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Environmental change is ongoing, driven by human activities that have profoundly modified
the modern world. Natural ecosystems are directly affected by these anthropogenic activities.
This thesis explores the effects of anthropogenic change on natural ecosystems. Being this
an extremely broad topic, we narrow down our research to some key areas of investigation,
without aiming to be exhaustive. We also explore related themes. In Paper I, we review the
effects of anthropogenic change on the process of speciation. We show that human intervention
can alter geography or selective regimes. In both cases, this can either lead to an increase or
decrease in reproductive isolation between species. In the following papers, we focus on the
study case of two sister species with similar morphology and ecological niches, the common
bream (Abramis brama) and the white bream (Blicca bjoerkna). In Paper II, we demonstrate
that changes in abiotic and biotic conditions in lakes can disrupt the delicate co-occurrence and
abundance patterns between the two species. In particular, increases in turbidity, predation and
competition pose a threat to the local survival of white bream. In Paper I1I, we examine the
effects of abiotic and biotic conditions on the phenotype of our species of interest. For this
purpose, we focus on the average individual size and its relative difference between the species
as a phenotypic proxy. We show that the relative difference in size is quite insensitive to external
perturbations. However, we find that the presence of pike in the lake increases the similarity
in the size between the study species. This can potentially threaten niche specialisation and
species cohesion. Throughout Paper II and Paper 111, we investigate the temporal trends of
environmental and biotic factors over the last few decades, finding an increase in temperature,
turbidity and the proportion of perch, along with a decrease in the proportions of pike and
roach. In Paper IV, we conduct a genomic study based on whole-genome resequencing, which
reveals that the morphological approach is inadequate for the taxonomical identification of
our study species. Genomic data also show that hybridisation occurs, but it does not pose an
immediate threat to species cohesion in the study area. Intra-specific genetic variation is low,
and it suggests a pattern of isolation-by-distance. Overall, this thesis highlights that an analysis
of anthropogenic influences on natural systems should be approached from different angles, to
provide a comprehensive overview of such a complex phenomenon.
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Introduction

A changing world: human activities and speciation

The world has always undergone changes throughout its existence. However,
over the last 200 years, the rate of change has significantly accelerated, pri-
marily due to increasing anthropogenic impacts on the environment, biologi-
cal species, ecosystems and communities (Ellis and Ramankutty, 2008; Lewis
and Maslin, 2015). One aspect that has been traditionally overlooked is the
impact of human activities on the speciation process (Figure 1). Human activ-
ities vary in nature and can either enhance or reduce reproductive isolation
between species (Coyne and Orr, 2004). While a reduction of reproductive
isolation can lead to reverse speciation, it is unlikely that its increase as a result
of anthropogenic activities will lead to complete speciation (Servedio and Her-
misson, 2020). The main mechanisms through which humans disrupt the spe-
ciation process involve altering the geographical arrangement of organisms
and changing the selective regimes to which organisms are exposed. Both
kinds of activities can either result in an increase or a decrease of reproductive
isolation (Coyne and Orr, 2004).
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FIGURE 1 Schematic describing the general ways anthropogenic activities can influ-
ence the formation and loss of species by changing the geography, selection, and rates
of hybridization between lineages. ** Indicate indirect changes in selection due to
changed geography or via hybridization. (RI) Reproductive isolation, (BDMIs)
Bateson—Dobzhansky—Muller incompatibilities.

Reduction in reproductive isolation

Human activities may lead to a reduction in reproductive isolation between
species through various mechanisms. Alterations of geography include
transport of species, such as through horticulture, agriculture, aquaculture,
shipping, pet trade and others, as well as the creation of corridors like chan-
nels, bridges and maritime traffic (Crispo et al., 2011; Miles et al., 2018,
2019). This can result in the loss of intra-specific genetic variation and in the
secondary contact between already divergent species. Increased gene flow and
hybridisation can in turn potentially lead to reverse speciation (Thompson et
al., 2023). An example of this phenomenon is the transport of Ciona tunicate
species from the Pacific Ocean to the Atlantic Ocean, which caused gene in-
trogression into some of the Atlantic species (Le Moan et al., 2021). Human-
induced environmental change (e.g. climate change) can also facilitate sec-
ondary contact between species by means of range expansion, potentially in-
volving the breakdown of both geographical and ecological barriers (Taylor
et al., 2014). A specific case is the southern flying squirrel (Glaucomys vo-
lans), whose range expanded into the range of the northern flying squirrel
(Glaucomys sabrinus), provoking hybridisation (Garroway et al., 2010, 2011),
competitive exclusion (Wood et al., 2016) and spread of parasites (Krichbaum
etal., 2010).

However, the reduction of reproductive isolation can also be caused by al-
terations in selective regimes. This can happen, for instance, when humans



contribute to the homogenisation of the environment. An example of this is
represented by eutrophication in Lake Victoria, where reduced visibility levels
led to the reverse speciation of several species of cichlid fishes (Seehausen et
al., 1997). Additionally, the reduction of reproductive isolation can result from
the creation of novel, artificial, selective scenarios, such as the development
of pollutant or pesticide resistance (Le Corre et al., 2020; Valencia-Montoya
et al., 2020). A special case is the feralisation of domesticated species, where
humans are responsible for both the domestication and subsequent secondary
contact with a non-domesticated lineage, as in the case of the wolf and the dog
(Pilot et al., 2018).

Increase in reproductive isolation

Reproductive isolation may grow as a result of human activities. In this sce-
nario as well, alterations in both geography and selective regimes can be the
primary factors that contribute to such increase. The genetic mechanisms that
underlie this phenomenon include drift, similar selection and divergent selec-
tion (Nosil and Flaxman, 2011; Nosil, 2012; Langerhans and Riesch, 2013).
Elements such as environmental fragmentation and geographical barriers are
straightforward examples that can drive a reduction in connectivity between
different populations. These elements include infrastructures like roads, agri-
cultural fields, power lines, dams and cities (Trombulak and Frissell, 2000).
The Great Wall of China, for instance, significantly reduced gene flow be-
tween plant populations, by limiting both wind- and insect- mediated pollina-
tion (Su et al., 2003). Fragmentation can accompany changes in the ecology
of previously homogeneous areas, speeding up the process of divergence. This
is what happens with alterations to flow regimes caused by the construction
of dams in river ecosystems (Franssen et al., 2013). The active or passive
transport of species can expedite the build-up of reproductive isolation, espe-
cially when introduced to a novel environment with different selective pres-
sures. For example, populations of common reed (Phragmites australis) in-
troduced to North America diverged from native European populations over
the last 150 years (Guo et al., 2018).

Human activities can impact mechanisms of selection, influencing a num-
ber of phenotypic traits, such as the timing and duration of reproduction
(Sirkii et al., 2018), song frequency, timing and composition (Reichard et al.,
2020), mate-choice modality and male colour signals (Giery et al., 2015; de
Jong et al., 2018; Koneru and Caro, 2022). A clear example of how human
alteration of selective regimes was pivotal to the build-up of reproductive iso-
lation is the introduction of domesticated apples in North America, which led
to the origin of a derived ecotype of the hawthorn fruit fly, the apple maggot
fly (Walsh BJ, 1867; Bush, 1992). Altered selection and geographical barriers
can act together within the same scenario. The case of the legume Trifolium
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repens is quite illustrative: urban populations of this species share more simi-
larities with each other than with surrounding populations in natural areas
(Santangelo et al., 2022). Similar selection, as well, can drive divergence be-
tween lineages, via the evolution of different traits in response to similar se-
lection regimes, provided that gene flow remains sufficiently low. However,
this scenario requires further study and investigation.

In addition to the aforementioned scenarios, in which the build-up of re-
productive isolation is mediated by changes in geography or selection, sec-
ondary contact between divergent species can further strengthen reproductive
barriers under specific circumstances, by means of reinforcement or the for-
mation of a hybrid faxon. The Italian sparrow (Passer italiae), for example, is
a hybrid species, which originated when populations of the house sparrow
(Passer domesticus) were introduced into the distribution range of the Spanish
sparrow (Passer hispaniolensis) (Elgvin et al., 2017; Runemark et al., 2018).

Altered speciation dynamics and long-term insights into
speciation

One of the most striking differences between human-induced reduction and
increase in reproductive isolation is that the former may involve loss of species
cohesion, leading in some cases to reverse speciation, with a consequent de-
cline in biodiversity. With a few exceptions (e.g. the Italian sparrow, as de-
scribed above), instead, it is very uncommon to observe complete speciation,
in the short term, as a result of anthropogenic change. Instead, we may detect
the initial development of reproductive isolation, which may be lost if the con-
ditions that facilitated it cease. This is due to the fact that anthropogenic effects
are new in the history of life, where the time required for speciation is much
longer than the time required for despeciation. If the conditions promoting
divergence do not persist during this period, the incipient speciation process
may reverse and be lost (Coyne and Orr, 2004). Consequently, this represents
an opportunity to investigate the early stages of speciation. Indeed, anthropo-
genic hybrid zones serve as natural laboratories, being replicated in space (Si-
mon et al., 2020; Westram et al., 2021), precisely dated in written records
(Calfee et al., 2020; McFarlane et al., 2020) and potentially offering precise
demographic estimates (Grabenstein and Taylor, 2018).

Having some speculations on the predicted change in the number of spe-
cies, in the short-term we may expect a general loss of biodiversity, given the
different rate at which anthropogenic extinction and anthropogenic speciation
occur. A deeper look into the future, however, reveals insights gained from
previous mass extinctions, which show that they are usually followed by eras
with accelerated speciation rates, after ecological communities have recovered
(Harries et al., 1996; Hallam A and Wignall P B, 1997; Foote, 2023). For
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instance, peri-alpine whitefish species (Coregonus sp.) underwent a severe de-
cline in biodiversity, due to eutrophication in their natural environment
(Vonlanthen et al., 2012). Following environmental restoration, genetic and
functional diversity was quickly recovered in some of the faxa (Smith and
Schindler, 2009; Jacobs et al., 2019). This suggests that conservation
strategies should focus on preserving (re-)diversification rather than solely
protecting individual species.

Effect of a changing environment on co-occurrence,
abundance and phenotype

Species patterns of co-occurrence and abundance have been extensively stud-
ied in a variety of organisms (Wisz et al., 2013). Traditionally, three kinds of
filters have been described as key drivers of species distributions in different
habitats: capability of dispersal, environment and biotic interactions (Hardy et
al., 2012). Several abiotic and biotic parameters affecting the distribution of
microbial, fungal, plant and animal species have been identified (Karst et al.,
2005; Fierer and Jackson, 2006; Kraan et al., 2020). However, disentangling
the effects of different elements is not an easy task. The use of appropriate
statistical tools is crucial for understanding the effect of different factors on
species presence and abundance. This allows us to predict shifts in ecological
communities based on the changes of monitored parameters (Guisan and
Thuiller, 2005; Ferrier and Guisan, 2006). Substantial effort has been put in
assessing the relative contribution of environmental parameters with respect
to species interactions in shaping the ecological community composition
(Blois et al., 2014; D’ Amen et al., 2018). Patterns of co-occurrence have been
specifically studied (Heino and Gronroos, 2013; Larsen and Ormerod, 2014),
with habitat size often emerging as a significant variable affecting species co-
occurrence probability (Azeria et al., 2012; Levine J.M. and Hart S.P., 2020).
In lakes as well, the effects of several variables on ecological communities
have been studied, with size and depth playing a pivotal role (Griffen and
Drake, 2008; Alahuhta et al., 2018; Cordero and Jackson, 2021; Mehner et al.,
2021). However, more research is needed to develop a comprehensive view
of these effects (Jackson et al., 2001).

