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Abstract Environmental change challenges local and

global survival of populations and species. In a species-

poor environment like the Baltic Sea this is particularly

critical as major ecosystem functions may be upheld by

single species. A complex interplay between demographic

and genetic characteristics of species and populations

determines risks of local extinction, chances of re-estab-

lishment of lost populations, and tolerance to environ-

mental changes by evolution of new adaptations. Recent

studies show that Baltic populations of dominant marine

species are locally adapted, have lost genetic variation and

are relatively isolated. In addition, some have evolved

unusually high degrees of clonality and others are repre-

sentatives of endemic (unique) evolutionary lineages. We

here suggest that a consequence of local adaptation, iso-

lation and genetic endemism is an increased risk of failure

in restoring extinct Baltic populations. Additionally,

restricted availability of genetic variation owing to lost

variation and isolation may negatively impact the potential

for evolutionary rescue following environmental change.
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INTRODUCTION

Today human activities impact all major ecosystems

resulting in rapid and large-scale environmental changes.

The oceans, earlier protected by their enormous sizes, are

undergoing dramatic alterations that fundamentally affect

most marine organisms. The Millenium Ecosystem

Assessment (2005) points out that certain species or species

communities will be more prone to extinction due to

environmental changes than others and that vulnerable

species often have one or more of the following features:

limited climatic ranges, restricted habitat requirements,

reduced mobility, low genetic diversity, or isolated and/or

small populations.

The ecological (short term, within generation) effect of

large-scale environmental change results in changes in

population sizes or in patterns of distribution of species that

may be hard to predict on forehand. When trying to predict

long-term (over generations) consequences of environ-

mental change, including evolutionary changes of species

traits resulting in new inherited characteristics of organ-

isms due to new selection regimes, we add substantial

uncertainty as complexity increases several orders of

magnitudes. However, in all evolutionary change, a basic

principle is that by constantly providing alternatives or new

possibilities, genetically based trait-variation allow popu-

lations to adapt under changed or changing environments

by natural selection, and such an evolutionary change may

potentially rescue populations and species from local or

global extinction (Bell and Gonzalez 2009). In other words,

the more genetic variation available to a population, either

as already present or as available through gene flow from

other populations, the greater the chance that the popula-

tion may cope with a new environment through evolu-

tionary change and adaptation.

In the marine environment, the beheld view has been

that long distance dispersal by ocean currents, lack of

physical barriers to dispersal, and long-lived planktonic

propagules result in large and widely distributed and

genetically homogeneous populations of most marine

species. However, recent studies of genetic structure of

species of marine fishes, invertebrates, algae, and plants

have changed this paradigm and show numerous examples

of structured species (reviewed in Hellberg 2009) in which
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populations are locally adapted (Hemmer-Hansen et al.

2007; Larsen et al. 2008; Andersen et al. 2009; Larmuseau

et al. 2010). An important consequence of species being

divided into locally adapted populations that may have key

roles in their local ecosystem is that an extinct local pop-

ulation may not easily be replaced by recruits from other

areas. Indirect support for such a conclusion is found in

species where extensive mixing of populations occurs

during some life stage without break down of the discrete

population structure—a phenomenon sometimes referred to

as biocomplexity (Ruzzante et al. 2006; Schindler et al.

2010).

Basically, a population will, as a consequence of a

change in its local environment, either survive by adapta-

tion or disappear from the local ecosystem (that is, move or

become extinct). Phenotypic plasticity allows populations

to adjust within the time-scale of a generation to a minor

environmental change, while the presence of genetic vari-

ation constitutes the basis for evolutionary changes

resulting in differentiation among populations after a

minimum of some generations. In some cases evolutionary

change may even result in formation of new species, and a

pertinent example of this in the Baltic Sea is the new

species Fucus radicans formed within the last few thou-

sands of years (Pereyra et al. 2009).

