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ABSTRACT	

Initiated by signs of drastic declines of once abundant flounders in the northern 
Baltic Sea, this thesis characterised/quantified these declines and studied their 
potential reasons. Multiple approaches were used to describe population trends, 
reveal intricacies in stock structure, and assess links to key environmental drivers.  

The results from the thesis verified clear negative trends in both adult and juvenile 
flounders in the northern Baltic Sea over the last 2–4 decades. Genetics revealed 
well-defined genetic structure and evidence for far gone speciation among Baltic 
Sea flounders, leading to the recognition of two instead of one flounder species, 
one of which was recently described as the only endemic fish species known to 
the region. Contrary to previous belief, flounders on the coast of Finland in the 
northern Baltic Sea were shown to be a mixed assemblage of this cryptic species 
pair. The thesis further showed that temporal variability in local species 
composition of the flounder assemblage explained some of the observed stock 
decline and was related to changing local and regional environmental conditions, 
of which reproductive volume, salinity, temperature and eutrophication were 
identified as potentially important factors. Finally, the thesis presented a new 
method for modelling environmental suitability for long-term population 
maintenance of the newly described Baltic flounder.  

The knowledge obtained has great value for how we understand and investigate 
stock composition and population dynamics of Baltic Sea flounders, and relates 
to issues of source-sink mechanisms, population connectivity, biological traits, 
resilience to exploitation and environmental change, among others. The results 
are likely important for future management and conservation of these fishes in the 
changing environment of the Baltic Sea. 
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PROLOGUE	

Nature. That is a good word to begin with – not too small, not too insignificant. It 
is an entity beautiful and fascinating. It is all the living things and non-living 
around them. It is central in so many aspects and important for so many reasons. 
It is invaluable for us. Derived from the Latin word natura, meaning "essential 
qualities", nature has not lost its implication in translation; it is an essential quality 
of our world, it comprises essential qualities for life on our planet. Nature is utterly 
complex, full of variation among and between different biological structures from 
ecosystems to genes. To understand this complexity, we need to unveil patterns, 
formulate theories and test hypotheses. This is called science, and the science of 
nature is biology.  

As one of the early pioneers for modern biology, already Aristoteles 
documented precise and accurate descriptions of nature, for instance on 
octopuses’ colour-changing abilities; it is amazing to imagine that what later 
would be called marine biology was practices already more than two thousand 
years ago in the crystal-clear waters of the Aegean Sea primarily to satisfy the 
curiosity of one scholar. Much later the field of ecology started to emerge in the 
late-nineteenth century as one of increasingly numerous distinct branches of 
biology. From the first descriptions of ancient octopuses we have come a long 
way: contemporary ecology involves both theoretical and empirical research with 
possibilities to modern technological devices and advanced statistical and 
modelling approaches enabled by increasing computational capacity. Ecology is 
a viable science that has always been central for explaining why organisms live 
where they live and do what they do. Recently the utility of ecology to society has 
perhaps been seen even more important than before due to the exclusive 
competence of ecology in understanding and predicting current and future impacts 
of a changing climate and ongoing habitat destruction on ecosystems, both of 
which are alarming phenomena ultimately also threatening human welfare and the 
necessities for living. 

As most ecologists work in natural environments we also often care about 
protecting the environment we are working in. However, to be a good ecologist 
should not by default require one to be a conservationist. To investigate a benthic 
community of small invertebrates and the ecological functions they provide by 
their activity, or to study the spawning migration of salmon, should both be 
scientifically as relevant and as interesting – if they add some value to the current 
understanding – as any other research object even if they were not linked to saving 
the Baltic Sea or to managing a commercially important fishery. In fact, studying 
the bacterial assemblage on my computer key-board should be scientifically as 
important as anything else, even if revealing the composition of these germs 
would not in any way help me write this thesis. The point being, that also 



	

	

ecologists should be allowed to be fascinated by their research objects or systems 
as such, without always needing to justify their work with conservation and 
management arguments, despite acknowledging the increasingly important 
societal value of these science applications. 

In this time when reason and rationality seem to be questioned by 
populists, when the role of knowledge is belittled and the expertise of scientists is 
neglected, when science seems to be forced to act as servant for economic interests 
to be a predefined product ordered by society, when only applicable discoveries 
are valued and appreciated, and when science is limited to provide solutions for 
current problems instead of letting it reach to the unknown and answer the 
questions of tomorrow, in this time it is of utmost importance to fight for the facts, 
to appraise intellectual sovereignty and academic freedom, to support critical 
thinking and promote education at all levels, and most importantly, to cherish the 
curiosity and delight for discovery in the never-ending seek for truth and the 
improved understanding of the world. That sentence was very long, but the 
thinking is valid not only for all fields of science but for the rest of the society as 
well. 

As perhaps for many other ecologists, I have always had a special 
relationship to nature. As a child, I enjoyed walking in the forest observing birds 
and other creatures, or spending the day at sea in a small boat with my dad and 
grandpa angling perch and what else we might have caught, or trying to find and 
identify as many flowering plants as we could on our home yard a warm summer 
evening, or exploring the shoreline and all rock crevasses around my 
grandparents’ summer cottage island in the outer archipelago. In fact, my first 
contact to flounders was probably from this archipelago island, where I detached 
fish from the gillnets and ran to the water to release all undersized flounders that 
happily swam away. I was and I still am fascinated by all things in nature. I also 
find peace and harmony when I am out on the sea or strolling in the woods; a sense 
of tranquil presence you cannot easily find elsewhere. Perhaps this interest and 
relation to nature also led me to study biology and ecology.  

My first steps towards research were taken during the time spent on 
biological field stations on courses and internship periods, spurred by the 
excitement of learning new things in the unique atmosphere of such places. Apart 
from doing field-work in amazing environments, going for research was much 
about the curiosity for resolving something that was not known. A doctoral thesis 
was, of course, an intellectual self-challenge, but retrospectively also, and perhaps 
even more so, an endurance challenge. It has been a once-in-a-life time experience 
in many dimensions: I would by no means undo it, but I would not do it again 
either. During this long journey, I have learned a lot and developed both 
professionally and as a person. Apart from all individual experiences gained, the 
research in this thesis have led to interesting findings and important new 
information that already have attracted attention and will hopefully be 
scientifically useful. For example, to be able to be involved in discovering a new 



	

	

flounder species as the first endemic fish formally described from the Baltic Sea, 
is not happening every day. This and other collaboration during the thesis work 
has enabled the use of very different approaches, which has both widened my 
knowledge base and enlarged the network of science people I have got to know. 
Leaning on all this the background, I feel both proud and privileged to have 
accomplished this. 

Hoping this thesis is interesting reading providing new insight and 
conveying the excitement of discoveries, I will end where I started; with nature 
and a suiting quotation thereof: “It seems to me that the natural world is the 
greatest source of excitement; the greatest source of visual beauty, the greatest 
source of intellectual interest. It is the greatest source of so much in life that makes 
life worth living.” (– Sir David Attenborough). 

 

 

–To my Parents, to my Family 
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1	INTRODUCTION	

Understanding how and why populations change is central to population ecology 
and is the foundation for much applied biology. These questions are also at the 
core of this thesis. Initiated by signs of drastic declines of once abundant flounders 
in the northern Baltic Sea, this thesis studied how these declines have looked like 
and why they have occurred. It demonstrates how understanding the mechanisms 
and drivers of population dynamics requires knowledge of population-specific 
characteristics of population gains and losses. The thesis also shows that observed 
patterns of population change might be more complex than what they at first 
appear. Resolving the mystery of the dwindling flounder populations builds upon 
the essentials of population dynamics, and relates to spatiotemporal patterns in 
cryptic species composition of mixed flounder assemblages and to degrading 
environmental conditions at different spatial scales. The comparably young age of 
the Baltic Sea together with the harsh conditions of its brackish environment have 
prompted rapid evolution of many of its organisms, including flounders. 
Understanding the implications of these adaptions might help explaining observed 
population and ecosystem changes. The flounder decline in the northern Baltic 
Sea has resulted in the demise of local fisheries of these popular flatfishes. 
Clarifying the causes of the decline therefore also has clear societal relevance, and 
is essential for appropriate management of these fishes in the future. 

Populations undergo a constant renewal driven by biological and physical 
processes (e.g. Turchin 1995). This renewal occurs through birth, death, and 
migration, and can result both in a static or a changing population size over time 
(Williams et al. 2001; Turchin 2003). While birth and death alone determine the 
dynamics of closed populations, immigration and emigration can be important in 
open populations, such as marine fishes (Caley 1996). Any population change – 
as the one of the flounders concerned in this thesis – has its causes in these 
processes, making them a starting point for studying the underlying reasons. 
Contemporary understanding of population dynamics recognizes the interplay of 
stochasticity (Lande et al. 2003), environmental forcing, and nonlinear biotic 
interactions (density-dependence) (Bjørnstad and Grenfell 2001) in structured 
populations (Tuljapurkar and Caswell 1997). Although there are notable 
differences in the relative importance of different components of ecological 
dynamics between different biological systems (e.g. in terrestrial vs. marine, 
vertebrate vs. invertebrate, and in simple vs. complex life cycle), it is evident that 
all components in concert contribute and interact in most systems (Bjørnstad and 
Grenfell 2001). As population ecology and population dynamics constitute the 
theoretical background for understanding past, present or predicted future change 
in populations, they are central for much applied biology. For instance, 
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understanding shifts and trends in exploited or endangered populations is key for 
informed management and conservation in general (Caughley 1994; Morris and 
Doak 2002), and specific applications span issues from optimal harvesting rates 
obtained through fisheries stock assessments to effect studies under climate 
change scenarios (e.g. Brander and Mohn 2004; Koenigstein et al. 2016). 
Population ecology and population dynamics also constitute the broad-scale 
theoretical framework for understanding the decline of flounders, the iconic 
flatfishes, in the northern Baltic Sea.  

While the general principles of dynamical populations are common or similar 
among closely related organism groups, certain aspects can be highly specific and 
differ within and between species. Therefore, solid biological and ecological 
knowledge of population-specific life history characteristics is needed when 
studying population changes and making inferences about causalities. This can, 
however, become challenging when distinct but morphologically 
indistinguishable populations, or closely related species, co-occur in the same 
geographic area (Hauser and Carvalho 2008; Jokinen et al. 2019). The existence 
of such cryptic species or populations is, however, often not known and they 
cannot be considered before recognized and studied with appropriate methods. 
Often molecular approaches are needed for the revealing and correct identification 
of cryptic species and populations (Bickford et al. 2007), a situation common in 
fish and fisheries science (Hauser and Carvalho 2008; Reiss et al. 2009). New 
analytical possibilities have facilitated the discovery that many marine fish species 
have more structured populations than previously recognised (e.g. Lamichhaney 
et al. 2012; Guo et al. 2015; Selkoe et al. 2016). In this thesis, the utility of 
molecular methods to inform population ecology is demonstrated by revealing 
previously unknown genetic differentiation among the studied populations. As for 
the flounders in the northern Baltic Sea, identification of cryptic structures may 
also explain temporal population changes that have in fact been caused by the 
dynamics of more than one independent component of the studied assemblage 
(Bonanomi et al. 2015). 

No natural population exists in isolation but in a continuous interplay with the 
surrounding environment. This interaction drives the dynamics of populations. A 
multitude of different physical, chemical and biotic factors affects populations 
through the summed experiences of the individuals constituting the population 
(e.g. Clutton-Brock and Sheldon 2010). How these individual experiences will 
appear at the population level is determined by specific physiological, 
behavioural, morphological, phenological, and metabolic characteristics, and their 
sensitivities to different environmental factors, and can be observed in 
demographic processes (reproduction, growth, survival, and migration) 
influencing the dynamism of the population (Chase and Leibold 2003; Cook 
2014). Clarifying the effect of environmental forcing and the mechanisms through 
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which it operates, and identifying the most important drivers under different 
settings, help understanding how and why populations change. As the 
environment seldom is static, neither is its effect on a population: environmental 
variability drives population dynamics through changing environmental 
suitability, and can have implications e.g. on the spatial distribution of species 
(Angilletta and Sears 2011). This thesis identified important environmental 
drivers of population change, and assessed the environmental suitability for long-
term population maintenance of flounders at the margin of their distribution range. 

2	BACKGROUND	

2.1	POPULATION	DYNAMICS	AND	VARIABILITY	IN	FISH	POPULATIONS	

Variations in fish populations depend on the balance between recruitment level of 
new year-classes and mortality of existing ones, as well as on exchange of 
individuals between populations (e.g. Beverton and Holt 1957). The year-class 
strength is fundamentally a result of the initial level of reproduction and 
subsequent mortality during early life, and will thus vary depending on physical 
and biological processes mainly during these life stages (e.g. Gulland 1965; 
Ricker 1975; Wootton 1990). While reproduction success is dependent on the 
reproductive potential from the spawning adult population adjusted by 
environmental effects on fertilisation success, the subsequent mortality operating 
on egg, larvae and juveniles is determined by the physical (e.g. temperature, 
dissolved oxygen and salinity) and biological (e.g. food availability and predation) 
conditions (e.g. Anderson 1988; Houde 1989; Neill et al. 1994). Additionally, 
recruitment to the adult population depends on connectivity between subsequent 
life stages and their habitats, requiring successful transport from spawning 
grounds to juvenile nursery areas if spatially separated (Cushing 1986; Gaines et 
al. 2007).  

For flatfishes, the variation in population size is affected by processes acting upon 
the egg and larval phase (Leggett and Deblois, 1994; Leggett and Frank 1997), 
the demersal juvenile stage (Bailey 1994; Gibson 1994; van der Veer et al. 1994; 
Beggs and Nash 2007), as well as on the adult phase (Rijnsdorp 1994; Rickman 
et al. 2000). Density-independent processes related to the physical environment 
appear to provide a first control on year-class strength during egg and larval 
stages, while density-dependent processes linked to predation or food competition 
tend to stand for a secondary fine-tuning later in early life, dampening the year-
to-year variation (e.g. Rijnsdorp et al. 1995; van der Veer et al. 2000; 2015). Since 
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flatfish life histories contain a juvenile post-settlement phase in spatially limited 
nursery grounds, the potential subsequent population size is restricted by habitat 
quantity in accordance with the concentration hypothesis (sensu Beverton 1995). 
The inter-annual variation of recruitment in species that concentrate spatially tend 
to be smaller than in species that do not (Beverton 1995; Leggett and Frank 1997; 
van der Veer et al. 2015).  However, towards the edges of distribution ranges as 
well as for populations with abundances clearly below carrying capacity, 
processes generating variability could be more impactful than the regulating ones 
(Beverton 1995; Miller et al. 1991; Rijnsdorp et al. 1995; but see Leggett and 
Frank 1997), potentially resulting in greater variation between years. 
Nevertheless, when facing large-scale environmental deterioration, altering both 
the quantity and the quality of the juvenile nursery habitats, the prerequisites for 
growth and survival of the young fish might be compromised (Pihl et al. 2005; Le 
Pape et al. 2007), possibly leading to considerable decreases in adult abundances 
(e.g. Rochette et al. 2010). Although flatfishes generally exhibit smaller year-to-
year variability in recruitment and in population size than many other species, e.g. 
gadoids and herring (Leggett and Frank, 1997; van der Veer et al. 2015), inter-
annual fluctuations and variability in flatfish stocks have been reported from 
various areas (Ojaveer et al. 1985; Désaunay et al. 2006; Hermant et al. 2010; 
Cadrin et al. 2015). Negative changes in the overall ecological settings (e.g. over-
exploitation or degraded environmental conditions) may result in more persistent 
population declines, exemplified by the well-known crashes of many fish species 
worldwide, which also concern flatfishes (e.g. Hutchings 2000; Dulvy et al. 2003). 

