.6**
0.03

8.6***

0.13 34.3***
0.03
0.02

8.6***
4.8***

0.01

3.8***

For the variables included in the DistLM (selection criterion AICc, forward regression, R2 ¼ 0.62), the R2 and pseudo-F values are given. The dbRDA-axes are
illustrated in Figure 5 and the PCO in Figure 2.
a
All variables were normalized for the DistLM and PCO analyses.
b
Seasonal means ¼ means of May–June and August–September measurements. The surface water values of temperature, phosphorus, nitrogen, salinity, pH,
and oxygen from the deep littoral and BP habitat types were excluded from all analyses due to collinearity.
c
Square-root-transformed for the DistLM and PCO analyses.
d
Excluded due to collinearity.
**p , 0.01.
***p , 0.001.
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Results
Spatial structure and seasonal variation in the ﬁsh
assemblage
In total, 26 ﬁsh species were encountered. Baltic herring (Clupea harengus var. membras) was most abundant, followed by perch (Perca
ﬂuviatilis), roach (Rutilus rutilus), and bleak (Alburnus alburnus).
Perch dominated the catch in terms of biomass, followed by roach
and Baltic herring (Table 2, Figure 2). Perch, roach, bleak, and sticklebacks favoured the shallow waters. Ruffe (Gymnocephalus cernua) was
most abundant in the deep littoral, whereas pikeperch favoured the
deep littoral and BP areas. The populations of perch, roach, and
white bream were size-distributed; the mean LT was for all species
highest in the BP depth zone and for roach and white bream lowest
in the shallow littoral depth zone, whereas for perch there was no difference between the shallow and the deep littoral depth zones
(Kruskall–Wallis test, ngroups ¼ 7; perch, 75.9, p , 0.001; roach,
1277.0, p , 0.001; white bream, 69.6, p , 0.001; Figure 3).
In early summer, the total cpue of ﬁsh was highest in the shallow
littoral depth zone and there highest at the WL/s study site, and
lowest in the BP depth zone (ANOVA: zone, F2,3.9 ¼ 45.3, p ,
0.01; study site nested in zone, F4,50 ¼ 3.9, p , 0.01). In early
summer, the majority of perch, roach, ruffe, and Baltic herring
and all the three-spined sticklebacks (Gasterosteus aculeatus)
caught were ripe for spawning and the three-spined stickleback
males displayed spawning colours. The ripe perch and Baltic
herring were aggregated to the shallow littoral depth zone,
whereas the ruffe was aggregates in the deep littoral depth zone.
The three-spined stickleback was most abundant at the WL/s and
NL/s study sites, whereas smelt (Osmerus eperlanus) and lesser

sandeel (Ammodytes tobianus) were most abundant at the SL/s
and SL/d study sites.
In late summer, no statistically signiﬁcant differences the total
cpue among depth zones or study sites were observed (ANOVA,
n.s.). In late summer, the ﬁsh assemblages at all study sites were
dominated by the YOY Baltic herring, whereas the adult ﬁsh were
more evenly distributed among study sites and depth zones than
in early summer. Baltic herring was the only species in which individuals ripe for spawning were encountered in late summer. The
YOY of Baltic herring were encountered in all study sites, whereas
the YOY/juvenile individuals (,10 cm LT) of perch, roach, and
white bream (Blicca bjoerkna) were only encountered in the
shallow littoral depth zone (Figure 2).
In the MDS ordination (Figure 4), the early summer aggregation
of adult ﬁsh in the shallow and deep littoral study sites and the high
late summer cpue of small Baltic herring in all study sites were illustrated by a tight clustering of the early summer samples and more
dispersal in the late summer samples. In the PERMANOVA results
(Table 3), a signiﬁcant season–study site interaction indicated
that the site speciﬁc decreases and increases in species cpue valued
were statistically signiﬁcant.

Spatial and seasonal characteristics of the ﬁsh depth zones,
resources, and physical environment
The PCA grouped samples from the same depth zone close together
on the PC1-axis (which explained 40.9% of variation in the environmental data), indicating similar environmental conditions within
the depth zones (Table 1, Figure. 5). On the PC2-axis (which
explained 16.3% of the variation in the environmental data), the

Table 2. The grand-total gillnet ﬁshing catch in Lumparn 2008 – 2010, number (n), and biomass (g) per species.
Species
Baltic herring
“Large” (≥9 cm)
“Small” (,9 cm)
Eurasian perch
Roach
Bleak
Three-spined stickleback
Ruffe
Smelt
White bream
Pikeperch
Lesser sandeel
Sprat
Common goby
Ten-spined stickleback
Bream
Pike
Greater sandeel
Brown trout
Whiteﬁsh
Sandgoby
Vendace
Straightnosed pipeﬁsh
Common minnow
Common rudd
European bullhead
Fourhorn sculpin
Viviparous blenny
Total

Scientiﬁc name
Clupea harengus var, membras

Perca ﬂuviatilis
Rutilus rutilus
Alburnus alburnus
Gasterosteus aculeatus aculeatus
Gymnocephalus cernua
Osmerus eperlanus
Blicca bjoerkna
Sander lucioperca
Ammodytes tobianus
Sprattus sprattus
Pomatoschistus microps
Pungitius pungitius
Abramis brama
Esox lucius
Hyperoplus lanceolatus
Salmo trutta
Coregonus lavaretus
Pomatoschistus minutus
Coregonus albula
Nerophis ophidion
Phoxinus phoxinus
Scardinius erythrophthalmus
Cottus gobio
Myoxocephalus quadricornis
Zoarces viviparous

n
14 943
2563
12 380
3861
2793
1783
1644
1172
534
212
188
109
90
32
32
27
14
10
5
5
3
3
2
1
1
1
1
1
27 467

Biomass (g)
75 189
52 024
23 165
243 722
134 907
11 970
3102
25 852
534
8252
21 833
630
632
37
42
9758
21 556
172
1857
2343
5
165
4
4
32
4
120
4
562 726
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Figure 4. nMDS on the square-rooted species cpue (n/gillnet) in the study sites for early summer (May– June) and late summer (August–
September).

Table 3. Results of the non-parametric permutational multivariate analysis of variance PERMANOVA.

Figure 2. The ﬁsh species cpue (n/gillnet) in the study sites for early summer (May – June) and late summer (August– September). The column
height equals to the total cpue. Other ﬁsh ¼ species with total n , 100 (Table 2).
shallow littoral study sites were separated from each other,
whereas the deep littoral study sites clustered together indicating
larger spatial variation within the shallow littoral depth zone.
Additionally, within each depth zone, the samples from May–
June and August–September were separated from each other.
Temperature, Secchi depth, chlorophyll a, nutrients, salinity, and
zooplankton displayed a clear seasonality, but only minor differences among the study sites. Temperature, zooplankton density,
and zooplankton biomass peaked in late summer. The concentrations of total phosphorus, total nitrogen, and chlorophyll a
increased from May to September, whereas the Secchi depth and salinity decreased. At 18-m depth in the BP study site, the total phosphorus peaked in late summer, which coincided with a reduction in
the concentrations of dissolved oxygen. No clear temperature stratiﬁcation was observed.
The substrate type, macrophytes, and zoobenthos varied mainly
among the depth zones, and there was more variation within the
shallow littoral depth zone than within the deep littoral depth
zone. The substrate in all the shorelines consisted of cliff, boulders,
gravel, silt, and sand which with increasing depth gradually changed
into glacial clay. Only the WL/s study site had any rocky substrates,
whereas the SL/s and SL/d were sandier compared with the other
study sites. From the depth of 5– 10 m onwards, the bottom substrate consisted mainly of clay, and clay was the only substrate
type encountered in the BP study site. The zoobenthos was characterized by the Baltic clam Macoma balthica in deeper areas and

Factor
Habitat type (ﬁxed)
Season (ﬁxed)
Study site (nested in habitat type)
Interaction habitat type × season
Interaction study site × season

Levels
3 (shallow littoral, deep littoral ,and BP)
2 (May –June and August–September)
7 (NL/s, NL/d, WL/s, WL/d, SL/s, SL/d, and BP)

d.f.
2126
1126
4126
2126
4126

Pseudo-F
8.6***
4.2*
5.8***
2.0
3.5***

*p , 0.05.
***p , 0.001.

Figure 3. Length distribution (LT, cm) of perch, roach, and white bream
in the shallow littoral, deep littoral, and BP depth zones. Within species,
the distributions sharing the same letter are not statistically different on
p ¼ 0.05 level with the Kruskall–Wallis test and the Dunn’s post hoc test.
especially in clay substrate, and mudsnails Hydrobia spp in
the shallow areas. On all shorelines, common reed (Phragmites
australis) covered the soft bottoms down to ca. 2 m depth, where

pondweeds (Potamogeton spp. and Stuckenia pectinata) took over.
The hard substrates were typically covered by bladderwrack (Fucus
vesiculosus) and ﬁlamentous algae. Of the three shallowest study
sites, macrophytes formed densest and highest beds and had the
highest species diversity in the WL/s. In contrast, macrophytes
grew sparsest, were shortest, and had lowest species diversity in
the SL/s. Attached macrophytes were entirely missing from each
of the deep littoral study sites as well as from the BP.
The DistLM analysis identiﬁed nine environmental variables that
signiﬁcantly explained the variance in the ﬁsh cpue data, although
only depth zone, season, and three-dimensional macrophyte coverage contributed considerably to the R 2 which was 0.60 for the model
(Table 1, Figure 6).

Discussion
This study illustrates that in a basin with no internal physical barriers, the structure (species composition and abundance) of the
ﬁsh assemblage can vary signiﬁcantly over a distance of a few
hundred metres corresponding to 5 –20 m variation in total

depth, depending on the time of the season (early summer vs. late
summer). 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; Sangil
et al., 2013) and provide the ﬁrst description of the seasonality of
such patterns for a coastal Baltic Sea environment.
In early summer, the species abundances and the presence of ripe
individuals indicated spawning aggregations. Perch (Snickars et al.,
2010) and Baltic herring (Kääriä et al., 1997) use the shallow littoral
depth zone for spawning, whereas the spawning of ruffe was conﬁned to the deep littoral depth zone. The three-spined stickleback
favour shallow littoral areas for spawning (Nellbring, 1985;
Snickars et al., 2009) and was in this study mainly encountered on
the densely vegetated western and northern shorelines. Also smelt
(Shpilev et al., 2005) and lesser sandeel (Bonislawska et al., 2014)
spawn in shallow water in spring, and ripe individuals of both
species were encountered on the sandy southern shore (SL/s and
SL/d). In late summer, the species aggregation was weaker and the
adult ﬁsh were more evenly distributed. The adult individuals of
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Figure 5. PCA of the normalized environmental variables for the study sites in early summer (May – June) and late summer (August– September).

many species were less abundant or nearly absent in late summer,
suggesting post-spawning migration out of the main basin of
Lumparn. To get a proper overall understanding of the seasonal dynamics in use of different environments/habitats by different ﬁsh
species, further studies should clarify the possible connectivity of
the ﬁsh assemblage in the basin with the adjacent bays and the surrounding sea areas (Deegan, 1993; Able, 2005; Sheaves et al., 2014).
In late summer, the Baltic herring YOY favoured the sandy southern shoreline (SL/s and SL/d), suggesting its importance as a
nursery area (Pihl et al., 2002; Axenrot and Hansson, 2004).
According to Kääriä et al. (1997), the Baltic herring in this region
mainly spawns in vegetated hard bottoms located near deep areas,
indicating that there are plenty of potential spawning grounds in
the Lumparn basin. Single adult Baltic herrings ripe for spawning
were observed also in late summer. In addition, juvenile Baltic herrings that were considered too small (,7 cm) to have been born in
early summer of the previous year were occasionally caught in
spring. These observations indicate that there might, in addition
to the larger spring-breeding Baltic herring population (Kääriä
et al., 1997), be autumn breeding individuals (McQuinn, 1997) in
the study area.
The aggregation of small/juvenile individuals into the shallow
littoral depth zone indicates that at least perch, roach, and white
bream underwent an ontogenetic habitat shift after the juvenile
stage (MacPherson, 1998). Also the increasing trend in the size of
the adult individuals towards deeper areas may be due to habitat
shifts; the diet of adult perch gradually changes with the size of
the individual (Mustamäki et al., 2014b) and therefore they could
also be expected to change foraging areas. However, the adult ﬁsh

size distribution and differences in abundance may also be a result
of differences in growth, competition, predation, and survival in
the different depth zones (Hixon et al., 2012).
The seasonal and spatial variation in the environmental data and
the species compositions of the zooplankton (Scheinin and Mattila,
2010; Holliland et al., 2012), macrophyte (Rinne et al., 2011), and
zoobenthos (Aarnio et al., 2011; Törnroos et al., 2013) assemblages
were typical for the northern Baltic Sea coastal areas. The waters of
the basin seemed to be effectively mixed throughout the summer
and no hypoxia was observed, although it is known to occur in
the Lumparn basin occasionally. Depth zone was the most important spatial factor structuring the environmental conditions for ﬁsh,
and the seasonal variation in the environmental conditions affected
the whole system. Within the depth zones, the variation in the ﬁsh
assemblage was further modiﬁed by the conditions deﬁned by
macrophytes, substrate, and benthic food resources.
This, to our knowledge, is the ﬁrst description on depth zonespeciﬁc seasonal variation in the ﬁsh assemblage structure from the
Baltic Sea. Reports by Methven et al. (2001) from Newfoundland
and by Letourneur et al. (2001) from the Mediterranean indicate existence of similar regionally characteristic patterns in other coastal
areas. Our 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. Some species may be completely missed by
sampling within one season or depth zone only. Also the abundances
of the encountered species may lead to misinterpretations of the commonness of the species in the area or habitat and the signiﬁcance of

Figure 6. The dbRDA plot based on the results of the DistLM of ﬁsh species cpue. The vectors illustrate correlations between the original
environmental variables and the dbRDA-axes.
the habitat for the species. Although protecting particular habitats/
areas which are known to be valuable as spawning or nursery areas
certainly is of crucial importance (Snickars et al., 2009, 2010), protecting them only may not yield any results in protecting a species if for
instance central feeding grounds are destroyed or too heavily ﬁshed.
The whole range of habitats that each species uses throughout its
life cycle and seasonally should be clariﬁed to plan effective management in the marine environment where the ﬁsh movement is not
restricted by physical barriers (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.

Supplementary data
Supplementary material is available at the ICES online version of
the manuscript.
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Mustamäki, N., Cederberg, T., and Mattila, J. 2014b. Diet, stable isotopes and morphology of Eurasian perch (Perca ﬂuviatilis) in littoral
and pelagic habitats in the northern Baltic Proper. Environmental
Biology of Fishes, 97: 675 – 689.
Nellbring, S. 1985. Abundance, biomass and seasonal variation of ﬁsh
on shallow soft bottoms in the Askö area, northern Baltic proper.
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Husö Biological Station, 112. 61 pp. (In Swedish).
Schultz, A. L., Malcolm, H. A., Bucher, D. J., and Smith, S. D. A. 2014.
Depth and medium-scale spatial processes inﬂuence ﬁsh assemblage
structure of unconsolidated habitats in a subtropical marine park.
PLoS One. doi:10.1371/journal.pone.0096798.
Sheaves, M., Baker, R., Nagelkerken, I., and Connolly, R. M. 2014. True
value of estuarine and coastal nurseries for ﬁsh: incorporating complexity and dynamics. Estuaries and Coasts. doi:10.1007/s12237–
014– 9846-x.
Snickars, M., Gullström, M., Sundblad, G., Bergström, U., Downie,
A-L., Lindegarth, M., and Mattila, J. 2014. Species– environment
relationships and potential for distribution modelling in coastal
waters. Journal of Sea Research, 85: 116 – 125.
Snickars, M., Sandström, A., Lappalainen, A., Mattila, J., Rosqvist, K.,
and Urho, L. 2009. Fish assemblages in coastal lagoons in land-uplift

Page 11 of 11
succession: the relative importance of local and regional environmental gradients. Estuarine, Coastal and Shelf Science, 81: 247 – 256.
Snickars, M., Sundblad, G., Sandström, A., Ljunggren, L., Bergström,
U., Johansson, G., and Mattila, J. 2010. Habitat selectivity of
substrate spawning ﬁsh - modelling requirements of the Eurasian
perch, Perca ﬂuviatilis. Marine Ecology Progress Series, 398:
235– 243.
Snickars, M., Weigel, B., and Bonsdorff, E. 2015. Impact of eutrophication and climate change on ﬁsh and zoobenthos in coastal waters of
the Baltic Sea. Marine Biology, 162: 141– 151.
Shpilev, H., Ojaveer, E., and Lankov, A. 2005. Smelt (Osmerus eperlanus
L.) in the Baltic Sea. Proceedings of the Estonian Academy of
Sciences, Biology and Ecology, 54: 230 – 241.
Törnroos, A., Nordström, M. C., and Bonsdorff, E. 2013. Coastal habitats as surrogates for taxonomic, functional and trophic structures
of benthic faunal communities. PLoS One, 8: e78910.
Vahteri, P., O’Brien, K., and Vuorinen, I. 2009. Zonation and spatial
distribution of littoral ﬁsh communities from the southwestern
Finnish coast (Archipelago and Bothnian Sea, Northern Baltic
Sea). Estuarine, Coastal and Shelf Science, 82: 35 – 40.

Handling editor: Jonathan Grabowski

Supplementary material

B. Zooplankton

Mustamäki N., Jokinen H., Scheinin M., Bonsdorff E. and Mattila J.

Zooplankton

Seasonal small-scale variation of depth distribution in a coastal Baltic Sea fish

700

600

assemblage.

600

500

Copepods

300
300

300

100

25

250

0

20

200

Surface water, 1 m

Chlorophyll a, μg/l
Total phosphorus, μg/l

Cladocerans
Rotifers
Larvae of bivalvs,
gastropods and polychaets

100

Ciliata spp

0

Balanus improvisus
nauplii/cypris
Zooplankton total density

Month

Turbidity, NTU
Temperature, C°
Total nitrogen, μg/l
Oxygen, %

September

August

July

June

0
May

0
September

50

August

5

July

100

June

10

O2, N

150

15

Secchi depth, m

September

30

200

August

200

July

350

May

35

May

Secchi, Chl a, P, NTU, T

Water measurements

400

June

Biomass μg/l

A. Water

400

Density, n/l

500

Deep water, 18 m
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Figure B1. Seasonality in the zooplankton community in the Lumparn basin from May to September in
-1
-1
2008–2010. Biomass, μg l , of the zooplankton groups of taxa and the total density, n l , of
zooplankton. The values are the means of the the seven study sites (NL/s, NL/d, WL/s, WL/d, SL/s,
SL/d and BP).