The Baltic Sea is a young and evolving environment

established as a marine (brackish) ecosystem about

6500–9800 year BP (Zillén et al. 2008). Surface salinity was

initially much higher than today (about 10–15 psu compared

to today 7–8 in the Baltic Proper) (Zillén et al. 2008).

Climate data scenarios combined with oceanographic

modeling predicts that the salinity will decrease further (and

more rapidly) as a result of global warming during coming

decades (Meier 2006; Neumann 2010). Critical issues are:

(1) what will happen to the Baltic Sea flora and fauna under

continued environmental changes, and (2) will locally

extinct Baltic Sea populations be replaced by recruitment of

individuals from outside the Baltic? In addition, one may

raise the issue if there will be sub-lethal effects from losses

in genetic diversity of Baltic Sea organisms. Here, we

review the genetic characteristics of Baltic Sea populations

and discuss their potential of evolving new adaptations in

response of future environmental changes. In addition, we

consider the potential to restore locally adapted Baltic

populations that go extinct. Finally, we briefly survey sub-

lethal effects of loss of genetic variation and how these may

impact ecosystem functions.

THE BALTIC SEA ECOSYSTEM

The Baltic Sea (here we include for biological reasons the

Danish Belts and Öresund, but not Kattegat, which is

more similar to a fully marine area) is a large post-glacial

and brackish water estuary. Being atidal, the Baltic Sea

has a notably stable salinity gradient spanning 1–10 PSU

in surface waters and slightly higher salinities in bottom

waters. This, together with the extremely young age of

the environment makes the Baltic Sea a globally unique

environment. In addition, the low salinity and the young

age make this environment ecologically marginal and

most of the species inhabiting the Baltic Sea have either a

marine or a freshwater origin, although some recently

introduced species have a remote brackish water origin

(Leppäkoski and Olenin 2000). The sea is physically

isolated with narrow connections to other marine areas,

and strong out-flowing currents that are likely to remove

rather than add passively transported propagules and raf-

ting organisms, although deeper counter-currents may to

some extent bring passively transported larvae into the

Baltic.

The Baltic Sea has notably low species diversity, and

only a handful of species dominate the ecosystem in

biomass and numbers (Fig. 1). Still the Baltic Sea is as

productive as the adjacent North Sea that has about ten

times more species (Elmgren and Hill 1997). Conse-

quently, important ecosystem functions are essentially

upheld by single or a few species, such as the blue

mussels (Mytilus edulis species complex), which are

dominant benthic filter-feeders present in the Baltic

proper that link pelagic and benthic production (Kautsky

and Evans 1987), and the macrophytes Zostera marina,

Fucus vesiculosus, and F. radicans that are habitat-

forming species supporting biodiversity with food and

shelter (Williams and Heck 2001; Wikström and Kautsky

2007). The isopods Monoporeia affinis and Saduria ent-

omon, and the bivalves Macoma balthica and Mya are-

naria are main benthic detritus-feeders and predators

dominating the biomass of benthic macrofauna north of

Åland. Important pelagic predators are herring, sprat, cod

(in the south), and salmonids (in the north). A few species

of seals and birds are the only natural top predators of the

Baltic Sea ecosystem.

On top of natural stress from low salinity, the Baltic Sea

biota is exposed to high levels of anthropogenic contami-

nants (nutrients, oil, heavy metals, and toxins) (Jansson and

Dahlberg 1999; Ducrotoy and Elliott 2008), and commer-

cial fish species in particular are affected by intense fish-

eries and physical exploitation of migration routes and

spawning sites (Nilsson et al. 2005). In addition, deep

benthic habitats are fragmented owing to increasing

occurrence of large oxygen-depleted areas (Conley et al.