Notably, environmental factors and species interactions have an important
effect on species phenotype as well (Kaul and Thornton, 2014; Trubenova et
al., 2019), playing an important role in adaptation to the ecosystem (Rellstab
et al., 2020; Limberger and Fussmann, 2021). For example, it has been found
that the presence of pike in lakes favours niche specialisation and phenotypic
divergence between populations of European whitefish, Coregonus lavaretus.
This process is particularly interesting, as it can be interpreted as an incipient
step towards speciation (Ohlund et al., 2020).
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Effect of co-occurrence on phenotype
(character displacement)

Character displacement is the phenomenon according to which closely-related
species that occupy similar ecological niches have their characters driven apart
when they co-occur, with respect to instances in which they are not in sym-
patry. This mechanism helps the two species to fully exploit the ecological
niches they have adapted to, minimising the risks for overlap, and leading to
character differentiation (Brown and Wilson, 1956). As a result of this pro-
cess, character displacement can also promote speciation (Losos, 2000).

In many organisms, body size is an important character that affects their
ecology and their fitness (Damuth, 1991; Rudolf et al., 2014). It is particularly
prone to be displaced when two species occur in sympatry. Where they do
occur, populations of closely-related species will show more divergent size
with respect to places where they do not co-occur (Douglas, 1987; Kawano,
2002; Bothwell et al., 2015). Character displacement usually involves differ-
entiation of one or more characters in co-occurrence, but occasionally such
characters may actually converge in sympatry, possibly to enhance competi-
tive ability (Grant, 1972; Dunham et al., 1979).

Genetics as a tool to identify signatures of human-induced
environmental change

We refer to the genetic diversity among individuals of the same species as
intra-specific genetic diversity, whereas we define inter-specific genetic di-
versity the one that exists between different species. In particular, intra-spe-
cific genetic diversity is pivotal to adaptation to the environment, as it pro-
vides the variation which evolutionary forces can act on (Fisher 1930). Inter-
specific genetic variation, instead, results from divergence between lineages
and speciation, and can reveal information on evolutionary relationships
(Coyne and Orr 2004). Selection favours genetic traits that are best adapted to
the current environment (Endler 1986). Since many phenotypic traits are un-
derlain by genotype, it appears clear how adaptation and evolution are influ-
enced by selection on certain genes. The study of selection can shed light on
the mechanism by which individuals and species respond to it, and on the pro-
cess of adaptation with changing environmental conditions (Barrett and
Hoekstra 2011).
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The common bream and the white bream in their ecological
context

Human modifications of natural environments have severely affected northern
latitude lakes. In particular, a sensible increase in temperature and a decrease
in visibility has been reported (Whitehead et al. 2009; Dokulil 2014), mainly
due to eutrophication (Larsen et al. 2011; Solomon et al. 2015). These changes
may have a wide array of impacts on several biological aspects of aquatic
ecosystems and on their communities. For the purpose of this thesis, we focus
on the two species common bream, Abramis brama, and white bream, Blicca
bjoerkna. They are widespread all over Western Asia and most of Europe
(Backiel and Zawisza 1968; Bogutskaya and Naseka 2004). Their distribution
ranges overlap to a great extent, including in southern Sweden. The common
bream, however, reaches more northern latitudes. The common bream and the
white bream are sister species, and the occupy similar ecological niches. As
juveniles, their main food source is represented by phytoplankton, whereas as
adults they gradually shift to feeding on benthic invertebrates (Billard 1997,
Kottelat and Freyhof 2007). Despite being very similar to each other, the
common bream and the white bream exhibit some differences as well. For
instance, while the common bream is a pelagic species, the white bream
occupies a habitat at the margin of the pelagic and the littoral zones (Lammens
et al. 1992). On average, populations of white bream have fewer individuals
than pupulations of common bream (Tatrai et al. 2008). Common bream can
also reach larger size than white bream at maturity (Kottelat and Freyhof
2007).

In the context of Swedish freshwater bodies, the common bream and the
white bream engage in competitive relationships mainly with the European
perch, Perca fluviatilis (from now on, perch) and with the common roach,
Rutilus rutilus (from now on, roach). The perch, like the common bream and
the white bream, mainly feeds on plankton in the juvenile stage, and gradually
shifts to feeding on benthic invertebrates, once it reaches the adult stage
(Hjelm 2000; Svanbick and Eklov 2002). However, other fish, including
common bream and white bream, constitute a part of perch diet as well
(Yazicioglu et al. 2016; Yazicioglu 2019). The roach is an omnivorous species
(Kottelat and Freyhof 2007). The main predator of the the common bream and
the white bream is represented by the northern pike, Esox lucius (from now
on, pike), which is mainly piscivorous (Craig 1996).

The common bream and the white bream exhibit phenotypic responses to
external factors. Specifically, temperature is positively correlated to fish size
at maturity (Domagata et al. 2015). However, not enough studies are available
on co-occurrence patterns in response to external abiotic and biotic conditions
and on the extent of phenotypic response to change of external conditions.
Therefore, more investigation is needed in this field.
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Many cases of hybridisation have been reported in fish. In our two species
of interest, it is known that the common bream can hybridise with the roach
(Pitts et al. 1997) and with the common bleak, Alburnus alburnus (Blachuta
and Witksowski 1984). Interestingly, however, the common bream and the
white bream can also give birth to fertile hybrids when they reproduce with
each other. This is easily understandable in the light of the recent divergence
time between the two species, their similar morphology and the similarity in
the ecological niches they are adapted to (Swinney and Coles 1982; Demandt
and Bergek 2009). Therefore, hybridisation between these two species can
raise a potential flag for the risk of loss of species cohesion, which may happen
either at a local or at a global scale.

The morpholigical and ecological similarity and the close-relatedness of
the common bream and the white bream is very important for our purposes,
as it makes these two species ideal candidates to study patterns of co-
occurrence and abundance, reciprocal morphological change and
hybridisation. The importance of these two species will be entirely clear to the
reader once we outline the papers that constitute this thesis and we deal with
its aims, in the next paragraphs.

Overview of the papers

Paper I: The first chapter of the thesis is a scientific review, which addresses
the influence of human activities on the process of speciation.

Paper II: The second chapter of the thesis makes use of a large database
with extensive information about environmental parameters and fish species
and abundance in more than 3,000 lakes all over Sweden, to investigate the
effects of such abiotic and biotic variables on patterns of co-occurrence and
abundance between the common bream and the white bream. The temporal
trends of the variables included in the database are also investigated.

Paper III: The third chapter of the thesis makes use of the same database
used in Paper II to investigate the effects of abiotic and biotic variables on
average size per individual, a proxy for phenotype, in the common bream and
in the white bream. Reciprocal change in size between the two species is
investigated as well. Particular emphasis is put on testing the theory of
character displacement.

Paper IV: The fourth chapter of the thesis is a population genomics study
of common bream, white bream and hybrids between the two species, in five
Swedish lakes, along a gradient of distance and eutrophication. In this chapter,
a genomic approach for the identification of the two species and the hybrids
is proposed, as traditional morphological criteria are proven to be insufficient.
We analyse several genetic parameters and explore species cohesion in the
study system, detecting the contribution of parental species to the hybrids,
together with intra- and inter- specific genetic diversity.
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Aims of the thesis

The present thesis mainly deals with anthropogenic environmental change,
and tries to highlight some of its consequences and potential risks for biodi-
versity. Being an extremely broad topic, our goal is not to be exhaustive, but
we focus on some specific areas of investigation. After an initial chapter in
which we summarise existing literature on the effects of human-induced
change on the process of speciation, the following chapters work on the case
study represented by the common bream and the white bream to investigate
ecological equilibria (co-occurrence and abundance), phenotype (body size),
genetic structure and hybridisation, in the context of their response to a chang-
ing environment. Our work also aims at testing whether environmental
change, in its abiotic and biotic components, is actually ongoing in Swedish
lakes. In dealing with such issues, we also touch upon the validation of mor-
phological taxonomic classification with a genomic approach, as well as the
exploration of hybridisation and inter- and intra-specific genetic variation in
our study species. The questions presented below will help to focus our re-
search interests.

Q1. What is the effect of human activities on speciation?

Nowadays we live in a constantly changing world, where human presence
is ubiquitous, and where the effect of humans on the environment and on liv-
ing species are of outstanding clearness. It is foreseeable that such interaction
between man and the environment is bound to get even stronger with time.
Species and ecosystems are now being exposed to human-induced change at
a pace that had never been observed before the appearance of man on Earth.
Therefore, one of the goals of the thesis is to explore patterns of anthropogenic
influence on the process of speciation. In the context of this thesis, Paper I is
the main chapter that deals with this question. In this scientific review, we
recap the main literature that describes effects of human activities on specia-
tion. We are interested in mechanisms that may promote divergence between
species, accelerating the accumulation of reproductive isolation, but also in
mechanisms that may hamper the process of speciation itself, potentially lead-
ing to reverse speciation. To present an overview of the topic, we conveniently
address separately altered geography and altered selection. The former repre-
sents scenarios in which humans directly or indirectly modify the environ-
ment, by means of the creation, alteration or removal of geographical barriers
between species or populations. The latter represents direct or indirect in-
stances of human-induced changes in species selective regimes. In the follow-
ing sections of the paper, we discuss how altered geography and altered selec-
tion can affect hybridisation between closely-related species, and how human
activities considerably alter species turnover rates.
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We indirectly address the effects of human activities on speciation also in
our study system, which comprises the common bream and the white bream,
in Paper II1. Here, we aim at understanding how proportional change in phe-
notype, specifically size, might accelerate or hamper the process of hybridisa-
tion, given that the two species may be more or less morphologically similar
based on co-occurrence or other on external parameters. Increased or de-
creased morphological similarity may, in turn, impact species recognition and
hybridisation rate.

Q2. Do stress factors and deteriorated environmental conditions reduce
chances of co-occurrence between closely-related species?

The general deterioration of environmental conditions that mankind is re-
sponsible for raises more than just concern for the conservation of delicate
ecological equilibria in ecosystems. In particular, closely-related species tend
to occupy similar ecological niches. Changes in their environment may alter
these equilibria, and separate niches may not be available anymore. With this
idea in our mind, in Paper II we decide to explore the effects of the change
in abiotic and biotic factors on patterns of co-occurrence and abundance in
two closely-related freshwater fish species. The investigated species, the com-
mon bream and the white bream, represent an ideal study system to address
this question, since they are sister species, they are morphologically very sim-
ilar and they occupy similar niches in lentic environments.

Q3. Do stress factors, deteriorated environmental conditions and co-occur-
rence affect phenotype and its divergence in closely-related species?