2.2	GENETIC	POPULATION	STRUCTURE	

Populations might be genetically structured in different ways. What is believed to 
be one population can in fact consist of separate components with some unique 
features. If these features are hereditable local adaptations to some selective force, 
they might be reflected as genetic differentiation associated with the distinct 
population components. When non-visible reproductive traits are under selection, 
populations can over time diverge to morphologically cryptic sister-species 
(Bickford et al. 2007). The presence of undiscovered genetic structure complicates 
our understanding of the causes and effects of population change, through 
underlying hidden demographic changes, population connectivity, source–sink 
dynamics, and trophic interactions. Unrevealed cryptic species and populations 
may be more common in the marine environment than elsewhere, e.g. because of 
the challenges in observing organisms under water, and because reproductive 
behaviour in marine taxa often rely on non-visual cues (Knowlton 2000). Thus, 
many species are genetically more structured than anticipated, as a result of local 
adaption or ecological speciation (e.g. Rocha et al. 2005; Hyde et al. 2008; 
Lamichhaney et al. 2012; Guo et al. 2015; Berg et al. 2016). The possibilities to 
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uncover hidden genetic diversity play an important role in conservation and 
management of biodiversity under environmental change (Bickford et al. 2007; 
Bálint et al. 2011; Dirzo et al. 2014). For instance, specific populations 
contributing to an Alaskan salmon fishery proved to be important during different 
times: life history characteristics that were of minor importance during one 
climatic regime became advantageous during another (Hilborn et al. 2003). 
Revealing hidden genetic structure is exceptionally critical for conservation and 
management of overexploited or rare species as each taxon of a cryptic species 
complex can be even more threatened than what the main nominal species is 
believed to be (Schönrogge et al. 2002; Funk et al. 2012). Genetic approaches 
have, hence, become an essential asset in the study of biodiversity and in fisheries 
science (Bickford et al. 2007; Hauser and Carvalho 2008; Reiss et al. 2009). 

Many fish populations are managed as fisheries stocks, where stocks are defined 
as genetically homogeneous and demographically independent populations (Begg 
et al. 1999). Therefore, knowing stock composition is important and unobserved 
genetic structure understandably hampers correct assessment (Reiss et al. 2009). 
Consequently, what is believed to be a single-stock fishery may unknowingly 
exploit several independent stocks (e.g. Campana et al. 1999; Jónsdóttir et al. 
2007; Bonanomi et al. 2015) and by accident overharvest the more vulnerable 
stock components (Sterner 2007; Hutchinson 2008). Cryptic species or 
populations may respond differently to fishing pressure and environmental change 
causing undetected spatiotemporal shifts in the relative contribution of the 
different components to a mixed stock (Bonanomi et al. 2015). When such 
changes remain hidden, fisheries management cannot react, which might lead to 
a collapse of some (or all) of the separate populations of the exploited stock. For 
example, the collapse of the West Greenland cod fishery in the 1970s resulted 
from overfishing a local population simultaneously to temperature-related 
declines of offshore cod; synchronous changes in two morphologically 
indistinguishable and previously unknown distinct components of a mixed stock 
led to a collapse, the causes of which were only later understood (Bonanomi et al. 
2015). Consequently, genetic data and molecular methods are often considered to 
provide the best evidence for revealing separate populations or stock components 
within fish and fisheries science (Hauser and Carvalho 2008; Reiss et al. 2009). 

Because of past analytical constraints, discovering genetic structure in large, open 
populations has been challenging as studies based on a limited number of genetic 
markers easily overlook existing genetic structure (Cano et al. 2008; Nielsen et al. 
2009). Advances in molecular approaches and bioinformatics have made this task 
much more accessible and affordable than before. Using large sets of markers and 
genome-wide data, in contrast to previous studies, have improved the possibilities 
of genetics to inform ecology (Jokinen et al. 2019 and references therein). The 
possibility to use genomic data has enabled identification of genes with potential 
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links to local adaptations to different ecological conditions (Lamichhaney et al. 
2012; Berg et al. 2016), and can be used in the delineation of ecologically relevant 
genetic units as basis for conservation and management (Funk et al. 2012; 
Lamichhaney et al. 2012; Berg et al. 2016).  

2.3	ENVIRONMENTAL	SUITABILITY	FOR	POPULATION	MAINTENANCE	

Global warming and habitat deterioration are some of the biggest drivers of 
environmental change, threatening species through altered environmental 
suitability (Travis 2003). As marine organisms are sensitive towards many 
environmental stressors (Solan and Whiteley 2016) and since environmental 
changes are predicted to continue, profound impacts on marine ecosystems are 
foreseen (Cheung et al. 2009; Hoegh-Guldberg and Bruno 2010; Hollowed et al. 
2013; Poloczanska et al. 2013) and already observed (Lotze et al. 2006; Halpern 
et al. 2008; Cloern et al. 2016). To understand the effect of anthropogenic and 
natural environmental drivers on populations, the links between physical, 
chemical and biological environmental factors and the population specific 
characteristics altering demographic processes need to be considered (Chase and 
Leibold 2003; Cook 2014). How populations relate and respond to the 
combination of environmental factors encountered can be interpreted as 
environmental suitability for the population (or the realized niche as some prefer; 
Colwell and Rangel 2009), and can vary and change over time affecting the 
prerequisites for population maintenance.  

In a geographical perspective, the effect of environmental suitability confronted 
by a population is realized as its spatial distribution. Hence, at low environmental 
suitability a population cannot subsist, whereas a certain combination of suitable 
values constitutes a species’ optimum environment (Maguire 1973). In the Baltic 
Sea, most organisms live under sub-optimal conditions, largely defined by the 
salinity conditions being neither fully marine nor limnic (Snoeijs-Leijonmalm and 
Andrén 2017). According to the central-marginal hypothesis (sensu Brown 1984) 
population size generally declines and displays more variability towards 
distribution range margins, where the pressure from one or more environmental 
constraint ultimately becomes unbearable (Sagarin et al. 2006; Gaston 2009). 
However, the distribution range dynamics in relation to a varying or changing 
environment can be complicated due to opposite and/or non-linear spatial 
suitability gradients of single factors (Gaston 2009, and references therein). 
Understanding the impact of the environment on populations in a multi-stressor 
context (e.g. Petitjean et al. 2019) is thus often relevant and improves biological 
realism when studying natural systems where all environmental factors indeed act 
in combination rather than separately. 
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In contemporary fisheries science, incorporating specific life cycle knowledge and 
environmental variability has become increasingly relevant (e.g. Kuparinen et al. 
2012; Koenigstein et al. 2016), since focus has been shifting from single species 
assessment and management using simple phenomenological models to complex 
fully integrated models (e.g. Maunder and Punt 2013; Mäntyniemi et al. 2015) 
and a holistic ecosystem management (Link 2002; Garcia and Cochrane 2005). 
Although synthesizing the effect of multiple drivers across all life stages to an 
understanding of over-all environmental suitability would be useful for assessing 
possibilities for long-term population maintenance over environmental variable 
ranges, this opportunity is seldom fully utilized on the contemporary modelling 
platforms (Zipkin and Saunders 2018). Doing this could e.g. contribute to current 
fish distribution modelling (sensu Planque et al. 2011) that often focuses on the 
momentary distribution instead of long-term population maintenance. 

2.4	THE	BALTIC	SEA	

As a post-glacial, temperate, estuarine-like inner sea, the Baltic Sea is in many 
ways special. Located in the northern hemisphere (53–66°N, 10–30°E) as one of 
the largest brackish water bodies in the world, the Baltic Sea is very different from 
oceanic seas and shows high environmental variability across the area (Snoeijs-
Leijonmalm et al. 2017). The Baltic Sea is characterized by a strong salinity 
gradient from almost oceanic salinity (30 psu) in the Baltic Sea–North Sea 
transition zone to near freshwater (0 psu) in the North and Northeast (Figure 1). 
In the Baltic Proper the surface salinity is only 7–8 psu, and further decreases to 
around 6 psu at the entrances of the Gulf of Finland and the Gulf of Bothnia 
(Snoeijs-Leijonmalm et al. 2017). A permanent halocline is found at depths of 60–
80 m, below which the salinity is around 11–13 psu (Leppäranta and Myrberg 
2009). Temperature in the Baltic Sea varies by season and depth, decreasing to 0 
°C in winter and rising to 20 °C or more in summer for surface water, and staying 
more stably around 5 °C at larger depths (Leppäranta and Myrberg 2009). 
Depending on the severity of winter conditions, sea-ice might form in part of the 
sea, more regularly in the North than South (Omstedt and Nyberg 1996). The 
Baltic Sea is a shallow sea, with a maximum depth of 459 m, a mean of only 58 
m, and more than one third of the area shallower than 30 meters (Snoeijs-
Leijonmalm et al. 2017).  

The species richness in the Baltic Sea is relatively low, consisting of a mixture of 
marine and freshwater taxa, with only a few true brackish water species 
(Segerstråle 1957; Ojaveer et al. 2010). Marine species are generally more 
common towards the South and at open sea, whereas freshwater species tend to 
dominate towards the North and in near-shore areas (Remane 1934; Nohrén et al. 
2009; Olsson et al. 2012). Many marine fish species exhibit adaptations to the low 
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salinity and temperature encountered (Nissling et al. 2002; Hemmer-Hansen et al. 
2007; Florin and Höglund 2008; Nissling and Dahlman 2010; Guo et al. 2015). 
One important adaptation is the capacity to produce eggs that are neutrally 
buoyant in the relatively low salinity of the Baltic Sea, enabling pelagic 
development in favourable conditions above the sea floor (Nissling et al. 1994; 
2002; Vallin and Nissling 2000; Nissling and Dahlman 2010). Another adaption 
is to avoid the need for pelagic spawning by coastal spawning of demersal eggs 
(Nissling et al. 2002; 2006). Due to suboptimal conditions, many species of 
marine origin live on the edge of their distribution range in the northern Baltic Sea 
forming marginal populations. These populations are adapted to an extreme 
environment and are exceedingly valuable as they hold unique genes and 
genotypes, but are also very vulnerable to environmental change (Lesica and 
Allendorf 1995; Johannesson and André 2006). 

The Baltic Sea is confronted with many anthropogenic pressures, both of global, 
regional, and local origin: in fact, it is one of the most impacted coastal seas, being 
exposed to high nutrient loads, pollution and exploitation as well as global climate 
change (Elmgren 2001; Niiranen et al. 2013). Over the last decades, the Baltic Sea 
has been warming faster than most other seas in the world (Belkin 2009), and 
future temperatures are projected to further rise (Meier et al. 2011). In addition to 
raising the sea water temperature, climate change will increase runoff, reducing 
seawater salinity and increasing nutrient input to the Baltic Sea (The BACC II 
Author Team 2015). These pressures cause large-scale environmental change, for 
instance, increased algal blooms and hypoxia (Rönnberg and Bonsdorff 2004; 
Carstensen et al. 2014), which can degrade the living conditions for many 
organisms, leading to impacts on the entire Baltic Sea ecosystem (HELCOM 
2018). For instance, deficient oxygen conditions are known to negatively affect 
reproductive success of deep-spawning fish, such as cod and flounder (Nissling et 
al. 1994; Ustups et al. 2013). In addition to these physical stressors, fishery 
exploitation is severe with commercial catches of around 700 tons per year (ICES 
2019a). 
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Figure	1.	Map	over	the	Baltic	Sea,	reaching	from	the	narrow	Danish	straits	in	south-west	to	the	Gulf	of	Bothnia	
in	the	north	and	Gulf	of	Finland	in	the	north-east.	The	north/northeast	to	southwest	decreasing	salinity	gradient	
indicated	 with	 dashed	 lines	 for	 the	 approximate	 6,	 11	 and	 20	 bottom	 water	 isohalines	 (salinity	 data	 from	
Bendtsen	et	al.	2007).	The	geographical	extent	(local	to	Baltic	sea-wide)	of	the	thesis	shown	for	the	different	
Papers	as	coloured	rectangles.	

2.5	FLOUNDERS	IN	THE	BALTIC	SEA	

Flatfishes with their asymmetrical morphology and a behaviour tightly linked to 
the benthic realm constitute a unique group of fish (Gibson et al. 2015). A 
characteristic feature common for all flatfishes is a complex life cycle including 
an ontogenetic metamorphosis from bilaterally symmetric larvae to the typical 
flattened asymmetry accompanied by settling and a shift to demersal life (Gibson 
et al. 2015). Usually following the current-mediated transport of pelagic larvae 
(Duffy-Anderson et al. 2015), the settled juveniles concentrate in shallow nursery 
areas with specific habitat requirements favouring growth and survival to 
adulthood (Beck et al. 2001; Able and Fodrie 2015).  
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Flounders of the genus Platichthys (Girard 1854) are flatfishes belonging to the 
family Pleuronectidae (Rafinesque 1815), ‘right-eyed flounders’. With an 
extensive distribution in coastal and estuarine waters, from the Black Sea to the 
White Sea, the most common species of flounders in the Atlantic side of the 
northern hemisphere is the European flounder, Platichthys flesus (Linnaeus 1758) 
(Whitehead et al. 1986). European flounder is also one of relatively few marine 
fish species living in the low-saline brackish Baltic Sea. It is the most common 
and widely distributed of all flatfishes in the Baltic Sea, found in all but the 
northern- and easternmost areas with the lowest salinities (i.e. beyond the 6 psu 
isohaline; Figure 1; ICES 2019b).  

The early investigations on the Baltic Sea fish fauna described flounders as marine 
teleosts with pelagic eggs, feeding in shallow and spawning in deep waters (e.g. 
Hensen 1882; Heincke and Ehrenbaum 1900; Ehrenbaum and Mielck 1910). 
Strodtmann (1918) observed differences in flounder egg diameter across the 
salinity gradient and Mielck (1926) reported that flounder eggs in the Baltic Sea 
can be neutrally buoyant (i.e. suspending) at 10–11 psu. However, already in the 
very beginning of the 20th century another spawning behaviour was also noticed. 
Anecdotal evidence of near-shore flounder spawning spurred new ideas of 
adaptions to low salinities through change in egg specific gravity or through 
successful demersal egg development (Saurén 1900; Nordqvist 1901). A few 
years later Sandman (1906) was the first to report flounder spawning from the 
low-saline shallow coastal areas in the Finnish archipelago in the northern part of 
the Baltic Sea. He described the spawning to take place in about 3 to 20 m depth 
on stony and sandy bottoms, and found small eggs developing on the sea floor in 
the beginning of June in a water temperature of 7–8 degrees °C and a salinity of 6 
psu. Demersal spawning and smaller sinking eggs were later also observed in 
other coastal and shallow bank areas, even in the south-eastern parts of the Baltic 
Sea (e.g. Strodtman 1918; Mielck 1926; Mielck and Künne 1932; Marx and 
Henschel 1939; Meyer 1941; Molander 1954; Mikelsaar 1957; Bonsdorff and 
Norkko 1994). 

Later, Per Solemdal found that flounders produce larger and less denser eggs with 
lower specific gravity along the decreasing salinity gradient from the Atlantic 
towards northern Baltic Sea (Solemdal 1967; 1970; 1973). Further, the eggshell 
(chorion) thickness was shown to co-vary with egg size and specific gravity, so 
that the chorion is thinner in flounder eggs from less saline waters (Lönning and 
Solemdal 1972), explaining the differences in the egg specific gravity and 
consequently the salinity required for obtaining neutral buoyancy (Solemdal 
1973). Solemdal (1967; 1971; 1973) found that eggs cannot be buoyant in water 
of a salinity lower than 10–12 psu, and that the limit for successful pelagic egg 
development is about 11 psu, indicating that reproduction of flounders with 
pelagic type of eggs can happen only at higher than these salinities. Nevertheless, 
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reproductive flounder populations were known to occur in the northern Baltic Sea 
coastal areas with salinities as low as 6 psu. These flounders were confirmed to 
produce sinking eggs that are smaller, denser and have thicker chorions than the 
other flounders in the Baltic Sea (Solemdal 1967; 1971; 1973, Lönning and 
Solemdal 1972). Artificial fertilisation of these demersal eggs was also possible 
at salinities down to 6.5 psu (Solemdal 1967; 1973). Long-term acclimatisation 
experiments did not alter these characteristics, suggesting them to be a product of 
selection rather than plastic adaptations (Solemdal 1973). 

The earlier findings concerning the differences in egg characteristics among Baltic 
Sea flounders were confirmed by the experiments of Nissling et al. (2002; 2017). 
In addition to distinct egg characteristics, differences were also found in the 
semen: the sperm from the demersally spawning flounders could activate in as 
low as 3–4 psu and achieve high mobility already at 6–7 psu, while the pelagic 
spawning type required a salinity of at least 10–13 psu (Nissling et al. 2002). It 
was established that two different spawning strategies existed among the Baltic 
Sea flounders (Nissling et al. 2002). The first genetic analyses indicated that the 
two spawning behaviours in fact represent genetically distinct ecotypes (Hemmer-
Hansen et al. 2007; Florin and Höglund 2009), supporting the idea of long-term 
selection of reproductive characteristics (Solemdali 1973). 