Group of taxa
Bay barnacle nauplii/cypris
Ciliates
Planktic larvae of bivalves, gastropods
and polychaetes

Rotifers

Cladocerans

Copepods
(nauplii, juveniles and adults)

Family/species
Amphibalanus improvises
Ciliata spp
Bivalvia spp
Gastropoda spp
Polychaeta spp
Cephalodella sp.
Collotheca sp.
Euchlanis sp.
Filinia longiseta
Keratella cochlearis, K. crucif. f. eichwaldi, K.
quadrata
Lecane sp.
Notolcha acuminate, N. caudate, N. labis, N.
squamula
Rotatoria rotatoria, R. spp
Synchaeta baltica, S. cecilia/littoralis, S. curvata, S.
monopus
Trichocerca capucina, T. marina, T. pusilla
Trichotria sp.
Bosmina crassicornis, B. Longirostris
(Eu)bosmina coregoni, (Eu)bosmina longispina,
(Eu)bosmina maritime
Leptodora kindtii
Bythotrephes cederstroemi
Cercopagis pengoi
Chydorus sp.
Daphnia sp.
Evadne nordmanni
Pleopsis polyphemoides
Podon intermedius, P. leuckartii
Polyphemus pediculus
Acartia spp
Calanoida spp
Centropages spp
Copepoda spp
Eurytemora spp
cf Limnocalanus spp
Pseudocalanus spp
Temora spp
Cyclopoida spp
Harpacticoida sp.

C. Substrate types

Substrate type

Coverage, % of area

Table B1. Zooplankton species encountered in this study and the grouping of taxa

100
90
80
70
60
50
40
30
20
10
0

Sand
Rock
Boulders
Stones

Gravel
NL/s

WL/s

SL/s

Shallow littoral

NL/d

WL/d
Deep littoral

SL/d

BP

Silt
Clay

Benthopelagic

Study site and habitat type

Figure C1. The coverage, % of bottom area, of the substrate types encountered in the study sites.

Table D1. Macrophyte species encountered in the study sites and the grouping of taxa

D. Macrophyte vegetation

100

20

90

18

80

16

70

14

60

12

50

10

40

8

30

6

20

4

10

2

0

0
NL/s

WL/s

SL/s

Shallow littoral

NL/d

WL/d

SL/d

Deep littoral

BP
Benthopelagial

Family/Species

Bladderwrack
Charophytes

Fucus vesiculosus
Chara aspera, C. baltica, C. canescens, C. tomentosa
Chladophora fracta, C. glomerata, C. rupestris
Ectocarpus sp.
Enteromorpha intestinalis
Ulva sp.
Spirogyra sp.
Zygnema sp.
Potamogeton filiformis, P. perfoliatus
Stuckenia pectinata
Ceramium tenuicorne
Pilayella sp.
Chorda filum
Coccotylus/Phyllophora
Dictyosiphon sp
Eudesme virescens
Furcellaria sp
Polysiphonia sp.
Rivularia sp.
Stictyosiphon sp.
Tolypella nidifica
Ceratophyllum demersum
Isoetes echinospora
Zostera marina
Myriophyllum spicatum
Ranunculus baudotii
Ruppia sp.
Zannichellia palustris

Other algae

3D-coverage, % of water culumn

Coverage, % of area

Macrophytes

Group of taxa

Other vascular
plants
Charophytes
Common reed

Filamentous algae

Pondweeds

Bladderwrack
Pondweeds
Drifting/epiphytes

Other algae

Filamentous algae

3D macrophyte
coverage

Study site and habitat type
Figure D1. The coverage, % of the bottom area, of the macrophyte groups of taxa and the 3D
macrophyte coverage of all macrophytes,% of the water column, in the study sites. No vegetation was
observed in the deep littoral and bentho-pelagic study sites.

Other vascular plants

Drifting algae and epiphytes

Table E1. Benthic fauna species encountered in the study sites and the groups of taxa

E. Zoobenthos

Group of taxa Family/species

Zoobenthos biomass

Chironomids

Cerastoderma glaucum

45
Bivalves

40
Biomass, g/m2 wet weight

Chironomidae

35

Mya arenaria
Macoma balthica
Mytilus edulis

30

Asellus aquaticus

Other

25

Oligochaets

20

Isopods

Chironomids

15

Polychaets

10

Snails

0
NL/s

WL/s

SL/s

NL/d

Shallow littoral

WL/d

SL/d

Deep littoral

BP

Jaera albifrons
Saduria entomon

Oligochaetes

Oligochaeta spp
Marenzelleria spp

Isopods

5

Idotea baltica, I. chelipes

Polychaetes

Bivalves

Nereis diversicolor
Pygospio elegans
Polydora redeki
Hydrobia spp

Benthopelagial

Snails

Study site and habitat type

Lymnea peregra
Potamopyrgus jenkinsi
Theodoxus fluviatilis

Figure E1. The biomass, g m

2-1

Amphibalanus improvisus

wet weight, of the zoobenthos in the study sites.

Bathyporeia pilosa
Corophium volutator

Zoobenthos abundance

Gammarus spp, G. salinus
Harmothoe sarsi

600

Halicryptus spinosus

Abundance, n/m2

500

Other fauna

400

Other

300
200

WL/s

SL/s

Shallow littoral

NL/d

WL/d

SL/d

Deep littoral
Study site and habitat type

2-1

Figure E2. The abundance, n m , of the zoobenthos in the study sites.

BP
Benthopelagial

Nemertinea spp
Ostracoda spp
Trichoptera sp. larvae

Polychaets

Turbellaria sp.

Bivalves
NL/s

Neomysis integer

Chironomids

Snails
0

Monoporeia affinis

Oligochaets

Isopods

100

Leptocheirus pilosus

Prostoma spp

Paper II

Environ Biol Fish (2014) 97:675–689
DOI 10.1007/s10641-013-0169-8

Diet, stable isotopes and morphology of Eurasian perch
(Perca fluviatilis) in littoral and pelagic habitats
in the northern Baltic Proper
N. Mustamäki & T. Cederberg & J. Mattila

Received: 30 December 2012 / Accepted: 1 August 2013 / Published online: 16 August 2013
# Springer Science+Business Media Dordrecht 2013

Abstract We present morphology, stable isotope signals and stomach contents of Eurasian perch (Perca
fluviatilis) from littoral and pelagic habitats in a brackish
water embayment in the northern Baltic Proper. Studies
conducted in freshwater habitats repeatedly state that
littoral perch have deeper bodies than the pelagic ones.
In this study we observed the opposite; the perch from
the pelagic study site had deeper bodies than the littoral
ones, indicating that more factors than habitat structure
affect the perch morphology. A possible explanation to
this discrepancy is the diet choice; the pelagic perch in
this study were more benthivorous than freshwater pelagic perch. Our results on stable isotope signals combined with the stomach contents also shed new light on
the dietary preferences of perch. Perch is known to be a
generalist predatory fish, but our results indicate that
perch have individual diet preferences. Based on our
results, it seems that at some point in their lives the perch
in brackish water choose between the littoral and pelagic
habitats and also specialise in a certain diet. This study
shows that the perch morphology and diet in the Baltic
Sea coast differ among habitats, but the patterns are not
similar to those observed in freshwater studies.
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Introduction
General ecological theory often assumes that there are
general patterns of behavior and other traits within a
population, and most models of intraspecific competition, predator–prey dynamics, and food web structure
assume that conspecific individuals are identical.
However, individual specialization has been shown to
occur widely among vertebrate and invertebrate taxa,
and between-individual variation can sometimes comprise the majority of the population’s niche width
(Bolnick et al. 2003; Araujo et al. 2011 and references
therein). Sub-population (intraspecific) diet specialization occurs within several fish species, e.g. Eurasian
perch (Perca fluviatilis) (Svanbäck and Persson 2004),
northern pike (Esox lucius), pumpkinseed sunfish
(Lepomis gibbosus) and several salmonid species
(Bolnick et al. 2003), and three-spined sticklebacks
(Gasterosteus aculeatus) (Araujo et al. 2008), and it
seems to be especially common among top-predator fish
(Araujo et al. 2011). Intraspecific diversification has
been shown to evolve at high population densities and
when favored prey are scarce (Svanbäck and Bolnick
2007), but also genetic variation in population can cause
similar outcome (Araujo et al. 2011). Sub-population
diversification may have important ecological and evolutionary consequences (e.g. effects on population
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dynamics, trophic interactions, evolutionary processes
through different selective pressures) (Bolnick et al.
2003).
Eurasian perch (Perca fluviatilis) is a piscivorous
freshwater fish common in large parts of Europe and
Asia (Froese and Pauly 2012). In the coastal waters of
the northern Baltic Proper, perch is the most common
predatory fish and therefore in a key position in the
aquatic ecosystems of the area (Ådjers et al. 2006;
Swedish Board of Fisheries 2006; HELCOM 2012).
Perch is an omnivorous predator and the composition
of the diet varies depending on the habitat, turbidity
and food availability. Generally, the juvenile perch
feed on zooplankton and gradually change to a diet of
different macroinvertebrates and fish (Allen 1935;
Rask 1986; Mehner et al. 1996; Horppila et al. 1999;
Lappalainen et al. 2001; Sandstöm and Karås 2002;
Estlander et al. 2010). The onset of the ontogenetic
shifts from zooplankton to macroinvertebrates and also
to fish varies in different habitats; in lakes perch tend to
feed longer on zooplankton, up to the length of ca.
15 cm (Allen 1935; Mehner et al. 1996; Horppila et al.
1999; Estlander et al. 2010), than in brackish water, up to
the length of ca. 7 cm (Mattila 1992; Lappalainen et al.
2001; Sandstöm and Karås 2002). Also cannibalism
seems to be more common in lake habitats (Allen 1935;
Mehner et al. 1996; Horppila et al. 1999; Lappalainen
et al. 2001).
Variation in morphology between perch individuals
from different populations can be notable. Habitat, diet
and inherited features have been shown to affect the
morphology of perch (Svanbäck and Eklöv 2002, 2003,
2006). Such morphological intraspecific adaptation in
order to better utilise different habitats and/or diets, so
called resource polymorphism, has been detected in
many species (reviewed by Skúlason and Smith 1995).
Previous research suggests that in the pelagic environment a more streamlined body is more beneficial to fish
for foraging on widely distributed but conspicuous prey,
while in the littoral environment a deeper body would be
more beneficial to fish due to higher manoeuvrability for
foraging on cryptic prey in a structurally complex habitat
(Skúlason and Smith 1995). In lakes the littoral perch that
feed mainly on macroinvertebrates and fish have deeper
bodies than the pelagic ones that feed on zooplankton
(Svanbäck and Eklöv 2002, 2003). In a structurally complex habitat the perch with a deeper body are more
successful predators than the more streamlined ones
(Svanbäck and Eklöv 2003). Also inherited features
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affect perch morphology (Svanbäck and Eklöv 2006).
However, Kekäläinen et al. (2010) did not find differences in body depth between littoral and pelagic perch in
lakes, which suggests that also other factors, such as lake
topography, predation and resource availability, may
affect perch morphology. To our knowledge the morphology of littoral and pelagic perch has not been compared in brackish water habitats (but see Bergek and
Björklund 2009).
Stomach content analysis is an established method in
fish studies (Hyslop 1980). While it accurately describes
the last meal of the studied individual, it fails to describe
the whole variety of the diet of the individual and the
slowly digested food items may be overrepresented.
Mass-based method of analysis and sufficient sample sizes
should, however, allow satisfactory diet description based
on stomach contents (Hyslop 1980; Ahlbeck et al. 2012).
Stable isotope signals, in turn, give a more general
idea of the trophic position of an organism (Beaudoin
et al. 1999; Vander Zanden and Rasmussen 1999; Post
2002; Bolnick et al. 2003; Bearhop et al. 2006; Syväranta
and Jones 2008). The heavy isotopes of nitrogen and
carbon, 15N and 13C, enrich in the food chains in relation
to the lighter isotopes, 14N and 12C, respectively. δ15N
enriches by 3–5‰ per trophic level, and is often used to
estimate the trophic position of an organism. δ13C enriches 0–1‰ per trophic level and is often used to identify food sources (Peterson and Fry 1987; Post 2002).
The variances of δ15N and δ13C reflect variance in diet,
and can therefore be used as measures of niche width
(Syväranta and Jones 2008). δ15N and δ13C signals can
also reveal intrapopulation differences in diet preferences
and give an indication whether an omnivorous population actually consists of generalist feeders or specialists
with different preferences (Beaudoin et al. 1999; Bolnick
et al. 2003; Bearhop et al. 2006).
In this study, we combine stomach content analysis
with stable isotope analysis and measurements of morphology and study connections between them. Diet,
morphology and stable isotope signals were measured
in perch of different body size from littoral and pelagic
study sites in a brackish water embayment in the Åland
Islands, northern Baltic Proper. Based on earlier results
from lakes (Svanbäck and Eklöv 2002, 2003), we hypothesized that perch in a littoral brackish-water habitat
would have more streamlined body form than perch in
an adjacent littoral habitat. Based on earlier results from
brackish water (Mattila 1992; Sandström and Karås
2002; Lappalainen et al. 2001) we hypothesized that
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the diet would include zooplankton up to the length of
ca. 7 cm, and the proportion of macroinvertebrates and
fish to increase with length and that the largest individuals would feed mainly on fish. Based on earlier studies
on stable isotopes (Peterson and Fry 1987; Beaudoin
et al. 1999; Vander Zanden and Rasmussen 1999; Post
2002; Bolnick et al. 2003; Bearhop et al. 2006) we
hypothesized that the possible differences in diet both
between and within habitats would be reflected in the
stable isotope signals.

Material and methods
Study sites
Lumparn (60°07′N 20°07′E) embayment is located in the
south-eastern Åland Islands in the northern Baltic Proper
(Fig. 1). It is a semi-isolated brackish water embayment
located in the inner archipelago zone. Lumparn is a rather
round, ca. 20 m deep and 100 km2 wide basin with
narrow straits connecting it to the Archipelago Sea.
The littoral study site (60°11′15″N 20°06′50″E) was
located at the northern edge of the Lumparn basin. The
depth of the site was 0–8 m. The substrate consists of
boulders and sand in the shoreline and gradually
changes into clay. The macrophyte community mainly
consists of common reed (Phragmites australis) in the
shoreline, filamentous algae on the hard substrates and
pondweeds (Potamogeton spp.) on the soft substrates.
The pelagic study (60°08′80″N 20°05′00″E) site was
located near the middle of the Lumparn basin. The
depth of the site was 16–20 m and the substrate clay
with no macrophytes.
Water quality and zooplankton density in the study sites
were controlled monthly in July–September 2008–2010,
and they were found to be rather similar in both study sites
and rather constant from year to year. Secchi depth was
3.3 m ± 1.0 SD in the littoral study site and 3.9 m ± 1.2 SD
in the pelagic study site. Chl a was 1.8 μg/l ± 0.9 SD in the
littoral study site and 3.0 μg/l ± 1.5 SD in the pelagic study
site. Turbidity was 5.8 NTU ± 4.4 SD in the littoral study
site and 1.6 NTU ± 0.7 SD in the pelagic study site.
Salinity was 5.8 psu ± 0.7 SD in the littoral study site
and 5.7 psu ± 0.1 SD in the pelagic study site.
Zooplankton densities in both study sites varied from the
minimum of ca. 2 individuals/l in May to the maximum of
ca. 50 individuals/l in August, the mean densities being
20.1 individuals/l ± 17.2 SD in the littoral study site and
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15.3 individuals/l ± 16.9 SD in the pelagic study site.
The water in Lumparn circulates effectively, and neither
thermocline nor anoxia were detected in Lumparn in
2008–2010.
Sampling methods
Fishing was conducted with Nordic multimesh gillnets
(mesh sizes 5, 6.25, 8, 10, 12.5, 15.5, 19.5, 24, 29, 35, 43
and 55 mm bar length) which are designed to catch the
full length distribution of fish populations (Appelberg
et al. 1995). Gillnet fishing was conducted in July–
September 2008–2010. The soak time was 12 h; the nets
were set at 6–7 pm and lifted at 6–7 am. Total effort was
120 gillnets in the littoral study site and 200 gillnets in the
pelagic study site. In addition, beach seining was
conducted in the littoral study in July–August 2008–
2010 in order to catch juveniles. In total 2,299 perch
were caught for this study (1,918 littoral of which 1,207
with gillnets and 711 with beach seining, and 381 pelagic
with gillnets). Perch was clearly more abundant in the
littoral study site (11.5 individuals per gillnet) than in the
pelagic study site (1.9 individuals per gillnet).
All perch were measured to the nearest mm total
length (LT), and weighed to the nearest 0.1 g total
weight (WT). In addition, 1,932 of the perch (1,672
littoral, 260 pelagic) were measured for body depth
(DB) by measuring the distance from the front of the
first dorsal fin to the front of the pelvic fins in mm.
Stomachs from 1,200 perch caught in the gillnet fishing were removed and stored in 70 % ethanol until
analysed. The same fish were also determined for sex.
M. balthica (10 per study site) were collected at ca.
5 m depth in the littoral study site and at ca. 19 m depth
in the pelagic study site in July 2010 with an Ekman
sampler and stored at −18 °C until sample preparation.
The size of the M. balthica was 1–2 cm.
Morphology parameters
In order to study eventual morphological plasticity/
variation between the habitats and feeding groups total
length (LT), relative body depth (DBR) and Fulton’s condition factor (K, Ricker 1975) were measured.
Relative body depth : DBR ¼

DB
;
LT

where DB = body depth (cm) and LT = total length (cm).

678

Environ Biol Fish (2014) 97:675–689

Environ Biol Fish (2014) 97:675–689

679

Table 1 Classification of food items found in the perch stomach contents
Food category

Subgroup

Species/food item

Zooplankton

Bosmina

Bosmina spp.

Calanoida

Calanoida spp.

Other zooplankton

Podon spp.
Copepoda
Cercopagis pengoi
Daphnia spp.