Ongoing environmental change that is object of study in this thesis may
have manifold effects. Not only may co-occurrence be affected (see previous
question), but there may be complex effects on species phenotype, as a result
of either genetic adaptation, phenotypic plasticity or both. In Paper III, we
analyse the effects of the change in abiotic and biotic factors on size and size
divergence in two closely-related freshwater fish species. The chosen species,
the common bream and the white bream, are sister species and are again an
ideal study system. Indeed. their morphological and ecological features are
similar. Due to this similarity, it is possible, with some approximation, to se-
lect body size as a proxy for phenotype. Factors that affect divergence in phe-
notype may drive a different degree of similarity between the species. Con-
sidering the role of visual cues in reproduction, this might in turn affect species
discrimination and hybridisation, potentially impacting species cohesion.
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Q4. Have environmental conditions in Swedish lakes been deteriorating over
the last few decades? What have the most important changes been?

The speed at which environmental change occurs has been increasing
alarmingly all over the world. In Paper II and Paper III we want to test
whether change is also ongoing in Swedish lakes. We make use of statistical
models to test whether water temperature has been increasing and visibility
has been decreasing over the last few decades, as expected from literature.
Together with environmental variables, also the change in abundance of com-
mon bream, white bream and other species that significantly interact with
them is studied. Testing whether change in the environment and in its species
concerns Nordic freshwater ecosystems can highlight potential threats, which
could trigger the mechanisms that are the object of study of the other ques-
tions. Identifying such risks could suggest in what areas work may be needed
to come up with prevention and reparation measures.

Q5. How accurate is morphological taxonomic identification in our study sys-
tem? Is morphology a reliable classification tool for closely-related species?

The common bream and the white bream exhibit similar morphologies.
Body size is their primary distinguishing feature. The potential presence of
hybrids complicates the morphological identification of these species. Hence,
in Paper IV, we aim at evaluating the accuracy of morphological assessment
in these species, by comparing it with results from genome resequencing. This
approach allows us to test the reliability of species identification conducted
during test-fishing, which relies solely on traditional morphological criteria,
for species with very similar morphological features.

Q6. Does hybridisation in common bream and white bream hamper species
cohesion?

In Paper I, we extensively discuss the decrease in reproductive isolation,
and how this can lead to hybridisation and potential loss of species cohesion.
In Paper IV, we investigate whether this is the case for the common bream
and the white bream. We collect individuals that are morphologically assessed
as belonging to the two species, as well as hybrids. Using this data, we imple-
ment a genomic approach to estimate the contribution of each parental lineage
to the hybrids and to assess the degree of separation between the two species.
This, in turn, can shed light on the risk of species cohesion loss in our study
system in the study area.

17



Q7. What are the patterns of genetic variation in common bream and white
bream populations? Are there any genetic signatures of anthropogenic change
or isolation-by-distance?

Not only does anthropogenic change affect ecological equilibria of species,
but it also has an effect on the adaptation of species to the new conditions.
While a sign of this adaptation can be highlighted by phenotype, it is only at
genotypic level that we can observe a fine-scale signature of this process. In
Paper IV, we conduct a preliminary investigation into the genomic signatures
of anthropogenic change in our study system. To do so, we select lakes along
a gradient of distance and eutrophication, to represent different degrees of an-
thropogenic pressure. We scan genomes and we investigate population struc-
tures of common bream and white bream, to determine whether patterns of
differentiation align better with an isolation-by-distance scenario or with an
adaptation-to-eutrophication scenario.
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Methods

NORS database

For analyses on co-occurrence, abundance and size of common bream and
white bream and on temporal trends of environmental and biotic variables, we
made use of the Swedish Database for Survey test-fishing (NORS), which is
managed by the Swedish University of Agricultural Sciences (National Reg-
ister of Survey test-fishing - NORS. Swedish University of Agricultural Sci-
ences 2021) (Papers II-III). This database contains information on environ-
mental parameters and species abundance for more than 3,000 lakes all over
Sweden, surveyed over the last few decades. The database was updated to
September 2021. The included environmental variables were: temperature,
Secchi depth, average depth, area, altitude, latitude and EQRS, a measure of
the ecological status (Naturvardsverket 2007; Havs- och vattenmyndigheten
2013). As a preliminary step, all the measurements that detected a Secchi
depth higher than 90% with respect to the average depth of the lake were re-
moved from the data. This measure was taken to ensure that, for each obser-
vation, water was not so clear that the bottom of the lake could be seen and
recorded as Secchi depth. Subsequently, all the measurements that were not
taken in the months of June, July, August and September were also excluded,
to minimise seasonal influence on the observations. With the exclusion of the
analyses on temporal trends, all the observations of each lake were aggregated
together, and an average was calculated for each variable. This helped avoid-
ing problems of pseudoreplications. We only focused on lakes in which at
least common bream or white bream had been detected. Our criteria restricted
the total amount of considered lakes to 697. All the analyses were performed
with R version 4.2.1 (R Core Team 2021).

Statistical analyses on the NORS database

Giving an exhaustive account of the statistical analyses performed on the
NORS database is a challenging effort. Several statistical tests were performed
throughout Paper II and Paper III, where they are described in detail. The
reader will forgive us if, in this section, we do not follow the logical concate-
nation of questions and tools for investigation, as in good scientific practice.
Indeed, doing so would require describing the same methods multiple times
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in these following lines. For such dissertation, we redirect the reader to the
relevant papers. Here, instead, we will give an overview of the main methods
used, tentatively in order of complexity, and refer to the corresponding anal-
yses, providing only a few details about them.

Two-tailed #-tests were used whenever it was necessary to compare the
means of two normally distributed groups of values (Paper III). This kind of
test was implemented with the package WEIGHTS version 1.0.4 (Pasek et al.
2021) for the following analyses: effect of the presence of pike on the absolute
difference of weight per individual between the common bream and the white
bream; effect of the presence of pike on the relative difference of weight per
individual between the common bream and the white bream; effect of the co-
occurrence between the studied species on the weight per individual in the
white bream; effect of the co-occurrence between the studied species on their
absolute difference in weight per individual; effect of the co-occurrence be-
tween the studied species on their relative difference in weight per individual.

The Wilcoxon rank-sum test was used to assess the difference in weight
per individual in common bream, between those populations found to be in
co-occurrence with white bream and those found not to be in co-occurrence
(Paper III). This test is non-parametric, and it was necessary, as an alternative
to a t-test, given the non-normal distribution of the sample values.

Comparing environmental and biotic variables across more than two cate-
gories was accomplished using univariate analyses of variance (ANOV As), in
the case in which the variable was normally distributed, or Kruskal-Wallis
rank-sum tests, whenever the variable distribution was not normal. These
kinds of analyses were implemented when it was necessary to compare varia-
bles values between lakes in which only common bream was present, lakes in
which only white bream was present, and lakes in which both species were
present (Paper II). These statistical tests were followed by post-hoc analyses,
aimed at conducting pairwise comparisons between categories. Specifically,
ANOVAs were followed by Tukey’s range tests, whereas Kruskal-Wallis
rank-sum tests were followed by the corresponding non-parametric analyses,
Wilcoxon signed-rank tests. For Tukey’s range tests, we used the package
RSTATIX version 0.7.0 (Kassambara A 2021) (Paper II).

Resampling-based multivariate analyses of variance (MANOV As) allowed
us to test the overall difference of sets of abiotic and biotic variables between
the categories of lakes that were defined for the previous analyses (only com-
mon bream, only white bream or both species) (Paper II). These analyses
were run with the package MANOVA.RM version 0.5.3 (Friedrich et al.
2022).

Throughout Papers II-I11, extensive use was made of general linear mod-
els (GLMs), general linear mixed models (GLMMSs), generalised linear mod-
els (GLIMs) and generalised linear mixed models (GLIMMSs). While for the
first kind of models, no extra packages were utilised, we made use of the pack-
age LME4 version 1.1.30 (Bates et al. 2015) for the other three types of
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models. The kind of selected model depended on the data at our disposal and
on the analyses that we wanted to perform. Whenever the residuals of the re-
sponse variable followed a normal distribution, GLMs and GLMMs were im-
plemented. In the other cases, we run GLIMs and GLIMMs. What follows is
an account of the analyses that it was possible to conduct with each category
of models. With GLMs the following analyses were conducted: effect of abi-
otic and biotic factors on the reciprocal proportion of common bream and
white bream, whenever the two species co-occurred in the same lake (Paper
II); effect of abiotic and biotic factors on weight per individual in white bream
(Paper III); effect of the proportion of pike on the absolute difference in
weight between common bream and white bream (Paper I1I); effect of abiotic
and biotic factors on the absolute difference in weight per individual between
common bream and white bream (Paper III); effect of the proportion of pike
on the relative difference in weight per individual between common bream
and white bream (Paper I1I1I); effect of abiotic and biotic factors on the relative
difference in weight per individual between common bream and white bream
(Paper III); effect of co-occurrence of common bream and white bream on
the weight per individual in white bream (Paper III). With GLMM:s the fol-
lowing analyses were conducted: temporal trends of environmental variables
and of some of the biotic variables (Papers II-1II). With GLIMs the following
analyses were conducted: effect of abiotic and biotic factors on the assignation
of the observation to different categories (only common bream, only white
bream or both species) (Paper II); effect of abiotic and biotic factors on
weight per individual in common bream (Paper III). With GLIMMs the fol-
lowing analyses were conducted: temporal trends of some of the biotic varia-
bles (Paper II).

Sampling

Samples of putative common bream, white bream and hybrids between the
two species were collected from five Swedish lakes, along a distance and eu-
trophication gradient, in the Summer of 2021 (Paper IV). One of the five
lakes is Vanern, located in the west of the country. It is the fourth biggest lake
in Europe and the biggest in Sweden. The other four lakes are smaller and
located around 250 km to the east of lake Vénern. The distance among the
smaller lakes is around 10-15 km. Eutrophication in each lake was estimated
based on information on Secchi depth contained in the NORS database. The
identity of the species was assessed based on morphological criteria.

21



Laboratory work and data processing

DNA extraction was performed on each sample, followed by library prepara-
tion and short-read shotgun sequencing. Sequencing was executed on a single
Illumina NovaSeq6000 S4-300 lane, with 2x150bp reads. The read depth was
of around 12X per individual (Paper 1V).

The common bream genome assembly was downloaded from the National
Center for Biotechnology Information, and a sequence dictionary was created
for it. Adapters were trimmed away. Bases with a base call accuracy < 99%,
reads shorter than 100 bp and reads with > 5 undetermined bases were re-
moved. The reads were aligned to the reference genome, compressed and
sorted. PCR duplicates were marked, and variant calling was performed. The
files that were obtained were merged according to the scaffold of the reference
genome. Genotyping was then carried out. Another filtering step was imple-
mented, in which the following variants were filtered out: variants with a qual-
ity by depth < 2.0, with a Fisher strand bias score > 60.0, with a mapping
quality < 30, with a mapping quality rank sum < -12.5 and with a read position
rank sum < -8.0. We proceeded with removing indels, along with sites that
were neither monoallelic nor biallelic. A third filtering step was necessary to
remove variants with a proportion of missing genotypes > 5% and with an
allele count < 5. Finally, we concatenated files belonging to different scaffolds
into a unique file (Paper IV).