2009). Finally, stress in the form of decreased salinity and

increased temperature of the Baltic ecosystem, is expected

as an effect of global warming (Meier 2006; Neumann

2010).
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THE IMPORTANCE OF GENETIC VARIATION

Genetic variation may either be neutral or affect fitness of

individuals, and in principle only genetic variants (alleles)

improving fitness is expected to increase in frequency fol-

lowing environmental change. Hence, among neutral or

slightly deleterious alleles present in a population a few may

increase tolerance to a new environmental stressor (Bell and

Collins 2008). These alleles are likely to be rare in the ori-

ginal population due to no or negative effect on fitness, but

will increase in frequency under selection in the new envi-

ronment. An illustrative example of what may happen during

an environmental shift is the rare EDA allele present in

oceanic populations of sticklebacks in a frequency of 1%.

This allele is strongly favored in freshwater populations

(frequency 100%) and is critical to the repeated development

of locally adapted freshwater populations of sticklebacks

(Colosimo et al. 2005). Hence, less common and rare alleles

contribute to the standing genetic variation of a population

and although the majority of genes may be neutral or even

slightly deleterious under present selection regimes, this

variation may be critical to the population during adaptation

to a new environment (Barrett and Schluter 2008).

Population size is important for maintenance of genetic

variation because stochastic loss of genetic variation each

generation is much less in large populations compared to small

populations. Moreover, large populations generate more new

mutations each generation than small populations. In addition,

immigrants to populations contribute new genetic variation if

they originate in populations with different gene pools. Con-

sequently, large and well-connected populations have accu-

mulated more standing genetic variation than small and

isolated populations. The level of genetic variation in a pop-

ulation is also affected by historical demographic changes.

A population that earlier passed a bottleneck has lost genetic

variation in proportion to the duration (in generations) of the

bottleneck (Nei et al. 1975), and genetic variation will only be

restored very slowly unless inflow of genes from other pop-

ulations is large (Chakraborty and Nei 1977). Consequently,

overall low levels of genetic variation are likely to have a

negative impact on the capacity to adapt to a new environ-

ment. In particular small and isolated populations or popula-

tions that have passed through bottlenecks are all likely to

have smaller pools of standing genetic variation compared to

large and well-connected populations.

GENETIC VARIATION AND DIFFERENTIATION

OF BALTIC POPULATIONS

Genetic variation of wild populations is typically estimated

from sets of random or neutral gene loci. Although these

Fig. 1 The Baltic Sea has a low diversity of marine species likely because it is a young (post-glacial) and ecologically marginal (brackish water)

marine habitat (photo: Daniel Johansson)
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loci are mostly not themselves under selection (but see

Larsson et al. 2007), the overall level of genetic variation

of a population generated from these estimates can be used

as a proxy for the level of standing genetic variation, and

hence in assessing the potential to evolve new adaptations

during environmental change (Bell and Collins 2008).

Screening of population genetic variation using various

genetic markers (allozymes, microsatellites, mtDNA) have

hitherto generated estimates of genetic variation for about

30 of the most common Baltic Sea species. These data

show that most populations living inside the Baltic Sea are

less genetically variable than populations living in the

North Sea and adjacent areas (Fig. 2). A likely explanation

for the lower levels of genetic variation in most Baltic Sea

populations is that they are smaller and more isolated than

populations outside the Baltic Sea, and in addition, at least

some of them may have passed through one or several

bottlenecks (Härkönen et al. 2005).

One exception, the Baltic clam (Macoma baltica), is

more genetically variable inside than outside the Baltic Sea

(Johannesson and André 2006). The reason for this is that

the Baltic Sea hosts two genetically distinct lineages of this

species and through hybridization they share a larger gene

pool than each separate lineage (Nikula et al. 2008). In this

way, hybridization may increase the potential for evolu-

tionary rescue in this species. However, hybridization may

also have negative consequences (so called outbreeding

depression) during which introduced alleles destroy genetic

complexes promoting local adaptation (Edmands 1999).