Macroinvertebrates

Chironomid larvae

Chironomidae

Gammarids

Gammarus salinus
Gammarus locusta
Gammarus zaddachi
Gammarus oceanicus
Corophium volutator

Idotea

Idotea baltica
Idotea granulosa
Idotea chelipes

Insects

Insecta

Molluscs

Mya arenaria
Macoma balthica
Mytilus edulis
Cerastoderma glaucum
Hydrobiidae
Theodoxus fluviatilis

Mysids

Neomysis integer
Praunus flexuosus
Mysis relicta
Mysis mixta

S. entomon

Saduria entomon

Shrimps

Palaemon adspersus
Crangon crangon

Other fauna

Jaera albifrons
Oligochaeta
Cestoda

Fig. 1 Study sites, littoral study site (60°11′15″N 20°06′50″E) and pelagic study site (60°08′80″N 20°05′00″E) in the Lumparn basin,
Åland Islands, northern Baltic Sea

Balanus improvisus
Argulus spp.
Ostracoda spp.

WT
Fulton’s condition factor : K ¼ 100  3 ;
LT
where WT = total weight (g) and LT = total length (cm).
Stomach content analysis
Analysis of stomach contents was performed to study
differences in food choice between different length
categories and habitats (littoral/pelagic) of perch. Of

the 1,200 stomachs 892 had definable contents (598
littoral, 294 pelagic). Stomach contents were determined to the lowest possible taxa, dried in 60 °C for
48 h and weighed to nearest mg dry weight (dw). Items
with dw <1 mg were given an approximated dw of
0.1 mg. As the dw of zooplankton was always less than
1 mg, the proportion of different species was calculated
based on the number of individuals. Different food items
were pooled to subgroups according to Table 1 and
organized into five main food categories: zooplankton,

Fish

Clupeids

Baltic herring (Clupea harengus var. membras)

Gobids

Sand goby (Pomatoschistus minutus)

European sprat (Sprattus sprattus (L.))
Common goby (Pomatoschistus microps)
Black goby (Gobius niger)
Sticklebacks

Three-spined stickleback (Gasterosteus aculeatus)
Ninespine stickleback (Pungitius pungitius)

Viviparous blenny

Zoarces viviparus

Other fish

Cyprinids (Cyprinidae)
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sample preparation. The δ13C and δ15N were analysed
from the perch muscle samples and the muscle tissue
of the M. balthica sampled in 20th July 2010. Muscle
samples were dried in 60 °C for 48 h and prepared
according to the instructions of Stable Isotope Facility
at the University of California, Davis (SIF; URL: http://
stableisotopefacility.ucdavis.edu/), and sent there for the
analysis.

Table 1 (continued)
Food category

Subgroup
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Species/food item
Bullhead (Cottus gobio)
Perch (Perca fluviatilis)
Ruffe (Gymnocephalus cernua)
Smelt (Osmerus eperlanus)

Fish eggs
Unidentified fish
Non-food

Statistical analyses

Sand, clay, plant residues

Miscellaneous material

macroinvertebrates, fish, non-food and miscellaneous
material. The main food source of each perch individual
(the subgroup with the highest proportion in the stomach
contents) was identified. The proportion of each food
category and subgroup of the stomach contents of each
fish was calculated:
Proportion of food group g in individual i :
gi
Pgi ¼ ;
ti
where gi = dry weight (mg) of food group g in the
stomach of individual i, ti = dry weight (mg) of the total
stomach contents of individual i.
The fish were divided into length categories of
2.5 cm. Mean proportion of each food category/
subgroup in the stomach contents of each length category was calculated.
Mean proportion of; food group g in length category l :
nl
X

MeanPgl ¼

Pgi

i

nl

where nl = number of individuals in length group l.
Stable isotope analysis
Stable isotope analysis was performed to study more
long-term differences in food choice between length
categories and habitats of perch than what can be done
with stomach content analyses, which only give a
snapshot picture of the food choice. The relationship
between the heavier and the lighter isotope is expressed

with delta notation, δ, which describes the isotope ratio
in the sample in relation to an international standard:
.


δ ¼ Rsample Rstandard −1  103 ;
where R is 13C : 12C or 15N : 14N.
The standard for N is atmospheric N2, and the
standard for C is Vienna-Pee Dee Belemnite limestone
(Peterson and Fry 1987).
The stable isotope signals cannot be directly compared among different areas, as the initial isotope signals and the enrichment per trophic level vary among
ecosystems, reflecting to the whole food chain (Vander
Zanden and Rasmussen 1999; Post 2002). Trophic
height, which is comparable among different areas,
can be calculated from the δ15N of the organism with
the δ15N of a local baseline organism of a known
trophic height, and the local enrichment of δ15N per
trophic level (Post 2002):
TH ¼



T H base þ δ15 N sample −δ15 N base
15

enrichmentδ N

;

where TH = trophic height, THbase = TH of the baseline
organism, and enrichment of δ15N.
In this study, we used the bivalve Macoma balthica
(L.) as baseline organism (Nordström et al. 2009). M.
balthica is a common bivalve in the area. It is a filterfeeding secondary consumer with trophic level 2
(Ólafsson 1986).
Muscle samples were taken from 144 perch (95
littoral, 49 pelagic) caught in the gillnet fishing in
26th July–6th August 2010 and stored in −18 °C until

When the parameters fulfilled the requirements of normal distribution (Kolmogorov-Smirnov test p>0.05)
and homogeneity of variances (Levene’s test p>0.05),
parametric tests were used. Non-parametric tests were
used, if the parameters did not meet the requirements of
parametric tests after square-root, arcsine(square-root)
or inverse transformations.
In both study sites, two thirds of the perch were
female (68 % in the littoral study site, 67 % in the
pelagic study site). No difference was observed in the
sex distribution between the study sites (χ21=0.14,
p=0.71). The females were on average larger than the
males, and had thus higher LT and WT. However, when
WT, K, DBR, stable isotopes and proportions of stomach contents were analysed for differences between
sexes with LT as covariate, no statistical differences
were observed. Thus the sexes were pooled in further
analyses. Because the range of LT of the perch in the
pelagic study site was 15.3–29.9 cm LT and in the
littoral study site 3.5–40.3 cm LT, all comparisons
between the study sites were performed only for fish
of the same size, i.e. 15–30 cm LT.
The DBR, K and δ13C were found to be length
related, and therefore values from the study sites were
compared statistically with ANCOVA with LT as covariate for differences between study sites.
The stomach contents (proportiong/i) between the
littoral and pelagic study sites were compared with
Mann–Whitney U-test (M-W) for food categories and
subgroups of stomach contents, which were utilized by at
least 10 perch individuals at both sites (i.e. food categories: macroinvertebrates and fish, subgroups: chironomid
larvae, molluscs, mysids, Saduria entomon, clupeids,
gobids and sticklebacks).
The differences in δ15N, δ13C, TH, DBR and K among
fish with different main food source were tested with
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ANOVA with Bonferroni post hoc test. The same parameters in fish with the same main food source but from
different study sites were tested with t-test to reveal eventual differences among fish using different food sources.
To study the relationship between use of different food
sources (stomach contents and isotope analysis) and morphology and condition correlation analyses were applied.
Relationships among δ15N, δ13C and DBR, K, LT were
analysed with the parametric Pearson’s correlation analysis
(rP). The non-parametric Spearman’s rank correlation analysis (rS) was performed on stomach contents (Pgi)—stable
isotope values (δ15N, δ13C), TH and on stomach contents
(MeanP)—morphology parameters (DBR, K, LT). In order
to make the results more reader-friendly, only the statistically significant correlations are reported.

Results
Morphology parameters
Within both study sites, LT, DBR and K were significantly
positively intercorrelated (Table 2). The perch of the
same size (15–30 cm; 760 littoral, 260 pelagic) had
higher DBR, i.e. deeper bodies, in the pelagic study site
than in the littoral study site (ANCOVA: study site
F1,1017=31.3, p<0.001; covariate LT F1,1138=513.3,
p<0.001, interaction F1,1016=3.0, NS, Fig. 2a). The perch
of the same size (15–30 cm; 760 littoral, 381 pelagic) had
higher K in the littoral study site than in the pelagic study
site (ANCOVA: study site F1,1038=35.0, p<0.001; covariate LT F1,1017=453.5, p<0.001, interaction F1,1038=2.3,
NS, Fig. 2b).
Stomach contents
In the littoral study site, only young of the year (YOY)
perch consumed zooplankton, and the proportion of
macroinvertebrates and fish in stomach contents increased with increasing length (Table 2, Fig. 3a). The
largest individual with zooplankton in the stomach
contents was 6.9 cm LT. The zooplankton food category consisted of subgroups Bosmina (14 % of stomach
contents) and Calanoida (15 % of stomach contents)
and of single individuals of other species (5 % of
stomach contents, Table 1). The species composition
of the macroinvertebrate food category changed with
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Table 2 Statistically significant correlations between perch
morphology parameters (total length (LT) relative body depth
(DBR) and Fulton’s condition factor (K)), and morphology

LT

Pelagic
DBR
rP=0.757***

DBR
Zooplankton
Macroinvertebrates

rS=−0.59***

LT

rP=0.738***

rP=0.77***

rP=0.62***

rS=−0.23***

rS=−0.19***

rS=−0.14***

rS=−0.12*

rS=0.25***

rS=0.21***

rS=0.13***

Insects

rS=−0.37***

Chironomid larvae

rS=−0.16***

S. entomon

rS=0.32***

DBR
rP=0.389***

Shrimps

rS=0.12*

rP=0.403***
rP=0.592***

rS=−0.98*

rS=−0.11*

Mysids

rS=−0.16***

rP=0.37***

rP=0.51***

rS=−0.31***

rS=−0.20***

rS=−0.19*

rS=−0.134*

rS=0.34***
rS=0.13*

rS=−0.20**

rS=0.23***

rS=−0.15*

Gobids
Viviparous blenny

K

rS=0.14***

Gammarids
Fish

K

rP=0.730***

δ 13C
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parameters (LT, DBR, K), diet (proportion of food items in stomach contents) and stable isotope values* (δ13C) within the littoral
respective pelagic study sites

Littoral
LT
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rS=−0.18**
rS=0.23***

rS=0.27***

Significance levels: non-significant=NS=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001
rS Speaman correlation analysis
rP Pearson correlation analysis
*δ15 N and trophic height are not reported as all correlations were non-significant

Fig. 2 Condition and body depth. a Fulton’s condition factor (K) of
perch in littoral (black, n=1,918) and pelagic (grey, n=381) study
sites. Regression lines (Littoral: black, n=760, y=0.016x+0.79,
rPearson=0.738, p<0.001. Pelagic: grey, n=381, y=0.013x+0.81,
rPearson=0.403, p<0.001) apply for fish of 15–30 cm LT, i.e. for
lengths with observations from both study sites. The slopes are
not significantly different (F1,1137=2.25, NS). b Relative body

depth (DBR) of perch in littoral (black, n=1,672) and pelagic (grey,
n=260) study sites. Regression lines (Littoral: black, n=760,
y=0.0023x+0.16, rPearson=0.759, p<0.001. Pelagic: grey, n=260,
y=0.0018x+0.18, rPearson=0.389, p<0.001) apply for fish of 15–
30 cm LT, i.e. for lengths with observations from both study sites.
The slopes are not significantly different (F1,1016=3.03, NS)

Fig. 3 Stomach contents of perch in the different length categories in the littoral and pelagic study sites. a Mean proportions of
the different food categories. The numbers above the bars indicate the number of fish in the respective length category. b Mean
proportions of the subgroups in the macroinvertebrate food

category. The subgroup “other” consists mainly of Oligochaeta
and Cestoda worms and Crustaceans. c Mean proportions of the
subgroups in the fish food category. The subgroup “other” consists mainly of bullhead and cyprinid fish in the littoral study site
and of ruffe and smelt in the pelagic study site

length (Fig. 3b). Insects were mainly consumed by the
smallest (2.5–7.5 cm) perch. Chironomid larvae were
consumed only by perch shorter than 20 cm. The isopod
S. entomon was consumed by fish longer than 15 cm,

and it was the main macroinvertebrate food object in
perch longer than 25 cm. Shrimps were only consumed
by perch larger than 20 cm. Idotea and gammarids were
consumed by perch of all sizes but they were found
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mostly in the stomach contents of perch in length categories 7.5–24.9. Also in the fish food category, the
species composition changed with length (Fig. 3c).
The YOY perch consumed fish, and the smallest individual with fish in the stomach contents was 3.8 cm LT.
The perch of all lengths consumed gobids, mainly YOY.
Perch longer than 5 cm LT consumed clupeids, also
mainly YOY. Perch longer than 7.5 cm consumed sticklebacks. Cyprinids, bullhead (Cottus gobio) and viviparous blenny (Zoarces viviparous) were only consumed
by large individuals (17.5–35 cm). Four cases of cannibalism were observed, these also in large individuals
(20–24.9 cm). One individual had consumed fish eggs.
No smelt (Osmerus eperlanus) was found in the stomach contents in the littoral study site.
In the pelagic study site, no zooplankton was found
in the stomach contents. The proportion (Pg) of macroinvertebrates increased, and the proportion (Pg) of fish
decreased in the stomach contents with length (see
Table 2 for correlations, Fig. 3a). The macroinvertebrate
food category consisted mainly of S. entomon, and no
shrimps or insects were observed. Larger individuals
consumed more S. entomon and gammarids (Fig. 3b).
The species composition of the fish food category was
rather similar over the length categories, only the proportion (Pg) of gobids decreased with length. One case
of cannibalism was observed in the pelagic study site,
and one perch had consumed fish eggs. No cyprinids
were found in the stomach contents in the pelagic study
site (Fig. 3c).
The perch in the pelagic study site consumed more fish
and less macroinvertebrates than the fish in the littoral
study site (Mann–Whitney test: U=18608.5, p<0.001,
respective U=19635.0, p<0.001, Fig. 3a). Within the
macroinvertebrate food category, the fish in the pelagic
study site consumed less molluscs (Mann–Whitney test:
U=22563.0, p<0.01), but more mysids than their littoral
counterparts (Mann–Whitney test: U=21529.0, p<0.001,
Fig. 3b). Within the fish food category it was found that
perch from the pelagic study site consumed more gobids
than their littoral counterparts (Mann–Whitney test:
U=22274.5, p<0.01, Fig. 3c).
Stable isotopes
The baseline δ15N, the δ15N of M. balthica, was higher
in the pelagic study site, mean 7.26, than in the littoral
study site, mean 6.16 (t-test: t18=5.32, p<0.001). The
local enrichment of δ15N was 3.71 based on isotope
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data from the same area (Mustamäki et al. in prep).
Trophic height of perch was thus calculated:


2 þ δ15 N sample −6:16
; and
3:71


2 þ δ15 N sample −7:26
¼
3:71

T H littoral ¼
TH pelagic

In perch of 15–30 cm LT, δ13C was higher in the
littoral study site than in the pelagic study site (Pelagic
−20.4±0.58 SD respective Littoral −19.1±0.90 SD,
ANCOVA study site F1,89=47.2, p<0.001, LT P<0.001).
No significant interaction was found with the covariant
(TH; F1,88=0.05, NS). δ15N, in turn, was higher in the
pelagic study site than in the littoral study site (Pelagic
13.3±0.51 SD respective Littoral 13.0±0.51 SD, t-test
t90=2.5, p<0.01), but TH height was lower in the pelagic
study site than in the littoral study site (Pelagic 3.6±0.02
SE, Littoral 3.8±0.02 SE, t-test t90=6.8, p<0.001).
Morphology, stomach contents and stable isotopes
In both study sites, δ13C increased with increasing LT,
DBR and K, but δ15N and TH did not correlate with LT,
DBR and K. In the littoral study site, individuals with
higher DBR and K had consumed less zooplankton,
insects and mysids, and more S. entomon and viviparous blenny. In addition, individuals with higher K had
consumed less chironomid larvae, and individuals with
higher DBR had consumed less gammarids. In the
pelagic study site, individuals with high DBR and K
had consumed less mysids and chironomid larvae
(see Table 2 for correlations).
In the littoral study site, perch with zooplankton,
chironomid larvae and mysids as the main food source
had statistically significantly lower δ13C values than
the perch with Idotea, gammarids, S. entomon or fish as
the main food source (ANOVA test F 6,53 =10.5,
p<0.001, Bonferroni post hoc test p<0.05). In the pelagic study site, no significant differences in δ13C were
detected among perch with different main food sources
(Fig. 4). The perch from the littoral study site that had
fish or S. entomon as the main food source had higher
δ13C than their pelagic counterparts (t-test t27=2.68,
p<0.05, respectively t17=3.66, p<0.01, Fig. 4).
In the littoral study site, no statistically significant
differences in δ15N were detected among perch with
different main food sources. In the pelagic study site,
the perch with S. entomon as the main food source had
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Fig. 4 The mean and SE of
δ13C and δ15N of the perch
with different main food
sources in the littoral (black,
n=61) and pelagic (grey,
n=31) study sites

higher δ15N than the perch with chironomid larvae or
fish as the main food source (ANOVA F2,28=3.82,
p<0.01, Bonferroni post hoc-test p<0.05, Fig. 4).