Molecular-based species identification and genetic
variation

Our dataset was pruned for SNPs in linkage disequilibrium, with the following
settings: window size = 50 sites; step size = 10 sites; threshold for r* = 0.1. A
Principal Component Analysis (PCA) was conducted a first time with all sam-
ples. The species of each sample was reassessed based on visual inspection of
the PCA. Three additional PCAs were conducted, based on the reassessment:
on common bream, on white bream with potential backcrosses and on white
bream without potential backcrosses (Paper 1V).

A maximum likelihood estimation of individual ancestries (admixture anal-
ysis) was conducted on the pruned dataset with all samples, with their species
assessed on morphological criteria. The species of each sample was reassessed
based on visual inspection of the admixture analysis. This reassessment was
in line with the one conducted through the PCA. Three additional admixture
analyses were executed, based on the reassessment: on common bream, on
white bream with potential backcrosses and on white bream without potential
backcrosse All the admixture analyses were conducted with a number of clus-
ters K varying between 1 and 10 (Paper 1V).
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Genome scans

We calculated LD decay all over the genome. After visually inspecting the LD
decay patterns, we decided to use sliding windows of 80 kb, with a minimum
of 10 kb sites covered, for the successive analyses (Paper IV).

Genome scan analyses were performed to calculate the following statistics:
genetic differentiation between groups (Fsr), absolute genetic divergence be-
tween groups (Dxy) and genetic diversity within each group (n). The genome
scans were conducted at species level and at population level. For Fsr and
Dxy, the analyses were conducted in the form of pairwise comparisons of
different groups (species and populations). For =, the analyses were con-
ducted within groups (species and populations). The grouping into species
was based on the genomic reassessment. The grouping into populations,
within each species, was based on the lake where the sample came from. We
excluded from these analyses F1 hybrids and potential backcrosses. It is
worth noting that the genomic reassessment revealed the absence of common
bream samples from lake Erken. Moreover, only a single white bream indi-
vidual was retrieved from lakes Syningen and Lommaren. For this reason,
since it was not possible to obtain reliable estimates of genetic diversity for
these populations, these white bream samples were included only in analyses
at species level (Paper 1V).
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Results and discussion

Paper II: Impact of environmental and biotic factors on
co-occurrence between the common bream and the white
bream

In the present section, for reasons of conciseness and clarity, whenever pair-
wise comparisons between different categories of lakes based on species pres-
ence (“Common bream”, “Both” and “White bream”) are conducted, we re-
port the results for the comparison “Common bream” — “Both”, with biotic
independent variables considered as proportions in terms of weight.

At first, we tested whether lakes belonging to different categories in terms
of species co-occurrence are overall different, across the selected environmen-
tal (temperature, Secchi depth, average depth, area, altitude, latitude, EQRS)
and biotic (proportion of perch, proportion of pike, proportion of roach) vari-
ables, using MANOVAs. This test reveals a significant difference between
lakes that host only common bream and lakes that host both species. The sub-
sequent ANOV As and Kruskal-Wallis rank-sum tests were aimed at assessing
whether the different lake categories differ for single variables. Post-hoc anal-
yses were used to conduct pairwise comparisons, revealing that altitude,
EQRS, proportion of perch and proportion of pike are significantly higher in
the category “Common bream”, whereas area and latitude are significantly
higher in the category “Both”.

The effect of each variable to determine the assignation of the observation
to different categories of lakes was investigated by GLIMs in pairwise com-
parisons. The comparison between lakes belonging to the category “Common
bream” and lakes belonging to the category “Both” shows that higher average
depth, altitude, EQR8 and proportion of perch, pike and roach disfavour the
co-occurrence of white bream, whereas higher values of Secchi depth and area
favour their presence along common bream.

In cases of co-occurrence between the two species, we tested with GLMs
the effect of the selected variables on their reciprocal abundance, finding out
that the proportion of roach favours common bream over white bream (Figure
2; Table 1).

Finally, temporal trends of selected variables analysed by means of
GLMMs and GLIMMs show that Secchi depth, EQRS, proportion of pike,
proportion of roach and proportion of common bream have been decreasing
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significantly. On the other hand, temperature, proportion of perch and relative
proportion of white bream out of the sum of common bream and white bream
have been increasing significantly.

Most of the previous studies have made use of null model analyses of spe-
cies co-occurrence patterns to investigate the connection between environ-
mental parameters and the composition of the community (Azeria et al. 2012;
Heino and Gronroos 2013; Blois et al. 2014; Haynes et al. 2014; D’ Amen et
al. 2018). Our approach, instead, aims at testing for the effects of different
explanatory variables on co-occurrence, allowing the identification of specific
variables that might be responsible for the detected patterns.

The presented results show an ongoing environmental deterioration in Swe-
dish lakes, particularly evident in the increase in temperature and the reduction
of water clarity over the last few decades. Environmental fluctuations and
change, in turn, play a very important role in shaping the ecological commu-
nity, and this study highlights their effects on a pair of sister species, the com-
mon bream and the white bream, whose patterns of co-occurrence and abun-
dance are very sensitive to external disturbance, given the similarities in their
morphology and in the ecological niches that they occupy. In particular, it is
remarkable that increased turbidity seems to decrease the chances of co-oc-
currence of white bream with common bream, which can be due to the fact
that environmental deterioration may affect more severely the white bream,
which is the species with the smaller population size. The local presence and
abundance of white bream seem to be also negatively affected by the propor-
tion of perch, of pike and of roach. Since the proportion of perch and of roach
were used as a proxy for competitive pressure, and the presence of pike were
used as a proxy for predatory pressure, these results suggest that the white
bream may be the most vulnerable species to increased levels of competition
and predation. This is probably due to the lower numerosity of white bream
with respect to common bream populations.

With regard to co-occurrence between the studied species, the vast majority
of the lakes that were taken into account in the present study either host solely
common bream or both species. Out of a total of 697 lakes, only 13 of them
host white bream populations, with no common bream present either. Alt-
hough these data may reflect the rarity of such category of lakes, increasing
their sample size would be highly beneficial in increasing the power of our
statistical analyses. Moreover, we need to be aware that only a limited number
of variables has been included in our models, due to the fact that we were
restricted to the information contained in the NORS database, but also due to
the need to avoid excessive collinearity among explanatory variables. Finally,
to keep understanding the effects of the environment and interactions with
other species on co-occurrence patterns, we believe that this kind of studies
should be extended to other species pairs too, particularly to the ones that oc-
cupy similar ecological niches.
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Multiple regression — Biotic variables as proportions in terms of weight
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FIGURE 2 Added-variable plots of the multiple regression which shows the correla-
tion between selected variables (temperature, Secchi depth, average depth, area, alti-
tude, latitude, proportion of perch, proportion of pike and proportion of roach) and the
proportion of white bream out of the sum of common bream and white bream. Biotic
variables are expressed as proportions in terms of number of individuals. The effect
of each independent variable has been corrected for the other variables in the model.
When building the model. the response variable y has been transformed according to
the formula logio(y/(1-y)), in order to meet the assumptions of linear models. The
model has been weighted based on the sum of common bream and white bream.
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TABLE 1 Results of general linear models showing the effects of selected predictors
(temperature, Secchi depth, average depth, area, altitude, latitude, proportion of perch,
proportion of pike and proportion of roach) on the proportion of white bream out of
the sum of common bream and white bream, given that both species are present. In-
dependent variables have been standardised. The response variables y have been trans-
formed according to the formula log;o(y/(1-y)), in order to meet the assumptions for
linear models. Observations have been weighted according to the sum of common
bream and white bream. Biotic variables are analysed as proportions in terms of over-
all weight of the catch.

Variable Estimate  Std. error T value P
Temperature -0.013 0.049 -0.264 0.792
Secchi depth -0.169 0.097 -1.746 0.083 .
Average depth -0.038 0.104 -0.368 0.713
Area 0.090 0.069 1.307 0.193
Altitude -0.114 0.059 -1.940 0.054 .
Latitude -0.017 0.052 -0.326 0.745
Proportion of perch 0.104 0.059 1.777 0.077 .
Proportion of pike -0.024 0.062 -0.386 0.700
Proportion of roach -0.108 0.053 -2.017 0.045 *

Paper III: Impact of environmental and biotic factors on
phenotype in the common bream and the white bream

In the present section, for the sake of conciseness and clarity, we only report
analyses in which biotic independent variables are considered as proportions
in terms of weight.

First of all, we wanted to analyse the effect of selected environmental (tem-
perature, Secchi depth, average depth, area, altitude, latitude) and biotic (pro-
portion of perch, proportion of pike, proportion of roach) variables on the av-
erage weight per individual, separately for the common bream and the white
bream, by means of a GLM and a GLIM. These analyses show that Secchi
depth and altitude have a positive significant effect on the response variable
in the common bream (Figure 3). Instead, for the white bream, a negative sig-
nificant effect is detected for Secchi depth and latitude, and a positive signifi-
cant effect is detected for average depth and altitude (Figure 4).

It was investigated what the effect of the selected variables is on the aver-
age absolute difference in weight between the two species. The GLM imple-
mented for this analysis does not reveal any significant effects. It was then
tested whether the presence of pike, analysed as a categorical variable, has any
effect on the response, using a ¢-test. It was found out that, in lakes where pike
are present, common bream and white bream exhibit a significantly more sim-
ilar size, with respect to lakes where pike are not present. However, this effect
becomes non-significant if considered in a GLM with the other environmental
and biotic variables utilised before (Table 2).
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We then moved to testing the effects of the selected variables on the relative
difference in average weight per individual between the common bream and
the white bream. The GLM that we used does not manage to highlight any
significant effects of any of the predictors. We conducted a #-test to check
whether the presence of pike, analysed as a categorical variable, has any ef-
fects on the response variable. It turns out that, in lakes where pike are present,
common bream and white bream are significantly relatively more similar, with
respect to lakes without pike. This result is robust, and is confirmed when the
effect of the presence of pike is analysed in a multiple regression with the
other predictors, in a GLM (Table 3).

Finally, we came to investigate the effect of co-occurrence between the two
species on their average weight per individual. The Wilcoxon rank-sum test,
for the common bream, and the #-test, for the white bream, reveal that both
species are significantly smaller when they co-occur. However, this effect be-
comes non-significant in both species when it is analysed in a multiple regres-
sion with the other explanatory variables. A t-test reveals that the absolute
difference in weight per individual is significantly lower in case of co-occur-
rence (Table 4). There is no effect of co-occurrence on the relative difference
in weight per individual, though.

In this study, we aim at analysing the effects of the environment and of
biological interactions on a phenotypic proxy, the average weight per individ-
ual, in a pair of sister species, the common bream and the white bream. In
doing this, we analyse both the effect of selected variables on the two species
independently and in relation to each other. The independent approach helps
to clarify what factors drive the two species bigger or smaller. On the other
hand, the analyses conducted in relation to each other help to understand what
conditions favour an increased similarity between the two species. They also
help to test the theory of character displacement. In turn, this may be a hint on
the degree on niche overlapping and on hybridisation risk, following the
change in the monitored parameters.