Despite lower genetic variation than elsewhere, there is

hitherto no direct evidence of loss of fitness of Baltic

populations owing to inbreeding depression. For example,

species with currently small and isolated Baltic populations

like harbor seal and harbor porpoise (Härkönen et al. 2005;

Wiemann et al. 2010) seem to do well at the moment

despite very small population sizes (harbor seal N \ 50

during 1970s, and at present \400, Härkönen et al. 2005;

harbor porpoise N \ 100, Berggren et al. 2004). Even if

they have lost only minor proportions of their original

genetic variation, which can be explained by long gener-

ation times and much larger population sizes earlier in

history, genetic variation is expected to decrease during

coming generations if low population sizes are maintained.

Eleven out of twenty marine species representing algae,

plants, invertebrates and vertebrates reviewed by Johan-

nesson and André (2006) showed evidence of genetic shifts

(steep genetic clines) over the Baltic Sea–North Sea border

zone (Öresund and the Danish Belts) (Fig. 3). Recent

studies have supported this pattern with more data (Hem-

mer-Hansen et al. 2007; Florin and Höglund 2008;

Gaggiotti et al. 2009) and for additional species (sand

goby—Larmuseau et al. 2010; harbor porpoise—Wiemann

et al. 2010; sprat—Limborg et al. 2009, but not for pla-

ice—Was et al. 2010). The clines are explained either as a

consequence of differential selection on individual gene

loci, favoring one type of genes inside the Baltic Sea and

another outside, or lack of gene exchange (migration)

between Baltic and North Sea populations, or both. Evi-

dence of selection for particular gene variants inside the

Baltic Sea is particularly strong in blue mussels (Riginos

and Cunningham 2005), Baltic clam (Luttikhuizen et al.,

unpublished data), herring (Larsson et al. 2007; André et al.

2010), and cod (Andersen et al. 2009).

Both divergent natural selection and genetic isolation

indicate local adaptation of Baltic populations to the spe-

cial conditions of the Baltic Sea. Baltic cod, for example,

has a genetic variant of hemoglobin with two mutations

that differ from hemoglobin of North Sea cod (Andersen

et al. 2009) (Fig. 4). This seems likely an adaptation to

both colder water temperatures and low oxygen conditions

in the Baltic Sea compared to the shallow North Sea.

Furthermore, Baltic cod spawns in summer instead of early

spring, and produce eggs that are buoyant at lower salini-

ties than North Sea cod eggs (Nissling and Westin 1997).

In sand goby, a visual pigment has evolved by local

adaptation to the stable but locally divergent light condi-

tions in different parts of the Baltic Sea (Larmuseau et al.

2010). Baltic populations of fucoid macroalgae have

evolved clonality and decreased resistance to desiccation

and temperature stress (Tatarenkov et al. 2005; Pearson

et al. 2000; Lago-Leston et al. 2010). Even regularly

migrating species like herring show evidence of strong

local adaptation among Baltic stocks (Gaggiotti et al.

2009).

Fig. 2 Comparing genetic diversity in populations of the same

species from the Atlantic and the Baltic Sea. Each point represents a

separate species and points above the line are species in which Baltic

populations are more genetically variable than Atlantic populations,

and vice versa (redrawn from Johannesson and André 2006)
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Limited gene flow contributes to divergence of Baltic

populations from North Sea populations and is also likely

to promote local adaptation. The flip-side of the coin is that

the Baltic populations will also be isolated from alleles that

are part of the standing genetic variation available in the

NE Atlantic populations, and that potentially may be useful

for Baltic Sea populations in future adaptations. If com-

pletely isolated, a Baltic population would be left with its

present standing genetic variation in addition to new

mutations that arise locally, while alleles present or arising

outside the Baltic Sea would be inaccessible. Data avail-

able suggests that many of the Baltic populations have

restricted access to the standing genetic variation available

outside the Baltic Sea (Johannesson and André 2006).

Upon invading the Baltic Sea, ca 8,000 years ago, the

situation must have been very different. Early Baltic Sea

invaders were likely in good connection with populations

outside the newly formed sea since the environmental

conditions (i.e., salinity) were more similar during the

initial phase of the marine period (the Littorina Sea).