Based on the most recent findings on Baltic Sea flounders, two distinct but closely 
related species are recognized (Paper III; Momigliano et al. 2018)*. Of these, the 
Baltic flounder is endemic to the Baltic Sea. Importantly, the two species have 
different reproductive strategies: European flounder, Platichthys flesus, with 
offshore spawning of pelagic eggs and Baltic flounder, Platichthys solemdali, 
with coastal spawning of demersal eggs (Solemdal 1967; Nissling et al. 2002; 
Momigliano et al. 2018). Since P. flesus requires high salinities (> 11 psu) for 
fertilisation and for eggs to achieve neutral buoyancy, spawning is restricted to 
the few deep basins of the southern and central Baltic Sea (viz. the Arkona Basin, 
the Bornholm Basin, and the Eastern Gotland Basin; Figure 1a in Paper IV; 
Nissling et al. 2002). As P. solemdali spawns sinking eggs that develop on the sea 
floor in shallow coastal waters and banks, it can reproduce successfully in 
salinities as low as 6 psu (Nissling et al. 2002; Momigliano et al. 2018). The 
distinct reproductive strategies result in spatial segregation during spawning 
(Solemdal 1967; Nissling et al. 2002; Nissling and Larsson 2018).  

																																																													
* The findings that separated Baltic Sea flounders into two distinct groups and eventually led to the recent formal 
description of one of them as the ‘Baltic flounder’ Platitchthys solemdali, are part of this thesis work and will be 
presented in connection to the results. However, for clarity and correctness, current accepted taxonomic and/or 
popular nomenclature will be used throughout this thesis unless it is purposeful to refer to the previous two 
‘ecotypes’ instead. In such cases, the ecotype that produces pelagically developing eggs (i.e. P. flesus) will be 
denoted ‘pelagic flounder’, and the ecotype producing demersally developing eggs (P. solemdali) will be denoted 
‘demersal flounder’, respectively. 
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P. flesus spawn in spring and the female fish can release about 1 million eggs 
above the sea floor in deep water below the permanent halocline (~50–90 m 
depth), where the eggs swell and obtain neutral buoyancy, allowing pelagic 
development in an oxygenated mid-water body crucial for egg survival up to 
hatching (Nissling et al. 2002; 2017; Nissling and Dahlman 2010; Ustups et al. 
2013). Spawning of P. solemdali occurs in spring–early summer in nearshore or 
shallow bank areas in a 5 to 20 m depth, where mature females lay as many as 2 
million eggs that after fertilisation develop above stony, sandy, or vegetated 
substrates (Sandman 1906; Bonsdorff and Norkko 1994; Nissling et al. 2002; 
Nissling and Dahlman 2010). The life history of early stages of both species 
generally resembles the common features of flatfishes (Gibson et al. 2015). After 
hatching, the bilaterally symmetric larvae of P. flesus are pelagic for a few months 
until they undergo metamorphosis (at the length of ~8–11 mm) to attain their 
asymmetric flatfish body shape (Osse and van den Boogart 1997; Hutchinson and 
Hawkins 2004). Larvae feed on gradually increasing sized plankton as they grow 
(Last 1978). Not much is known about the larval phase of P. solemdali 
(Momigliano et al. 2018), but the development is expected to be similar to that of 
P. flesus (Wallin 2016; Corell and Nissling 2019). After metamorphosis, larvae of 
both species settle on shallow (< 1 m depth), sandy nursery areas (Aarnio et al. 
1996; Florin et al. 2009, Martinsson and Nissling 2011). Juveniles stay in the 
nursery grounds for 2–3 years after which they move deeper and recruit to the 
adult population (Koli 1990). Initially, juvenile flounders feed on meiofauna, later 
switching to macrofauna (Aarnio et al. 1996; Nissling et al. 2007). Adults of both 
species continue to feed on molluscs and other invertebrates, and are considered 
obligate benthivores (Koli 1990; Borg et al. 2014; Westerbom et al. 2018). Several 
tagging studies (reviewed e.g. in Aro 1989; 2002; Florin 2005) have shown that 
adult P. flesus generally feed in shallow waters and migrate to spawn in deep 
waters, whereas P. solemdali are believed to reside in the archipelago and coastal 
areas throughout their lives (Bagge 1981; Aro and Sjöblom 1983). Moreover, 
several additional studies on flounder populations across the Baltic Sea have 
described and compared different aspects between the two ecotypes (later 
species). These include studies on growth differences, maturation time, fecundity, 
fecundity regulation, sperm production, morphology, larval dispersal and 
connectivity, and spawning time distribution and habitat characteristics (Aro 
1989; Drevs et al. 1999; Nissling and Dahlman 2010; Nissling et al. 2015; Jonsson 
2014; Petereit et al. 2014; Ståhlberg 2015; Hinrichsen et al. 2016; 2018; 
Erlandsson et al. 2017; Orio et al. 2017a; Nissling and Larsson 2018; Corell and 
Nissling 2019).  

European and Baltic flounders are considered parapatric, with regular co-
occurrence in the central Baltic Sea (Paper III; Nissling et al. 2002; Wallin 2016; 
Nissling et al. 2017; ICES 2019b). The northern limit of viable P. flesus 
populations in the Baltic Sea has been assumed to be around the Eastern Gotland 
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Basin in the central Baltic Sea (Figure 1; Nissling et al. 2002; Florin and Höglund 
2008; Hinrichsen et al. 2017). The new Baltic flounder occurs up to the Gulf of 
Finland and the southern Bothnian Sea in the North (Momigliano et al. 2018). The 
full distribution of P. solemdali is still poorly known, but the environmental 
conditions in the entire southern Baltic Sea should be suitable for demersal 
spawning (Orio et al. 2017a). Historical records of ripe female flounders with 
small eggs exist from shallow areas in Oder Bank in the southern Baltic Sea 
(Mielck and Künne 1932), and contemporary confirmed specimens have been 
found from different coastal locations in the southern and central Baltic Sea (Paper 
III; Wallin 2016; Nissling et al. 2017; ICES 2019b).  

Flounders in the Baltic Sea are heavily affected by different environmental 
pressures. Among the most severe ones, eutrophication and climate change reduce 
habitat quality in shallow near-shore areas, increase oxygen deficiency in bottom 
waters, decrease salinity and increase seawater temperature (Bonsdorff et al. 1997; 
Carstensen et al. 2014). Flounders are also fished throughout the Baltic Sea 
constituting an important fishery (ICES 2019b). Exploitation aspects and stock 
assessment of Baltic Sea flounders are considered by the International Council for 
the Exploration of the Sea (ICES; Box 1). 

 

 

Box	1.	Exploitation	and	assessment	of	Baltic	Sea	flounders.	

Flounders are fished throughout the Baltic Sea, mostly as by-catch in the demersal trawl fishery for cod in southern and 
central parts, and in the northern areas as mixed coastal gillnet fishery (ICES 2014; 2019). Commercial landings have 
recently varied between 16 and 21 kt per year (2014–2018; ICES 2019), but the total catch is unknown due to the usually 
high but varying discard amounts and recreational landings. In the northern Baltic Sea, recreational fishery with gillnets is 
important and catches might amount or exceed the level of commercial flounder catches in these areas (ICES 2019). Since 
flounder is a non-quota species, catch regulations do not affect the fisheries and landings. Instead, variations in the total 
landings often reflect changes in the cod fishery. Due to the facts that flounder is taken mainly as bycatch, with high but 
variable discards and uncertain discard survival rates, as well as in recreational fishery with unreported catches, total fishing 
mortality is difficult to estimate being an obstacle to analytic stock assessments (ICES 2014). 

Official stock assessment providing basis for management advice is conducted by the Baltic Fisheries Assessment Working 
Group (WGBFAS) within the International Council for the Exploration of the Sea (ICES). The flounder stocks in the Baltic 
Sea were benchmarked in 2014, resulting in the separation of four different stocks of flounder now being used as the 
assessment units (ICES 2014). Grouped according to the ICES subdivisions (SDs) the identified flounder stocks are: SDs 
22–23, SDs 24–25, SDs 26 and 28, and SDs 27 and 29–32 (see e.g. Figure 1 in Paper I for a map with ICES SDs). The first 
three of these stocks are assumed to be dominated by the pelagic ecotype of P. flesus, while the fourth covering the north-
western Baltic Proper and the Gulf of Finland (SD 27 and SDs 29–32) is considered a single stock of demersal ecotype of 
P. flesus (ICES 2014). After the formal description of P. solemdali as an own species (Momigliano et al. 2018), the most 
recent WGBFAS annual assessment report recognises both flounder species and the existence of a mix of them in all 
assessment units, although the stock delineation is still unchanged (ICES 2019). Particularly problematic is the assessment 
stock in the eastern and northern Baltic Proper (SDs 26–28), where the estimated ratio of both species is approximately 50 
% and the stock is managed as consisting solely of the pelagic ecotype of P. flesus (ICES 2019). The Baltic Sea flounder 
stocks are treated as ‘data limited stocks’, and the assessments done are trend-based from catch or survey data. Based on 
the commercial landings and the Baltic International Trawl Survey, the whole Baltic Sea flounder stock seem to have 
fluctuated without a clear trend over the past 20 years (ICES 2019). The most recent reported landings for the four 
assessment units were: 0.81 kt in SD 22–23, 12.8 kt in SD 24–25, 3.5 kt in SD 26 + 28, and 0.1 kt in SD 27 + SD 29–32 
(ICES 2019).  

In the northern Baltic Sea (SD 27 and 29–32), flounder fishing is concentrated to the Gulf of Finland (the entire SD 32; 
ICES 2019), and to the Åland archipelago and the Swedish coast in the northern part of SD 29. In the first years with 
available catch statistics (1980–1984) annual landings in the northern Baltic Sea exceed 1 500 tonnes per year, but started 
to decline towards late 1980s to a considerably lower level averaging around 200 tonnes per year during the last decade 
(ICES 2019).  
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3	SCOPE,	AIMS	AND	APPROACHES		

The general scope of this thesis was to investigate aspects of trends, structure and 
maintenance of marginal flounder populations in the coastal northern Baltic Sea. 
Flounders in the Baltic Sea have been known to exhibit two different spawning 
strategies – spawning of pelagic and demersal eggs – of which the demersal 
spawning ecotype have been believed to exclusively dominate in the northern 
Baltic Sea (ICES 2014). Determined by the low salinity (~6 psu), the coastal areas 
of the northern Baltic Sea constitute the distribution range edge of flounders that, 
nevertheless, have been among the dominating marine coastal fishes in the region 
(Lappalainen et al. 2000; Ådjers et al. 2006). Based on fisheries statistics and 
insight of fishermen and experts, there have, however, been clear indications of 
declines in flounder abundances in the northern Baltic Sea, especially in the 
coastal waters of southern Finland. During the past 40 years, total commercial 
landings of flounder in the northern Baltic Sea have decreased and catches from 
the Finnish coast (commercial landings and CPUE) have plummeted (ICES 
2019b; OSF 2019). The indications of a collapse-like decline of flounders in these 
coastal areas of the on northern Baltic Sea warranted further investigations and 
constituted the starting point of this thesis.  

The overall goal of the thesis was to understand how the flounder populations in 
the northern Baltic Sea are maintained under the pressure from multiple 
environmental stressors. Specifically, the main aims were three-fold: i) to 
determine and quantify how flounder populations in the northern Baltic Sea have 
changed over recent time (Paper I; II), ii) to identify critical mechanisms 
explaining the observed trend (Paper II; IV; V), and iii) to increase the knowledge 
concerning population maintenance and dynamics of Baltic Sea flatfish 
populations in general (Paper III; IV; V). 

To fulfil the aims outlined for the thesis, a combination of diverse approaches was 
used (Figure 2). Trends in the adult flounder population were explored using long-
term fishery-independent data (Paper I), and patterns in the occurrence of juvenile 
flounders were studied over time and between sites in known nursery areas (Paper 
II). Modern molecular methods were used to investigate the genetic population 
structure of flounders over geographical and temporal scales (Paper III; IV), and 
finally a full life cycle model was developed for studying environmental 
suitability and long-term population maintenance (Paper V). Data were obtained 
through extensive field sampling, from existing collections and from data bases. 
Needed skills and support was acquired from collaboration with leading experts. 

In Paper I, the dynamics of the adult flounder population were studied using 
available fishery-independent gill-net survey data from the Finnish coast. The 
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objective was to document recent changes in the flounder population, identify the 
onset and quantify the magnitude of change. Inferences were made based on the 
weight of evidence obtained from the best available data. 

In Paper II, the temporal and spatial occurrence of juvenile flatfish was studied by 
revisiting an old monitoring series and by conducting new field sampling with 
beach-seines in shallow nursery areas. The objective was to test whether the 
abundance of juvenile flounders on the Finnish coast had decreased over time, and 
to investigate the present occurrence of juvenile flatfish within a known nursery 
area, relating it to a range of different environmental factors of potential 
importance. While data for studying long-term changes of many environmental 
factors are scarce, the rationale was to infer potential drivers of temporal changes 
in juvenile flounders by examining spatial patterns in present occurrence in 
relation to different environmental variables. 

In Paper III, the spatial genetic population structure of flounders was studied using 
genomic analyses on existing and newly collected tissue samples. The objective 
was to investigate the level of differentiation of the two spawning ecotypes of 
flounders across the Baltic Sea. It was tested whether the pelagic and demersal 
ecotypes are genetically divergent taxa. It was hypothesised that, for speciation to 
have resulted in reproductive isolation, heterogeneous genomic divergence would 
be expected, there would be clear signatures of divergent selection in certain 
genomic regions, genotypes would show strong bimodal clustering, and there 
should not be evidence for introgression. 

In Paper IV, building on the findings of the spatial flounder genetics work (Paper 
III), the temporal genetic population structure of flounders on the Finnish coast in 
the northern Baltic Sea was studied by genotyping DNA from historical otoliths 
and assigning samples to either of the newly separated two flounder species. The 
objective was to study how the relative proportions of the two mixed flounder 
species have changed over time. It was hypothesised that P. flesus in the coastal 
Gulf of Finland rely on import from a southern source population, that past stock 
fluctuations were driven by environmental factors in these source areas, and 
further that a temporal decrease in the proportion of P. flesus in the Gulf of Finland 
would explain the reported stock decline in the area. 

In Paper V, based on existing biological knowledge of the newly described P. 
solemdali, a detailed life cycle model was built and a novel simulation-based 
approach was developed to study the environmental suitability for long-term 
population maintenance. The objective was to assess the integrated effect of key 
environmental drivers on long-term population dynamics through specified 
functional relationships to population rates and characteristics. The use of the 
developed environmental suitability model was demonstrated by reconstructing 
the historical environmental suitability from real-world time-series data. 
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Figure	2.	A	conceptualisation	over	the	aim	and	approaches	of	the	thesis.	
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The total spatial extent of all locations included in the separate studies of the thesis 
covered largely the entire Baltic Sea (Figure 1). The geographical focus was, 
however, on the northern Baltic Sea, and more explicitly on the southern coast of 
Finland. Trends and patterns in adult and juvenile flounders were investigated 
from Finnish coastal waters in the Gulf of Finland (Paper I; II), the Archipelago 
Sea outside the southwestern coast of Finland (Paper I), and around the Åland 
Islands (Paper I; II) located between southwestern mainland Finland and the 
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Stockholm archipelago in Sweden. Spatial and temporal genetic population 
structures were investigated from the Gulf of Finland (Paper III; IV), the Åland 
Islands (Paper III; IV), and from a number of locations between the central Baltic 
Proper and the Swedish west coast of the North Sea (Paper III). The study on 
environmental suitability and long-term population maintenance (Paper V) used a 
fully simulation-based modelling approach and hence did not require sampling in 
any particular location. Nevertheless, it was conceptually designed for the 
northern Baltic Sea and demonstrated with real-world environmental data from 
the Finnish coast at the entrance of the Gulf of Finland (Paper V).  

The coastal areas of southern Finland and the Åland Islands – the main 
geographical focus of the thesis – consist of an archipelago of varying width from 
the mainland towards the open sea. Due to the high latitude of the region, strong 
seasonality in temperature and production characterises this coastal environment. 
Seawater salinity is around 5–6 psu at the surface. In line with the general state of 
the Baltic Sea, eutrophication is a defining factor driving multiple changes (e.g. 
Bonsdorff et al. 1997). 