When analysed separately for each species, weight per individual is signif-
icantly affected by a number of factors. Among them, it is interesting to note
the opposite significant effect of Secchi depth in the two species. With an in-
crease in water turbidity, common bream become smaller, whereas white
bream are driven bigger. This potentially hints at a role of visual cues in niche
specialisation. However, neither the absolute nor the relative difference in size
between the two species are significantly affected by turbidity. Co-occurrence
only affects the absolute difference in weight between the species, but not their
relative difference. This shows that no detectable mechanism of character dis-
placement on size is established between the two species. The only explana-
tory variable that affects the relative difference in weight between the two
species is the presence of pike. When pike are present, an increased similarity
in weight between the studied species is detected.
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It has been shown earlier that the presence of a predator, such as the pike,
was associated with an increased phenotypic divergence in Swedish lakes be-
tween populations of European whitefish (Ohlund et al. 2020). Therefore, we
expected to reveal a similar pattern of divergence between the common bream
and the white bream. This would promote the consolidation of the process of
speciation between them. Despite our expectations, we detected the opposite
effect of the presence of pike on the relative size of our studied species. Alt-
hough the causes of this phenomenon go beyond the scope of this study, we
hypothesise that being more similar in size may be helpful in decreasing pre-
dation risk.

Our study makes a wide use of multiple regressions. This instrument
strongly increases the reliability of our results, controlling for the effect of
several variables at a time. Although this approach can pinpoint a number of
significant correlations between environmental and biotic variables and size
in our studied species, it will be necessary to conduct further experimental
studies, in order to explore the causality of these relationships. Overall, we
demonstrated that changes in the environment affect species phenotype, po-
tentially leading to significant eco-evolutionary outcomes. This should raise
concern about ongoing environmental changes, since they can jeopardise spe-
cies adaptation and survival.
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Multiple regression — Biotic variables as proportions in terms of weight
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FIGURE 3 Multiple regression showing the correlation between selected variables
(temperature, Secchi depth, average depth, area, altitude, latitude, proportion of perch,
proportion of pike and proportion of roach) and the weight per individual in common
bream. Independent biotic variables are expressed as proportions in terms of overall
weight of the catch. The effect of each predictor has been corrected for the other var-
iables. A generalised linear model has been run, with a Gamma family assigned to it.
The response variable y has been transformed according to the formula loge(y). The
model has been statistically weighted based on the total number of common bream.
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Multiple regression — Biotic variables as proportions in terms of weight
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FIGURE 4 Multiple regression showing the correlation between selected variables
(temperature, Secchi depth, average depth, area, altitude, latitude, proportion of perch,
proportion of pike and proportion of roach) and the weight per individual in white
bream. Independent biotic variables are expressed as proportions in terms of overall
weight of the catch. The effect of each predictor has been corrected for the other var-
iables. A linear model has been run, and the response variable y has been transformed
according to the formula log;o(y), in order to meet the assumptions for linear models.
The model has been statistically weighted based on the total number of white bream.
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TABLE 2 Results of general linear models showing the effects of selected predictors
(temperature, Secchi depth, average depth, area, altitude, latitude, proportion of perch,
presence of pike and proportion of roach) on the difference in weight per individual
between common bream and white bream in each lake. Continuous independent var-
iables have been standardised, whereas the variable “presence of pike” is binary (cat-
egorical). The response variable y has been transformed according to the formula
logio(y + 287). The addition of a positive value (287) to the variable y is motivated by
the need to only have positive values, in order to apply a logarithmic transformation.
Observations have been statistically weighted according to the sum of the number of
common bream and white bream. The amounts of perch and roach are analysed as
proportions in terms of overall weight of the catch.

Variable Estimate  Std. error T value P

Temperature -0.006 0.011 -0.521 0.603
Secchi depth 0.010 0.022 0.449 0.654
Average depth -0.004 0.026 -0.141 0.888
Area -0.002 0.017 -0.097 0.923
Altitude -0.001 0.015 -0.060 0.952
Latitude -0.002 0.013 -0.181 0.857
Proportion of perch -0.003 0.014 -0.229 0.819
Presence of pike -0.035 0.041 -0.866 0.388
Proportion of roach -0.001 0.014 -0.087 0.931

TABLE 3 Results of general linear models showing the effects of selected predictors
(temperature, Secchi depth, average depth, area, altitude, latitude, proportion of perch,
presence of pike and proportion of roach) on the proportion of weight per individual
for white bream respect to common bream in each lake where both species are present.
Continuous independent variables have been standardised, whereas the variable “pres-
ence of pike” is binary (categorical). The response variable y has been transformed
according to the formula log;o(y). Observations have been statistically weighted ac-
cording to the sum of the number of common bream and white bream. The amounts
of perch and roach are analysed as proportions in terms of overall weight of the catch.

Variable Estimate Std. error Tvalue P
Temperature 0.003 0.030 0.115 0.909
Secchi depth -0.065 0.057 -1.137 0.257
Average depth 0.048 0.067 0.721 0.472
Area -0.003 0.043 -0.079 0.937
Altitude 0.014 0.039 0.368 0.714
Latitude -0.027 0.033 -0.832 0.407
Proportion of perch -0.010 0.038 -0.262 0.794
Presence of pike 0.231 0.106 2.173 0.031 *
Proportion of roach -0.002 0.035 -0.053 0.958
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TABLE4 Results of a #-test aimed at comparing the differences between the average
weight per individual in co-occurrence in each lake and the average value calculated
for the average weight per individual in a situation of non-co-occurrence in each lake,
for common bream and white bream. The values y of the two vectors used for the #-
tests have been transformed according to the formula log;o(y + 246), to meet the cri-
teria for a parametric test. The addition of a positive value (246) to the variable y is
motivated by the need to only have positive values, in order to apply a logarithmic
transformation Observations have been weighted according, respectively, to the
amount of common bream and of white bream in co-occurrence.

Two tailed r-test df Std. error T value P
Co-occurrence 173.604 0.047 -11.024 <0.001 ***

Paper IV: Species identification and genetic variation in
common bream and white bream populations from
central Sweden

The PCA performed on all samples, assessed on a morphological basis, allows
us to reassess the individuals as belonging to three taxonomic groups: com-
mon bream, white bream and F1 hybrids. Some of the white bream individuals
show signs of potential introgression from the common bream (Figure 5). Re-
sults from the admixture analysis align with these findings. The successive
PCAs conducted on common bream and on white bream without potential
backcrosses, after the species reassessment, highlight low inter-population
differentiation and low intra-population genetic variation. Samples from lake
Vinern are an exception for both species, since they are, at the same time,
more spread along the first two principal components and more separated from
the other lakes (Figure 6; Figure 7). The PCA conducted on white bream with
potential backcrosses confirms that potential backcrosses are separated from
the rest of the white bream. Admixture analyses at the specific level do not
reveal any intra-specific structure.

The genome scan on Fgsr between the two species shows an average value
of 0.468, whereas the average values in comparisons between populations are
slightly below 0, in both species. The average Dxy value detected by the ge-
nome scan between the two species is 0.022, whereas comparisons between
populations always highlight average values < 0.001, in both species. The ge-
nome scans on 7 at species level reveal an average value of 0.008 in common
bream and of 0.010 in white bream. Values of & at the population level are
always very similar to the 7 value of the species the population belongs to
(Table 5).

This genomic study is based on whole-genome resequencing of the com-
mon bream and the white bream, from samples coming from central Sweden.
First, we demonstrate that morphological assessment in these two species and
in their hybrids is inaccurate, and needs to be complemented with molecular
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information. Second, we demonstrate the presence of F1 hybrids and possibly
of common bream introgression into white bream populations. Finally, we es-
timate intra- and inter-specific genetic variation by means of genome scans on
FST, DXY and TT.

Species identification on a genomic basis was conducted through a PCA
and an admixture analysis. These methods have been useful to identify group-
ing patterns in our samples. From these analyses, the presence of two groups,
corresponding to the two species, is clear. The group that mostly comprises
individuals morphologically assessed as common bream is assumed to be
made up entirely of common bream individuals, and vice versa for white
bream. A third group is found to be intermediate between the other two. In the
PCA, this third group is located halfway between common bream and white
bream, along the first principal component. In the admixture analysis, with K
= 2, the individuals of this group have approximately 50% contribution from
each species. We believe that these individuals are F1 hybrids between the
two species. Among the white bream, some individuals are clearly separated
from the rest in the PCAs, and they show signs of introgression from common
bream in the admixture analysis conducted on all samples. Hence, we believe
these may be backcrosses. Interestingly, the correspondence between morpho-
logical and genomic identification is rather weak. For instance, none of the
specimens that were morphologically identified as hybrids had their identity
confirmed by genomic data. This study confirms that hybridisation between
the common bream and the white bream occurs and is probably not uncom-
mon. Morphological identification criteria for the two species are insufficient,
and should be aided by genomic information to correctly determine the taxo-
nomic identity of specimens, especially in the light of hybridisation.

The two studied species appear to be well separated in all the analyses con-
ducted. This suggests the absence of any risks for loss of species cohesion in
the near future in the study area. Intra-specific genetic variation is very low in
both species. The only exception comes from lake Vénern, whose common
bream and white bream individuals are separated from the individuals of the
other lakes and show higher intra-population diversity. This pattern overall
indicates that isolation by distance can have a key role in the process of genetic
differentiation of these species. Instead, differential selective regimes, in the
form of different visibility levels, do not seem to have left any identifiable
genomic footprints.

The limitations of traditional morphological criteria in identifying the com-
mon bream, the white bream and their hybrids had already been recognised
through the investigation of geometric morphometry and genetic markers (De-
mandt and Bergek 2009). Previous research highlights uneven hybridisation,
with most backcrosses occurring with common bream (Demandt and Bergek
2009). However, our study is the first to apply a genomic approach to these
species. Contrary to what previously reported, the only potential backcrosses
that we identified are with white bream.
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In this study, not only does the use of genome scans allow us to calculate
average values of Fsr, Dxy and m across the genome, but also to identify spe-
cific regions subjected to particularly high levels of recombination, gene flow
or selection. The lack of genome annotation at the time the study was con-
ducted, though, does not allow us to identify the functional role of such re-
gions. Moreover, it is important to note that all our results have to be inter-
preted taking the reduced sample size into account.

To sum up, here we demonstrate the clear separation of the common bream
from the white bream. We also demonstrate their hybridisation, which, how-
ever, does not pose a risk to species cohesion. We prove that the identification
of the studied species should be aided by molecular tools, and we call for these
tools to be implemented in survey test-fishing. We encourage expanding the
sampling effort to other areas of the distribution range of the studied species.
Finally, identifying the genes that have altered levels of Fsr, Dxy or m may

shed light on the process of adaptation to different environments in freshwater
fish.
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FIGURE 5 First two axes of a PCA showing all the samples object of this study.
Samples are grouped by colour, according to the species of the sample, and by shape,
according to the lake where the sample comes from. The species of the samples in this
PCA has been assessed morphologically. The grouping pattern of this PCA has been
used to reassess the sample species for the PCAs in Figure 6 and Figure 7.
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FIGURE 6 First two axes of a PCA showing all the common bream samples object
of this study. Samples are grouped by colour, according to the lake where the sample
comes from. The species of the samples in this PCA has been reassessed based on the
PCA shown in Figure 5.
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FIGURE 7 First two axes of a PCA showing all the white bream samples object of
this study, excluding the two samples that show potential signs of introgression. Sam-
ples are grouped by colour, according to the lake where the sample comes from. The
species of the samples in this PCA has been reassessed based on the PCA shown in
Figure 5.
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TABLE 5 (a) Average Fst values in comparisons between species and between pop-
ulations within each species. (b) Average Dxy values in comparisons between species
and between populations within each species. (¢) Average m values in each species

and in each population within each species.