Consequently, populations were not yet genetically dif-

ferentiated by selection and not genetically isolated. Fol-

lowing local adaptation to a stronger environmental

gradient, Baltic populations became increasingly isolated,

and the current situation for many of them is that they seem

to be trapped in the local conditions of the Baltic Sea

Fig. 3 Generalized patterns of

genetic differentiation over the

North Sea–Baltic Sea

environmental gradient for a

total of 20 species of marine

organisms (data from

Johannesson and André 2006)

Fig. 4 Cods have the capacity to migrate over large distances, yet the

species is divided into more or less discrete local populations

distinguished by different genetic set ups. Most probably, a large part

of these differences reflects adaptation to local environmental

conditions (photo: Bo Johannesson)
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(Fig. 5). As discussed below, this is likely to affect their

potential of evolutionary rescue.

CLONALITY IS COMMON IN BALTIC SEA

POPULATIONS

Several marine plant and algal species have increased

asexual recruitment inside the Baltic Sea. Such trends of

increased asexual reproduction is common toward mar-

ginal habitats and may be a consequence of problems with

sexual reproduction under extreme conditions, or an evo-

lutionary strategy to avoid breaking up favorable genetic

associations in genotypes adapted to marginal conditions

(Peck et al. 1998; Silvertown 2008). Strict clonality comes

with an increased cost in the form of a slower evolutionary

response to environmental change limited by the lack of

recombination of new genotypes. If populations switch

between clonal lines and sexual reproduction, recombina-

tion of genes starts to become possible and favorable

mutations appearing in one clone may be transmitted to

other clones (Bengtsson 2003).

Reproductive strategies of a handful of Baltic macro-

phytes have been examined in detailed using genetic

markers. Eelgrass, Z. marina, for example, has substan-

tially higher levels of asexual recruitment inside the Baltic

Sea (60–90% of the individuals of a seagrass meadow is

asexually recruited in sea grass meadows in the northern

Baltic Sea, compared to 0–10% in North Sea populations,

Reusch et al. 2000). Bladderwrack (F. vesiculosus) recruits

new attached individuals both sexually and asexually

inside the Baltic Sea, while exclusively sexually outside

(Tatarenkov et al. 2005). A most intriguing example is the

newly discovered macroalgae endemic to the Baltic Sea,

F. radicans (Bergström et al. 2005) that shows a highly

variable strategy of recruitment, from complete sexual

recruitment in some populations to over 90% clonality in

others (Figs. 6, 7). Effects of high clonality is observed as a

25% decrease in the level of genetic variation within the

populations dominated by asexual recruitment (Johannes-

son et al., unpublished). A notable feature in both

F. radicans and Z. marina is the presence of old and

widespread clones. A several thousand year old eelgrass

clone has been identified in the Åland archipelago, and on

the Swedish and Finnish coasts of the Bothnian Bay a

single female clone of F. radicans is widespread and

dominates several populations over a geographical area of

550 9 100 km (Johannesson et al., unpublished).

RAPID EVOLUTION OF BALTIC SEA

POPULATIONS

The post-glacial history of the Baltic Sea is characterized

by dramatic environmental changes from marine condi-

tions to fresh-water and then again to more or less marine

and finally approaching brackish water conditions. Ini-

tially, the Littorina Sea contained more marine species than

today’s Baltic Sea but as a consequence of successively

decreasing salinity many of them went extinct (e.g., the

periwinkle Littorina littorea that lends its name to this

stage of the Baltic Sea). The species that remain today were

able to either tolerate decreasing salinity or adapt by evo-

lutionary changes. Notably, a number of species have thus

been able to evolve local adaptations over only a few

thousand years, and in one exceptional case, the rapid

evolution has even resulted in the formation of a new and

endemic species, F. radicans. This species originates from

Baltic Sea populations of F. vesiculosus and was formed no

more than a few thousand years ago (Pereyra et al. 2009).