In Paper I, five coastal locations from the central Gulf of Finland (60.2°N 24.8°E) 
in the east to the Åland Island (60.3°N 19.7°E) in the west (Figure 1 in Paper I), 
were investigated. The locations, with a water depth of 3–20 m, were chosen based 
on the availability of temporal data on coastal fish, including flounders. Sampling 
for Paper II was conducted in 23 locations around Hanko Peninsula (59.8°N 
23.1°E) at the entrance of the Gulf of Finland and in 4 locations around Åland 
Islands (60°N 20°E; Figure 1 in Paper II). The sampled locations were typical 
flatfish nursery grounds, consisting of shallow (0–1 m) soft-sediment bays and 
beaches with high exposure to wind and waves (Florin et al. 2009). In Paper III, 
samples were collected from 13 locations covering much of the distribution range 
of flounders in the Baltic Sea, with locations at as far as the Swedish west coast 
of the North Sea (58.2°N 11.3°E–60.2°N 25.3°E; Figure 1 in Paper III). The exact 
locations were chosen based on the availability to acquire samples of spawning 
flounders both from coastal and offshore spawning grounds. In Paper IV, two 
areas were selected for the study: the western archipelago of the Åland Islands 
(60.2°N 19.5° E) and the Finnish coast of the middle Gulf of Finland (60.1°N 
24.8° E; Figure 1 in Paper IV). These locations were selected based on access to 
needed DNA samples and bathymetry and water circulation patterns 
corresponding to the hypothesis of larval subsidies that was to be tested. In Paper 
V, the modelling outcome was used for predicting environmental suitability from 
real-world data on the environmental variables considered. The chosen example 
location is situated on the Finnish south coast at the entrance to the Gulf of 
Finland, close to Tvärminne Zoological Station on Hanko Peninsula (59.9°N, 
23.3°E). 
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4.2	DATA	COLLECTION	AND	METHODOLOGIES	

Due to the broad selection of approaches in the thesis, a number of different data 
sources, sampling routines, laboratory protocols, data processing tools, 
computational practices, and numerical analyses were used. Existing data sets on 
abundances and biomasses of adult flounders (Paper I), juvenile densities (Paper 
II) and environmental conditions (Paper IV; V) were obtained from collaborators, 
public data bases, or retrieved from published material. For investigating 
environmental suitability for long-term population maintenance, available 
biological knowledge concerning P. solemdali in the northern Baltic Sea was 
compiled from various literature sources (Paper V).  

For acquiring additional contemporary information on flounder numbers and 
weights from the Finnish coast, adults were caught with gillnets (Paper I) and 
juvenile flounders were sampled by means of beach seining (Paper II). Along with 
the sampling of juvenile flounders, various environmental variables characterising 
juvenile nursery habitats were measured (Paper II). Flounder tissue samples for 
the Baltic wide genomic analyses (Paper III) were obtained from existing 
collections, originating from scientific and commercial fishery samples, and were 
complemented with additional samples from the Finnish coast obtained from the 
gillnet fishing conducted within this thesis (Paper I). For analysing the temporal 
genetic population structure, a historical collection of flounder otoliths originating 
from the Gulf of Finland and the Åland Islands was used for obtaining DNA 
(Paper IV).  

For the genomic/genetic analyses, DNA was extracted from tissue samples (Paper 
III) or archival otoliths (Paper IV). DNA was genotyped by means of commercial 
molecular tools (Paper III; IV). A suite of different methods was used for 
estimating genetic differentiation, exploring genotypic clustering, and locating 
outlier loci indicative of signatures of selection (Paper III). Different approaches, 
involving first verified reference samples and later diagnostic loci, were used to 
assess the affiliation of individual samples to identified genetic groups (Paper III; 
IV).  

The variety of approaches of the thesis is reflected in the number and different 
types of numerical and statistical methods used. Standard calculations were used 
to quantify the change and differences in adult flounder Catch Per Unit Effort 
(CPUE) and other population metrics (Paper I), in juvenile densities (Paper II), 
and in the relative proportions of the two identified genetically distinct flounder 
species along the Finnish coast (Paper IV). Long-term population maintenance in 
relation to environmental suitability was studied by forward-simulating 
population dynamics from detailed life cycle model constructed in a probabilistic 
framework (Paper V). Parametric and non-parametric univariate methods were 
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used for testing temporal and spatial differences and trends in abundance and 
occurrence (Paper I; II), multivariate clustering and ordination techniques were 
used for grouping samples based on environmental variables (Paper II) or allele 
frequencies (Paper III), and permutational, generalised additive, and regression 
models were used to explore relationships to explanatory variables (Paper II; IV; 
V). A statistical significance level of 0.05 was applied in all tests where 
purposeful. The variety of numerical approaches used consequently required 
several statistical software and platforms: IBM SPSS Statistics 22 (Paper I; II), 
PRIMER v7 (Paper II; Clarke and Gorley 2015), PRIMER PERMANOVA+ 
package (Paper II; Anderson et al., 2008), and the R computing environment 
(Paper III; IV; V; R Core Team 2017).  

Field sampling permits were requested and granted by water owners and 
managing authorities and agencies. Where applicable, all international, national, 
and institutional laws, codes and guidelines for the care and use of animals were 
respected during sampling and data collection procedures. Existing rules, 
regulations and recommendations for molecular laboratory work were followed 
when applicable. 

4.2.1	DESIGN	AND	METHODS	IN	THE	INDIVIDUAL	STUDIES	

Paper I – identifying and quantifying recent changes in the flounder population 

To investigate the change in flounder populations in the northern Baltic Sea, 
fisheries-independent abundances and biomasses from the Gulf of Finland to the 
Åland Island were used. Data originated from national coastal fish monitoring, 
scientific gillnet fishing, flounder test fishing by the local fishing district, and this 
study (Table 1 in Paper I). Existing data were provided by original data holders 
(Rask 1989; Lappalainen et al. 2000; 2001; Hangon kalastusalue) or accessed 
through the Finnish national coastal fish monitoring data base 
(Koekalastusrekisteri). Additional comparable present state data were collected 
from one location by revisiting two previously fished (1975 and 1997) stations in 
2012. Three of the five obtained data sets constituted time-series ranging from 
1989/1991 to 2013, while the other two were composed of two single time points 
or periods each.  

The data sets were obtained through fishing using different types of multi-mesh 
gillnets, gillnet series of multiple mesh sizes, and standardised gillnet links of 
single mesh size (Table 1 in Paper I). Most fishing had been and was done in 
August–September in coastal locations with a water depth of 3 to 20 m. Gillnets 
were deployed overnight generally following admitted test fishing praxis (e.g. 
Appelberg et al. 2003). Depending on the location, sampling effort varied between 
1 and 48 replicate net-nights; however, the differences in sampling design were 
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decisive and, thus, the efforts not comparable. A detailed account of gears and 
fishing methodology is provided in original publications (Paper I; Rask 1989; 
Lappalainen et al. 2000; Ådjers et al. 2006).  

From the data sets, CPUEs were calculated and differences between time-points 
were tested with the parametric Student’s t-test and the non-parametric Mann–
Whitney U-test. Trends in CPUEs from the annual monitoring time-series were 
analysed with the non-parametric Mann–Kendall test. Additionally, possible 
changes in population lengths, weights, body condition and sex ration of flounders 
from one location were explored with adequate parametric and non-parametric 
statistical tests. Prior to statistical testing, assumptions for normality and 
homoscedasticity were explored and the data treated accordingly.  

Paper II – temporal change and spatial patterns of juvenile flounders 

The task of exploring the occurrence of juvenile flatfishes was approached with a 
two-part study design: one for temporal changes and one for present state spatial 
patterns. The long-term temporal part revisited a discontinued monitoring time 
series in two areas; the Åland Islands (4 sites) and Hanko peninsula at the entrance 
of the Gulf of Finland (2 sites). For the spatial part a new field sampling campaign 
was launched around Hanko peninsula (21 sites). All previous and current 
sampling was conducted with beach seines especially designed for catching 
juvenile flatfish in shallow (depth max. 1 m) flatfish nursery areas (Aro and 
Sjöblom 1982; Borg et al. 2012).  

The data from the old monitoring series (1979–1992) were provided by the 
original data holders (Aro and Sjöblom 1982). The sites were revisited during 
three consecutive years (2012–2014) using identical methods for comparable data. 
Seining was done in spring to quantify the density of wintered 1-Y-O flounders 
(< 70 mm). One seine haul swept ~1000 m2, and three replicate hauls were taken 
at each site. All flounders were counted and measured. A detailed account of gears 
and seining methodology can be found in the original publications (Paper II; Aro 
and Sjöblom 1982). Average 1-Y-O flounder densities were obtained for each 
sampling site. Yearly mean and maximum densities and period averages (original: 
1979–1992, revisited: 2012–2014) were calculated, and differences analysed with 
the parametric Student’s t-test or the non-parametric Mann Whitney U-test, 
depending on data qualities in relation to test assumptions. 

Sampling for spatial patterns of juvenile flatfishes was done over a two-week 
period in mid-August 2013, during estimated peak settling of flounder juveniles 
(Aarnio et al. 1996; Martinsson and Nissling 2011). Three replicate hauls were 
taken at each site, and one seine haul swept ~300 m2. Average juvenile densities 
were calculated for 0-group (< 60 mm) flounders and turbots (Psetta maxima) 
separately and for all juvenile flatfishes < 100 mm combined. Based on knowledge 
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about their potential importance (e.g. Florin et al. 2009; De Raedemaecker et al. 
2012), different environmental factors were measured and potential relationships 
to juvenile flatfish occurrence were analysed. The concerned environmental 
factors included wind and wave exposure, water and sediment characteristics, 
vegetation and algal cover, as well as potential food sources, competitors and 
predators. Principal Component Analysis (PCA) was used to visualise the 
differences in environmental variables between sampling sites. To analyse the 
degree of overall variability in juvenile flatfish abundance explained by 
environmental variables, a permutational distance-based linear model (DistLM) 
was used (Anderson et al. 2008). DistLM construction relied on a stepwise 
selection procedure with AIC (Akaike Information Criterion). Environmental 
variables were checked for collinearity and outliers, and adequate data 
transformations were applied where appropriate. 

Paper III – differentiation of the two spawning ecotypes of flounders across the 
Baltic Sea 

To clarify the spatial genetic population structure of flounders across the Baltic 
Sea, individual flounder samples were analysed using genomic techniques. 
Samples were obtained from existing collections (10 locations, Florin and 
Höglund 2013), sampling within this thesis (1 location, Paper I), and from 
additional sources (2 locations). Sample collection took place in 2002–2004, 
2009, and 2012, mostly close to spawning time. In two locations, nearly all 
samples (100 and 92 %) were taken from spawning individuals in coastal and 
offshore locations, respectively, and could be used as references for the two 
flounder ecotypes.  

DNA was extracted from ethanol-preserved fin clips or muscle tissue using either 
a standard salting out protocol or DNeasy Blood and Tissue Kit (Qiagen). 
Polymerase Chain Reaction (PCR) was used for DNA amplification. DNA 
sequencing was done using the standard DArTSeq Single Nucleotide 
Polymorphism (SNP) genotyping-by-sequencing approach (Sansaloni et al. 2011; 
Booksmythe et al. 2016), as carried out by Diversity Arrays Technology Pty Ltd. 
De novo sequence assembly and SNP calling was performed using strict quality 
control and appropriate filtering criteria. The final dataset consisted of 2 051 
biallelic SNPs genotyped for 282 individuals. 

To investigate the genetic structure of flounders across the study area, a set of 
ordination and clustering techniques was used on allele frequency data. A PCA 
was performed using the R package adegenet (Jombart 2008), to assess the 
affiliation of individual samples to either ecotype based on their expected 
geographical distribution and the two certain reference populations. To determine 
the most likely number of genetic clusters (K), multiple numbers of K were 
assessed by running the fastSTRUCTURE algorithm (Raj et al. 2014) and by 
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performing discriminant analysis of principal components with K-means 
clustering (Jombart et al. 2010). For assessing isolation by distance, genetic 
distance (FST) and geographic distance among locations were estimated with R 
packages diveRsity (Keenan et al. 2013) and marmap (Pante and Simon-Bouhet 
2013) respectively. BAYESCAN (Foll and Gaggiotti 2008), OutFLANK 
(Whitlock and Lotterhos 2015), ‘Fdist’ coalescent method (Beaumont and Nichols 
1996) and FLK (Bonhomme et al. 2010) were performed to identify outlier loci 
under selection among and within the two major genetic clusters. A detailed 
account on these techniques is provided in the original publication (Paper III and 
references therein). Additionally, based on the results from the genomic analyses, 
different evolutionary scenarios for initial colonisation of the Baltic Sea and 
subsequent genetic divergence were tested within methodological framework of 
Approximate Bayesian Computation (ABC). However, this was not within the 
scope of this thesis. 

Paper IV – temporal genetic population structure of flounder in the northern 
Baltic Sea 

To determine the temporal share of the two newly separated flounder species, P. 
solemdali and P. flesus, the genetic identities of 444 individuals were analysed. 
From a historical collection of otoliths from more than 29 000 flounders, a selected 
sub-sample of 480 individuals was chosen, representing multiple time points and 
cohorts from the Åland Island and the coastal Gulf of Finland. The otolith 
collection was established by the former Finnish Game and Fisheries Research 
Institute (presently Finnish Natural Resources Institute, LUKE) for age 
determination to support international stock assessment work on Baltic Sea 
flounder. Otoliths were collected annually during 1975–2011 from relevant 
commercial gillnet catches during the main fishing seasons according to a random 
or length-based sampling scheme. Age determination had been performed on 
whole sagittal otoliths, and readings were provided by original data holders. By 
knowing both sampling date and age, the birth year of each individual fish could 
be determined. 

For both study areas, four time points over the past decades were chosen from 
periods both before and after the decline in flounder catches in the Gulf of Finland 
in the 1980s (ICES 2017). For a reasonable sample size, the design aimed for a 
minimum of 48 DNA samples per area and time point, from 24 individuals per 
cohort and study area. Otoliths were chosen by randomly sampling individuals 
from cohorts known to be important in fisheries (age 4–6 years). This way data 
for 9 cohorts in the Åland Islands and 11 cohorts in the Gulf of Finland were 
obtained, covering birth years of 1970–1998 and 1973–2007, respectively.  

Species identity of the samples was determined using previously identified and 
verified diagnostic SNPs (Paper III; Momigliano et al. 2018). DNA was extracted 
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from remnants of dry mucus and blood on otolith surfaces using a modified salting 
out procedure optimised for degraded samples. PCR was used for amplifying the 
five diagnostic loci from DNA samples. The SNPs were genotyped using a 
SNaPshot Assay as per Momigliano et al. 2018. To assign the samples to either of 
the two species a Bayesian approach was performed with R scripts developed for 
a similar purpose (Toli et al. 2016). The sample identities were assessed as 
probabilities calculated as a function of known genotypic frequencies from 
verified individuals, a prior belief, and allelic data of the sample to be tested. An 
iterative process sequentially updated the assignment probability with the 
genotypic data one locus at a time using each intermediary posterior probability 
as the subsequent prior (Toli et al. 2016). Altogether 433 samples were identified 
to species level with more than 99 % probability. 

To assess the importance of distant environmental conditions for local species 
composition, the relationship between reproductive volume* in the Eastern 
Gotland Basin spawning area and the percentage of P. flesus in the northern Baltic 
Sea study areas was tested using two types of regression analyses: major axis 
regression to explore a linear relationship and logistic regression to determine 
possible thresholds in the impact of reproductive volume. P-values were adjusted 
for multiple comparisons using the Holm–Bonferroni correction. The linear 
regression analysis was performed with R package stats that is part of base R (R 
Core Team 2017), and the logistic regression was performed with R package rms 
(Harrell 2019). In the Eastern Gotland Basin spawning and early development 
occurs May–June (Bagge 1981; Hinrichsen et al. 2017; Nissling et al. 2017), 
hence environmental data from this season were used. Estimates on reproductive 
volume in Eastern Gotland Basin were obtained from Ustups et al. 2013. 

Paper V – long-term population maintenance and environmental suitability for 
the Baltic flounder  

To assess the long-term environmental suitability for a population, a novel 
approach for extracting a measure of the integrated effect from key environmental 
drivers through a high-resolution population simulation was developed (Figure 5 
A). P. solemdali was used as the model species. Based on their known importance 
for reproduction, growth and survival for flounders (Fonds et al. 1992; Nissling et 
al. 2002; Uusitalo et al. 2011), salinity and temperature were chosen as the main 
environmental drivers to be studied. No input data in terms of flounder 
abundances or biomasses were needed as the approach was purely simulation-
based. Instead, existing biological and ecological knowledge concerning or 

																																																													
*Reproductive volume is a measure of the amount of water fulfilling minimum reproductive requirements of 
salinity > 10.7 psu and with oxygen content > 1 ml/L (Ustups et al. 2013).	



	

	
24	

applicable to the study species was gathered and a detailed life cycle model was 
built and parametrised based on the compiled information (Table 1 in Paper V). 