(2) Fst

Comparison

Average Fgr value

Common bream / White bream (overall populations) 0.468
Common bream — Vinern / Syningen -0.0145
Common bream — Vinern / Gillfjarden -0.0195
Common bream — Vénern / Lommaren -0.0138
Common bream — Syningen / Gillfjarden -0.0254
Common bream — Syningen / Lommaren -0.0204
Common bream — Gillfjirden / Lommaren -0.0254
White bream — Vinern / Gillfjarden -0.00758
White bream — Vénern / Erken -0.0113
White bream — Gillfjarden / Erken -0.0158
(b) Dxy

Comparison Average Dxy value

Common bream / White bream (overall populations)
Common bream — Vinern / Syningen

Common bream — Vinern / Gillfjarden

Common bream — Vanern / Lommaren

Common bream — Syningen / Gillfjarden

Common bream — Syningen / Lommaren

Common bream — Gillfjarden / Lommaren

White bream — Vianern / Gillfjarden

White bream — Vianern / Erken

White bream — Gillfjarden / Erken

0.0215
0.00756
0.00757
0.00756
0.00750
0.00749
0.00750
0.00969
0.00975
0.00956

(OF

Species or population

Average 7 value

Common bream (overall populations)
White bream (overall populations)
Common bream — Vinern

Common bream — Syningen
Common bream — Gillfjarden
Common bream — Lommaren

White bream — Vénern

White bream — Gillfjarden

White bream — Erken

0.00750
0.00954
0.00776
0.00780
0.00799
0.00779
0.00998
0.00976
0.0100
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Conclusions

In this thesis, we mainly explore the impact of environmental changes of an-
thropogenic origin on living organisms. To do so, we select some topics of
interest, which can serve as an example of such a multifaceted phenomenon.
In Paper I, we start with a general review of anthropogenic effects on the
process of speciation. In doing this, we touch upon hybridisation and despeci-
ation as well. In the following papers, as a study case, we focus on a pair of
freshwater fish sister species that inhabit European and Swedish lakes, the
common bream and the white bream. In Paper 11, we investigate how external
disturbances, potentially of anthropogenic origin, affects the patterns of co-
occurrence and abundance in our study system. In this paper, we also try to
identify changes in environmental and biotic conditions that have been occur-
ring over the last few decades. In Paper III, we analyse how changes in abi-
otic and biotic conditions affect phenotype in the study species. Mechanisms
of character displacement for size are also taken into account. Finally, Paper
IV is a genomic study that broadens the scope of this thesis, by aiming at
verifying traditional morphological criteria for taxonomic identification of
common bream and white bream. In this paper, we also examine intra- and
inter-specific genetic variation. In line with the main topic of this thesis, we
also try to detect genomic signatures of adaptation to a changing environment.
Now, we come back to the questions that we asked ourselves in the “Aims of
the thesis”, and we try to reflect on them again, in the light of the results of
the present thesis.

Q1. What is the effect of human activities on speciation?

As shown in Paper 1, it is not possible to give a short reply to this question,
as the effects are manifold. For a comprehensive review of such effects, we
redirect the reader to the paper, or to the “Introduction” section of this thesis.
However, we also feel compelled to summarise the answer in a few words.
Human activities that may have an impact on the speciation process can be
divided into two main categories: alteration of geographical features and al-
teration of selective regimes. For both categories, we can identify two main
outcomes: increase in reproductive isolation and decrease in reproductive iso-
lation. We show that the latter outcome is probably more common than the
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former. Loss of reproductive isolation usually involves hybridisation, and can
lead to reverse speciation.

The contribution that Paper III gives to this question is mostly speculative.
However, this paper helps to understand the potential consequences of human
activities on species cohesion in a specific study case. In the paper, we show
that the presence of pike is the only factor, among the considered ones, to drive
the size of the two species relatively more similar to each other. This may
hamper, in principle, species recognition, and lead to an increase in the hy-
bridisation rate.

Q2. Do stress factors and deteriorated environmental conditions reduce
chances of co-occurrence between closely related species?

The study system that we work on seems to be particularly sensitive to
changes in external conditions. Among the most interesting findings of Paper
I1, we find that an increase in water turbidity reduces the chances of co-occur-
rence between the common bream and the white bream. The species that is
more likely to disappear is the white bream. A similar effect is detected with
an increase in competition and predation coming from other species. These
results seem to suggest that environmental disturbances may strike more eas-
ily the species with a smaller population size. Such species may be more sus-
ceptible to local extinction, with respect to the other closely related species
with a higher numerosity.

Q3. Do stress factors, deteriorated environmental conditions and co-occur-
rence affect phenotype and its divergence in closely related species?

In Paper 111, we show that a number of environmental and biotic factors
significantly affect the average size per individual, both in common bream and
in white bream. However, the relative difference in size between the two spe-
cies seems to be rather stable, indicating that common bream and white bream
exhibit similar responses to environmental changes. The only exception to this
pattern of stability of the relative size difference to external factors is repre-
sented by the effect of the presence of pike in the lake. When pike is present,
the two species are significantly more similar in size, in relative terms. This
may be a mechanism that two closely-related species put into place to decrease
chances of predation. Finally, we do not detect any character displacement on
size, when the two species co-occur.

Q4. Have environmental conditions in Swedish lakes been deteriorating over
the last few decades? What have the most important changes been?

In Paper II and Paper III, we test whether there were any changes in the
considered environmental and biotic variables over the last five decades.
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Indeed, many of the monitored variables have been changing. Temperature,
for instance, has increased significantly, as has turbidity, probably as a result
of eutrophication. The proportion of perch has also significantly increased,
whereas the proportions of pike and roach have significantly decreased. These
changes may, in turn, have important impacts on the patterns of co-occurrence
of common bream and white bream, and potentially on the local survival of
white bream itself. This should raise concern, and further effort should be put
into mitigating the effects of human activities on environmental changes.

Q5. How accurate is morphological taxonomic identification in our study sys-
tem? Is morphology a reliable classification tool for closely-related species?

Surprisingly, in Paper IV, it turns out that the correspondence between
morphological and genomic species identification in common bream and
white bream is rather low. Out of a total of 41 samples that were morphologi-
cally assessed as either being common bream, white bream or hybrids, 14 of
them were classified in a different taxonomic group with genomic data. Nota-
bly, in the case of hybrids, there is no correspondence whatsoever between the
two classification systems. This shows that molecular aid to species identifi-
cation during survey test-fishing may be crucial, especially for populations
with a low numerosity or with a high degree of hybridisation. These consid-
erations may be extended to other hybridising species pairs.

Q6. Does hybridisation in common bream and white bream hamper species
cohesion?

The data collect in Paper IV suggest that there is no immediate risk of
species cohesion loss for the common bream and the white bream in our study
area. Indeed, the two species are well separated. Among the 44 sampled indi-
viduals, we find 2 first-generation hybrids and 2 white bream individuals with
minimal genomic contributions from common bream. However, we need to
consider that our sample size is limited and that our sampling is not random,
but specifically aimed at collecting enough specimens from each taxonomic

group.

Q7. What are the patterns of genetic variation in common bream and white
bream populations? Are there any genetic signatures of anthropogenic change
or isolation-by-distance?

Part of the effort of Paper IV is put into studying genetic diversity in the
common bream and the white bream to investigate, among others, the relative
importance of differential selective pressure with respect to geographical dis-
tance in determining population differentiation. In our case, the difference in
selective regimes is represented by different visibility levels across the
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sampled lakes. We partially succeeded in achieving this objective. For both
species, genetic differentiation seems to be unrelated to the levels of visibility,
but we observe that, with an increase of distance, genetic differentiation in-
creases as well. However, these results are just preliminary, as are drawn by
the mere visual inspection of PCAs, without any statistical support. We ap-
proach the matter also making use of genome scans. Although areas with ex-
ceptionally high parameter values pinpoint genomic regions that may be sub-
jected to selection, the lack of genome annotation makes it impossible to in-
vestigate the function of such regions. Nonetheless, we show that the overall
amount of intra-specific genetic variation is low in both species.

Overall, this thesis sheds light on the diverse effects of anthropogenic change
on biological species, but it expands in other directions as well. We demon-
strate that alterations in geography and selective regimes can influence the
degree of reproductive isolation between species. By studying two sister spe-
cies, we show that environmental and biotic changes can drive local extinction
in species pairs with similar ecological niches, along with changes in im-
portant phenotypic features, which can, in turn, affect niche specialisation. Fi-
nally, we conduct a genomic project on our species of interest, showing that
molecular tools are an important complement to morphology for species iden-
tification. We also show that hybridisation occurs, but does not threaten spe-
cies cohesion. Genomic data may highlight some effects of adaptation to en-
vironments subject to anthropogenic change, but further studies are necessary
to confirm this hypothesis. These findings underscore the importance of inte-
grating multiple approaches to fully understand the impacts of human activi-
ties on biodiversity.
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Abstract in Swedish / Svensk sammanfattning