Discussion
Our study revealed differences in diet and morphology
among perch of different size and from different habitats. The differences in the diets were further reflected in
the isotope signals of the perch, and the stable isotope
signals also indicated that perch may have individual
diet preferences. Contradictory to our hypothesis the
body form of the pelagic perch was deeper than that of
the perch in the littoral habitat. This study shows that
patterns observed in lakes do not apply in the studied
area, and suggest that there may be substantial differences in both diet and morphology between perch in
freshwater lakes and perch in the brackish Baltic Sea.
We also found individual specialisation in food choice,
which has not previously been documented for fish in
the Baltic Sea.
The perch in the littoral study site consumed more
macroinvertebrates and less fish than the perch in the
pelagic study site. The perch in the littoral study site
consumed a wide selection of macroinvertebrates, while
the macroinvertebrate diet in the pelagic study site
consisted mainly of S. entomon. In the pelagic study site
the consumption of gobids, and thereby the proportion
of the entire fish food category in the stomach contents,
decreased with length while the consumption of S.
entomon increased. The consumption of S. entomon
increased with length also in the littoral study site, but
not at the expense of fish consumption. Especially the
perch in the pelagic study site showed individual specialisation on food, which also affected the morphology

of the fish creating apparently differentiated ecotypes or
phenotypic clusters rather than a habitat (littoral/pelagic)
dependent differentiation (Araujo et al. 2008, 2011).
Causes leading to different foraging strategies (feeding on fish in the open water/feeding on Saduria on the
bottom) can only be speculated. The initial reason may
have been high (intraspecific) competition or predation
pressure (Araujo et al. 2011), although no shortage on
food resources could be observed and the fish densities
were overall rather low. Genetic diversification within
the population feeding in the littoral area as juveniles
and young adults (<15 cm LT) could also cause migration of some of the larger fish to the pelagic habitat
(Araujo et al. 2011). Diet diversification did not, however,
lead to a more opportunistic feeding behaviour and
broader individual niches as optimal foraging theory
would suggest and which has often been shown in previous studies (e.g., Bolnick et al. 2003; Svanbäck and
Bolnick 2007; Araujo et al. 2008). Rather, the behavioural
separation seems to be conditional on morphological variation and follow phenotype-dependent changes in foraging behaviour (Araujo et al. 2008). It is possible that the
different phenotypes were limited by trade-offs in their
food specialisation to either benthic or fish food (Bolnick
et al. 2003). Besides affecting population variation affecting trophic structures and interactions (Svanbäck and
Persson 2004; Bolnick et al. 2011) individual specialisation on different food sources may also have evolutionary
consequences by maintaining genetic variation within the
perch population by favouring less abundant genes in the
population (Bolnick and Lau 2008).
The size of the individual was the most important
factor determining the diet choice, which is in line with
previous studies (Allen 1935; Rask 1986; Mattila 1992;
Mehner et al. 1996; Horppila et al. 1999; Lappalainen
et al. 2001; Sandstöm and Karås 2002; Estlander et al.

686

2010). Also the body depth and condition were associated with diet. In the littoral study site viviparous blenny
and S. entomon were favoured by fish with high K and
DBR, while zooplankton and insects were favoured by
fish with low K and DBR. In the pelagic study site
chironomid larvae and mysids were favoured by fish
with low K and DBR. It could be speculated that
mysids, chironomid larvae, zooplankton and insects
are easier prey for perch with less deep bodies or poor
condition, while catching large, mobile prey such as
viviparous blenny and S. entomon would require
deeper body and better condition. However, it could
not be ruled out that the consumption of the large
mobile food items may be simply length-related or
gape size-related. The morphological parameters LT,
K and DBR were significantly intercorrelated, which
in itself was expected. In this study, gape size was not
measured, but based on previous studies it correlates
with fish length (Hjelm et al. 2000).
The stomach content analysis revealed that the ontogenetic shift in perch of the Lumparn area takes place
during their first summer (Lappalainen et al. 2001;
Lehtovuori 2008). The smallest perch that had consumed fish was 3.8 cm LT, and no perch larger than
7 cm LT had consumed zooplankton, which is in line
with a previous study from Baltic Sea (Sandstöm and
Karås 2002). Apart from zooplankton, the prey of
choice of the smallest perch was gobid YOY (LT ca
1 cm), mysids and insects. Gobid YOY are abundant
in the area in late summer (Jokinen 2010; Cederberg
2011). Cannibalism was rare in this study (0.5 %) as in a
previous study by Lappalainen et al. (2001), while in
freshwater studies cannibalism has been found to be
rather common (Allen 1935; Mehner et al. 1996;
Horppila et al. 1999). Overall, the diet of perch in the
study sites resembled to the diet described in previous
studies in the Baltic Sea coast (Mattila 1992;
Lappalainen et al. 2001; Sandstöm and Karås 2002).
Perch in the pelagic study site were deeper in body
but leaner, although the difference between the study
sites was rather small. The differences in both diet and
morphology between the study sites suggest that some
level of resource polymorphism was present between
the littoral and pelagic perch. Without genetic studies it
is unclear whether or not the littoral and pelagic perch
in the studied area belong to a single population or not.
Earlier studies have shown that genetic differences
might be found between perch populations within a
relatively limited area (Nesbø et al. 1998; Gerlach et al.
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2001; Olsson 2006; Bergek and Björklund 2009),
probably because perch tend to form shoals with closely related individuals (Gerlach et al. 2001; Olsson
2006). Genetically divergent perch populations have
been shown to be morphologically divergent in some
cases (Olsson 2006; Bergek and Björklund 2009;
Araujo et al. 2011).
Quite the opposite our results, previous studies
conducted in lakes repeatedly state that the littoral perch
have deeper bodies than the pelagic ones (Svanbäck and
Eklöv 2002, 2003). This discrepancy may be explained
by differences in the diet; in lakes the pelagic perch are
planktivorous and piscivorous (Allen 1935; Horppila
et al. 1999; Estlander et al. 2010) while in this study
the pelagic perch solely consumed fish and benthic
fauna, and the pelagic perch indeed became more
benthivorous with size concentrating on feeding on S.
entomon. In our study sites zooplankton were available
throughout the study periods, but were probably not
consumed by individuals larger than 7 cm LT due to
availability of larger and energy-richer prey. Kekäläinen
et al. (2010) observed no difference in body depth between littoral and pelagic perch in lakes. This was assumed to be caused by higher predation pressure by
pikeperch (Sander lucioperca) favouring deeper body in
the pelagic areas. In the area where this study was
conducted, the predation pressure by pikeperch was considered low; the abundance of pikeperch is low and
pikeperch rarely feeds on perch (Jokinen 2010).
Another possible explanation to the different morphological pattern between lake environments and the Baltic Sea
could be a larger genetic pool possibly available in the
Baltic Sea. Several studies have, however, shown that
perch are rather sedentary and thus suitable for local
management (Kipling and Le Gren 1984; Dall et al.
2012) and seldom migrate >10 km in the coastal areas
of the Baltic (Saulamo and Neuman 2002). In coastal
areas of the northern Baltic Sea, genetic divergence can
arise between populations, even over short distances
(a couple of kilometers), in habitats thought to be
highly connected, and that environmental variables can
influence the level of gene flow between populations,
including those that are at small spatial scales (tens of
kilometers, Bergek et al. 2010; Olsson et al. 2011). This
indicates that the size of genetic pool for a certain
population in the Baltic Sea does not differ from that
in lake environments. Accordingly, the differences in
diet/resources between the habitats seem to be a plausible explanation to the morphological patterns observed
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in this study. Overall, the observed morphology patterns
indicate that there are other factors than differences in
habitat complexity between the littoral and pelagic sites
(Svanbäck and Eklöv 2002, 2003) affecting the perch
morphology in this area. This finding is consistent with
the results by Araujo et al. (2008), who found morphological within-habitat differences in stickleback populations due to individual food choice patterns, which were
intensified when resources were limited. In our results
resource limitation is not that clear.
The pelagic fish community in the Lumparn area is
dominated by Baltic herring in both numbers and biomass (Jokinen 2010). Baltic herring feeds on zooplankton and might outcompete the pelagic zooplanktonfeeding perch. On the other hand, the benthic fauna
community is rich in the pelagic study site and hypoxia
occurs rarely (Mustamäki et al. unpubl. data; Perus and
Bonsdorff 2004; Aarnio et al. 2011). This suggests that
there are more food resources for perch in the benthic
habitat than in the water column. The observed differences in perch diet between this study and freshwater
studies might thus simply be explained with better
availability of fish food and benthic fauna in the Baltic
Sea coast than in the freshwater habitats.
The differences observed in the diet in the two study
sites and in perch individuals of different sizes were
further reflected in the stable isotope values. The δ13C
was associated with the size, morphology and diet of the
perch, displaying the lowest values in small individuals
with zooplankton, mysids and chironomid larvae as the
main food source, and the highest values in large individuals with fish and S. entomon as the main food source.
This was in line with previous studies, which have shown
that the δ13C can be used to separate between different
sources of food and that it correlates with the trophic level
(Peterson and Fry 1987; Post 2002).
On the other hand we found less variation in δ15N
values. The δ15N should display higher values in individuals with higher trophic level (Post 2002). Although
the mean δ15N did vary according to the main food
source, the only statistically significant difference in
δ15N values was a higher δ15N value in the pelagic study
site and in individuals with S. entomon as the main food
source. Being a predator and scavenger, S. entomon most
likely has high δ15N levels compared to the other food
sources of perch (Haahtela 1990). A larger sample for the
stable isotope analysis would have been useful in this
aspect. The diets of different sizes of fish overlapped; the
small zooplankton-eating individuals fed also on fish and
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macroinvertebrates, and the large individuals consumed a
variety of macroinvertebrates and fish. Perhaps the overlap of diets affects the δ15N more than the δ13C, and the
similarity of the δ15N values over the length categories
actually describes the wide niche and therefore the omnivorous character of perch (Syväranta and Jones 2008).
Possibly the δ15N works better in interspecies comparisons, as it has been used in previous studies (Vander
Zanden and Rasmussen 1999; Post 2002; Nordström
et al. 2009).
It seems that in the study area perch stay in the
littoral zone until they reach the size of ca. 15 cm LT,
after which some of them choose to move to the pelagic habitat. Our results imply that at some point of
their life the perch in this area also choose a favourite
diet. The individuals from the same study site with the
same main food source and similar body size had
generally similar stable isotope values. Because the
stable isotope signal describes the diet over a longer
period of time (Post 2002) than the snapshot provided
by the gut content analysis (Hyslop 1980), finding a
relationship between these two implies that the diet of
perch was relatively constant over longer periods of
time. We did find littoral fauna, such as Idotea (OravKotta and Kotta 2004), in the stomach contents of the
pelagic perch, and benthic fauna of deeper areas, such
as S. entomon (Haahtela 1990), in the stomach contents
of the littoral perch, suggesting that some of them at
least visit the other habitat. However, the difference in
stable isotope signals between the study sites indicates
that the studied individuals stayed in their chosen habitat (Vander Zanden and Rasmussen 1999), and differences in the stable isotope signals among individuals
with different main food source indicate that perch can
have individual diet preferences (Beaudoin et al. 1999;
Bolnick et al. 2003; Bearhop et al. 2006). Some previous
studies (Svanbäck and Eklöv 2006; Olsson 2006; Araujo
et al. 2011) suggest that morphology and diet preferences
may be genetically controlled.
In conclusion our results show that there are differences in perch morphology and diet between pelagic
and littoral habitats in the Baltic Sea, but the patterns
differ from those observed in lakes. In addition the
results suggest that perch not only shift their choice of
diet according to the body size, but also that the individuals choose certain habitat and prey forming phenotypic clusters (Araujo et al. 2008), and once the choice is
made it is relatively stable. Whether the choice of habitat
is followed by the choice of prey or vice versa and
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whether the morphological adaptation is a cause or a
consequence is a subject to future studies.
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ABSTRACT
Globally, evidence for structural changes in coastal marine ecosystems is increasing. Coastal
areas are ecologically and socio-economically important, and under multiple anthropogenic
stressors. In this study, changes in the structure of fish assemblages were observed during
a ten-year study period (1999–2009) in three coastal areas in the northern Baltic Sea. The
assemblages differed from each other in terms of species abundances, but a similar shift
towards higher proportions of cyprinid fish and lower proportions of pikeperch (Sander
lucioperca) was observed in all study areas. The resulting proportional increase of the smallbodied lower trophic level cyprinids was also reflected as declining mean length of fish
and mean trophic level in all three assemblages. Variation in fish abundances was related
to environmental factors and catches of commercial fisheries. The results suggest that the
observed changes were caused by regional patterns of eutrophication in combination with
fishing pressure. The results indicate that in the studied systems similar structural changes
occurred simultaneously within a relatively short period of time.
Keywords: cyprinids, mean length, Myoxocephalus quadricornis, Perca fluviatilis, Sander
lucioperca, trophic level
Regional Terms: Europe - Baltic Sea - northern archipelago
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1 INTRODUCTION
Shallow coastal ecosystems are affected
by several anthropogenic stressors. Input
of nutrients from human settlement and
agriculture cause eutrophication, an
increase in primary production in the
aquatic ecosystems (Nixon, 1995, Andersen
et al., 2010). The same systems are often
exploited by fishing, which typically targets
predatory species higher up in the food
chain (Pauly and Palomares, 2005, Aps and
Lassen, 2010). Identifying the underlying
causes of ecosystem changes is far from
simple, but previous studies demonstrate
that the combination of eutrophication and
the removal of higher order consumers by
fishing has profound effects on the structure
and functioning of aquatic ecosystems
(Daskalov, 2002, Breitburg et al., 2009,
Casini et al., 2009, Eriksson et al., 2009,
Möllmann et al., 2009).
Eutrophication
typically
increases
production of filamentous algae and
phytoplankton, and thus increases also
frequency of algal blooms (Nixon,
1995, Rabalais, 2010). The increase in
phytoplankton provides more food for
zooplankton, thereby also favouring
zooplanktivorous fish (Bonsdorff, et al.,
1997, Thurow, 1997, Caddy, 2000). In
the northern coastal Baltic Sea areas,
eutrophication has led to changes in the
structure and function of the aquatic
communities on all trophic levels from
plankton (Scheinin et al., 2013) and
macrophytes (Rosqvist et al., 2010) to
fish (Eriksson et al., 2009; Snickars et
al., 2015). Increased turbidity and fouling
by filamentous algae hamper growth of
large macrophytes, changing the physical
structure of and ecological interactions
in littoral habitats (Eriksson et al., 2009,
Rabalais, 2010). Eutrophication also
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causes oxygen depletion, hypoxia, near
bottom and in the sediment (Carstensen et
al., 2014), which is detrimental to benthic
fauna (Karlson et al., 2002, Rabalais, 2010)
and benthic fish (Eby et al., 2005, Snickars
et al., 2015).
The Baltic Sea is considered critically
eutrophic with high nutrient levels,
low water transparency and frequent
cyanobacterial blooms, and has become
more so during the last decades (Lundberg et
al., 2005, Carstensen et al., 2011, Andersen
et al., 2014). Roach (Rutilus rutilus) in
the Baltic Sea coastal waters has been
considered to benefit from eutrophication
(Bonsdorff et al., 1997, Ådjers et al.,
2006), possibly because it benefits from
turbidity in concurrence with Eurasian
perch (hereafter perch, Perca fluviatilis)
(Lappalainen et al. 2001). Also European
pikeperch (hereafter pikeperch, Sander
lucioperca) is considered to benefit from
eutrophication as it prefers turbid water
(Lehtonen et al., 1996), but at the same time
the stocks are under considerable fishing
pressure and high mortalities have been
observed in the Finnish Archipelago Sea
(Mustamäki et al., 2014, Heikinheimo et al.,
2014). Stocks of perch, the most common
predator in the coastal waters, have been
rather stable since the late 1990’s (Official
Statistics of Finland, 2011, SwAM, 2012).
The high temperature dependency of the
recruitment of perch (Kjellman et al.,
2003) and pikeperch (Heikinheimo et al.,
2014, Mustamäki et al., 2014) leads to
large fluctuations in the year class strengths
and thereby commercial catches of these
species.

Many Baltic Sea fish stocks are extensively
exploited by commercial fisheries (Aps
and Lassen, 2010, Heikinheimo et al.,
2014, Mustamäki et al., 2014, Möllman
et al., 2014). Fishing directly affects the
target species (Dulvy et al., 2004; Aps and
Lassen, 2010, Mustamäki et al., 2014) but
the cascading effect of removal of certain
species or functional groups can shape the
structure and function of the whole system
(Thurow, 1997, Caddy, 2000, Eriksson et
al., 2011, Möllmann et al., 2009). Globally,
excessive fishing of high order consumer
fish has been blamed for decline in the
mean trophic level of fish communities
(Pauly and Palomares, 2005). There is also
growing evidence on high fishing pressure
inducing trophic cascades, resulting in
higher domination of phytoplankton and
secondary consumer fish in the system
(Daskalov, 2002, Österblom et al., 2007,
Casini et al., 2008).
Effects of eutrophication and/or removal
of higher order consumers are not linear,
but the system may undergo an abrupt shift
from one stable state to another (Scheffer
and Carpenter, 2003). The regime shift
in the pelagic Baltic Sea ecosystem from
the previous cod-dominated state to the
present state dominated by sprat and
characterised by cyanobacterial blooms
has been described by Österblom et al.
(2007) and Möllmann et al. (2009), among
others. Similar shift scenarios in the coastal
systems have been identified by Eriksson
et al. (2009), Rosqvist et al. (2010) and
Olsson et al. (2012). Because natural
systems are always affected by several
environmental factors, identifying whether
an observed ecosystem-level change is
driven by a top-down induced trophic
cascade or a bottom-up induced regime
shift is challenging (Breitburg et al., 2009).
Lately, a consensus on ecosystem changes

being caused by multiple drivers with
different local effects rather than a single
main driver has emerged in the literature
(Eriksson et al., 2009, 2011, HELCOM,
2012, Olsson et al., 2012, Möllmann et al.,
2014).
This study reports structural changes in
fish assemblages in three coastal areas
in the northern Baltic Sea archipelago in
1999–2010. Previously, Mustamäki et
al. (2014) reported high mortalities and
declining adult fish abundances in the
same study areas. High fishing pressure in
all areas was reported as a plausible cause
for the observed adverse changes, which in
one of the areas may have been amplified
by great cormorant (Phalacrocorax
carbo) predation. We were interested to
see whether changes had occurred in the
abundances of other species in the same
areas during the same period of time, and
if the possible changes had changed the
structure of the whole fish assemblage.
We hypothesised that 1) also other largebodied species may have declined in
abundance due to fishing pressure, and 2)
small-bodied species may have increased,
and 3) this may have changed the trophic
structure of the assemblages. Abundances
of small-bodied species may have increased
either due to relaxed top-down regulation
or eutrophication that is known to benefit
planktivorous fish and especially roach and
other cyprinids.
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2 MATERIAL AND METHODS
2.1 STUDY AREAS
The study areas Galtfjärden, Lumparn
and
Ivarskärsfjärden
are
brackish
water embayments located in the inner
archipelago zone of the northern Baltic
Proper (Fig. 1). Galtfjärden (60°10′N
18°34′E) is located in the eastern coast of
Sweden. It is a part of an inner archipelago
system with several adjacent basins, straits
and islands. The total area of Galtfjärden
and the adjacent bays and straits is
approx. 7400 ha and the average depth 6
m. Lumparn (60°07′N 20°07′E) is located
in the south-eastern Åland Islands. It is
a rather round basin with narrow straits
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connecting it to the Archipelago Sea. The
total area of Lumparn and the adjacent
bays and straits is approx. 16000 ha and
the average depth is 12 m. Ivarskärsfjärden
(60°16′N 19°48′E) is located in the northwestern Åland Islands connected to the
Archipelago Sea by a narrow strait. The
total area of Ivarskärsfjärden with the
adjacent bays and straits is approx. 6200
ha and the average depth is 4 m.
In the archipelago of the northern Baltic
Proper, the topographic variation of the
coastline shapes the coastal underwater
environment creating a mosaic of habitats
for fish (Vahteri et al., 2009). Because
of the temperate climate, the Baltic Sea
region is subjected to seasonal changes in
light and temperature ranging from near-