All life stages from eggs to adults were detailed, specific vital rates and life history 
characteristics were defined, and functional relationships to the studied 
environmental variables were specified. For instance, a full bioenergetics sub-
model for juvenile growth (Stevens et al. 2006) was incorporated to the life cycle 
model. To correspond to populations in a natural state, fishing mortality was not 
considered. The model was built in a stochastic framework to include uncertainty 
for model parameters. In addition to an over-all yearly time resolution in all stages, 
for pre-adult stages also a daily resolution was incorporated. Transitions between 
stages and time steps were determined by specific stage-survivals, linked to 
population characteristics in relation to environmental drivers. The full detailed 
account of the population model structure is provided in Supplement A of Paper 
V. For model development and subsequent simulations, the free software 
OpenBUGS (Lunn et al. 2009) was used, as ran from R using package 
R2OpenBUGS (Sturtz et al. 2005). 

The population model was forward simulated with 100 000 iterations over a period 
of 150 years. Each iteration corresponded to one possible population trajectory. 
Every population trajectory was assigned a random combination of salinity and 
temperature values. Salinity was modelled as the average for spawning depth (5–
15 m) during spawning time (May–June), and temperature as seasonal daily 
average temperatures by a cosine function with seasonal minimum and maximum 
daily averages as parameters. The environmental values were deliberately allowed 
to exceed currently encountered values in natural environments to enable 
inferences also under no-analogue conditions. The simulation resulted in a large 
sample of different population end-states (as total adult abundances), of which the 
highest corresponded to the best and the lowest to the worst combination of the 
environmental values.  

Only the populations stabilised by the end of the simulation were retained for 
further analyses. This was conceptually important for two reasons: a population 
can subsist only when the finite rate of population change is one or more, and 
secondly, long-term suitability for given conditions cannot be known when a 
population is still growing (or declining) and would result in an incorrect signal 
for the environmental effects. By relating each single end-state population to the 
overall highest end-state, the abundances were converted to a relative scale 
(‘relative abundance’ RA, [0,1]) and were used as a biology-based proxy for the 
suitability of the physical environment for population persistence. The outcome 
of the simulations was explored by relating environmental parameter 
combinations to the RA-values. The matrix of RAs and corresponding 
environmental parameter values was formalised to a model of environmental 
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suitability with the environmental parameters as predictors. As the functional form 
was unknown, the model was built in a non-linear framework using a Generalised 
Additive Model (GAM) approach defined for a beta regression family, with 
restricted maximum likelihood used for smoothness selection (Hastie and 
Tibshirani 1990; Wood 2017). The model structure was selected logically by pre-
including all predictor variables (i.e. the salinity and temperature parameters) from 
the population dynamics model. Final model selection was based on statistical 
significance, deviance explained and smaller AIC values (Wood 2017). Model 
construction and variable/model selection were done with R package mgcv (Wood 
2016). The use of the model was demonstrated by reconstructing past 
environmental suitability for an example location on the Finnish South coast, 
based on a real-world time-series (1970–2016) on salinity and temperature from 
the Finnish Meteorological Institute. 

5	RESULTS	AND	DISCUSSION	

By focusing on flounders in the coastal waters of the northern Baltic Sea, this 
thesis has investigated factors of population maintenance and change at the 
distribution range margin of these fishes. Although flatfishes are seemingly well-
studied (e.g. Gibson et al. 2015) and general patterns and drivers of fish population 
variability and change are quite well known (e.g. Beverton and Holt 1957; Ricker 
1975; Quinn and Deriso 1999; Hilborn and Walters 2001), much less is known 
about the specificities, dynamics and drivers of change of northern Baltic Sea 
flounders. In addition to its obvious role for management and conservation, such 
knowledge is important also for understanding range dynamics under predicted 
environmental changes (Gaston 2009).  

There have been indications of a dramatic decline of flounders in the northern 
Baltic Sea, but the magnitude of and the mechanisms behind the change have not 
been clarified. Therefore, this thesis examined the evidence for the population 
decline across several locations along a coastal area. It also clarified the genetic 
foundation for population structure and highlighted the role of source-sink 
dynamics and regional environmental forcing for local patterns in stock 
composition and abundance change. Additionally, the thesis explicitly explored 
the impact of key environmental drivers for long-term population viability over a 
wide range of simulated values. The results of this thesis improve our 
understanding of how the flounder populations in the northern Baltic Sea are 
maintained under pressure from multiple environmental changes. The main 
findings are discussed from the perspective of answering the following questions: 
how have the flounder populations in the northern Baltic Sea changed over time 
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(Paper I; II), what are the critical mechanisms behind the change (Paper II; IV; 
V), and what knowledge gaps have been filled regarding population maintenance 
and dynamics of Baltic Sea flatfish (Paper III; IV; V). 

5.1	MAIN	FINDINGS	

Along the southern coast of Finland and the Åland Islands, substantial decreases 
in both adult and juvenile flounders were shown during the recent decades (Table 
1). Based on compelling weight of evidence from multiple fisheries-independent 
data, adult flounders were shown to have drastically (up to 95 %) declined from 
the 1990s onwards (Paper I). The results largely corresponded to the development 
of flounder landings at the Finnish coast (Table 1). The study on juvenile flounders 
(Paper II) demonstrated highly variable densities over time, but a general drastic 
decline (up to 40-fold) in 1-Y-O flounders since the 1980s in both study areas. 
The juvenile densities were also generally higher in the Åland Island than on the 
Finnish mainland coast, and the difference grew over time, indicating disparate 
dynamics in larval supply and/or environmental conditions. Studying the current 
occurrence of juvenile flatfish in known nursery areas on the Finnish coast 
revealed a low rate of presences in individual locations and very low densities 
where encountered. There was also a significant negative relationship between 
flatfish occurrence and vegetation/algae cover, and a total absence of juveniles in 
the most sheltered and turbid sites, which suggest eutrophication to be a potential 
negative factor for these fishes.  

The genetic structure among flounders across the Baltic Sea was evident. Genomic 
analyses showed that pelagic and demersal spawning flounders in the Baltic Sea 
are in fact two clearly distinct, non-interbreeding species, of which the one with 
demersal eggs is endemic to the Baltic Sea (Paper III; Momigliano et al. 2018). 
The evidence revealed that genetic divergence has proceeded far along the 
speciation continuum, indicating a case of very rapid ecological speciation; in fact, 
the fastest one ever recorded for a marine vertebrate (Paper III). Pelagic flounders 
(later determined as P. flesus species; section 2.4; Momigliano et al. 2018) were 
generally found in the southern off-shore areas and demersal flounders (later 
described as P. solemdali; section 2.4; Momigliano et al. 2018) in coastal areas of 
the central and northern Baltic Sea (Figure 3). Accordingly, flounders on the 
Finnish coast were mostly P. solemdali. However, in contrast to previous belief, 
a fraction of the individuals on the Finnish coast was assigned to P. flesus, which 
implied that instead of one self-sustaining flounder population, flounders on the 
Finnish coast are in fact a mixed-species population complex. This discovery led 
to the temporal genetic study on the Finnish coast of the northern Baltic Sea (Paper 
IV). Results indicated that P. flesus in fact dominated the Finnish flounder stock 
in the early 1980s (Figure 4). Between the early 1980s and the early 1990s in the 
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Gulf of Finland, there was a clear shift in dominance from P. flesus to P. 
solemdali, matching in time with the decline in flounder landings. The proportion 
of P. flesus related positively to the Eastern Gotland Basin reproductive volume, 
used as a proxy for spawning conditions in the birth year of the fish. Altogether 
the results suggest that the temporal species turnover, linked to environmentally 
driven changes in more southern spawning grounds for P. flesus, explains some 
of the local decline of flounder observed on the Finnish coast in the northern Baltic 
Sea. 

Within this thesis, a new method was developed for modelling environmental 
suitability for long-term population maintenance of P. solemdali (Figure 5 A; 
Paper V). A central outcome of the work was a finalised population model with a 
highly-detailed life cycle structure including the best available knowledge on the 
study species. Random combinations of salinity and temperature produced a large 
data set on simulated population end-states and corresponding environmental 
variable values. The data set was used for fitting a model for environmental 
suitability. Using this model with historical records of spawning time salinity and 
seasonal temperature in a coastal example location to reconstruct past 
environmental suitability values, revealed patterns that might help explaining past 
population changes. Environmental suitability was shown to be relatively poor 
over the hind-casted period, and a slight decreasing tendency was seen from 1990 
to early 2000 (Figure 5 B). Altogether, the simulation-based population dynamics 
approach is proposed as a novel, biologically sound method for assessing the 
integrated environmental suitability for a population.  

5.2	 POPULATION	 CHANGE:	 DECLINE	 IN	 FLOUNDER	 POPULATIONS	 IN	 THE	
NORTHERN	BALTIC	SEA	

The magnitude and timing of the alleged population decline of flounders in the 
northern Baltic Sea were studied by means of temporal comparisons of both adult 
fish (Paper I) and juveniles (Paper II) along the southern coast of Finland from 
mid-Gulf of Finland to the Åland Island. It was not possible to distinguish between 
P. flesus and P. solemdali (at that time the pelagic and demersal ecotypes), and all 
flounders were studied as a single unit. The results showed substantial decreases 
in adult flounder numbers and biomass, signs of decreasing flounder size and 
condition, and declines in juvenile occurrence, during the recent decades across 
the areas studied. Both coastal fish monitoring time series revealed a declining 
trend with 46–91 % decrease between the 1990s and the 2000s, while a third data 
series from a flounder gillnet survey showed an abrupt drop in 2003 with a drastic 
catch decline of 97 % (Table 1). The decline in abundance, evident from all three 
time-series, was supported by clearly lower current than past abundances and 
biomasses of flounders in point comparisons from the remaining two study 
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locations. For instance, in the location at the entrance of the Gulf of Finland, a 
resampling of previous test fishing areas showed a decrease of ~60 % from 1975 
to 1997 and a further ~40 % from 1997 to 2012, indicating an even longer term 
decline than what was evident from the time series.  

Flounder populations have been reported to fluctuate and change in different parts 
of the Baltic Sea (Ojaveer and Kalejs 2005; Olsson et al. 2012; Orio et al. 2017b) 
and have declined also in the Finnish waters of the northern Baltic Sea in the 1920s 
and 1960s (Järvi 1932; Ojaveer et al. 1985). The decline shown in this thesis 
(Paper I) largely corresponded to the recent decline of commercial flounder catch 
at the Finnish coast in terms of landings and CPUE, both declined > 90 % from 
mid-1990s to 2010s (Table 1), and confirmed the trend in fisheries. In contrast, 
the flounder stock in the Estonian waters of the Gulf of Finland only ~100 km 
south of the Finnish coast showed an opposite, increasing trend from 1991 to 1998 
(Drevs 1999). Similarly, there are documentations of increases during the 1990s 
from the Swedish coast of the northern Baltic Sea (Florin 2005 and references 
therein). Moreover, from mid-1970s to early 1980s, flounders in the southern Gulf 
of Finland also increased (Ojaveer et al. 1985). The increases in Estonian waters 
were suggested to be related to improved pelagic spawning conditions in the Gulf 
of Finland due to saltwater inflow and oxygenation (Ojaveer et al. 1985; Drevs 
1999). Although much of the current literature considers Eastern Gotland Basin 
as the northernmost spawning area for P. flesus (Nissling et al. 2002), some older 
literature (Grauman 1981; Mikelsaar 1984) have reported pelagic eggs in the 
western Gulf of Finland at depths of 100–140 m, as described by Drevs (1999). 
However, in their current stock delineation ICES (2014) considers the northern 
Baltic flounder stock (ICES SDs 27, 29–32) to be predominantly of the demersal 
ecotype (P. solemdali). Since 2000, the ICES survey-based indicator for this stock 
has not shown any signs of declines (ICES 2019b). This indicator does, however, 
not contain data from the Finnish coast. Taken together, the observed changes 
along the southern coast of Finland seem to be different from adjacent areas, 
indicating independent mechanisms behind the population dynamics. 

No analytical fisheries stock assessment is carried out for the northern Baltic 
flounder stock (ICES 2014; 2019b), nor have there been any explicit long-term 
population monitoring in place for flounder along the Finnish coast. Being aware 
of the challenges of using data sets originally meant for purposes other than 
explicitly for assessing flounder populations, the approach chosen still provides 
the best available evidence for exploring these changes. Also, by using survey 
data some uncertainties linked to commercial fishery data might be avoided (e.g. 
Cook 2013). The interpretations rely much on the robustness and recurrence of 
patterns studied. The weight of evidence is undisputable: flounder on the coast of 
Finland has undergone a collapse-like change in population size over the past 
decades. 
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Table	1.	Table	of	evidence	summarising	the	development	of	flounder	stocks	and	populations	 in	the	northern	
Baltic	 sea	 and	 along	 the	 Finnish	 coast.	 Data	 analysed	 in	 this	 thesis	 are	 based	 on	 the	 available	 fisheries-
independent	data	of	adult	flounder	abundances	(Paper	I)	and	data	from	juvenile	flounder	monitoring	(Paper	II).	

 Area Time 
scale 

Change Statistical 
result 

Time of 
change 

Degree of 
change 

Data type Source 
A

D
U

L
T

S
 

Northern 
Baltica Sea 

1980–
2018 ↓ - sharp1983à, 

gradual 
2002à 

93 % 
decrease 

commercial 
landings 

ICES 
2019 

Southern 
coast of 
Finlandb 

1980–
2018 ↓ - sharp 1996à 97 % 

decrease 
commercial 
landings 

OSF 
2019 

Southern 
coast of 
Finlandc 

1980–
2013 ↓ - gradual 

1981à 
95 % 
decrease 

commercial 
gillnet 
flounder 
CPUE 

LUKE 

Mid-Gulf of 
Finland 
(N 60° 09', E 24° 
50') 

 

1998, 
2005–
2013 

↓ Mann-
Whitney U-
test: U=1949, 
p=0.001 

- 75 % 
decrease 

multi-mesh 
gillnet catch 
data 

Paper I 

Entrance 
Gulf of 
Finlandd  
(N 59° 51', E 22° 

16') 

1975, 
2013 ↓ Student’s t-

test: 
t(18)=3.979, 
p=0.001 

- 89 % 
decrease 

net series 
survey catch 
data 

Paper I 

Entrance 
Gulf of 
Finlande  
(N 59° 49', E 22° 
59') 

1989–
2013 ↓ Student’s t-

test:  
t(16)=20.63, 
p<0.0001 

abrupt 2003 97 % 
decrease 

standardised 
gillnets catch 
data 

Paper I 

Archipelago 
Seaf 

(N 60° 02', E 21° 
32') 

1991–
2013 ↓ Mann-Kendall 

trend test: 
τ=-0.597, 
p=0.003 

gradual 
1996à  

46 % 
decrease 

Coastal 
survey nets 
catch data 

Paper I 

Åland 
Islandsg 

(N 60° 18', E 19° 
40') 

1991–
2013 ↓ Mann-Kendall 

trend test: 
τ=-0.664, 
p=0.0001 

sharp 
1994–2002 

91 % 
decrease 

Coastal 
survey nets 
catch data 

Paper I 

J
U

V
E

N
IL

E
S

 

Entrance 
Gulf of 
Finlandh 

1979–
1992,  
2012–
2014 

↓ Mann-
Whitney U-
test U<0.001, 
p=0.004 

- 98 % 
decrease 

beach seine 
monitoring 
catch 

Paper II 

Åland 
Islandsi 

1979–
1992,  
2012–
2014 

↓ Mann-
Whitney U-
test:  
U=4.000, 
p=0.048 

- 68 % 
decrease 

beach seine 
monitoring 
catch 

Paper II 

aTotal commercial landings (tonnes) for the ‘Northern flounder stock’ consisting of ICES sub-divisions 27, 29–32 
bFinnish commercial flounder landings (tonnes) from gillnet fishery in ICES sub-divisions 29–32 
cFinnish commercial flounder Catch Per Unit Effort (tonnes) calculated from gillnet catches/efforts that has targeted flounders during main fishing 
months July–September, data obtained from Finnish Nature Research Institute (LUKE) 
dResult for fishing site C, analyses on ln(x+1)-transformed values 
eAnalyses on ln(x+1)-transformed values, extent of decline calculated as the change from the 1989–2002 average CPUE to the 2001–2008 average 
CPUE 
fAnalyses based on the whole old data set 1991–2004, extent of decline calculated as the change from the 1991–2000 average CPUE to the 2001–
2004 average CPUE 
gAnalyses based on the whole old data set 1991–2008, extent of decline calculated as the change from the 1991–2000 average CPUE to the 2001–
2008 average CPUE 
hData from one of two locations used, data missing from the ‘Archipelago’ series from 1979 and 1982 
iData averaged over all the locations in the Åland Islands, data missing from 1982 and 1984 
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The decline in the adult population warranted investigations on potential changes 
in juvenile flounder as well. Revisiting a discontinued juvenile flounder 
monitoring at the Finnish south coast and the Åland Islands demonstrated highly 
variable densities of 1-Y-O flounder over time (Paper II). The highest average 
densities (~60–110 ind. 1000 m−2) were observed during the 1980s. These 
densities are high compared to well-known flatfish nursery grounds elsewhere 
(e.g. van der Veer et al. 1991). Densities were also generally higher in the Åland 
Islands than on the Finnish mainland coast, and the difference grew over time. 
Importantly, juvenile densities were significantly lower in the recent sampling 
than in the original (Table 1; Paper II), evident in all but one sampling site. The 
average decline was larger in the mainland location (98 %) than in the Åland 
Islands (68 %).  