Milj6forandringarna pagar standigt och drivs pd av ménskliga aktiviteter som
pa ett genomgripande sétt har fordndrat den moderna virlden. Fordndringstak-
ten har 6kat dramatiskt under de senaste decennierna. Naturliga ekosystem
paverkas direkt av dessa antropogena aktiviteter, och det finns en oro for be-
varandet av arter, ekosystem och ekologiska jaimvikter. I denna avhandling
undersoks effekterna av antropogena fordndringar pa naturliga ekosystem.
Med tanke pa d&mnets breda omfattning begrinsar vi var forskning till nadgra
viktiga unders6kningsomraden, utan att striva efter att vara uttdmmande. [
den sista delen av avhandlingen undersdker vi ocksa relaterade teman, vilket
ger ett bredare perspektiv. | Papper I undersoker vi effekterna av antropogena
fordndringar pé artbildningsprocessen. Vi visar att minsklig paverkan kan ske
i form av fordndrad geografi och fordndrad ekologi. Det senare har konse-
kvenser for selektiva regimer. I bada fallen kan detta antingen leda till en 6k-
ning eller minskning av den reproduktiva isoleringen mellan arter. I hela rap-
porten ger vi en ldng rad exempel. Sérskild uppmérksamhet dgnas at hybridi-
sering, som diskuteras bade i samband med forstirkning och risk for forlust
av artsammanhéllning. I de foljande artiklarna fokuserar vi pa tva systerarter,
braxen (Abramis brama) och bjorkna (Blicca bjoerkna). Dessa tva arter har
liknande morfologi, dér storleken ar den viktigaste sdrskiljande egenskapen. I
Papper II utnyttjar vi det faktum att braxen och bjorknan upptar liknande
ekologiska nischer. Detta gor dem till utmérkta fallstudier for att undersdka
hur kénsliga deras forekomster dr for yttre storningar. I den hér artikeln visar
vi att fordndringar i abiotiska och biotiska forhéllanden i sjoar kan stora de
kinsliga monstren for samexistens mellan och férekomst av de tva arterna.
Framfor allt utgoér 6kad grumlighet, predation och konkurrens ett hot mot
bjorknans lokala 6verlevnad. Detta kan bero pa att bjorkna har en ligre popu-
lationsstorlek jamfort med braxen. Bjorkna ér dérfor den art som dr mest kéns-
lig for stressfaktorer i form av forédndrade milj6forhéllanden eller interaktioner
med andra arter. I Papper III undersoker vi effekterna av abiotiska och bio-
tiska forhéllanden i sj0ar p& fenotypen hos brax och bjorkna. For detta dnda-
mal fokuserar vi pd den genomsnittliga individstorleken och dess relativa
skillnad mellan arterna. Med tanke pa likheten i morfologi mellan braxen och
bjorkna kan storlek vara en bra fenotypisk proxy. Aven om storleken i sig
paverkas av ett antal yttre faktorer hos béda arterna, visar vi att den relativa
skillnaden &r ganska okénslig for yttre storningar. Inte ens samexistens mellan
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de tva arterna verkar utlosa nadgra mekanismer for karaktirsforskjutning. Vi
finner dock att ndrvaron av gidda i sjon okar likheten i storlek mellan de stu-
derade arterna. Detta resultat dr 6verraskande, eftersom det inte Gverensstim-
mer med liknande studier som genomforts pa andra sotvattensfiskarter. Detta
kan dock tolkas som en forsvarsmekanism for att minska risken for predation,
eftersom géddan &r en viktig predator pa braxen och bjorkna. En minskad stor-
leksskillnad mellan de tva arterna kan i sin tur forsvéra bade artkinnedom och
nischspecialisering och potentiellt hota artens sammanhallning. I Papper 11
och Papper III undersoker vi de tidsmissiga trenderna for miljoforhallanden
och forekomsten av nagra viktiga arter i svenska sjoar under de senaste decen-
nierna, och finner en dkning av temperatur, grumlighet och andelen abborre,
tillsammans med en minskning av andelen gddda och mort. Dessa resultat ar
intressanta, eftersom vissa av de dvervakade parametrarna utgor ett hot mot
den lokala Gverlevnaden av bjorkna. Detta vicker fragor om bevarandet av
sarbara arter. Slutligen, i Papper IV, genomfor vi en genomisk studie baserad
pa sekvensering av hela genomet. Huvudresultatet av denna studie &r att det
morfologiska tillvigagangssittet dr otillrdckligt for taxonomisk identifiering
av véra studiearter. Dessa overviaganden kan utvidgas till hybridisering av nér-
besliktade arter, vilket tyder pd att molekyldra verktyg bor vara ett viktigt
komplement till morfologiska kriterier, sérskilt nir en exakt redogorelse for
antalet individer i populationer behdvs, som vid provfiske undersékninar. Ge-
nomiska data bekréftar att hybridisering forekommer, eftersom vi lyckas iden-
tifiera bade F1-hybrider och aterkorsningar med bjorkna. Det utgor dock inte
ett omedelbart hot mot artsammanhallningen i studieomradet, eftersom de tva
arterna ser vil separerade ut. Den intraspecifika genetiska variationen &r 1ag
hos bada arterna. De mest differentierade populationerna dr dock de som kom-
mer frin den mest avligsna sjén. Aven om detta bara #r ett preliminirt resultat
tyder det pa att genomisk differentiering foljer ett monster av isolering genom
avstand, snarare 4n att vara resultatet av anpassning till olika miljéforhallan-
den. Sammantaget visar denna avhandling att en analys av antropogena influ-
enser pa naturliga system bor angripas fran olika vinklar for att ge en heltack-
ande bild av ett s komplext fenomen.
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Abstract in Italian / Abstract in italiano

I cambiamenti ambientali sono ubiquitari. Le attivita umane hanno fortemente
contribuito alla loro velocizzazione. Il ritmo dei mutamenti ¢ aumentato
drasticamente negli ultimi decenni. Gli ecosistemi naturali sono direttamente
influenzati da queste attivita antropiche. Cio desta preoccupazione per la
conservazione delle specie viventi, degli ecosistemi e degli equilibri ecologici.
Questa tesi esplora gli effetti dei cambiamenti di natura antropica sugli
ecosistemi naturali. Trattandosi di un argomento di cosi ampia portata, la
nostra ricerca si restringe ad alcune aree chiave, senza la pretesa di effettuare
una trattazione esaustiva della materia. Nella parte finale della tesi, esploriamo
anche temi correlati, fornendo una prospettiva di pit ampio respiro sulla
biologia della conservazione. Nell’Articolo I, esaminiamo gli effetti dei
mutamenti di natura antropica sul processo di speciazione. Dimostriamo che
l'intervento umano pud avvenire sotto forma di alterazione delle barriere
geografiche o di alterazione degli equilibri ecologici. Quest’ultima forma di
intervento porta a sua volta a conseguenze sull’azione della selezione naturale.
Sia che siano la geografia o I’ecologia ad essere mutate, tali cambiamenti
possono portare a un rafforzamento o a un indebolimento delle barriere
riproduttive tra le specie. In questo articolo, viene fornita un'ampia gamma di
esempi di questi meccanismi. Particolare attenzione ¢ dedicata al processo di
ibridazione, che viene discusso sia nel contesto di un incremento
dell’isolamento riproduttivo che alla luce del rischio di perdita di biodiversita
dovuto alla formazione di uno sciame ibrido. Negli articoli successivi al
primo, ci concentriamo sul caso di studio di due specie sorelle, 1'abramide
comune (4bramis brama) e la blicca (Blicca bjoerkna). Queste due specie
hanno una morfologia simile, con le loro dimensioni come principale
caratteristica distintiva. Nell’Articolo II, ci basiamo sul fatto che I'abramide
comune ¢ la blicca occupano nicchie ecologiche simili. Questo li rende un
caso di studio eccellente per indagare quanto la loro coesistenza sia sensibile
ai disturbi esterni. In questo lavoro, dimostriamo che i mutamenti nelle
condizioni abiotiche e biotiche dei laghi possono alterare i delicati schemi di
coesistenza ¢ abbondanza tra le due specie. In particolare, I'aumento della
torbidita, della predazione e della competizione rappresentano una minaccia
per la sopravvivenza locale della blicca. Cio puo essere dovuto al fatto che le
popolazioni di blicca hanno solitamente un numero inferiore di individui,
rispetto a quelle di abramide comune. Pertanto, la blicca sarebbe la specie piu
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suscettibile ai fattori di stress, rappresentati dai cambiamenti delle condizioni
ambientali e delle interazioni con altre specie. Nell’ Articolo I1I, esaminiamo
gli effetti delle condizioni abiotiche e biotiche dei laghi sul fenotipo delle
nostre specie di interesse. A questo scopo, ci concentriamo sul peso medio per
individuo e sulla sua differenza relativa tra le specie. Data la somiglianza
morfologica tra 1'abramide comune ¢ la blicca, il peso pud essere un buon
indicatore fenotipico. Sebbene il peso medio per individuo sia influenzato da
una serie di fattori esterni in entrambe le specie, in questo articolo
dimostriamo che la sua differenza in termini relativi & piuttosto insensibile alle
perturbazioni esterne. Anche la coesistenza tra le due specie non sembra
innescare alcun meccanismo di spostamento dei caratteri. Tuttavia, in risposta
alla presenza del luccio nel lago, il nostro studio rivela un aumento della
somiglianza relativa in peso tra le specie oggetto di studio. Tale risultato ¢
sorprendente, poiché non si allinea con studi simili condotti su altre specie di
pesci d'acqua dolce. Questo potrebbe essere interpretato come un meccanismo
difensivo per ridurre le possibilita di predazione, dal momento che il luccio ¢
un importante predatore dell'abramide comune e della blicca. Una maggiore
somiglianza fenotipica tra le due specie puo, a sua volta, ostacolare il loro
riconoscimento reciproco e la specializzazione nelle rispettive nicchie
ecologiche, potenzialmente portando ad un incremento del processo di
ibridazione. Nell’Articolo II e nell’Articolo III, analizziamo 1’evoluzione
temporale delle condizioni ambientali e dell'abbondanza di alcune specie
ittiche di interesse nei laghi svedesi negli ultimi decenni, riscontrando un
aumento della temperatura, della torbidita e dell’abbondanza del pesce
persico, oltre a una diminuzione dell’abbondanza del luccio e del rutilo. Questi
risultati sono interessanti, poiché alcuni dei parametri monitorati possono
rappresentare una minaccia per la sopravvivenza locale della blicca. Cio
sottolinea la responsabilita dei gestori degli ecosistemi naturali, e della societa
in generale, nella conservazione delle specie, specialmente delle piu
vulnerabili. Infine, nell’ Articolo IV, presentiamo uno studio genomico basato
sul risequenziamento dell'intero genoma di individui di abramide comune e di
blicca. Il risultato principale di questo studio ¢ che I'approccio morfologico ¢
inadeguato per l'identificazione tassonomica delle nostre specie di studio.
Questa considerazione puo essere estesa a specie sorelle o strettamente
correlate che producono ibridi, suggerendo che gli strumenti molecolari
dovrebbero essere un importante complemento ai criteri morfologici,
soprattutto quando ¢ necessario un resoconto preciso della numerosita delle
popolazioni, come nei monitoraggi dell’ittiofauna. 1 dati genomici
confermano che le due specie producono ibridi fertili, in quanto siamo riusciti
ad identificare sia ibridi di prima generazione che ibridi con la blicca di
generazioni successive. Tuttavia, tale processo di ibridazione non rappresenta
una minaccia immediata per la sopravvivenza dell’abramide comune e della
blicca nell'area di studio, poiché le due specie appaiono ben separate a livello
genomico. La diversita genetica intraspecifica ¢ bassa in entrambe le specie.