For some species, the Baltic–North Sea gradient unveil

intriguing evolutionary interactions, such as between the

two sibling or semi-species M. edulis and M. trossulus

where a complex pattern of hybridization and introgression

is evident at the entrance and in the southern parts of the

Baltic Sea (Riginos and Cunningham 2005). A recent

analysis of both nuclear and mitochondrial genetic markers

shows strong clinal shape differences among markers but

weak genome-related incompatibilities in reproductive

isolation, high-lighting the role of genetic drift and hybrid

zone movement in addition to selection in formation of

hybrid zone genetic structures in blue mussels (Stuckas

et al. 2009).

High concentrations of pollutants in the Baltic Sea water

and sediment drive evolution of resistance to contamina-

tion. Also in this case genetic variation available in gene-

loci involved in resistance is critical to the rate of evolution

and magnitude of the resistance. When populations of the

Fig. 5 Stages of separation of Baltic Sea populations from ancestral

North Sea populations. Initially salinity differences were small and

populations presumably strongly connected. Following decreasing

salinity, there was a phase of local adaptation (or for many species

extinction from the Baltic Sea). Presently, most Baltic Sea popula-

tions left seem to be genetically isolated from North Sea populations
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small crustacean species Attheyella crassa were exposed to

contaminated coastal Baltic Sea sediment over 120 days

(4-5 generations) mortality increased, levels of genetic

variation decreased, and experimental populations diverged

genetically (Gardeström et al. 2008). These experiments

underline the complicated interactions between selection

and stochastic processes such as random genetic drift.

Indeed, both factors are potentially influenced by envi-

ronmental change either directly or indirectly through

effects on population demography. In exposed populations

of this experiment, the population sizes were, for example,

significantly smaller in the treatment replicates compared

to the controls (Gardeström et al. 2008). Smaller popula-

tions are more inbred and generally more susceptible to

genetic drift, which tends to genetically differentiate pop-

ulations at random loci. Nevertheless, the reduction in

number of individuals in the exposed populations, leading

to an increased genetic divergence, was likely caused by

selective losses of less tolerant genotypes (Fig. 8). Evolu-

tion of increased tolerance to contaminants is also dem-

onstrated in natural populations of coastal waters (Wirgin

and Waldman 2004; Eriksson et al. 2009). Moreover,

populations of marine organisms sometimes show lower

genetic variation at contaminated sites compared to control

sites (Ma et al. 2000; Bickham et al. 2000).

These examples show that there is a potential for genetic

changes and adaptations to new conditions within a few

hundred generations or less. Except for availability of

genetic variation, the more specific requirements for this to

happen are complex and largely unclear. It is also impor-

tant to underline that many species established in the Baltic

Sea during the Littorina Sea period did not survive the

environmental transition to a low-saline habitat, and still

more marine species have a distribution that indicate that

they are not (for the moment) able to extend their distri-

bution into the Baltic Sea.

EFFECTS OF GENETIC VARIATION

ON ECOSYSTEM FUNCTION

Loss of an ecosystem key-species such as a filter-feeding

invertebrate, a dominating macrophyte, or a large fish

predator may dramatically affect the Baltic Sea ecosystem.

However, less obvious is the effects of a changing genetic

set-up following an environmental change. Although

Fig. 6 Fucus radicans is an important habitat-forming species in the northern and eastern Baltic Sea. Genetic variation is in some areas low

owing to the dominance of a widespread female clone (photo: Lena Bergström)
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adaptation to a contaminated or altered environment may

prevent extinction of a population, a secondary conse-

quence of the adaptation may be that the ecosystem func-

tion of the population is altered (or even lost). For example,

experimental studies of CO2 absorption by ocean

phytoplankton showed that under increased levels of CO2,

the phytoplankton adapted in the way that their capacity to

buffer against high levels of CO2 by increased uptake was

lost, compared to unselected strains (Bell and Collins

2008).