The available long-term data set focused on overwintered 1-Y-O juveniles, and 
information about densities of 0-group flounder the previous summer/fall was 
missing. Therefore, pre- and post-settlement processes, i.e. changes in larval 
supply vs. changes in juvenile survival, could not be separated. Nonetheless, what 
these data could tell was the proximate level of juvenile production in these 
locations over that time. Although this might not as such reveal any underlying 
mechanism linking to the population change, it might show if the juvenile stage 
expressed similar changes or trends as the adult population. Importantly, the 
results showed that the number of juvenile flounders in shallow nurseries from 
two different areas on the south coast of Finland was up to 40× higher during the 
1980s than in recent years, indicating a pronounced decline in recruitment 
potential (Paper II). 

The current densities in both areas of the long-term study were lowest in the most 
recent years. Similarly, looking at multiple location within a known nursery area 
(e.g. Järvi 1932) on the Finnish coast revealed low rate of presence (~30 % for 0-
group flounder; ~50 % for all flatfishes < 100 mm) and very low densities (< 2.2 
ind. 100–2 for all flatfish < 100 mm) where present (Paper II). This indicated a 
very low current level of juvenile flatfish abundance in these coastal areas of the 
northern Baltic Sea. In fact, the flounder year-class 2013 sampled in summer/fall 
and then later in spring 2014 was the all-time weakest since beginning of sampling 
in 1979. Compared to records from central Baltic Sea nursery areas, current 
flounder densities (0-group) were an order of magnitude lower (Martinsson and 
Nissling 2011), but compared to the Swedish northern Baltic Sea coast (Florin et 
al. 2009), densities were similar.  

As the contemporary occurrence of juvenile flatfish was very sparse and low in 
the investigations 2013, for analytical purposes a combined group for all < 100 
mm flatfish was created (Paper II). This artificial group combined at least two taxa 
(Psetta maxima and Platichthys sp.) and two year-classes (0- and 1+-groups). 
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However, despite some species- and age-specific differences, juvenile flounders 
and turbots share nursery habitats in the Baltic Sea (Aarnio et al. 1996; Florin et 
al. 2009; Martinsson and Nissling 2011). In fact, the presence of one species 
indicates habitat suitability for both species (Martinsson and Nissling 2011). The 
approach did not allow for extracting information about the species-specific 
habitat preferences, but since these groups share the main habitat characteristics, 
it informed on habitat utilisation and the general state of these nursery areas at low 
flatfish abundance. 

5.3	MECHANISMS	BEHIND	POPULATION	CHANGE:	REASONS	FOR	THE	DECLINE	

The reason for the decline of flounders (Paper I; II) was not directly known, but 
is likely related to severe single or multiple changes in environmental conditions 
affecting survival or the supply of new individuals. How these factors operate 
across the life cycle determine the dynamics and is key to understand the 
mechanisms underlying a change. If abundances across life stages are correlated, 
no clear bottleneck exists or has been important (e.g. Rijnsdorp et al. 1995; Köster 
et al. 2003). Density-dependent mechanisms, such as the well-known spatial 
limitation of flatfish nurseries (Beverton et al. 1995; van der Veer et al. 2000), 
usually cause abundances between life stages to be uncorrelated as the amount of 
survival to the next life stage is restricted. For instance, a study around the Eastern 
Gotland Basin found no correlation between larval supply and juveniles, 
indicating a density-dependent regulation at the post-settlement stage in flounders 
(Ustups et al. 2013). Regarding flounders on the Finnish coast there was a clear 
decline of both juveniles and adults over largely the same time period (Paper I; 
II), however the exact chronology could not be determined as there was a large 
gap in the juvenile long-term monitoring. Nevertheless, the decline in both 
juvenile and adult abundances with low present values, and the fact that the latest 
decline in adults (in early 2000s) occurred between the two sampling periods of 
juveniles (i.e. during 1992–2012), suggest an important role of juvenile processes 
for the adult population dynamics. Low occurrence of juveniles either depends on 
post-settlement processes linked to nursery ground quality (Pihl et al. 2005; 
Wennhage and Pihl 2007), or on some pre-settlement aspect affecting larval 
supply (Caley et al. 1996). The latter could be associated with the size of the 
reproductive population (Rijnsdorp 1994; Liermann and Houde 2001), 
environmental effects on spawning and early life survival (e.g. Leggett and 
DeBlois 1994; Nissling et al. 2002; 2006), or with factors affecting larval 
dispersal/retention patterns (Cushing 1986; Duffy-Anderson et al. 2015). 
Speculatively, if the adult population showed signs of a time-lagged synchrony 
with juvenile densities, it could be deduced that the adult population decline is 
caused by declining juveniles that are not directly linked to the larval production 
and spawning stock. If juvenile densities would directly depend on spawning stock 
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size, a similar time-lag would not be expected. Without the possibility to explicitly 
test these scenarios, it could be hypothesised that the current low occurrence of 
juveniles and the decline of adult flounder on the Finnish coast might have 
resulted from a combination of disturbed larval supply and reduced nursery value. 

The most fundamental factor for population maintenance is reproduction success 
that for the flounders largely depends on salinity. Changes in the flounder 
population at the Swedish east coast and in the Estonian flounder stock in the Gulf 
of Finland have been attributed to changes in salinity (Ojaveer and Kalejs 2005; 
Olsson et al. 2012). Flounders in the coastal northern Baltic Sea have long been 
believed to be predominately of the demersal spawning ecotype, recently 
described as P. solemdali. For successful reproduction P. solemdali is dependent 
on a salinity ≥ 6 for fertilisation and egg development (section 2.4; Nissling et al. 
2002). Fertilisation success is low and variable at salinities of 6–7 psu, 
approaching 100 % fertilisation at 15 psu (Nissling et al. 2002). Along the Finnish 
coast of the Gulf of Finland a past 40-year linear salinity decline has been shown 
(Westerbom et al. 2019), and a more detailed trend analysis from the entrance of 
the Gulf of Finland revealed a salinity decrease from the 1980s to 1990s but no 
later trend (Rousi et al. 2013). However, to resolve the effect of salinity for 
reproductive success and the subsequent decline of flounders would require 
salinity data from the near-shore spawning areas at the time of spawning, i.e. 
during the very time point when salinity is critical. In this thesis, the relationship 
between salinity and the adult population decline (Paper I) was not directly tested. 
However, the effect of salinity was explicitly incorporated in the simulation based 
life cycle modelling study revealing an important over all role of sufficient (> ~6 
psu) spawning time salinity in population maintenance, as expected (Paper V). 

In the coastal Baltic Sea, eutrophication is one of the most severe ecosystem 
stressors (e.g. Bonsdorff et al. 1997) negatively affecting also the habitat quality 
of the shallow nursery areas of flatfish, with implications for juvenile growth and 
survival (Gibson 1994). Eutrophication causes excessive primary production, and 
the amounts of filamentous algae have increased in nursery areas for flatfish in 
the northern Baltic Sea (Norkko and Bonsdorff 1996; Berglund et al. 2003). Such 
developments can degrade the nursery value of shallow beach and bay habitats 
and reduce recruitment (Pihl et al. 1999; 2005). To better understand what 
constitutes nursery value for flatfishes in the northern Baltic Sea, relationships 
between habitat characteristics and juvenile flatfish was studied (Paper II). As 
predicted, the results highlighted the role of vegetation and algae: juveniles were 
encountered only at sites with a total vegetation/algal coverage < 20 %, and 
vegetation/algae cover was the only statistically significant predictor for juvenile 
density, explaining 24 % of the variation in the response variable (Paper II). The 
results did, however, not fully explain the absence of juveniles. Although many of 
the sampled locations had an assumingly suitable habitat, juveniles still were few 
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or absent, suggesting that the initial supply of settling larvae could have been low. 
The low flatfish densities and the high rate of absences recorded prevent strong 
inferences to be made, but regarding the negative association to filamentous algae 
the results were clear and largely in line with earlier findings (Florin et al. 2009). 
While long-term data on changes in vegetation and algae cover in shallow coastal 
areas of the Finnish coast are scarce or completely lacking, their effect on juvenile 
flatfish declines could not be tested. However, as eutrophication is wide-spread 
and has increased in the coastal areas of the northern Baltic Sea during the past 
decades (e.g. Bonsdorff et al. 1997), and since it is known to reduce the habitat 
quality of flatfish nursery areas (e.g. Pihl et al. 2005; Wennhage and Pihl 2007; 
Carl et al. 2008), the living conditions for juvenile flatfish have most likely been 
affected. Consequently, nursery functions have deteriorated and the value of 
shallow littoral areas for producing recruits have likely been reduced (Kennish 
2002; Lotze et al. 2006; Seitz et al. 2014).  

Changes in populations can also be driven by ecological interactions. Part of the 
data analysed in Paper I suggested that flounders on the Finnish coast would have 
started to decline already in the mid-1970s. This, corresponded with a dominance 
shift from flounder to roach in the same study area (Lappalainen et al. 2001). 
Cyprinid dominance has been linked to eutrophication, increased temperature and 
lower salinity (Bonsdorff et al. 1997; Lappalainen et al. 2001; Ådjers et al. 2006; 
Olsson et al. 2012). Both flounders and roach have a diet relying on blue mussels, 
similar prey size preference, and consequently a high trophic overlap throughout 
the southern coast of Finland (Westerbom et al. 2006; 2018; Borg et al. 2014). 
Increasing populations and range expansion of roach – as one of the most 
numerous cyprinid species – may exert increased top-down structuring on mussels 
compared a situation with only predation from flounder (Westerbom et al. 2018). 
When resources become limited, the chance for exploitation competition is 
increased in a situation of high trophic overlap (Sale 1974). The effect of resource 
competition has not been explicitly studied, but it has been hypothesised that as 
roach is increasingly utilising mussel as a food resource it might have a 
competitive effect on flounders in areas where blue mussels occur sparsely 
(Westerbom et al. 2018). Also in the shallow juvenile habitats, competition with 
other fish species is possible. Juvenile flounders and turbots share nursery habitats 
in the Baltic Sea (Florin et al. 2009; Martinsson and Nissling 2011) and can 
theoretically compete for food and space (Aarnio et al. 1996; Martinsson and 
Nissling 2011). However, with low densities, competition is not likely to occur as 
food items usually are abundant (Aarnio et al. 1996). Nevertheless, from central 
and eastern parts of the Baltic Sea, it has been reported that competition might 
occur with the non-indigenous round goby (Karlson et al. 2007; Järv et al. 2011; 
Ustups et al. 2015). 
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A comparison of the flounder test fishing catches between 1975 and 2012 
suggested a decrease in size and condition of adult flounders over time, although 
inferences were not that strong (Paper I). Smaller size at age and poorer condition 
can indicate growth disturbances, e.g. linked to reduced food quality and 
availability or changes in temperature, and might help understand overall 
population changes (e.g. van der Veer et al. 2000). In the northern Baltic Sea, food 
availability for adult flounders could be altered through competition from 
expanding cyprinid populations (Westerbom et al. 2018), as discussed above. 
However, there are no clear signs of changes in prey abundance in the coastal 
northern Baltic Sea (Westerbom 2006; Rousi et al. 2013). A truncated size 
distribution might also express excessive exploitation, because size-selective 
fishing removes large individuals and may select for slower growth (Kuparinen 
and Merilä 2007; Rijnsdorp et al. 2010). This was not explicitly tested, but the 
fishing pressure on flounder at the Finnish coast has decreased since mid-1990s 
(OSF 2019), however, not excluding possible past exploitation effects (Rijnsdorp 
et al. 2010). 

To fully understand the dynamics of populations, stocks or assemblages, the 
underlying structure potentially comprising more than one single population/stock 
component is of central importance. As separate components might have 
specialised traits and population characteristics, they might respond to 
environmental change very differently through specific functional relationships to 
environmental drivers and different critical threshold values. Paper III revealed 
that flounders in the Baltic Sea represent two distinct taxa that co-occur in several 
areas but have specific reproductive features. Following these findings, it was 
clear that the flounder stock on the Finnish coast consisted of a mix of two 
populations of different species (i.e. P. flesus and P. solemdali) instead of one 
single population of P. solemdali (Figure 3). This new insight led to the question 
of how the composition of this mixed stock might have changed over time and 
what is driving the change. 
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Figure	3.	Contemporary	proportion	of	 the	 two	 flounder	species	 (P.	solemdali	as	 red	and	P.	 flesus	as	blue)	 in	
different	 localities	 and	across	 the	Baltic	 Sea	and	at	 the	entrance	of	 the	North	Sea	based	on	genetic	 species	
identification	from	previously	published	data	(Paper	III;	IV;	Momigliano	et	al.	2018).	The	presented	proportions	
do	not	necessarily	represent	stable	shares	of	the	two	species,	as	they	are	snap-shots	in	time,	but	do	provide	
evidence	of	mixed	populations	in	several	locations.	

Using DNA from archival otolith samples, the temporal (1976–2011) genetic 
makeup of the mixed flounder stock was reconstructed for the Åland Islands and 
the Gulf of Finland in the northern Baltic Sea (Paper IV). In both areas studied, 
the proportion of P. flesus was highest at the start of the time series (Figure 4). 
Based on the analysed samples, in the Gulf of Finland the flounder assemblage 
was dominated (87 % of total) by P. flesus in the early 1980s. In early/mid-1990s 
P. flesus was not present in the genetic samples, and in 2000s it occurred in low 
proportions (10–11 %; Figure 4). The disappearance of P. flesus from the Gulf of 
Finland co-occurred with a dramatic (~60 %) decline in commercial landings of 
flounders in the same area (Figure 3 in Paper IV; ICES 2017), suggesting that 
these two events were connected. A similar case of a stock decline caused by the 
near disappearance of an unobserved stock component, is the collapse of the West 
Greenland cod fishery (Bonanomi et al. 2015). Bonanomi et al. (2015) 
demonstrated how the interaction between climatic change and fishing pressure 
caused dramatic spatiotemporal shifts in the proportions and abundance of two 
genetically distinct cod populations with specific ecological qualities. 
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Figure	4.	Temporal	changes	in	the	relative	proportion	of	P.	flesus	and	P.	solemdali	in	the	Gulf	of	Finland	(Paper	
IV).	

The findings in this thesis suggest that what has been observed is not gradual 
decline of a single flounder population, but instead a sequential decline of two 
distinct, closely related flounder species. Theoretically, a decreasing share of P. 
flesus could have been caused either by a decrease in P. flesus abundance or by an 
increase of P. solemdali. However, as the decrease in the proportion of P. flesus 
in the Gulf of Finland coincided closely with declines in flounder landings (ICES 
2017) and test fishing CPUE (Paper I), it is unlikely that the change in the 
proportions would have been caused by increases of P. solemdali abundances. 
Speculatively, the most recent slight increase in the share of P. flesus (from 0 in 
1990s to ~10 % in 2000s) in the Gulf of Finland could have been explained (also) 
by the continued decline in P. solemdali (Table 1; Paper I). As there are no 
estimations of total population sizes of the two species over time and there are 
several inaccuracies involved in inferencing population state from landing or 
index data, knowing the exact history of this mixed flounder stock is not possible, 
but it seems very likely that the stock decline in the Gulf of Finland was caused 
by a near disappearance of P. flesus from the mixed stock. In the Åland Island, P. 
solemdali dominated in all sampling time points (> 70 % of total) and P. flesus 
occurred in very low proportions (2 % of total) after the beginning of 1980s, 
suggesting a different local pattern. 