45



Le popolazioni piu differenziate, tuttavia, sono quelle provenienti dal lago piu
remoto all’interno dell’area di studio. Sebbene questo sia solo un risultato
preliminare, esso suggerisce che la differenziazione genomica segue un
modello di isolamento per distanza, piuttosto che essere il risultato di un
adattamento a condizioni ambientali differenti. Nel complesso, questa tesi
evidenzia come I'analisi delle influenze antropiche sui sistemi naturali debba
essere affrontata da diverse angolazioni, per fornire una panoramica completa
di un fenomeno cosi complesso.
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Abstract in Russian / AHHOTaIusa Ha PyCCKOM

W3meHeHus okpyxarome cpebl TPOUCXOAAT IIOCTOSHHO, OHU 00YCIIOBIEHBI
JIEeSATENPHOCTRI0  YeNIOBeKa, KOTopas KOpPEHHBIM 00pa3oM IOMeEHsIa
COBPEMEHHBIH MHp. 3a TOCJIEIHUE HECKOJIbKO MJCCATHIICTUNA TEMIIbI
W3MEHEHU pe3ko Bo3pocnu. [IpupogHbie 3KOCHUCTEMBI MOJBEPIIIUCH
HEMOCPEJICTBEHHOMY BO3JICUCTBUIO AHTPONOT€HHOW JESITENbHOCTH, YTO
BBI3BAJI0O OOECIIOKOCHHOCTh B CBSI3M C COXPAaHEHHWEM BHUIOB, SKOCHCTEM H
9KOJIOTHYECKOTO paBHOBeCcHsA. B mMaHHOW 1uccepTallid MBI HCCIEIyeM
BIIUSHUE aHTPOTOTCHHBIX W3MEHEHWH Ha TMPUPOAHBIE SKOCHUCTEMEI.
YuuThiBas IMPOTY OXBATa JaHHOUN TEMBbI, MBI Cy3WIH KPYT UCCIEI0BaHUN 10
HEKOTOPBIX KIIFOYEBBIX 00JIaCTei. B 3aKIIOYMTENhHON YacTH TUCCEpPTAIHH
MBI TaKXX€ HCCIEIyeM CMEXHBIE TEMBI, O0O3HadaeM Oojee IHPOKYIO
nepcrekTuBy. B pasmene I mMbl paccMaTprBaeM BIUSHHE aHTPOMOTEHHBIX
M3MEHCHHH Ha TpoIrecC BHIOoOOpa3oBaHWSA. MBI IOKa3sIBacM, 4YTO
BMEMIATEIhCTBO YeJIOBEKa MOXKET BBHIPAKATHCSH B M3MEHEHUH reorpaduu u
skozoruu. [locnennee uMeeT MOCIEACTBUS I CEICKIIMOHHBIX PEKUMOB. B
000X CIIy4asx 3TO MOXKET MPUBECTH JMOO K YBEIMYCHHIO, JMOO K
YMEHBUICHUIO PENPOAYKTUBHBIX M30JALMNA KAKIOr0 OTAEIBHOro Buja. Ha
MIPOTSHKEHUH BCETO paszziesia MBI MMPUBOJUM MHOXeCTBO mpumepoB. Ocoboe
BHUMaHHE yIEJICHO THOpUAM3AINH, KOTOpas 00CyKIaeTcs Kak B KOHTEKCTe
YCHUIIEHUS, TaK W B KOHTEKCTE pHUCKa MOTepH CIUIOYEHHOCTH BHAa. B
CIEAYIOUIUX pa3zielaX Mbl COCPEOTOUMMCS Ha U3YUYEHUU IBYX CECTPUHCKUX
BUJIOB: newma (4bramis brama) u rycrepsl (Blicca bjoerkna). ta nBa Buna
HUMCIOT CXOXKYIO MOp(i)OJ]OI‘I/IIO, HO TJIaBHBIM OTJIWYUTCIIBHBIM INPHU3HAKOM
sBiseTcs pa3mep. B paszmene I Mb1 paccMoTpenu TOT GakTop, UTO JICH U
rycrepa 3aHUMArOT CXOXKHE IKOJIOTHYECKUE HUIIA. JTO AENAeT UX OTIUIHBIM
MIPUMEPOM JIJISl U3YYCHUST MX COBMECTHOTO OOWTAHUS W B3aMMOJCHCTBUS C
BHelHUMH (hakTopamMu. B nmaHHOW paboTe MBI MPOJAEMOHCTPUPOBAIIU, YTO
M3MCHEHUS a0MOTHUYECKMX U OWOTHYECKUX YCIOBUH B 03Epax MOTyT
HapylmuTh TOHKUC 3aKOHOMEPHOCTHU COBMECTHOI'O 0OHMTaHHUS U YUCIEHHOCTHU
3THX ABYX BHIOB. B 4acTHOCTH: TOBHIIEHNE MYTHOCTH BOJIBI, XHIITHIYECTBO
¥ KOHKYPEHIHSA PECTABISAIOT YIPO3y U BEBKUBAHUS T'yCTEPHI. DTO MOXKET
OBITh CBS3aHO C MEHBIIEH MOIYJALNNEH TyCTEphl MO0 CPaBHEHUIO C JICIOM.
CrnenoBaTenbHO, TYCTepa SIBISICTCS BUIOM, HauboJjiee BOCIPHUMYHBBIM K
CTPECCOBBIM  (haKTOpaM, TMPEACTABICHHBIM HM3MCHCHUSM B  YCIOBHIX
OKpYJKaroIllel Cpeibl, a TAaKXKe MPU B3aUMOJEHCTBUU C APYTMMHU BHJIaMu. B
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pasaesie 111 MBI ucclieryeM BIUSHAE aOMOTHICCKUX U OMOTHICCKUX YCIIOBUN
B o03epax Ha (EHOTHI WHTEPECYIOIIWX Hac BHIOB. g 3TOro MBI
COCpPeIOTOYMMCS Ha CpeAHEeM pa3Mmepe ocol0ell M ero OTHOCHUTENBHBIX
pa3auuusAX MEXKIy BUAAMH. YUYHUTHIBasS CXOJCTBO B Mopdoyoruu ema u
TYCTEpBI, pa3Mep MOXKET OBITh XOPOIIHMM (DEHOTHUIHMYECKUM MOKa3aTeeM.
Xots pa3mep, cam 1o ce0e, MOABEPKESH BIMSIHHIO Psa BHEIIHUX (HAaKTOPOB Y
000MX BUAOB, MBI TIOKa3bIBa€M, YTO €r0 OTHOCHUTENbHAS Pa3HHIIA JOBOIBHO
HEYyBCTBUTENIbHA K BHEUIHHM KoyiebaHwmsM. Jlaxxe coBMecTHOe OOWTaHWE
IBYX BHUJIOB, TOXOXeE, HE 3alyCKaeT MEXaHU3MOB CMEIICHHS IPH3HAKOB.
OpnHako, MBI OOHApYXHIIM, YTO MPUCYTCTBUE IMYKH B 03€Pe yBEINYHBACT
CXOICTBO B pa3Mepax MEKIY HCCIECAYEeMBIMH BHIAMH. OTOT pPe3yJbTar
YAUBISET, IOCKOJIBKY HE COTJacyeTcsl ¢ aHaJOTHYHBIMU HCCIEIOBaHUSIMH,
KOTOpBIE TIPOBENHM Ha JAPYTUX BHIAAX MPECHOBOJHBIX PbHIO. DTO MOXKHO
WHTEPIPETHPOBATh KaK 3aIlUTHBIH MEXaHW3M, CHIDKAIONINA BEpPOSITHOCTH
XUIHUYECTBA, TOCKOJBKY IIyKa SBJISETCS BAXHBIM XHUIIHUKOM CpEIH Jielia
u rycrepbl. [ToBBIIIIEHHOE CXO/ICTBO B pa3Mepax MEKIY 3TUMH JIByMsI BUIAMH
MOJXKET, B CBOIO OYEpe]lb, PEIMATCTBOBATh KaK PaclO3HABAHUIO BUJIOB, TaK H
cricnyai3alvyi HULI, U MOTCHIUMAJIBHO YI'POXAaThb CIJIOUEHHOCTH BUJA. B
pasaenax II u III MBI uccienyeM BpeMEeHHBIE TEHACHIIMH, W3MEHEHHUS
JKOJIOTHYECKMX  YCIOBUH W  YHCICHHOCTH  HEKOTOPHIX  BHJIOB,
MIPEJICTABICHHBIX B MIBEACKUX 03Epax 3a MMOCIICTHIE HECKOIBKO NECATHIICTHI.
Mpb1 0OHapYXKIIIN TOBBIIICHUE TEMIIEPATypPhl, MyTHOCTh BOJBI, YBEIHUCHUU
MOMYJISIIIMA  PEYHOTO OKYHS, HO CHW)KCHUE TOIMYJIAIUU IIYKH W IJIOTBBI
OOBIKHOBCHHOW. JTH pe3yNbTaThl WHTEPECHBI, MOCKOIBKY HEKOTOPBHIC H3
OTCJIC)KUBAEMBIX IMapaMeTPOB TIPEACTABISAIOT yIPo3y M MECTHOTO
BBEDKHMBAHUS TYCTEPHI. JTO 3aCTaBISAET 3aJyMaThCS O COXPaHEHUH YA3BUMBIX
BHUI0B pb10. Hakowrer, B pa3aene IV MbI IpoBOIMM T€eHOMHOE UCCIIEIOBAaHUE,
OCHOBaHHOE Ha ITOJIHOTEHOMHOM CEKBEHHpOBaHMH. OCHOBHOH BBIBOJA 3TOTO
HCCIIEIOBaHUS 3aKIIOYAeTCs B TOM, YTO MOP(QOIOTHYECKUIl MOIXOA He
COBCEM TOYCH IJId TaKCOHOMMYECKOM I/I,ZICHTI/I(i)I/IKaI_[I/II/I HN3y4yaCMbIX HaMH
BHIIOB. OTH COOOpPaKEHHS MOXHO paCIpOCTPaHUTh Ha THOPHIU3AITHIO
OMU3KOPOACTBEHHBIX  BHJOB,  MpeAroyiaras, 9TO  MOJIEKYJSIpHBIC
WHCTPYMEHTHI JIOJDKHBI CTaTh BaXKHBIM JOMOJHEHHEM K MOP(HOIOTHIECKIM
KPUTEpHSM, OCOOCHHO, KOTJa HEOOXOIWM TOYHBIH YYET YHCICHHOCTH
MOMyJISIIMKA, KaK TpU  KOHTPOJIBHOM OTJOBE. | E€HOMHBIC JaHHEIC
MIOATBEPKIAIOT, YTO THOPUAN3ALINS UMEET MECTO, MOCKOJIbKY HaM yIalloch
BBISIBUTh THOPHABI TEPBOTO TIOKOJEHHWS M O0OpaTHOE CKpEIIMBAaHHE C
rycrepoil. OmHaKO 3TO HE MPENCTaBIAET HEMOCPEACTBEHHOW YTPO3BI I
CIUTOYEHHOCTH BHUJOB B MECTE HCCIIEIOBaHUS, MOCKOJIBKY 3TH JBa BHIA
XOpOIIO pa3JielicHbl. BHYTpuBHIIOBas HACJICJICTBCHHAs H3MCHUUBOCTH Y
oboux BuAoB Hu3Kasd. Hambonee nuddepeHIUPOBAHHBIMU SIBISIOTCS
MOMYJISUUU, TPOUCXOASAUINE U3 CAMOr0 OTHAIEHHOTO 03€epa. XOTS 3TO JIUILb
MIpeIBapUTEIHHBIN PE3yIIbTAT, OH MO3BOJISET MPEANIOIOKHATH, YTO TEHOMHAS
muddepeHuanys cleayeT cXeMe MPOCTPAaHCTBEHHONW W30IIUN, a He
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SBIISIETCSI PE3yNbTaTOM agalTald{ K Pa3iMdHBIM YCIIOBHSAM OKpY’KaIOIIeH
cpensl. B memom, nmaHHas auccepTanus TMOAYEPKUBAET, YTO K aHAIH3Y
AHTPOTIOT€HHOTO BIMSHUS HA TMIPUPOTHBIE CUCTEMBI HEOOXOAMMO TIOIXOAUTh

C pas3HbBIX CTOPOH, YTOOBI JAaTb BCECTOPOHHEC IPCACTABJICHHUE O TaKOM
CJIOKHOM SBJICHHH.
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