Figure 1. Study sites Galtfjärden (60°10′N18°34′E, Sweden), Lumparn (60°07′N20°07′E, Åland Islands, Finland)
and Ivarskärsfjärden (60°16′N19°48′E). Map by Ulf Bergström.

zero and ice cover in the winter to +25°C in
late summer. Primary production typically
peaks in spring after the ice break (spring
bloom) and in late summer (autumn bloom)
when the water is warmest. Chlorophyll a
concentration, nutrients and zooplankton
abundance and biomass are typically at
their highest in late summer (Scheinin and
Mattila, 2010).
All study areas are under anthropogenic
effects by surrounding rural human
settlement and agriculture, but not directly
affected by large cities or other point
sources of pollution. All study areas
they are central for both commercial
and recreational fisheries of pikeperch,
perch and whitefish. Most commercial
fishermen in the areas are private persons
who operate part-time and on small scale.
Fishing pressure on pikeperch and also the
commercial catches increased during the
1990’s, but this has been regarded to have
occurred more due to increased interest in
pikeperch fishing after collapse of Baltic
cod and restrictions on salmon fisheries
than due to actual increase in pikeperch
stocks. Fishing mortality of pikeperch
has been high (Z >1.1) in all study areas
during the 2000’s (Mustamäki et al.
2014). High fishing mortality – combined
with predatory pressure from a great
cormorant breeding colony in Galtfjärden
– has previously been suggested as a likely
cause for declines of adult pikeperch in
the study areas (Mustamäki et al. 2014).
In Lumparn and Ivarskärsfjärden the
fishing pressure on pikeperch increased
markedly in the 1990’s. Implementation
of stricter restrictions on pikeperch fishing
in the Åland Islands was enforced in 2011
and will continue till 2015 (pers. comm.
Kaj Ådjers, Fisheries Division, Åland
Government, Finland). Fishing pressure
from recreational fishing in the Baltic Sea

coastline is also considered significant, but
no continuous records exist. According
to Official Statistics of Finland (2009)
and Swedish Board of Fisheries (2009),
catches of recreational fishing are at least
in the same order of magnitude as the
commercial catches.
Because of the geographical location and
topography, salinity and temperature in
Galtfjärden are generally slightly lower
than in Lumparn and Ivarskärsfjärden
(Mustamäki et al. 2014). Previously in
Mustamäki et al. (2014) the water quality
in all study areas during 2000’s was
classified eutrophic (sensu Lundberg et
al. (2005)) based on high or very high
levels of chlorophyll a (> 3.2 μg/l), total
nitrogen (> 360 μg/l) and total phosphorus
(> 24 μg/l), and low or very low Secchi
depth (< 3.4 m). Galtfjärden was classified
highly eutrophic. Lumparn was classified
moderately eutrophic, and decreasing
concentrations of chl a during the study
period (rS = –0.71, p < 0.05) indicated
slight improvement in the water quality.
In Ivarskärsfjärden, the water quality was
highly eutrophic, and increasing chl a
concentration (rS = 0.84, p < 0.05) in the
main basin and also in the adjacent bays
since the 1990’s (p < 0.05) indicated
ongoing eutrophication. Salinity decreased
in Ivarskärsfjärden (rS = –0.65, p < 0.05),
but no other significant trends over time
were observed in the water measurements
(Mustamäki et al., 2014).
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2.2 FISH DATA
Gillnet monitoring of the fish assemblage
in Galtfjärden was performed in 1999–
2008 by the Swedish Board of Fisheries.
Gillnet monitoring in Lumparn and
Ivarskärsfjärden was performed in 2000–
2009 by the Fisheries Division of the Åland
Government. In all study areas gillnet
monitoring was conducted on six stations
every autumn (weeks 39–42). They were set
at 3–5 pm and lifted at 7–9 am next morning.
The gillnets were bottom-set, 60 m long
and 3.0 m high, and organised as series of
5 gillnets with mesh sizes of 25, 30, 38, 45
and 50 mm bar length. The annual effort
in Galtfjärden was 135–180 net nights and
in Lumparn and Ivarskärsfjärden 90 net
nights each. The data suggest that the effort
of 90 net nights is sufficient as the species
accumulation curve reaches a plateau. Since
the smallest mesh size used in this study
was 25 mm, the obtained abundance data
only apply to fish larger than approx. 15 cm.
Fishing with the same gear, on same stations
and at the same time each year ought to give
comparable subsamples that reflect patterns
in the fish assemblage effectively sampled
by the gillnets.
Gillnet is a passive gear, and the catchability
of a gillnet varies according to fish size
and species (Maunder et al., 2006, Olin et
al., 2009), so the catch obtained is never a
mirror image of the entire fish community,
but a sample of the assemblage catchable
with the gillnet used.
Each fish caught was identified at species
level, and the annual number of species (S)
was counted for each study area. For species
abundances, the average number of fish per
net (Maunder et al., 2006)

7

number per unit effort,
NPUE = Nfish / Nnets,

2.3 ENVIRONMENTAL DATA

was calculated for the total catch and
separately for each species. The proportion
(%) of each species-specific NPUE of the
total NPUE was calculated. The total length
(LT) of each fish was measured to the nearest
cm, and the annual mean LT

2.3.1 WATER MEASUREMENTS

N

Mean LT  
i 1

Li
, where Li is the
N fish

length of fish i ± SD,
was calculated for each study area. Changes
in Mean LT indicate changes in the fish
assemblage size structure and length
distribution. Trophic level (TL) of each
species was determined according to the
FishBase website and the references therein
(Froese and Pauly, 2011), and the annual
mean TL
N

Mean TL  
i 1

TLi
, where TLi is the
N fish

trophic level of fish i ± SD,
of the fish was calculated for each study
area. Changes in Mean TL indicate
changes in the trophic structure of the fish
assemblage such as increasing/decreasing
dominance of higher order consumers.
Annual values on Shannon diversity index
(Shannon, 1948)
S

H '   pi ln pi where pi is the
i 1

proportion of species i of the catch and S is
the total number of species,
was calculated for each study area.
High values of H’ indicate that species
in the assemblage are present in equal
proportions, while low values indicate that
one or few species dominate in abundance.

Hydrographical data for this study were
derived from Mustamäki et al. (2014). The
data were collected by the Environment
Agency of the Government of Åland
(Lumparn), Sveland’s Coastal Water
Management Association (Galtfjärden) and
Husö biological station (Ivarskärsfjärden)
in 1999–2009). Temperature (Water T, °C),
pH, salinity, total phosphorus (Tot-P, μg/l),
total nitrogen (Tot-N, μg/l) and chlorophyll
a (Chl a, μg/l) were measured at 1 m depth,
and Secchi depth (Secchi, m) controlled.
In each study area, water sampling was
conducted in August (1-4 times/year)
during the entire study period. In this study,
the annual mean values of measurements
in August were used as environmental
factors to describe the water quality and
environmental conditions in the study areas.

2.3.2 COMMERCIAL FISHERIES
CATCHES
Annual commercial fisheries catches (kg/ha)
of perch, pikeperch), cyprinids (Cyprinidae)
and ‘large fish’ (perch, pikeperch, European
whitefish (Coregonus lavaretus), cyprinids
and Norhern pike (Esox lucius) combined)
were used as environmental factors in
this study to describe the amount of fish
removed by the commercial fisheries.
Catches of the previous year were used, as
the gillnet monitoring was conducted in late
summer and thus a significant part of the
commercial fisheries of a given year would
have been conducted after the monitoring
time. Data on commercial fisheries catches
(kg) in Galtfjärden were derived from
ICES catch statistics (ICES 2014; personal

communication Ulf Bergström, Swedish
University of Agricultural Sciences,
Sweden). Data on commercial fisheries
catches in Lumparn and Ivarskärsfjärden
were obtained from the Finnish Ministry
of Agriculture and Forestry (pers. comm.
Kaj Ådjers, Åland Government, Finland).
The catches (kg) were related to the area
(ha) of each study area. The data are the
official catch statistics of Sweden and
Finland, respectively, and are based on
annual reports by fishermen. In Galtfjärden
most of the commercial catch (in kg) was
comprised of Baltic herring and sprat, in
Lumparn pikeperch and whitefish and in
Ivarskärsfjärden perch.

2.3.3 METEOROLOGICAL DATA
To account for global climate change,
station-based North Atlantic Oscillation
(NAO, Hurrell & Deser 2010) as in Olsson et
al. (2012) and mean annual air temperature
(Air T, °C) were used as environmental
variables. Air T in the nearest meteorological
stations Örskär (60°53’N 18°38’E) for
Galtfjärden and Jomala (60°09’N 19°52’E)
for Lumparn and Ivarskärsfjärden) were
derived from Swedish Meteorological and
Hydrological Institute for Örskär station
and from Finnish Meteorological Institute
for Jomala station.
NAO describes the difference in sea surface
level atmospheric pressure between the
Arctic (Iceland) and the sub-tropical
(Portugal) Atlantic Ocean. In the Baltic Sea
region, positive values of NAO coincide
with westerly winds and higher sea surface
temperatures, and negative values with the
opposite (Hurrell and Deser, 2010). Values
on NAO were derived from National Center
for Atmospheric Research (Hurrell et al.,
2014).
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2.4 STATISTICAL ANALYSES
Univariate statistical analyses were
performed with statistical program package
IBM SPSS statistics 21. Trends over time
in environmental variables, commercial
catches, fish assemblage Mean LT, Mean
TL, S, H’, and NPUE of the most numerous
species (> 10 % of catch in at least one study
area) within the study areas were analysed
with linear regression analysis. If the variables
did not, even after transformations, fulfil the
assumptions of normality (KolmogorovSmirnov test p > 0.05) or homoscedasticity
(indicated by residual plots), trends over
time were analysed with the non-parametric
Spearman rank correlation analysis (rS;
Gauthier 2001).
The fish assemblage data were not suitable
for multivariate parametrical analyses (did
not fulfil requirements for normality and
homogeneity), and thus non-parametric
multivariate analyses were performed
with PRIMER 6 with PERMANOVA+
add on (Clarke, 1993, Anderson et al.,
2001, Anderson et al., 2008). To analyse
patterns in the fish assemblage, a BrayCurtis similarity matrix was constructed
with the square root transformed species
NPUE data. The similarity matrix was
subjected to a non-metric multidimensional
scaling (MDS). According to Clarke
(1993), a stress level of < 0.20 gives a
good representation of the data. Stress
level in this analysis indicates the bias from
compressing the multidimensional data into
a two-dimensional graphical presentation.
Permutational multivariate analysis of
variance (PERMANOVA, Anderson, 2001),
the nonparametric equivalent of MANOVA,
was used to analyse differences in the fish
species abundances among the study areas
(study area as fixed factor, year as random
factor).
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The environmental variables were checked
for skewness with Draftsman plots and lntransformed if necessary. Environmental
variables which best explained the variation
in the fish abundance data were identified
with distance-based linear modelling
(DistLM, Anderson et al., 2008). DistLM
is a non-parametric multivariate regression
analysis that regresses the Bray-Curtis
similarity matrix of biological data to the
given environmental factors. The best model
was chosen with the BEST procedure based
on the Aikaike information criterion for
finite samples (AICc, Cavanaugh, 1997).
Variables with variation inflation factor
> 5 and/or tolerance < 0.2 were excluded
for multicollinearity, and variables with
non-significant Pseudo-F-value (p > 0.05)
in the DistLM output were excluded. As
the ‘large fish catch’ variable was related
to the species-specific catch variables,
separate models were constructed with the
species catch variables (DistLM1) and the
large fish catch variable (DistLM2). Same
analyses were performed separately for
each area and for all areas in aggregate. The
best model was illustrated by a distancebased redundancy analysis plot (dbRDA,
McArdle and Anderson, 2001) as provided
by the DistLM procedure.

Osmerus eperlanus, 10 %). In Lumparn,
the most numerous species were pikeperch
(36 %), perch (34 %) and roach (11 %).
In Ivarskärsfjärden the most numerous
species were perch (51 %) and pikeperch
(23 %).
During the study period, the NPUE of
pikeperch, perch and smelt declined
statistically significantly over the whole
study period in Galtfjärden, while the
NPUE of roach and white bream increased

statistically significantly until 2004 and
then stabilised to a higher level than in the
beginning of the study period. For fourhorn
sculpin no statistically significant trend over
time was observed but the NPUE fluctuated
strongly and was at the end of the study
period clearly higher than in the beginning.
In Lumparn, perch and roach increased
statistically significantly over the whole
study period. In Ivarskärsfjärden, roach
and white bream increased statistically
significantly over the whole study

3 RESULTS
3.1 FISH ASSEMBLAGES
In total, 19 species were encountered of
which 12 were common to all study areas.
In Galtfjärden, the most numerous species
in the catches were fourhorned sculpin
(Myoxocephalus quadricornis, 33 % of the
Total catch NPUE), pikeperch (11 %), perch
(10 %), white bream (Blicca bjoerkna, 11
%) and European smelt (hereafter smelt,

Figure 2. NPUE of the most numerous species (> 10 % of the total catch in at least one of the areas) perch,
roach, pikeperch, fourhorned sculpin, white bream and smelt. For each species and study site, the linear
regression slope and R2 are reported for the statistically significant results (* p < 0.05, ** p < 0.01) of linear
regression analysis. Please observe the different y-axis scales.
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period and perch increased statistically
significantly until 2007 (Fig. 2). As a
result, the proportion of pikeperch in the
assemblages declined while the proportion
of cyprinids increased in all study areas. In
Galtfjärden, also the proportion of perch
declined and the proportion of benthic fish
increased (Fig. 3). Both Mean LT and Mean
TL declined statistically significantly over
time in all study areas. The total catch
NPUE increased statistically significantly
in Lumparn and Ivarskärsfjärden. No trend
over time was observed in S or H’ in any of
the study areas (Fig. 4).
The species assemblages were significantly
different among the study areas and
changed over time (PERMANOVA;
Fixed factor ‘Study area’: Pseudo-F2
= 24.4, P(perm) < 0.01, Random factor
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‘Year’: Pseudo-F10 = 1.9, P(perm) < 0.01).
In MDS ordination (Fig. 5), the fish NPUE
data clustered according to the study area
and shifted over time in accordance with the
PERMANOVA results. Plotting correlation
vectors of the fish species NPUE values in
the MDS ordination
illustrated the higher abundances of
fourhorned sculpin in Galtfjärden, higher
abundances of pikeperch in Lumparn and
Ivarskärsfjärden, higher abundances of
perch and lower abundances of smelt in
Ivarskärsfjärden and lower abundances
of white bream and other cyprinids in
Lumparn. The same vectors also illustrated
that the shift in time was towards higher
cyprinid abundances and lower pikeperch
abundances, as also illustrated by figures 2
and 4.

Figure 4. Mean trophic level of, Mean TL (± SD) and mean total length of the fish, Mean LT (± SD), Shannon’s
diversity index, H’, the number of species, S, and total fish abundance as number-per-unit-effort (total catch
NPUE) in the study sites. Linear regression slope and R2 or the Spearman correlation coefficient, r, is given for
each statistically significant time-parameter correlation. *: p < 0.05, **: p < 0.01.
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Figure 3. Annual proportions, %, of the total catch in the study areas for each group of fish species. For
readability, the fish were grouped into perch (Perca fluviatilis), pikeperch (Sander lucioperca), cyprinids,
benthic fish and other fish. Cyprinids consisted of roach (Rutilus rutilus), white bream (Blicca bjoerkna),
bream (Abramis brama), ide (Leuciscus idus), and Baltic vimba (Vimba vimba). Benthic fish consisted
of fourhorn sculpin (Myoxocephalus quadricornis), eelpout (Zoarces viviparus), burbot (Lota lota),
ruffe (Gymnocephalus cernua) and European flounder (Platichtys flesus). Other fish consisted of Baltic
herring (Clupea harengus var. membras), Baltic whitefish (Coregonus lavaretus), Northern pike
Esox lucius, European smelt (Osmerus eperlanus), European sprat Sprattus sprattus, Rainbow trout
(Oncorhynchus mykiss) and European eel (Anguilla anguilla). Most species in the group “other fish”
were either rare in the study sites or too small-bodied to be properly recruited to the gear.
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Figure 5. MDS ordination of the Bray-Curtis similarity matrix constructed with the fish species abundance data
(square root transformed species NPUE). Vectors present correlations with the NPUE of perch, pikeperch,
fourhorned sculpin and cyprinid species.
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Chl a decreased in Lumparn and increased
in Ivarskärsfjärden over the whole
study period. Also salinity decreased in
Ivarskärsfjärden. No other consistent
trends over time were observed in the water
measurements. NAO and Air T did not
either show any significant trend over time.
Commercial fisheries catches fluctuated
during the whole study period, and a
consistent increasing trend was observed
only in cyprinid catches in Ivarskärsfjärden
and perch catches in Lumparn. Pikeperch
catches and also large fish catches first
increased and then decreased towards the
end of the study period in all study areas
(Table 1).