For successful reproduction both flounder species need sufficient oxygen 
conditions (> 1 ml/L) but they require different minimum salinities; P. flesus a 
higher salinity than P. solemdali (see section 2.4). This difference is ecologically 
very significant and determines where the two species can successfully reproduce. 
According to contemporary understanding, suitable conditions for reproduction of 
P. flesus do not occur in the Gulf of Finland even under the most favourable 
circumstances (Nissling et al. 2002; however, for a different view see also 
Mikelsaar 1984; Drevs 1999). The northernmost spawning area for P. flesus – and 
the one closest to the coastal Gulf of Finland – is the Eastern Gotland Basin in the 
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Central Baltic Sea, east of the Gotland Island (Figure 1). Particle simulations 
studies have revealed that, although most larvae are retained in the Eastern 
Gotland Basin, some propagules are transported northward (Gulf of Finland was 
not included in these simulations; Hinrichsen et al. 2017; 2018). Based on the 
results from Paper II, it was reasoned that a disturbed larval supply might be one 
of the likely causes for the observed decline in juvenile and subsequent adult 
densities. Given these settings it was hypothesised that P. flesus in the Gulf of 
Finland relies on larval import from spawning grounds in Eastern Gotland Basin, 
and that the decreasing shares of P. flesus in the mixed stock would be a result of 
a cessation of larval supply caused by processes in the southern spawning grounds. 
The Åland Island study area was less likely to receive larval subsidies as 
hypothesised based on the water current patterns in the Baltic Sea (Maslowski and 
Walczowski 2002).  

The larval supply from the source area in the Eastern Gotland Basin to the Gulf of 
Finland would depend on the amount of larvae produced and on their dispersal. It 
has been demonstrated that the abundance of flounder larvae in the Eastern 
Gotland Basin is correlated with both reproductive volume and with the size of 
the spawning population (Ustups et al. 2013). Consequently, changes in 
environmental conditions in spawning grounds for P. flesus could affect larval 
supply to the Gulf of Finland, but not local populations of P. solemdali. This 
provides a probable explanation for the shifting proportions of the two species 
(Paper IV). Orio et al. (2017b) demonstrated a sharp decline in the Eastern 
Gotland Basin flounder stock (SD 26 and 28) of around 90 % from end 1970s to 
mid-1980s, and hypothesised that reproductive volume might be an important 
driver behind that decline. Reproductive volume in the Eastern Gotland Basin was 
considerably high in the 1970s following several inflows of saline, oxygen 
saturated waters from the North Sea into the deep Baltic Sea basins (Nissling et 
al. 2002; Karaseva and Zezera 2016). As available past spawning stock biomass 
estimates for flounder in the Eastern Gotland Basin (Ustups et al. 2013; 
Hinrichsen et al. 2017; Orio et al. 2017b) only partly covered the studied cohort 
birth years, it was not possible to explore the relationship between the spawning 
stock and the proportion of P. flesus in the Gulf of Finland (Paper IV). Moreover, 
changes in currents patterns would also affect larval transport to the Gulf of 
Finland, but this was neither tested as data on water velocity for the time before 
1993 were unavailable. Instead, the role of environmental conditions in P. flesus’ 
northernmost spawning area was assessed. Results showed a significant positive 
relationship between the proportion of P. flesus in the Gulf of Finland and the 
spawning time reproductive volume in the Eastern Gotland Basin from the birth 
year of each cohort (Paper IV). As expected, there were no similar relationships 
for the Åland Island study area. The disparate results between the study areas 
together with prevailing current patterns support the hypothesis that P. flesus in 
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the Gulf of Finland is sourced by larval import rather than adult or juvenile 
spillover, while other processes prevail in the Åland Island.  

Similar pattern as for P. flesus have also been seen in the dynamics of Baltic Sea 
cod in the Gulf of Finland (e.g. Aro 1989) and the Gulf of Riga (Casini et al. 
2012). Reproduction of cod and P. flesus bear much resemblance, and the 
response to reduced reproductive volume is expected to be similar for both 
species. In the Gulf of Riga, for instance, cod biomass increased from end 1970s 
to end 1980s due to a combination of larval supply and active migration of 
juveniles and adults from the Baltic Proper. In line with deteriorating 
environmental conditions in the Baltic Proper, cod disappeared from the Gulf of 
Riga (Casini et al. 2012). Potential interactions between cod and flounder have 
also been suggested as an explanation for the dynamics of these species in the 
Baltic Sea. In SDs 26 and 28 the flounder stock decline in the late 1970s to early 
1980s co-occurred with an increase of the cod stock; similarly, when the cod stock 
collapsed, flounder began to recover (Orio et al. 2017b). This suggested a potential 
negative link between cod and flounder dynamics, e.g. though predation 
(Almqvist et al. 2010; ICES 2016) and competition (Arntz and Finger 1981; 
Gjøsæter 1988). Taken together, these findings imply that fluctuations in 
environmental conditions in the central Baltic Sea may have consequences for the 
northern Baltic Sea such as shifting abundances of important fish species that 
might be central in shaping local fish assemblages and communities. 

While the results from Paper IV related part of the observed flounder decline in 
the northern Baltic Sea (Paper I; II) to dynamics of P. flesus and worsened 
conditions in their distant spawning areas, the effects of local conditions on P. 
solemdali was considered in Paper V. The effect of salinity and temperature on 
long-term population maintenance was explored through forward simulations of 
population dynamics a detailed life cycle model (Paper V). The environmental 
suitability model fitted to the simulation data showed, not unexpectedly, a high 
percentage of model deviance explained (~96 %; Paper V). Spawning time salinity 
below the critical threshold of 5.8 for successful fertilisation (Nissling et al. 2002) 
contributed negatively to total environmental suitability, while temperature effects 
were more important under salinities above the threshold (Figure 5 in Paper V). 
In the life cycle model, salinity was specified to affect fertilisation rate while 
temperature was related to early-life mortalities and stage durations as well as 
juvenile metabolism (Table 1 in Paper V). The results reflected the integrated 
effect from the multiple environmental functions operating through the life cycle, 
and corresponded to the findings of other studies on Finnish coastal flounders 
showing negative association to declining salinity and temperature (Uusitalo et al. 
2011). The historical reconstruction of yearly environmental suitabilities for P. 
solemdali in a real-world example location in western Gulf of Finland indicated 
varying but generally poor conditions over the time period 1970–2016, and a 
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decline from 1990 to 2003, showing the lowest suitability (Figure 5 B). For this 
purpose, the developed method was perhaps not the most appropriate, as using 
single-year environmental data to predict yearly values for long-term suitability 
might be logically somewhat flawed. Nevertheless, the predictions can be used as 
a coarse scale hindcast of environmental suitability if the definition in the context 
is kept clear in mind. Using environmental suitability in this sense also informs 
about population potential and can be related to real population trends. The 
reconstructed temporal trend (Paper V) coarsely corresponded to the witnessed 
stock decline on the Finnish coast (Paper I). Thus, the reduced environmental 
suitability could potentially explain part of the local population decline, although 
it was not explicitly tested (Paper V). 

5.4	 KNOWLEDGE	 GAPS	 FILLED:	 BALTIC	 SEA	 FLOUNDERS,	 POPULATION	

MAINTENANCE	AND	DYNAMICS		

This thesis has established a clear decline in flounder populations in the northern 
Baltic Sea, and revealed reasons and mechanisms behind the population changes. 
Through this work a number of central knowledge gaps have been filled regarding 
population maintenance and dynamics of Baltic Sea flatfishes. One of these filled 
knowledge gaps was the distinction of the two flounder ecotypes as separate taxa 
(Paper III) leading to the formal descriptions of the Baltic flounder, P. solemdali. 
Another was the revealing of spatiotemporal changes in the relative contribution 
of different components of mixed population complexes in relation to 
spatiotemporally distinct underlying environmental causes (Paper IV). A third 
important contribution was the construction of a life cycle model for P. solemdali 
and its use in a novel simulation-based approach to assess environmental 
suitability for long-term population maintenance (Paper V). 

Flounders in the Baltic Sea were long considered as two ecotypes of the European 
flounder: one offshore spawning with pelagic eggs and one coastal spawning with 
demersal eggs. The first genetic studies demonstrated that these morphological, 
physiological, and behavioural differences are linked to distinct genetic 
populations. Using microsatellite markers, weak but significant genetic 
differentiation (FST 0.01–0.03) related to the two ecotypes was discovered 
(Hemmer-Hansen et al. 2007; Florin and Höglund 2008). The most recent findings 
based on genomic data have shown clear bimodal genotypic clustering indicating 
strong reproductive isolation (Paper III; Momigliano et al. 2018). Although 
genome-wide divergence was still weak (FST ~0.05), identified outlier loci related 
to genes known to be involved in sperm motility and egg buoyancy provided 
evidence of selection associated with reproductive traits, implying recent 
ecological speciation (Paper III; Momigliano et al. 2018; Jokinen et al. 2019).  
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Modelling of different scenarios for how the two flounder ecotypes could have 
emerged, revealed that both types most likely originated from a common ancestral 
population in the North Sea, but from two separate colonisation events into the 
Baltic Sea following the end of the last glaciation (Paper III). The ancestors to the 
ecotype spawning demersal eggs invaded the early Littorina Sea stage 7 500 
years ago and had to adapt to the prevailing low-salinity conditions (Gustafsson 
and Westman 2002) as pelagic spawning could not have been possible. Later, 
possibly 6 500–5 000 years ago, when mean salinity in the Baltic Sea had 
increased to ~10–15 psu enabling successful development of pelagic eggs, a 
second invasion of North Sea flounders took place, which then lead to the 
existence of the pelagic spawning flounder in the Baltic Sea (Paper III). The low 
salinities at the time of the first invasion thwarted typical P. flesus reproduction 
and hence forced ecological selection on traits beneficial for these conditions, 
eventually initiating speciation (Paper III). This selection process led to the 
evolution of unique adaptations in egg morphology and sperm physiology that 
enable demersal spawning in low-salinity conditions (Solemdal 1967; 1973; 
Lønning and Solemdal 1972; Nissling et al. 2002). Eggs of P. solemdali became 
slightly larger and with lower specific gravity than those of North Sea P. flesus, 
but smaller and with thicker chorions than those of Baltic Sea P. flesus (Lønning 
and Solemdal 1972). In addition, sperm activation and motility became possible 
for P. solemdali in much lower salinities than for P. flesus (at 3 vs.10 psu; Nissling 
et al. 2002). In contrast, at the time of the second invasion pelagic spawning was 
possible in most of the Baltic Sea. However, as salinity started to decrease 
(Gustafsson and Westman 2002) P. flesus also faced selection for lower salinities 
leading to adaptions in egg characteristics, but could retain the pelagic spawning 
strategy. Eggs of the Baltic Sea P. flesus became larger and with thinner chorions 
and have lower specific gravities than the egg of flounders in the North Sea, which 
made it possible to achieve neutral buoyancy in lower salinities (Lønning and 
Solemdal 1972; Nissling et al. 2002). Differences in egg morphologies and sperm 
motility might have hindered each species from effectively spawning in the 
reproductive habitat of the other. For instance, salinities in P. solemdali spawning 
sites are typically much lower than would be needed for P. flesus’ sperm to 
activate (Solemdal 1973; Nissling et al. 2002; Momigliano et al. 2018). This is 
supported by demographic modelling showing that introgression between the two 
flounder species has been limited, suggesting that reproductive isolation had been 
established during an initial allopatric phase between the two invasions (Paper 
III).  

Since the compelling findings of the far-gone speciation process (Paper III), the 
Baltic Sea flounders with demersal eggs have newly been formally described as a 
new species. By using a combination of morphological and physiological 
characters as well as genome-wide genetic data the ‘Baltic flounder’, Platichthys 
solemdali, was described as its own species clearly distinguished from P. flesus 
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(Momigliano et al. 2018). Phenotypic differences between the species are only 
found on reproductive traits such as egg morphology, egg and sperm physiology, 
and spawning behaviour. Hence, no external morphological feature can be used 
for certain species identification. However, a simple molecular diagnostic test able 
to unambiguously distinguish P. solemdali from P. flesus has been developed 
(Paper IV; Momigliano et al. 2018). 

In Paper IV, the spatiotemporal changes in the relative contribution of different 
components of a mixed population complex was revealed. What was previously 
considered a single-species population is actually composed of two distinct 
flounder species (Paper III). At different points in time local assemblages can be 
dominated by either of the two species (Paper IV). Importantly, the results in 
Paper IV demonstrated how degradation of environmental conditions at different 
local and regional scales played an important role in determining the local 
dynamics of the flounder assemblage on the Finnish coast. Knowing the 
possibilities for these sorts of spatiotemporal dynamics and understanding the 
underlying mechanisms is important not only for explaining past changes but also 
for assessing these populations in the future. Results in this thesis (Paper IV) 
underscore that relying solely on a contemporary picture of the distribution of 
populations, species or stock components in defining conservation and 
management units may lead to erroneous assessment of, in fact, a complex and 
dynamic picture. To be able to correctly estimate population and species-specific 
traits, vital rates and demographic changes, is important for understanding 
resilience to climate change and exploitation, and for predicting responses to 
management (Kuparinen et al. 2012; 2014; Koenigstein et al. 2016). For this, 
sampled individuals need to be identified to correct species. The genetic test 
developed for distinguishing between the two flounder species (Paper IV; 
Momigliano et al. 2018) offers a tool for this and would enable monitoring of their 
abundances in areas where they co-occur; a capacity that should be useful for 
conservation and fisheries management. Finally, the results of Paper IV in this 
thesis also highlighted the problematics with cryptic species: in the Gulf of 
Finland P. flesus (earlier the pelagic ecotype of P. flesus) virtually vanished in the 
1990s without scientists or managers even noticing its presence let alone its 
importance for the flounder stock in the area. 

The findings of this thesis also concern distribution ranges and maintenance of 
marginal populations. Contrary to previous belief it was shown that P. flesus in 
the Baltic Sea can in fact occur as far North as the Finnish coast in the northern 
Baltic Sea (Figure 3; Paper III; IV), and that it can at times occur in considerably 
high abundances dominating the local flounder assemblage (Figure 4; Paper IV). 
According to source–sink theory, organisms may occur frequently and even be 
common in habitats that would not sustain full life cycle closure if immigration 
from self-sustaining source areas is large enough (Pulliam 2000 and references 
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therein). The northern range edge of P. flesus is maintained by a marginal sink 
population solely relying on the import of individuals from a southern source 
population since reproduction of P. flesus is not possible in the northern Baltic 
Sea (see Gaston 2009). As the principal mode of import of P. flesus to the northern 
Baltic Sea seems likely to be larval dispersal from more southern spawning areas, 
the northern Baltic Sea range edge of P. flesus is fully dispersal mediated through 
water currents. However, when the supply of larvae in the reproduction areas ebb 
away, e.g. due to worsening environmental conditions, it immediately reduces the 
import of larvae to the receiving area (Underwood and Fairweather 1989). Without 
immigration from the source populations the marginal sink populations will 
eventually collapse (Pulliam 1988), which was also revealed to have happened in 
the Gulf of Finland (Paper IV). Sourcing of P. flesus from the reproduction areas 
in the central Baltic Sea to the North can be maintained only under favourable 
salinity (> 11 psu) and oxygen (> 1 ml l–1) conditions during spawning time 
(Nissling et al. 2002; 2017), and deterioration in these conditions seem to affect 
the amount of P. flesus in the sink area (Paper IV). Although defined by different 
mechanisms, P. solemdali in the northern Baltic Sea also lives on the edge of its 
distribution, but with self-sustaining local population restricted by a lower 
spawning time salinity threshold (i.e. ~6 psu) than for P. flesus (Solemdali 1967; 
Nissling et al. 2002). However, as the salinity fluctuates just around this critical 
threshold in many of the coastal areas in the northern Baltic Sea (e.g. Westerbom 
et al. 2019) distribution ranges might be sustained through local source–sink 
dynamics or through temporarily favourable conditions. 