3.3 EFFECT OF ENVIRONMENTAL
VARIABLES ON THE FISH
ASSEMBLAGES
The DistLM analysis identified total
commercial pikeperch catch, chl a and
Secchi depth as the most important
environmental
variables
explaining
together 41% of the total variation in the
fish abundance data. Using the ‘large
fish catch’ instead of the species-specific
catches resulted in a nearly as good
model with large fish catch and chl a as
explanatory variables explaining 38 %
of the total variation (Table 1, Fig. 6).
Separate analyses for each area resulted
in rather similar models with certain
fisheries catches variables (large fish catch,

Table 1. Environmental variables (annual mean ± SD) included and output from the Distancebased Linear Model (DistLM; selection by Akaike information criterion and BEST procedure).
R2 indicates the proportion of the variation in the fish abundance data explained by the
variable or model. All variables included to the best models were statistically significant at
p < 0.05 level in the marginal Pseudo-F tests as offered by the DistLM output.
Variable
Galtfjärden Lumparn Ivarskärsfjärden DistLM1 DistLM2
Secchi
1.5 ± 0.09
2.5 ± 0.13 1.6 ± 0.09
R2 = 0.09
depth, m
3.3 ± 0.3 Ļ 5.3 ± 0.2 Ĺ
R2 = 0.22 R2 = 0.11
Chl a, μg l-1 11.2 ± 1.5
17 ± 0.6
28 ± 1.0
Tot-P, μg l-1 45 ± 13.6
Water
340 ± 10
430 ± 11
Tot-N, μg l-1 450 ± 33
Water temp
17.3 ± 0.4
19.5 ± 0.5 19.8 ± 0.4
°C
Salinity
5.0 ± 0.1
5.7 ± 0.04 5.5 ± 0.03 Ļ
Pikeperch 2.2 ± 0.9
1.9 ± 0.7
1.2 ± 0.5
R2 = 0.10 Commercial Perch
1.5 ± 0.3 Ĺ 1.8 ± 0.4
1.6 ± 0.4
catch, kg
Cyprinids
0.1 ± 0.02
0.1 ± 0.04 0.3 ± 0.2 Ĺ
-1
ha
Large fish 7.9 ± 1.7
5.0 ± 0.8
5.0 ± 1.2
R2 = 0.26
NAO
0.09 ± 0.4
-0.03 ± 0.5 -0.03 ± 0.5
Meteorology
6.8 ± 0.4
6.8 ± 0.4
Air temp °C 6.9 ± 0.5
R2 = 0.41
Best DistLM Pikeperch catch, Secchi depth & Chl a, AICc = 180.5
models
Large fish catch & Chl a, AICc = 197.4
R2 = 0.38
Ĺ increasing or Ļ decreasing trend over time, statistically significant at p < 0.05 level with Spearman rank correlation or
linear regression analysis.
‘Large fish catch’ = catches of perch, pikeperch, pike, whitefish and cyprinids combined.
- excluded for multicollinearity; inflation factor > 5 and/or tolerance < 0.2.
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Figure 6. Distance-based redundancy analysis (dbRDA) plot. The fish abundance samples placed along the first
two dbRDA axes produced by the DistLM procedure (Table 1). The vectors illustrate correlation with the original
environmental variables included in the model.

pikeperch catch or cyprinids catch) and
certain eutrophication indicator variables
(Chl a, Secchi or Tot-N) as explanatory
variables. Apparently due to low number
of samples and large variations in species
abundances, the AICc and R2 values were
clearly lower in the separate analyses,
and therefore the aggregate analysis was
considered more representable.

4 DISCUSSION
The studied fish assemblages differed
significantly from each other in terms of
species abundances, while the differences
in the species identities or number of
species were small. Despite the local
differences, all three study areas displayed a
similar pattern of change over time towards
more eutrophic conditions and higher
dominance of cyprinid fish (Bonsdorff et
al., 1997, Lundberg et al., 2005, Breitburg
et al., 2009). The shift towards higher
dominance of small-bodied lower trophic

level cyprinids, and in Galtfjärden also
fourhorn sculpin, was reflected in the
declining mean length and declining
mean trophic level (Pauly and Palomares,
2005) of the fish assemblages. In addition,
the total fish abundance in Lumparn and
Ivarskärsfjärden increased. Taken together,
the results of this study clearly indicate
increasing fish abundance at lower trophic
levels in all study areas, and all hypotheses
of this study were confirmed.
According to the DistLM analysis, both
hydrography and commercial fisheries
affected the fish assemblages (Breitburg
et al., 2009). High values in chlorophyll a
were typically connected to high levels of
nutrients and low Secchi depth, all of which
are related to eutrophication (Lundberg
et al., 2005). In addition, increasing
abundances of cyprinids and increasing
total fish abundance have previously been
connected to eutrophication in the Baltic
Sea coastal areas (Bonsdorff et al., 1997,
Lappalainen et al., 2001, Ådjers et al.,
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2006). Therefore it was concluded that
water quality and level of eutrophication
were important factors structuring the fish
communities. Based on the DistLM results
and previous results by Mustamäki et al.
(2014), it was concluded that commercial
fisheries also affected the fish assemblages.
Previous results by Mustamäki et al. (2014)
state that fishing mortality on pikeperch
has been high (Z > 1.1) and abundances of
large pikeperch (> 40 cm LT) have declined
in all study areas.
No single driver could be identified for
the observed changes, but instead it was
concluded that the assemblages were
simultaneously affected by fisheries and
eutrophication. Naturally, there are bound
to be additional environmental factors not
included in this study which affect the
aquatic communities. A breeding colony
of great cormorants has been established
and grown in Galtfjärden during the study
period, which has had some negative
impact on the pikeperch population of
the area (Mustamäki et al., 2014) and
may also have affected perch (Salmi et
al., 2015) in Galtfjärden. Fluctuation in
the year class strengths also affects fish
population structures; especially year class
strengths of pikeperch (Mustamäki et al.,
2014, Heikinheimo et al., 2014) and perch
(Kjellman et al., 2003) typically fluctuate
with temperature during the spawning
period. No declines in benthic fish
abundances were observed in this study
but on the contrary fourhorn sculpin was
abundant in Galtfjärden, although benthic
hypoxia due to eutrophication is expected
to affect them adversely (Eby et al., 2005).
On the other hand, hypoxia might also
force benthic fish to migrate to shallower
areas possibly making them coincide with
the sampling points more often (Snickars
et al., 2015), but this hypothesis could not
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be verified with the material. No effect of
any temperature or climatic variable was
observed in this study either, although
it is well known that temperature has
major impacts on fish, for instance on
reproduction success (Heikinheimo et al.,
2014, Mustamäki et al., 2014). Previous
studies indicate that global climate change
may be an important driver of changes in
coastal fish communities (Olsson et al.,
2012, Möllmann et al., 2014), but NAO
is also prone to large annual fluctuations
(Hurrell and Deser, 2010). Possibly the
time series was too short to reveal changes
caused by large scale climatic effects,
and effects of global warming on fish
assemblages cannot be ruled out based on
these results.
Results from this study are in accordance
with results from previous studies conducted
in larger but coarser spatial scales, and also
present a statistical relationship between
the environmental stressors and the fish
assemblages studied. Previous studies have
shown similar decreases in higher order
consumers and/or increases in lower order
consumers (Daskalov, 2002, Casini et al.,
2008, Breitburg et al., 2009, Möllmann et
al., 2009), declines in mean trophic level
(Pauly and Palomares, 2005) and declines in
mean length (Dulvy et al., 2004). Previous
studies on coastal fish communities have
reported increases in cyprinid abundances
possibly in connection to eutrophication
(Lappalainen, 2001, Ådjers et al., 2006),
decreases in piscivorous fish abundances
possibly inducing trophic cascades
(Österblom et al., 2007, Eriksson et al.,
2009), and fish assemblage structure
changes in relation to abiotic factors such
as climate change (Olsson et al., 2012).
Even though pikeperch would be expected
to benefit from eutrophication and climate
change (Lehtonen et al., 1996, Kjellman

et al.,. 2003), this study together with
Mustamäki et al. (2014) and Heikinheimo
et al. (2006) indicate that high fishing
pressure has overshadowed the possible
positive effects.
While previous studies by Ådjers et al.
(2006), Olsson et al. (2012) and HELCOM
(2012) report local differences in the
development of coastal fish assemblages
failing to find general patterns, in this study
a uniform development was observed in
all study areas. This could be due to that
the study areas of our study have had
initially much more in common in terms of
environmental conditions shaping the fish
assemblage (Snickars et al., 2009, Malek
et al., 2014) than the ones mentioned
above; our areas were located in the same
geographical region, all were coastal
embayments and central pikeperch fishing
areas. Thus the trends observed in this
study might well be generally applicable
to other coastal areas that share the same
characteristics; rather large (approx.. 100
km2) coastal embayments with partial
connection to the surrounding sea, eutrophic
water quality due to runoff from land, rural
habitation but no large cities, industries or
other significant pollution sources, lowdiversity species assemblage typical for
brackish water, and heavily exploited by
commercial and recreational fisheries.
Instead of trying to find general patterns
that apply to any coastal site regionally/
globally, it may be more beneficial to
characterise coastal areas according to both
abiotic factors and human exploitation and
start looking for patterns typical for each
type of coastal areas (Malek et al., 2014).
This study also illustrates the benefits of
combining single indexes and multivariate
analyses to describe patterns in multispecies
abundance data associated with several

environmental factors (Olsson et al., 2012,
ICES, 2012, Malek et al., 2014, Möllman
et al., 2014). The single indexes mean
trophic level and mean total length detected
changes in the fish assemblage structure,
and the results of the multivariate analyses
identified the factors behind the trends in
the single indexes. However, Shannon
diversity index (Shannon, 1948) failed to
detect any change in the communities. This
was because this index does not take the
species identity into account, and it was thus
not affected by the simultaneous increases
and decreases in the species dominances.
Also more or less same species composition
– with the most numerous species and
some of the rare species – was caught
each year, and therefore no change in the
number of species was observed, either.
This study demonstrates the usefulness of
non-parametric multivariate methods in
detecting patterns in aquatic communities,
as also previously demonstrated by for
instance Snickars et al. (2009), Olsson et al.
(2012), Scheinin et al. (2013) and Malek et
al. (2014). In addition, the results illustrate
that even single indexes can be useful and
informative in detecting fish assemblage
structure changes, especially when several
indexes are used and combined with other
methods.
The observed changes in the studied
fish assemblages suggest an underlying
regional pattern in ecosystem effects of
eutrophication and fisheries. This pattern
may be typical either for this region or for
this type of coastal embayments subjected
to similar stressors. Based on the results,
it can be hypothesized that the removal
of pikeperch by commercial fisheries
has reduced the predation pressure in
the study areas, allowing an increase
in the overall abundance of secondary
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consumers (Daskalov, 2002, Österblom et
al., 2007, Casini et al., 2008, Eriksson et
al., 2009). Simultaneously eutrophication
has enhanced production at lower trophic
levels favouring cyprinids (Bonsdorff et al.,
1997, Ådjers et al., 2006, Breitburg et al.,
2009). The parallel proportional increase
of lower order consumers and decrease of
higher order consumers is demonstrated
by declining mean trophic level (Pauly
and Palomares, 2004) and declining mean
length (Dulvy et al., 2004) of fish in the
communities. The effects of eutrophication
and cascading effects of the fish assemblage
changes are most likely also reflected in
other parts of the ecosystem, e.g. plankton,
vegetation, oxygen and nutrients in the
sediment (Eriksson et al., 2009, Rosqvist et
al., 2010, Scheinin et al., 2013), changing
the trophic structure and energy flows,
and thus contributing to overall ecosystem
changes (Österblom et al. 2007, Casini et
al., 2008, Eriksson et al., 2011, Möllman
et al., 2014).
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Abstract The development of three pikeperch (Sander
lucioperca (L.)) populations in the northern Baltic Sea was
monitored using standardized multimesh gillnets in
1995–2009. Declining trends in the abundances of pikeperch over 40 cm total length, low numbers of individuals
older than 6 years, and high mortality rates were observed
in all three populations. In the site with the largest commercial catches per unit area and a rapidly increased colony of great cormorants (Phalacrocorax carbo sinensis
Blumenbach 1798), also the abundance of pikeperch below
40 cm total length and year-class strength showed declining trends. The adverse population level changes did not
correlate with changes in water quality or eutrophication
status. Together, the results suggest that in all study sites
ﬁsheries are harvesting a large proportion of the pikeperch
soon after or even before reaching the maturity, and that
predation from great cormorants may increase mortality of
juveniles. Pikeperch is important not only for ﬁsheries but
also for ecosystem functioning, and our results point at the
need for further management measures to ensure viable
populations in the areas studied.
Keywords Year-class strength  Commercial ﬁshing 
Multimesh gillnet monitoring  Mortality  Great cormorant

INTRODUCTION
In the densely populated Baltic Sea region the shallow
coastal areas are under considerable anthropogenic inﬂuence by eutrophication, hazardous substances, habitat
Electronic supplementary material The online version of this
article (doi:10.1007/s13280-013-0429-z) contains supplementary
material, which is available to authorized users.

exploitation, and ﬁsheries (HELCOM 2006, 2009, 2012). It
is imperative to follow the development of coastal ﬁsh
stocks as these are likely to be impacted by the multiple
pressures. Moreover, large predatory ﬁsh, which are prime
target for both commercial and recreational ﬁsheries, are
keystone species of the coastal ecosystem and decreasing
populations may have profound indirect effects on ecosystem functioning (Brabrand and Faafeng 1993; Eriksson
et al. 2011).
Pikeperch (Sander lucioperca (L.)) is a large freshwater
piscivorous ﬁsh, common in the eastern and northern
Europe. In the brackish Baltic Sea, it inhabits the coastal
zone (Lehtonen et al. 1996). Pikeperch reaches sexual
maturity in the Baltic Sea at the age of 4–6 years and length
of 35–44 cm (Kosior and Wandzel 2001; Lappalainen et al.
2003). Males reach the maturity younger and at smaller
size than females (Lappalainen et al. 2003; Ozyurt et al.
2011). Spawning takes place in May–June in warm, shallow areas with low salinity and high turbidity (Lehtonen
et al. 1996; Veneranta et al. 2011). There is a lot of evidence on that larger and thus older females in many ﬁsh
species have better spawning success than the younger ones
(Berkeley et al. 2004; Olin et al. 2012). Because the year
classes of pikeperch are stronger in warm summers
(Kjellman et al. 2003; Pekcan-Hekim et al. 2011) and
pikeperch prefer turbid water (Veneranta et al. 2011), they
are generally expected to beneﬁt from eutrophication and
rising sea temperatures (Lehtonen et al. 1996; PekcanHekim et al. 2011; Veneranta et al. 2011).
Pikeperch is highly valued as a commercial species, and
the stocks in the Baltic Sea are harvested intensively (Eero
2004; Heikinheimo et al. 2006). Minimum landing size of
pikeperch at the Swedish Baltic Sea coast is 40 cm
(Swedish Board of Fisheries 2011). The smallest allowed
mesh size for pikeperch ﬁshing is 45 mm bar length in
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parts of the coast, while in other parts there are no
restrictions. In Finland, including the Åland Islands, the
minimum landing size of pikeperch is 37 cm [Fishing
Decree (Kalastusasetus 191/2008)]. In addition, in the
Åland Islands the smallest allowed mesh size for pikeperch
ﬁshing is 45 mm bar length and pikeperch ﬁshing is prohibited during the spawning time (25 May–5 July). The
three sites where this study was conducted are among the
main pikeperch reproduction and ﬁshing areas in the
northern Baltic Sea (Sundblad et al. 2011; Veneranta et al.
2011).
At the Swedish Baltic Sea coast pikeperch catches were
stable during the 1980s, but then decreased sharply and
have now stabilized at one-fourth of the level of the 1980s
(Lehtonen et al. 1996; Swedish Board of Fisheries 2011).
In the Finnish Archipelago Sea the catches of pikeperch
increased during the 1990s, but declined again during the
2000s (Lappalainen et al. 2002; Finnish Game and Fisheries Research Institute 2006; Pekcan-Hekim et al. 2011).
The increase in catches in the 1990s was in part due to
strong year classes of 1988 and 1991 (Pekcan-Hekim et al.
2011), but also due to increased ﬁshing pressure since the
late 1990s, which was caused by the decrease of cod
(Gadus morhua (L.)) in the 1980s. These factors in combination with restrictions on salmon (Salmo salar (L.))
ﬁshing and an increase in pikeperch price caused an
increase in catches, which was probably larger than the
actual increase in the stock size (Lappalainen et al. 2002).
High ﬁshing pressure, weak year-classes and gear damage
by gray seal (Halichoerus crypus (L.)) have been blamed
for the declining catches in the 2000s (Finnish Game and
Fisheries Research Institute 2006; Söderkultalahti and
Ahvonen 2011; HELCOM 2012).
During the last decades, the numbers of both great
cormorant (Phalacrocorax carbo sinensis Blumenbach
1798) and gray seal have increased in the Baltic Sea area
(Wikman 2010; Herrmann et al. 2011), and the increased
predation pressure from them may affect ﬁsh stocks and
ﬁsheries (Lundström et al. 2010; Söderkultalahti and
Ahvonen 2011; Östman et al. 2012). Gray seals feed
mainly on herring (Clupea harengus) and sprat (Sprattus
sprattus (L.)), and available diet studies have rarely found
pikeperch in their diet (Lundström et al. 2010), which
indicates that predation pressure on pikeperch from gray
seals, although probably rising, is of minor importance.
However, the gray seal may be an issue for the commercial
pikeperch ﬁshing as it eats ﬁsh directly from the gear
destroying the catch and the gear alike (Söderkultalahti and
Ahvonen 2011). Great cormorants feed on pikeperch, but
seem to be generalist predators favoring the most abundant
and easily available species (Korhonen 2010; Lehikoinen
et al. 2011). Some previous studies have argued that predation by cormorants can have an effect on ﬁsh populations
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of importance for ﬁsheries (Vetemaa et al. 2010; Östman
et al. 2012), but in other studies no effect was detected
(Lehikoinen et al. 2011). A great cormorant nesting colony
accompanied by a large number of subadults is located in
one of the sites of this study. There are no nesting great
cormorants in close proximity to the other two study sites
and no bird counts are available, even though cormorants
occur there.
An improved understanding of pikeperch population
dynamics and regulation in the Baltic Sea is essential for
the management of this valuable resource, providing ecosystem services such as regulation of mesopredators
(Brabrand and Faafeng 1993; Eriksson et al. 2011), beside
the more obvious food and recreation. The aim of this
study was to analyze abundance, year-class strength (YCS),
growth, and mortality in three pikeperch populations in the
northern Baltic Proper, and to relate observed changes to
potential pressures such as commercial ﬁshing, water
quality, and predation.

AMBIO 2014, 43:325–336

327

Fig. 1 Study sites Galtfjärden
(60°100 N 18°340 E) in Sweden
and Lumparn (60°070 N
20°070 E) and Ivarskärsfjärden
(60°160 N 19°480 E) in Åland
Islands, Finland. Fishing
stations are marked (circles)
on the map

MATERIALS AND METHODS
Study Sites
The study sites, Galtfjärden (60°100 N 18°340 E) on the
Swedish east coast, and Lumparn (60°070 N 20°070 E) and
Ivarskärsfjärden (60°160 N 19°480 E) in the Åland Islands,
are semi-isolated brackish water embayments located in the
inner archipelago zone in the northern Baltic Sea (Fig. 1).
The total area of Galtfjärden and the adjacent bays and
straits where pikeperch is mainly found is c. 74 km2 and
the average depth is 6 m. The total area of Lumparn and the
adjacent bays is c. 160 km2 and the average depth is 12 m.
The total area of Ivarskärsfjärden with the adjacent bays
and straits is c. 62 km2 and the average depth is 4 m.
Hydrography
Water sampling in Galtfjärden was conducted at two points
(depth 8–12 m, 60°120 N 18°290 E) by Svealand’s Coastal
Water Management Association in 1996–2009. Water
sampling in Lumparn was conducted at ﬁve points (depth
20–30 m, 60°080 –60°110 N, 20°030 –20°130 E) by the Environment Agency of the Provincial Government of the Åland
Islands in 2000–2009. Water sampling in Ivarskärsfjärden
was conducted at one point (depth 10 m, 60°160 N 19°480 E)
by Husö biological station in 1995–2009.
In each study site, water sampling was conducted
annually in August (1–4 times each year). Parameters
studied were salinity (psu), total phosphorus (lg l-1), total
nitrogen (lg l-1), temperature (°C), and chlorophyll
a (lg l-1), measured at 1 m depth, and Secchi depth (m).
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Annual mean values of measurements in August were
calculated for each study site.
Water Temperature
Data on mean daily water temperatures for Galtfjärden in
1992–2006 were obtained from the Forsmark nuclear power
plant, 30 km north of the study site (60°240 N 18°110 E, surface water).
For Lumparn and Ivarskärsfjärden the water temperature
was estimated based on air temperature. Data on mean daily
air temperature on the Åland Islands in 1996–2006 were
obtained from the Finnish Meteorological Institute at Jomala
meteorological station (60°090 N 19°520 E). Water temperature data consisted of measurements made by the Environment Agency of the Provincial Government of the Åland
Islands in Lumparn (200 measurements) and by Husö biological station in Ivarskärsfjärden (280 measurements) in
1996–2006 during the open-water period (approx. March–
October). Estimated mean daily water temperatures were
calculated based on a linear regression (LR) model with air
temperature as the independent variable and the available
water temperatures as the dependent variable:Lumparn:
temperaturewater ¼ 0:776  temperatureair þ 4:698 ðR2 ¼
0:68Þ; andIvarska rsfja rden : temperaturewater ¼ 0:765 
temperatureair þ 5:739 ðR2 ¼ 0:75Þ.The monthly average
water temperatures (°C, Pekcan-Hekim et al. 2011) and the
monthly degree-day sums over a threshold temperature of
10 °C (DD10, Kjellman et al. 2003) in the study sites were
calculated.

Commercial Pikeperch Fishing
Data on commercial pikeperch ﬁshing catches (kg) in
Galtfjärden in 1994–2008 were obtained from the Swedish
Board of Fisheries. Data on commercial pikeperch ﬁshing
catches (kg) and the numbers of nets and ﬁshing nights in
Lumparn and Ivarskärsfjärden in 1996–2009 were obtained
from the Finnish Ministry of Agriculture and Forestry. The
data are the ofﬁcial catch statistics of Sweden and Finland,
respectively, and are based on reports by commercial
ﬁshermen.
Annual commercial catch (kg ha-1) was calculated for
each study site:
.
Catchcommercial ¼ kgpikeperch hasite :
Annual commercial ﬁshing effort (nets ha-1) and commercial
catch-per-unit-effort (CPUE, kg net-1 night -1) were
calculated for Lumparn and Ivarskärsfjärden:
Effortcommercial ¼ nnets =hasite
.
CPUEcommercial ¼ kgpikeperch nnets  nnight :
Pikeperch Consumption by Great Cormorants
in Galtfjärden
Galtfjärden was the only study site with nesting great
cormorants. The great cormorants were counted twice or
thrice yearly during the nesting season in May–July. Both
the birds in close proximity the colony and the nests were
counted. The maximum number of individuals recorded in

Ó Royal Swedish Academy of Sciences 2013
www.kva.se/en

123

328

AMBIO 2014, 43:325–336

the counts was used in the consumption calculations. By
combining data on numbers of nesting and subadult great
cormorants with estimates of total consumption and the
proportion of pikeperch in the diet, we estimated their
potential pikeperch consumption. No cormorant diet data
were available from the study area. Instead we used data
from two studies in the Finnish Archipelago Sea (Korhonen
2010; Lehikoinen et al. 2011), where the environment and
composition of the ﬁsh community is similar to the three
sites in this study (HELCOM 2006). In these studies, the
proportion of pikeperch in the diet of great cormorants in
weight was estimated to 10.5 % (Korhonen 2010; average
of 2 years) and 3.7 % (Lehikoinen et al. 2011). We used the
mean of these two studies, 7.1 %, in our calculations to get
a rough estimate of the potential consumption.
The total expected ﬁsh consumption was estimated from
published bioenergetic models and tests (reviewed in
Ridgeway 2010) according to Östman et al. (manuscript).
The average daily consumption per adult breeder, including
the consumption of chicks, was estimated to 608 g over a
150-day-long period from egg incubation to post-breeding.
The total length of the period was estimated to be 30 days
shorter than in Östman et al., as a consequence of a shorter
summer in this more northerly area. For subadults, the
daily consumption was set to 540 g.

Gillnet Monitoring
In all study sites gillnet monitoring was conducted with
standardized annual multimesh gillnet monitoring on the
same six stations on each area in the autumn (weeks 39–42).
The stations were chosen to represent all depths and habitats
within the study sites. The gillnet monitoring in Galtfjärden
was conducted in 1995–2008 by the Swedish Board of
Fisheries. The gillnet monitoring in Lumparn and Ivarskärsfjärden was conducted in 2000–2009 by the Fisheries
Division of the Provincial Government of Åland Islands.
The gear consisted of four or ﬁve bottom-set, 60.0 m
long and 3.0 m high gillnets with different mesh sizes
organized as one gillnet series. The soak time was 16 h, set
at 3–5 pm and lifted at 7–9 am. Fishing was conducted on
three consecutive nights (one gillnet series per station per
night). The gear used in Galtfjärden in 1995–1998 consisted
of four gillnets of mesh sizes 25, 30, 38, and 50 mm bar
length. In 1999, a gillnet with mesh size of 45 mm was
added to the series. The gear used in Galtfjärden in
1999–2008 and in Lumparn and Ivarskärsfjärden in
2000–2009 thus consisted of ﬁve gillnets (mesh sizes 25,
30, 38, 45, and 50 mm bar length).
The total number of pikeperch caught during this study was
8124, of which 3307 were from Galtfjärden, 2437 from
Lumparn, and 2380 from Ivarskärsfjärden. Each pikeperch
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was measured for the total length in mm, and the age of each
pikeperch (years) was determined either from scales or otoliths. The age reading results were regularly cross-evaluated.
We used number-per-unit-effort (NPUE) as a measure
of pikeperch abundance, number of pikeperch as a measure
of catch, and number of nets as a measure of effort.
Therefore, NPUE = the average number of pikeperch per
gillnet. We have attempted to stabilize annual catchability
by conducting the monitoring on the same stations, effort
and gear at the same time each year.
Following annual NPUE values were calculated for the
gillnet monitoring catches on each station:
Average number of pikeperch per net:
NPUE ¼

npikeperch
;
nnets

Average number of small (LT \40 cm) pikeperch per net:
npikeperch\40cm
NPUEsmall ¼
;
nnets
Average number of large (LT C 40 cm) pikeperch per net:
npikeperch  40cm
NPUElarge ¼
:
nnets
NPUElarge describes the abundance of adult pikeperch, i.e.,
spawning stock size, and the abundance of pikeperch targeted by commercial ﬁshing.
The NPUE values from Galtfjärden in 1995–1998 were
multiplied with a correction factor for the absence of the
mesh size of 45 mm:
correction factor ¼

NPUE45mm
;
NPUEno45mm

where NPUE45mm = NPUE since 1999 and NPUEno45mm =
NPUE since 1999 with 45 mm mesh size excluded. Correction factors were then for NPUE = 0.855, NPUEsmall =
0.844, and NPUElarge = 1.14.
The YCS in a speciﬁc year was approximated based on
the NPUE of 3-year-old pikeperch caught in the gillnet
monitoring 3 years later:
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Relationship between log-transformed YCS and water
temperature (mean water temperature and DD10 for each
month separately and for all combinations of months from
April to October) was studied with LR analysis.
For Galtfjärden, where cormorant count data and pikeperch predation estimates were available for the whole
time-series, the combined effect of DD10 and cormorant
predation on YCS (estimated from NPUE of age 3) was
described using a two-factor LR. Cormorant predation was
estimated as predation on age 2 ﬁsh, as previous studies
have shown that cormorants mainly consume pikeperch of
lengths corresponding to ages 1 and 2 (Korhonen 2010).
Regarding total length and age, the sexes were pooled as
no difference in length-at-age was detected between males
and females (ANCOVA factor sex: F1,6034 = 1.63,
p = 0.20, covariate age: F1,604 = 14 121.32, p\0.001). In
order to illustrate length-at-age, a von Bertalanffy growth
model was ﬁtted to the data:
von Bertalanffy
equation:
E½Ljt ¼ L1
 TheKðtt
0Þ
, where E[L|t] is the expected average length
1e
at age t, L? is the asymptotic average length, K is the rate
of approach to the L?, and t0 is the theoretical age at
length 0 (Beverton and Holt 1957).

Statistical Analyses
All statistical analyses were performed with the statistical
program package PASW Statistics 18.0. Parametrical tests
were used if the data met the requirements of normality and
homogeneity.
The differences among the study sites in parameters for
hydrography and gillnet monitoring were analyzed either
with one-way analysis of variance (ANOVA) and Bonferroni
post hoc test or the non-parametric Kruskall–Wallis test (K–
W) followed by pairwise comparisons with Mann–Whitney
U test and Bonferroni-correction for signiﬁcance levels (5 %
signiﬁcance level = 0.05/ncomparisons). Trends in the abovementioned parameters within study sites over time were
analyzed with the non-parametric Spearman rank-correlation analysis (r; time–parameter correlation). This approach
was chosen as the data, even after transformations, did not
meet the requirements for two-way parametrical tests.
Mortality values were calculated for ages fully recruited
to the gear. Ages above the ﬁrst age where only one individual was encountered were excluded (Dunn et al. 2002).
The instantaneous mortality (Z) and annual mortality (A) in
each study site for the whole study period were estimated
with LR model:
Instantaneous mortality = Z = -slope of the LR of
ln(agewise mean of NPUEa,y) against a, where
NPUEa;y ¼

RESULTS

npikeperch;a;y
; a ¼ age; y ¼ year
nnets;y

Hydrography

Annualmortality ¼ A ¼ 1  eZ

During the years 2000–2009, Galtfjärden had the highest
chlorophyll a concentration and the lowest salinity, while
Lumparn had the lowest chlorophyll a concentration, lowest
total nitrogen, and total phosphorus concentrations but
highest Secchi depth (Table 1). The only water parameters
that displayed a statistically signiﬁcant change over time
were the decreasing chlorophyll a concentration in Lumparn
(rS = 0.71, p\0.05) in 2000–2009, and increasing chlorophyll a concentration (rS = 0.84, p\0.05) and decreasing

The Z-at-age (Za) in the study sites was calculated:
Za ¼ lnðagewise mean of NPUEa;y Þ
 lnðagewise mean of NPUEaþ1;y Þ
The Z for each year of catch (Zy) in the study sites was
calculated:


Zy ¼ yearly mean of lnðNPUEa;y Þ  lnðNPUEaþ1;yþ1 Þ

YCSa ¼ NPUEage3aþ3 ;
where a = year and
nage3pikeperch
NPUEage3 ¼
nnets
The NPUE of 3-year-old pikeperch was chosen as the
estimate for the YCS since it was the youngest age group
fully recruited to the gear in this study.
Commercial pikeperch ﬁshing is typically conducted
with the mesh size of 45 mm. We calculated the proportion
of pikeperch shorter than the minimum landing size caught
in the mesh size of 45 mm in the gillnet monitoring in order
to estimate if the mesh size regulation is appropriate.
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Table 1 Water quality parameters in August (mean ± SE) in 2000–2009
Galtfjärden

Lumparn

Ivarskärsfjärden

1.5 ± 0.09

2.5 ± 0.13

Temperature (°C)

17.3 ± 0.44a

19.5 ± 0.49b

19.8 ± 0.43b

Chlorophyll a (lg l-1)

11.2 ± 1.5a

3.3 ± 0.3b

5.3 ± 0.2c

K–W; v2 2 ¼ 22:9***

17 ± 0.6b

28 ± 1.0a

K–W; v2 2 ¼ 16:8***

Total phosphorus (lg l-1)
-1

45 ± 13.6a

Total nitrogen (lg l )

450 ± 33

Salinity (psu)

5.0 ± 0.1

a
a

340 ± 10

b

430 ± 11

b

5.7 ± 0.04

1.6 ± 0.09

Analysis

Secchi depth (m)

a

b

a

ANOVA; F2,26 = 8.9***

K–W; v2 2 ¼ 13:0***

a

5.5 ± 0.03

ANOVA; F2,26 = 24.2***

b

ANOVA; F2,26 = 29.9***

Within a row, means followed by the same letter are not signiﬁcantly different at p \ 0.05 with Bonferroni-correction
ANOVA One-way analysis of variance for difference among study sites, K–W Kruskall–Wallis test for difference among study sites
Signiﬁcance levels: NS p [ 0.05, * p \ 0.05, ** p \ 0.01, *** p \ 0.001
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Fig. 4 Abundance of pikeperch (average number per net ± SE) in the gillnet monitoring catches in Galtfjärden in 1995–2008, Lumparn in 2000–2009,
and Ivarskärsfjärden in 2000–2009. a Abundance of all pikeperch (NPUE), b abundance of small pikeperch (pikeperch \ 40 cm total length;
NPUEsmall), and c abundance large pikeperch (pikeperch C 40 cm total length; NPUElarge). Note the different scales on y-axes

Mean length of pikeperch caught in the mesh size of 45 mm
was in Lumparn 39.6 cm (min 18 cm, max 47 cm), in Ivarskärsfjärden 41.2 cm (min 14 cm, max 56 cm), and in
Galtfjärden 31.2 cm (min 9 cm, max 56 cm). Of the pikeperch caught in the mesh size of 45 mm, 18 % in Lumparn,
15 % in Ivarskärsfjärden, and 55 % in Galtfjärden were
shorter than the minimum landing size (Lumparn and Ivarskärsfjärden 37 cm, Galtfjärden 40 cm, respectively).

In all sites, pikeperch of ages 2–4 were the most abundant
in the catches (Fig. 5a). In all study sites and years, the

Fig. 3 Development of the numbers of breeding and subadult great
cormorants in Galtfjärden in 1995–2008

b

Galtfjärden

0.4

proportion of pikeperch older than 6 years was less than
1 % of the annual catch. The total length of majority of
the pikeperch was within the range of 25–35 cm (Fig. 5b).
The age distributions indicate that the pikeperch were
fully recruited to the gear at the age of 3 years and length
of 25–27.4 cm (Figs. 5, 6). More small-sized (\25 cm)
pikeperch were caught in Galtfjärden than in the two
other areas (Fig. 5b). The Bertalanffy analysis showed
that pikeperch grew rather similarly in all study sites
(Fig. 6).
Pikeperch Mortality

Year

6

0.5

Age and Length of Pikeperch
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008

0

0.9
0.8
0.7
0.6

Galtfjärden

0.5

Lumparn

NPUEsmall

Ivarskärsfjärden

0.4
0.3

NPUElarge

0.2
0.1
0

Fig. 2 Commercial pikeperch ﬁshing in the study sites Galtfjärden in 1994–2009, Lumparn in 1996–2009, and Ivarskärsfjärden in 1996–2009.
a Commercial catch, kg ha-1, b commercial effort nets ha-1, and c commercial CPUE kg net-1 night-1
Ó Royal Swedish Academy of Sciences 2013
www.kva.se/en

The mortality (Z) was calculated for individuals from the
age of three upwards (Table 3). There were no statistically
signiﬁcant differences among the study areas on Z values,

Table 2 Abundance (average number per net ± SE) of all pikeperch (NPUE), small pikeperch (pikeperch \ 40 cm total length; NPUEsmall), and
large pikeperch (pikeperch C 40 cm total length; NPUElarge) in the gillnet monitoring catches during the whole study period and in 2000–2008,
the time period with data available from all study sites. See also Fig. 4

NPUE

c
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a

Commercial effort, nets ha-1

4
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1997
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2003
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2005
2006
2007
2008
2009

Commercial catch, kg ha-1

4.5

3

0.7

b

5

Pikeperch Catch in the Mesh Size of 45 mm in the Gillnet
Monitoring Gear

Predation by Great Cormorants
In Galtfjärden, the number of breeding great cormorant
birds averaged 655, in 1995–2008, peaking in 2004 with
1800 nesting cormorants. The number of subadults was on
average 615, with a maximum of 1500 individuals in 2000
(Fig. 3). Combining the count data and the 7.1 % proportion of pikeperch in the great cormorant diet with the
estimates of total ﬁsh consumption resulted in a mean
pikeperch consumption estimate of 8600 kg year-1, with a
maximum of 20 000 kg in 2005. This corresponds to about
50 % of the commercial catches on average, while in
several years the cormorant consumption estimate is above
80 % of the commercial catches.