In the final part of the thesis, a novel approach for assessing environmental 
suitability for long-term population maintenance was developed and the model 
species used was the Baltic flounder, P. solemdali (Paper V). The main idea was 
to capture the integrated effect of environmental drivers affecting different life 
stages over many generations. As a result, a conceptually correct model for 
environmental suitability was obtained, appropriate for making predictions across 
a wide range of the studied environmental values (Figure 5 A; Paper V). The 
opportunities to study the holistic process-based foundation for long-term 
population maintenance under different environmental regimes using 
contemporary population modelling platforms are seldom fully utilised (Sipkin 
and Saunders 2018), although synthesising the effects of multiple drivers across 
all life stages would be useful for understanding population potential and change 
or for predicting future distribution. The approach developed in this thesis (Paper 
V) used a stochastic platform for incorporation of various sorts of stage-structured 
prior knowledge to combine population dynamics and species–environment 
relationships. Many traditional species distribution models approach the matter of 
environmental suitability from a correlation-based perspective, i.e. based on 
commonly available, observational species-environment data sets (Elith and 
Leathwick 2009). Correlative approaches might prove inaccurate due to sampling 
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of sub-equilibrium populations, when extrapolating to no-analogue conditions, or 
because an incomplete or miss-chosen set of environmental variables lacking 
ecological foundation has been used (Evans et al. 2015). The obtained signal from 
correlative studies may also be distorted by observed occasional occurrences from 
non-viable conditions (with respect to long-term population maintenance), and 
from absence observations from ecologically suitable conditions (Pulliam 2000; 
Kearney and Porter 2009). Mechanistic species distribution models, on the other 
hand, incorporate functional links between environmental variables and vital 
processes, but might neglect population processes such as density dependence, 
and often implicitly assess short- instead of long-term population maintenance 
(Kearney and Porter 2009). Some advanced techniques (Dynamic Range Models: 
Pagel and Shurr, 2011; Demographic Range Models: Diez et al. 2014; and 
Demographic Equilibrium Abundance Models: Ehrlén and Morris, 2015), handle 
some of these issues, but might require knowledge of e.g. initial spatial 
abundances. As a tool for assessing long-term population maintenance, the 
simulation-based approach developed in this thesis (Figure 5 A; Paper V) 
overcomes many of the demerits of existing species distribution work. Instead of 
attempting for generalisations from an imperfect empirical data set of abundances 
and environmental variables, a much more complete data set was generated 
through population dynamics from biologically realistic life cycle processes 
(Paper V). 

By using the recently described P. solemdali (Momigliano et al. 2018) as study 
species in the simulation-based approach for long-term environmental suitability 
(Paper V), much new and relevant knowledge was gained. A comprehensive 
compilation of biological knowledge did not exist from before, but was conducted 
as basis for the modelling (Paper V). The construction of a full life cycle model 
for population dynamics of P. solemdali was also unique, as such attempts have 
not been carried out for this new species nor for the previously denoted demersal 
ecotype of P. flesus. Moreover, to be able to reconstruct past or predict future 
potential for population maintenance of P. solemdali might be useful for 
management and conservation. Such a tool has previously not been available. 
Some other studies have explored flounder distribution in relation to 
environmental variables as part of species associations from commercial catch 
data (northern Baltic Sea; Uusitalo et al. 2005; 2011), or the fine scale spatial and 
temporal distribution of flounders among other flatfishes by using test fishing 
CPUE and monitored environmental variables (southern Baltic Sea; Rau et al. 
2019). One study has attempted characterising and predicting the spawning time 
distribution of Baltic Sea P. flesus including the demersal ecotype that later was 
described as P. solemdali (Orio et al. 2017a). All these studies had a different 
scope compared to that of Paper V, but importantly, their approach was strictly 
correlative to nature. For instance, Orio et al. (2017a) used catch data and 
measured environmental values to fit a model that was used for predicting 
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distribution of spawning flounders. Making predictions with a correlation based 
model might encounter several shortcomings, as discussed above, that were 
conceptually limited or overcome in the simulation-based approach developed in 
this thesis (Paper V). 

 
Figure	 5.	 (A)	 A	 conceptualisation	 over	 the	 developed	 simulation	 based	 approach	 for	 assessing	 long-term	
environmental	 suitability,	 including	 the	 four	 different	 phases:	 I)	 development	 of	 a	 stochastic	 integrated	
population	dynamics	model	based	on	a	stage-structured	life	cycle	with	vital	rates	defined	as	functions	of	key	
environmental	 drivers;	 II)	 forward	 simulation	 of	 population	 trajectories	 over	 time	 using	 a	 large	 number	 of	
iterations	 randomly	 assigned	 different	 combinations	 of	 environmental	 variable	 values;	 III)	 retrieving	 the	
stabilised	simulation	end-state	population,	as	a	proxy	for	environmental	suitability	(ES),	and	the	corresponding	
environmental	 variable	 values	 for	 construction	 of	 a	model	 (GAM)	with	 ES	 as	 the	 response	 variable	 and	 the	
environmental	 drivers	 as	 predictors;	 IV)	 application	 of	 the	 ES-model	 for	 hind-	 or	 forecasting	 environmental	
suitability	based	on	known	past	or	predicted	future	environmental	variable	values	(Paper	V).	(B)	Time	series	(±	
SE)	of	predicted	environmental	 suitability	 [0,1]	based	on	 real-world	 salinity	 and	 temperature	measurements	
from	the	example	location	on	the	Finnish	coast	at	the	entrance	of	the	Gulf	of	Finland	(59.85°N,	23.25°E).	Figures	
modified	from	Paper	V.	

As the approach developed in Paper V was a first attempt for conducting this sort 
of assessment of environmental suitability, it can be further developed and 
improved both regarding rationale, model construction and parametrisation. 
Although the simulation-based modelling conceptually is far from a correlative 
approach, a possible weakness is still the inherent dependence on the quality of 
the information used for model construction and parametrisation that to some 
extent rely on correlation-based field investigations (Paper V). Another point is 
the current constructional neglect of the effect of temporal variability in 
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environmental drivers. Occasional good years might boost populations to survive 
in areas where the usual conditions alone should not provide existence (Gaston 
2009). Similarly, too many bad years might drive a population of a species to 
extinction in an area where conditions otherwise are mostly tolerable (Pulliam 
2000). Improving the approach of Paper V would require including additional 
ecological components, such as resource availability and explicitly defined 
biological interactions in addition to a more complete suite of abiotic drivers. 

6	SYNTHESIS	

6.1	WHAT	HAVE	WE	LEARNED?	

There is convincing evidence of a collapse-like decline in the adult flounder stock 
on the Finnish coast during the last 2–4 decades (Paper I). Also juvenile flounders 
have declined since the 1980s and show very low current occurrences (Paper II). 
Genetics show that instead of studying one population, we are studying a mixed 
stock of two populations of a cryptic species pair (Paper III; IV). Of these two 
species, the one spawning eggs that develop demersally in shallow coastal areas, 
now P. solemdali, is a recently and rapidly evolved endemic species to the Baltic 
Sea (Paper III). In fact, it is the only endemic fish species known to the region 
(Momigliano et al. 2018). Flounders on the Finnish coast are currently to most 
part P. solemdali, but the stock has previously been dominated by the input of P. 
flesus from more southern areas (Paper IV). The species turnover was related to 
environmental conditions in P. flesus spawning areas in the central Baltic Sea and 
coincided with the observed flounder decline between 1980s and 1990s in the Gulf 
of Finland in the northern Baltic Sea (Paper IV). A historical reconstruction of the 
environmental suitability for P. solemdali on the Finnish coast suggested varying 
but generally poor living conditions during last 4–5 decades, and a worsening 
from 1990 to the early 2000s (Paper V). 

All this new knowledge has greatly changed the picture of the flounder population, 
or populations, and it turns out to be more complex than previously appreciated. 
Although the past stock size is not precisely known, there is now a strong idea of 
the reasons behind the decline, and a much better understanding of the mechanism 
driving the dynamics of this mixed stock. The decline in flounder seems to be a 
combination of two different phenomena: first, a cessation in the import of 
previously dominating P. flesus could have caused the initial decline since the 
1980s; and secondly, since the mid 1990s the decline was solely due to the 
decrease of a local P. solemdali population, as the fraction of the imported P. 
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flesus was low already at that time (Paper IV). Since P. solemdali on the Finnish 
coast occurs on the edge of its environmental tolerance, these flounders might 
always have had a comparably small and varying population, as supported by the 
reconstructed environmental suitability in Paper V. The ceased import of P. flesus 
seemed to relate to lower salinity and increased hypoxia in central Baltic Sea 
spawning areas (Paper IV). The later drop of the local P. solemdali would again 
have been caused by the negative changes in the local environmental conditions 
on the Finnish coast, of which at least salinity, temperature (Paper V) and 
eutrophication effects (Paper II) have been identified as probable drivers. Hence, 
the dynamics of the studied mixed flounder assemblage are produced by a 
combination of local and regional processes affected by corresponding 
environmental and other drivers. This thesis comprises several of these processes 
and drivers, but not all. Future research needs to cover those and many more 
questions that have emerged by the knowledge presented here. This thesis 
provides new knowledge about mixed stock dynamics, and about marginal flatfish 
populations, and the environmental constraints for their persistence. It highlights 
the importance of differing biological characteristics between stock components, 
and demonstrates the implications of cryptic species and hidden stock structure. 

6.2	WHAT	TO	DO	WITH	IT?	

In their seminal paper Vitousek et al. (1997) concluded that “we are changing 
Earth more rapidly than we are understanding it”. The climate is warming and 
habitats are destroyed and degraded, posing severe threats to natural systems 
(Travis 2003). In the Baltic Sea, climate change will reduce salinity and increase 
temperatures (Meier et al. 2006; 2011). Consequently, fish species of marine 
origin are assumed to be heavily affected, with declining abundances and 
southward contracting distribution ranges (Ojaveer and Kalejs 2005; MacKenzie 
et al. 2007; Westerbom et al. 2018). 

The results presented in this thesis provide important new knowledge and tools 
for understanding, conserving and managing Baltic Sea flounders under 
environmental change, both as unique species and populations worth protecting 
and as utilisable marine resources. The discovery that Baltic Sea flounders in fact 
represent two distinct species (Paper III; Momigliano et al. 2018) calls for a re-
assessment of the species pair’s conservation status. Ongoing environmental 
changes will continue to deteriorate conditions for pelagic egg development 
(Vuorinen et al. 2015), possibly further contracting the already geographically 
limited spawning areas for P. flesus. This could also lead to local extinctions of P. 
flesus within the Baltic Sea, as a consequence of decreased or ceased larval 
production and supply (Paper IV). The endemic P. solemdali with more far-gone 
adaption to low salinities could be more resilient to projected salinity reductions 
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and might prove valuable for sustaining future flounder assemblages in the Baltic 
Sea. However, changing environments will severely affect the northern 
populations of P. solemdali living on their distribution margins already at the limit 
of their tolerance. This will likely cause future local declines and southward range 
contraction along with retreating salinities (Vuorinen et al. 2015).  

Meeting the call for integrated life cycle approaches accounting for the 
mechanisms for life cycle closure and recruitment to increase the understanding 
of the complex effects of climate on a species (Rijnsdorp et al. 2009), the 
developed simulation-based approach for environmental suitability (Paper V) can 
be used for predicting potential distribution in a forecasted new climate era (Wiens 
et al. 2009). The model presented in this thesis (Paper V) is the first and only 
existing approach for predicting future distribution possibilities or identifying 
potentially high-quality areas for population maintenance of P. solemdali, and is 
more rigorous than other existing approaches for predicting Baltic Sea flatfish 
distribution patterns. In addition to forecasting climate effects of P. solemdali, the 
environmental suitability model could be used for choosing and designing no-take 
zones and MPAs (see Florin et al. 2013). Conceptually the simulation-based 
approach is applicable for any species or populations. 

The Baltic Sea flounders were previously exploited as a single-species fishery, 
although it is now clear that a mixed-stock fishery targets two closely related but 
separate species of flounder. The two species are caught by the same fishery in 
feeding and wintering grounds where they co-occur (Nissling et al. 2002; Florin 
and Höglund 2008). Separate stock components may show specific responses to 
environmental change and exploitation, which needs to be acknowledged in 
fisheries management (Hilborn et al. 2003; Reiss et al. 2009). Ignoring stock 
diversity can lead to under- or over-harvest of the distinct fishery components, 
often leading to over-exploitation of the weaker stock component (Sterner 2007; 
Allendorf et al. 2008; Hutchinson 2008). Considering spatiotemporal changes in 
the contribution of different genetic populations to mixed-stock fisheries 
(Bonanomi et al. 2015; Dahle et al. 2018) is therefore essential in adaptive 
management and for preventing future fisheries collapses (Jokinen et al. 2019). 
Paper IV highlighted the importance of understanding the proportions of the two 
mixed flounder species, and the environmental causes determining them. As these 
species could not been distinguished before, the decline of P. flesus in the northern 
Baltic Sea (Paper IV) could potentially have led to unintentionally stronger fishing 
pressure on P. solemdali that itself seem to have faced decreasing environmental 
suitability (Paper V) and a marked population decline (Paper I; II; IV). To avoid 
similar risks in the future and enable a sound basis for conservation and 
management, the two flounder species need to be routinely identified by 
ecologists, fishery scientists and managers. Fisheries assessment and management 
recognises both flounder species and that they co-occur in all Baltic Sea 
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assessment units, but still treats all flounders as single-species stocks of the P. 
flesus ecotypes (ICES 2019b). The work conducted in this thesis has given both 
the knowledge and the tools for changing this. A simple molecular diagnostic test 
was developed to unambiguously distinguish between P. flesus and P. solemdali 
(Paper IV; Momigliano et al. 2018). Monitoring each flounder species 
independently could be used for real-time mixed-stock analyses of the catch 
enabling adaptive management (Dahle et al. 2018; Jokinen et al. 2019).  

Alongside with improved possibilities to distinguish between the two flounder 
species, developing more realistic and accurate stock assessments would be 
important. Currently, none of the delineated flounder stocks in the Baltic Sea is 
assessed analytically (ICES 2019b). Biologically realistic population models are 
crucial for understanding the current and predicting the future state of exploited 
fish resources and the possibilities for sustainably utilising them (Schnute and 
Richards 2001; Hilborn 2003; Peterman 2004; Kuparinen et al. 2012). Although 
used for a different purpose here, the detailed life cycle model for P. solemdali 
presented in this thesis (Paper V) could provide a starting point for further 
developing a state-of-the-art population model for assessment of one of the Baltic 
Sea flounder species. 

6.3	WHERE	TO	GO	NEXT?	

This thesis has contributed with vast amounts of new information about the 
dynamics of flounders in the northern Baltic Sea. However, alongside with new 
knowledge also new questions arise. As this thesis has had a broad scope, 
attending the study questions from different angles and by means of different 
approaches, future possibilities and research questions descending from it might 
also be plentiful. Foremost, there will be a general need to explicitly study many 
basic biological and ecological aspects of the newly described P. solemdali, 
although some characteristics are already known from studies differentiating 
between the pelagic and demersal ecotypes before the separation in two species. 
For instance, very little is known of the larval phase of P. solemdali, information 
that would be important for understanding local scale distribution and 
connectivity issues for this species (Corell and Nissling 2019). 

Continuing from Paper II, it would be interesting to follow up the original idea of 
that study to assess the habitat quality for juvenile flatfishes in time and space. 
Although valuable, Paper II provided only a snapshot in time of the juvenile 
occurrences in relation to environmental variables. To relate changes in post-
settlement mortality over time and space in relation to habitat characteristics 
would enable evaluation of habitat quality for juvenile flatfishes in the northern 
Baltic Sea. The single and combined effects of the identified potentially important 
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drivers could further be tested in experimental designs. A further dimension to 
these sorts of studies would be to distinguish between juveniles of both P. flesus 
and P. solemdali to explore potential species-specific responses to habitat 
characteristics and potential competition advantages in addition to assessing the 
relative proportions of the two species in natural juvenile flounder assemblages. 
However, the currently low natural densities of flounder juveniles would pose 
severe challenges to such investigations, as was the situation with Paper II. 

By using the genetic tools to identify species identities of the Baltic Sea flounders, 
historical and contemporary proportions of the two species in the northern Baltic 
Sea could be investigated in more detail from more areas and past time points. To 
better understand the sourcing dynamics of P. flesus, comparing juvenile and adult 
proportions not only across the Finnish coast but in all northern Baltic Sea coastal 
areas could be informative. Knowing the pronounced past dynamics in the relative 
proportions of the two species on the Finnish coast of the Gulf of Finland (Paper 
IV), makes it intriguing to investigate if similar or different patterns are found on 
the Estonian coast in the southern part of the Gulf of Finland. To further shed light 
on the mechanisms of how P. flesus exists in the northern Baltic Sea outside the 
areas where it successfully can reproduce, extending particle simulation 
modelling studies to these areas would be useful. 

The developed novel way of extracting environmental suitability from a 
mechanistic population model would be relevant for any populations-environment 
work, and opens several future research possibilities. As such, the environmental 
suitability model could be applied in a study comparing contemporary distribution 
of potential population maintenance to future conditions under different climate 
change scenarios using high-resolution layers of modelled long-term average 
spawning time salinities and seasonal temperatures. The conceptual approach 
could also be advanced in the field of theoretical niche modelling, as what it 
provides is an assessment of the environmental conditions as determinants for 
long-term population persistence through their integral effects on the whole life 
cycle. Also, developing the simulation model to include time-varying 
environmental variables and testing the effects of different variability to 
population maintenance would be a relevant future course of work. 
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