NPUEsmall, n net-1

During the years 1995–2008 in Galtfjärden, the NPUE,
NPUEsmall, and NPUElarge all declined. In Lumparn and
Ivarskärsfjärden in 2000–2009, NPUE and NPUEsmall did
not show a trend over time, while NPUElarge declined
(Fig. 4; Table 2). In 2000–2008, the time period with data
from all study sites, NPUE, NPUEsmall, and NPUElarge was
lower in Galtfjärden than in Lumparn and Ivarskärsfjärden.
The NPUElarge was highest in Ivarskärsfjärden (Fig. 3;
Table 2). No statistically signiﬁcant relationships between
the NPUE values and hydrography, pikeperch YCS or
cormorant predation were found in any study site.

4

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Pikeperch Abundance

The average catchcommercial in 1996–2009 was the highest
in Galtfjärden (17 060 kg year-1 resp. 2.3 kg ha-1 year-1),
second highest in Lumparn (26 960 kg year-1 resp.
1.7 kg ha-1 year-1) and the lowest in Ivarskärsfjärden
(6500 kg year-1 resp. 1.0 kg ha-1 year-1). The catchcommercial in Lumparn and Ivarskärsfjärden peaked in the early
2000s, while the catchcommercial in Galtfjärden peaked in
2007 (Fig. 2a). The annual effortcommercial was on average
higher in Lumparn (5.5 nets ha-1) than Ivarskärsfjärden
(2.8 nets ha-1, Fig. 2b), while the CPUEcommercial was on
average slightly lower in Lumparn (0.48 kg net-1 night-1)
than Ivarskärfjärden (0.41 kg net-1 night-1, Fig. 2c). No
statistically signiﬁcant relationships between the commercial catches and hydrography, pikeperch NPUE or pikeperch YCS were found in any study site.
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a

5

Commercial Pikeperch Fishing
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1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Gillnet Monitoring
NPUE, n net-1

salinity (rS = -0.65, p\0.05) in Ivarskärsfjärden in
1995–2009 (Supplementary material).
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NPUElarge, n net-1
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1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

330

Galtfjärden
1995–2008

Lumparn
2000–2009

Ivarskärsfjärden
2000–2009

Analysis

Whole period

1.76 ± 0.15

2.79 ± 0.20

2.56 ± 0.17

None

Whole period

r = -0.42***

r = 0.11 NS

r = -0.28 NS

rS

2000–2008

1.32 ± 0.12a

2.68 ± 0.20b

2.63 ± 0.19b

ANOVA; F2,159 = 17.4***

Whole period

1.66 ± 0.14

2.63 ± 0.19

2.24 ± 0.16

None

Whole period

r = -0.39***

r = 0.15 NS

r = -0.21 NS

rS

2000–2008
Whole period

1.27 ± 0.15a
0.10 ± 0.02

2.51 ± 0.20b
0.16 ± 0.02

2.29 ± 0.17b
0.31 ± 0.03

ANOVA; F2,159 = 14.0***
None

Whole period

r = -0.72***

r = -0.52***

r = -0.47***

rS

2000–2008

0.05 ± 0.02a

0.17 ± 0.02b

0.34 ± 0.03c

K–W; v2 2 ¼ 64:3***

Within a row, means followed by the same letter are not signiﬁcantly different at p \ 0.05 with Bonferroni-correction
rS Spearman rank-correlation analysis for time-parameter correlation; ANOVA one-way analysis of variance for difference among study sites;
K–W Kruskall–Wallis test for difference among study sites
Signiﬁcance levels: NS p [ 0.05, * p \ 0.05, ** p \ 0.01, *** p \ 0.001
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www.kva.se/en

123

AMBIO 2014, 43:325–336

a

c
1000

Galtfjärden

800

800

Lumparn

600

Ivarskärsfjärden

400
200

YCS

N
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7.5-9.9
10-12.4
12.5-14.9
15-17.4
17.5-19.9
20-22.4
22.5-24.9
25-27.4
27.5-29.9
30-32.4
32.5-34.9
35-37.4
37.5-39.9
40-42.4
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45-47.4
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50-52.4
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83.8

Age, years

0.0

Total length, cm

Fig. 5 Age distributions and length distributions of pikeperch in the study sites in the gillnet monitoring. a The number of pikeperch of each age
(years) in Galtfjärden, Lumparn, and Ivarskärsfjärden, and b the number of pikeperch within each 2.5-cm-length interval (total length) in
Galtfjärden, Lumparn, and Ivarskärsfjärden

Table 3 Instantaneous mortality (Z) and annual mortality (A) for the
whole study period and the mortalities at age a (Za) in the gillnet
monitoring catches
Galtfjärden
1995–2008
Ages 3–10

Fig. 6 Length-at-age of pikeperch (circles) and von Bertalanffy
curves (lines) in the gillnet monitoring catches in Galtfjärden in
1995–2008, and Lumparn and Ivarskärsfjärden in 2000–2009

i.e., the regression slopes (F2,15 = 0.42, p = 0.66 NS). The
Z calculated for each year of catch did not show any statistically signiﬁcant trends and did not correlate with
commercial ﬁshing, cormorant predation, pikeperch
NPUE, or pikeperch YCS.

Lumparn
2000–2009
Ages 3–8

Ivarskärsfjärden
2000–2009
Ages 3–9

Z/A

1.06/65 %

1.15/68 %

1.16/69 %

Z4

1.09

1.47

1.23

Z5

0.94

0.62

0.42

Z6

0.81

1.89

1.60

Z7

1.68

1.53

1.66

Z8

1.52

Z9

0.15

1.39

time in Galtfjärden, but neither in Lumparn nor in Ivarskärsfjärden. The YCS was lower in Galtfjärden than in
Lumparn and Ivarskärsfjärden (Fig. 7; Table 4).
For Galtfjärden, cormorant predation affected YCS
negatively. The LR of YCS against DD10 and cormorant
predation was highly signiﬁcant (F2,11 = 10.93, p = 0.002)
and explained 66.5 % of the variability between-year
classes. The positive inﬂuence of DD10 on YCS was
stronger (p = 0.009) than the negative inﬂuence of cormorant predation (p = 0.046). No other statistically signiﬁcant relationships between pikeperch YCS and
hydrography, commercial ﬁshing or pikeperch NPUE were
found in any study site.

YCS, Temperature and Cormorant Predation
In all study sites, year classes 1996, 2000, and 2004 were
relatively weak and year classes 1997 and 2001 were
strong (Fig. 7). Best ﬁt between temperature and YCS was
obtained for water DD10 in May–June in Galtfjärden, and
for estimated water DD10 in June–September in Lumparn
and Ivarskärsfjärden (Table 4). The YCS declined over

DISCUSSION
Several adverse changes were observed in the three pikeperch populations studied. A high mortality and a decline
in the abundance of large individuals (C40 cm total length)
were observed in all study sites, and the proportion of large
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Year
Fig. 7 Year-class strength (YCS) and DD10 temperature sums in the gillnet monitoring catches in a Galtfjärden 1992–2005, DD10 = water
DD10 in May–June, b Lumparn 1996–2006, DD10 = estimated water DD10 in June–September, and c Ivarskärsfjärden 1996–2006,
DD10 = estimated water DD10 in June–September

individuals was low. In addition, declining trends in
abundance of small pikeperch (\40 cm total length) and in
pikeperch YCS were observed in Galtfjärden, the area with
the highest commercial catches and the only site with
rapidly increased great cormorant population.
In line with previous studies (Kjellman et al. 2003;
Lappalainen et al. 2003; Pekcan-Hekim et al. 2011), we
found a positive relationship between pikeperch YCS and
temperature. This result, as well as the strong and weak
year classes corresponded to previous studies (Finnish
Game and Fisheries Research Institute 2006; Pekcan-Hekim et al. 2011). Also the increases and decreases in the
commercial pikeperch ﬁshing catches were rather similar
to those recorded from the Finnish Archipelago Sea
(Lappalainen et al. 2002; Heikinheimo et al. 2006; PekcanHekim et al. 2011).
The few changes observed in water quality and eutrophication status parameters differed between areas and
could not explain the consistent decrease in large pikeperch
observed in the three areas. No statistically signiﬁcant

relationships were found between hydrography and pikeperch abundance, mortality or YCS. Galtfjärden, with the
most turbid water conditions of the three study areas, should
provide the most suitable pikeperch habitat (Lehtonen et al.
1996; Veneranta et al. 2011), but instead the gillnet monitoring revealed the lowest pikeperch abundances and the
most profound declines in this area. Thus, neither spatial
differences nor temporal changes indicate that water quality
is responsible for the observed changes in pikeperch population parameters.
The pikeperch population development according to the
results of the gillnet monitoring matched the predation
pressure from great cormorants, with the most notable
pikeperch population level changes in Galtfjärden, the only
site with rapidly increased great cormorant population. The
estimated amount of pikeperch removed by cormorants in
Galtfjärden was on average 50 % of, and in some years
almost equal to, the commercial catch. Simultaneously, the
analysis of YCS regulation in Galtfjärden indicates that
cormorant predation may have contributed to the decrease

Table 4 Year-class strength (YCS; mean ± SE). See also Fig. 7

YCS

Galtfjärden
1992–2005

Lumparn
1996–2006

Ivarskärsfjärden
1996–2006

Analysis

0.51 ± 0.10a

0.91 ± 0.23b

1.00 ± 0.19b

ANCOVA; F2,26 = 4.4**

F1,12 = 11.2**

F1,10 = 5.2*

F1,10 = 7.5*

LR

R2 = 0.48

R2 = 0.60

R2 = 0.45

Slope = 0.012

Slope = 0.006

Slope = 0.006

r = –0.64*

r = -0.09 NS

r = 0.06 NS

rS

Within a row, means followed by the same letter are not signiﬁcantly different at p \ 0.05 with Bonferroni-correction
LR Linear regression analysis, dependent variable year-class strength, independent variable DD10 (Galtfjärden water DD10 in May–June,
Lumparn and Ivarskärsfjärden estimated water DD10 in June–September); rS Spearman rank-correlation analysis for year–YCS correlation;
ANCOVA analysis of covariance for difference among study sites with DD10 as covariate (F1,26 = 13.4*)
Signiﬁcance levels: NS p [ 0.05, * p \ 0.05, ** p \ 0.01, *** p \ 0.001
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observed in small pikeperch during the last years. For a
more thorough analysis of the potential impact of great
cormorants and seals on pikeperch populations, diet and
abundance data from all study areas would, however, be
needed.
The mortalities in the study sites are of the same magnitude as in a previous study from the Finnish Archipelago
Sea in 1978–1997, where mortality was 1.1 (Heikinheimo
et al. 2006). A study from the Estonian coast shows that
pikeperch ﬁshing was sustainable at ﬁshing mortalities
around 0.8 for 6-year-old pikeperch but the stock collapsed
when ﬁshing mortality was doubled (Eero 2004). The
mortality level of 6-year-old ﬁsh at collapse (c. 1.9) was
approximately the same as observed in this study, which
suggests that the pikeperch stocks are endangered in the
study areas. Mortality estimates are based on gillnet ﬁsheries, which may cause uneven mortality estimates among
years due to different temperature regimes followed by
between-year differences in recruitment success and
growth of pikeperch. However, also the previous studies
(Eero 2004; Heikinheimo et al. 2006), being mainly based
on gillnet catches, are associated with similar difﬁculties,
making the comparisons justiﬁed. Furthermore, the previous studies are based on variable commercial catches while
our results come from standardized test ﬁshing, which
ought to give more reliable results than the variable, both
regarding ﬁshing effort and time of catch, commercial
catches.
A notable proportion of the pikeperch (Lumparn 18 %,
Ivarskärsfjärden 15 %, Galtfjärden 55 %) caught in the
mesh size of 45 mm bar length, the smallest mesh size
allowed in commercial ﬁshing, was shorter than the minimum landing sizes (37 cm in Lumparn and Ivarskärsfjärden, and 40 cm in Galtfjärden, respectively). This
observation leads us to conclude that gillnet ﬁshing in the
study sites shapes pikeperch populations by catching considerable amounts of juvenile ﬁsh and ﬁrst-time spawners.
Especially juvenile females may be susceptible for ﬁshing
effects, since the females mature older and at larger size
than males (Lappalainen et al. 2003). This may have negative effects on pikeperch populations through decreased
recruitment success (Berkeley et al. 2004; Olin et al. 2012).
Also genetic consequences may be possible through faster
growth and maturation at younger age (Law 2000). The
larger proportion of undersized ﬁsh caught in the mesh size
of 45 mm in Galtfjärden may to some extent be a consequence of the larger proportion of small-sized pikeperch in
the population, but reveals that the mesh size of 45 mm bar
length is clearly insufﬁcient for and in contradiction with
the minimum landing size of 40 cm.
Opposite to earlier studies by Heikinheimo et al. (2006)
and Pekcan-Hekim et al. (2011), we observed nearly as
high mortalities at the age of 3–4 years as in older ages,
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which together with the length distribution in the mesh size
of 45 mm suggests that pikeperch may already be caught as
by-catch at the age of 4 years. In Galtfjärden, also predation by great cormorant may affect mortalities at ages 3 and
4 years. The high mortality rates resulted in low proportions of individuals older than 5 years and the oldest
individuals in the gillnet monitoring catches were around
8 years. Pikeperch undoubtedly has potential to live longer
than 8 years, in this study demonstrated by one 21-year-old
individual caught in Galtfjärden. In the southern Baltic Sea,
several individuals of ages 8–14 years have been encountered (Kosior and Wandzel 2001).
According to previous studies, pikeperch at these latitudes become sexually mature at the age of 4–6 years and
length of 35–44 cm (Kosior and Wandzel 2001; Lappalainen et al. 2003). Our results show that the mortality in
the study sites is so high that the majority of the pikeperch
probably spawn only once or not at all. Also, the abundance of pikeperch larger than 40 cm (NPUElarge), which
represents the spawning stock, declined in all study sites. It
seems that both the minimum landing sizes and the minimum mesh size regulation currently used in the study sites
are inadequate to protect the spawning stocks (Kosior and
Wandzel 2001; Lappalainen et al. 2003; Eero 2004;
Birkeland and Dayton 2005).
Based on our results we come to the following conclusions; hydrography did not explain the patterns observed in
the studied pikeperch populations, although YCS was
affected by temperature. In all study sites overﬁshing
seemed to cause adverse population trends, and in Galtfjärden cormorant predation could partly contribute to the
decline by predation on small pikeperch.
As a management measure, protection by minimum
landing size may have disadvantages, such as decreased
weight-at-length (Law 2000). However, set high enough,
the minimum landing size will protect the spawning stock,
and as a management method it is simple and traditional
enough for implementation in reasonably near future
(Heikinheimo et al. 2006; Vainikka and Hyvärinen 2012).
Previous studies have suggested a minimum size limit of
45 cm (Vainikka and Hyvärinen 2012) and a mesh size of
50 mm (Heikinheimo et al. 2006) for sustainable pikeperch
ﬁshing. In Swedish Lake Hjälmaren, the minimum size
limit of pikeperch was increased from 40 to 45 cm in 2001,
and the minimum mesh size set to 60 mm. After these
changes the pikeperch stock has increased markedly and
commercial catches increased threefold (Swedish Board of
Fisheries 2011).
In our opinion, in all study sites both the minimum
landing size of pikeperch and the smallest allowed mesh
size for commercial ﬁshing should be increased. Additional
measures such as closed areas, restrictions of catches, or
protection of reproduction habitats should be seriously
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considered (Birkeland and Dayton 2005; Sundblad et al.
2011). Although the measures may lead to a situation where
commercial pikeperch ﬁshing is unproﬁtable for some years
due to the low abundance of large pikeperch, in time
the catches should increase when the stocks recover
(Heikinheimo et al. 2006; Swedish Board of Fisheries 2011).
Although the magnitude of impact from ﬁshing is difﬁcult to establish, our results clearly show that the state of
three important pikeperch stocks in the northern Baltic Sea
is worrying, and the adverse changes observed call for
immediate management measures in order to sustain ﬁsheries and functioning of the Baltic Sea coastal ecosystems
(Brabrand and Faafeng 1993; Eero 2004; Heikinheimo
et al. 2006; Eriksson et al. 2011; Vainikka and Hyvärinen
2012). The most straight-forward way to decrease pikeperch mortality in the three study areas is to reduce ﬁshing
pressure. In Galtfjärden, the pikeperch stock might beneﬁt
from regulation of the cormorant colony. Taken together,
this study points to the need for considering not only
commercial ﬁshing when trying to understand changes in
ﬁshed populations but instead to take a holistic approach
where factors affecting both production and mortality are
taken into account. The severity of the changes observed in
the three study populations suggests that caution should be
taken in exploitation of pikeperch populations also in other
parts of the Baltic Sea area, since ﬁshing pressure combined with effects of large predators on this highly valued
species may easily become unsustainable.
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Finland
.
e-mail: noora.mustamaki@abo.ﬁ

1995

AUTHOR BIOGRAPHIES

Supplementary material
Mustamäki N, Bergström U, Ådjers K, Sevastik A & Mattila J (2014) Pikeperch (Sander lucioperca
(L.)) in decline: high mortality of three populations in the northern Baltic Sea. Ambio 43: 325–336.

Chl a, ‰, m

ﬂuviatilis, in small forest lakes: Implications for ﬁsheries
management. Fisheries Management and Ecology 19: 363–374.
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Figures present water quality in the study sites Galtfjärden (a), Lumparn (b) and Ivarskärsfjärden (c). Water quality data
from Galtfjärden in 1996–2009 were obtained from the Svealand’s Coastal Water Management Association. Water was
sampled at two stations (depth 8 respective 12 m, 60°12′N 18°29′E). Water quality data from Lumparn in 2000–2009 were
obtained from the Environment Agency of the Provincial Government of Åland Islands. Water was sampled at five
different stations (depth 20–30 m, 60°08′–60°11′N, 20°03′–20°13′E). Water quality data from Ivarskärsfjärden in 1995–
2009 were obtained from Husö biological station. Water was sampled at one station (depth 10 m, 60°16′N 19°48′E). In all
study sites water sampling was conducted annually in August (1–4 times per year), and mean values of measurements
were calculated for each year and site. Parameters measured were salinity (s, ‰), total phosphorus (tot-P, μg l–1), total
nitrogen (tot-N, μg l–1) and chlorophyll a (Chl a, μg l–1) all measured at 1 m depth, and Secchi depth (m). Please observe
the different y-axes in Galtfjärden.