Additional effects of lost genetic variation is the sub-

lethal effects on ecosystem function that have been docu-

mented most comprehensively in cultured plants (Hughes

et al. 2008) but is observed also in populations of marine

species. For example, decreased genetic variation in pop-

ulations of barnacle larvae had a negative impact on larval

recruitment (Gamfeldt et al. 2005). In seagrass meadows, it

has been shown that stands with less genetic variation are

less productive, have lower diversity of associated flora and

fauna, and are more susceptible toward extreme climate

conditions (Reusch et al. 2005). Direct effects on ecosys-

tem services (fisheries harvest) were strongly related to the

existence of genetically distinct populations of Sockeye

salmon in the Pacific (Schindler et al. 2010), and it seems

possible that Baltic Sea salmon fishery and possibly other

fisheries like the cod fishery may be benefitting in a similar

way owing to genetically distinct local stocks (Nilsson

et al. 2001; Sterner 2007).

EVOLUTIONARY RESCUE OR LOCAL

EXTINCTION?

In general terms, whether a population will collapse under

a changing environment or not is a race between demog-

raphy and adaptive evolution (Maynard Smith 1989). If

environmental variation breaks the limits of the normal

range of variation that a population experience, mortality

increases and individuals with genotypes that resist the new

environment are selectively favored. If there is no genotype

tolerant to the new environment, the population will col-

lapse. If very few individuals survive, the population risks

collapse owing to stochastic events, allee effects or a

combination of these. Under a changing environment input

of new genetic variation will be essential, either in the form

of new mutations arising in the population or inflow of new

genes from other populations. The amount of available

genetic variation in a population (standing genetic varia-

tion) is critical to the evolution of new adaptations. Also

alleles with no or even slightly negative effects on indi-

vidual fitness may become important under new selective

regimes. New mutations may be important for adaptation to

a new environment, but long generation time and small

population size limit the number of new mutations.

Sometimes, however, only very few mutations are needed

for an essential adaptation to take place (Larmuseau et al.

2010). Finally, the possibility of combining new genotypes

each generation is critical, that is, a species that is

Fig. 7 Proportions of asexually recruited (clonal) individuals of the

Baltic Sea endemic species Fucus radicans (data from Johannesson

et al., unpublished data)

Fig. 8 Amount of genetic divergence (FST) in AFLP genetic markers

over 4–5 generations between replicate populations (six per treat-

ment) of Attheyella crassa exposed to contaminated Baltic Sea

sediments. Vertical bars indicate 95% credible intervals (data from

Gardeström et al. 2008)
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predominantly reproducing by cloning will not be able to

generate as many new genotypes as a sexually reproducing

species.

As intuitively expected, earlier adaptation to similar but

less severe conditions supports later adaptation to a more

severe stress of the same kind, and successive adaptation is

more likely to be successful than a single abrupt change

(Samani and Bell 2010). Baltic species that are already

exposed to low salinity are thus probably more likely to

evolve resistance to decreased salinity compared to species

living outside the Baltic Sea. The introduction of new genes

and genotypes from hybridization with native species is

shown to be important for colonization of new terrestrial

plant species (Ellstrand and Schierenback 2000). However,

whether addition of new genotypes that may enrich genetic

variation and facilitating adaptation in isolated populations

is always positive is hard to judge, because local adaptation

may be swamped instead of improved by immigrant geno-

types (van Doorslaer et al. 2009).

In general, populations will have a higher chance of

evolutionary rescue the more genetic variation is available

as standing genetic variation, or will become available by

new mutations or immigration. Consequently, larger and

less isolated populations with short generation time are

likely to evolve new adaptations more easily than small,

isolated populations with long generation time. In addition,

populations that already have high levels of genetic vari-

ation in critical traits owing to variable selection pressure

during earlier periods of time would be more likely to

survive environmental changes than populations lacking

genetic variation in key traits. Finally, any population may

simply be lucky enough to carry genes that may be critical

for survival in a new environment.

WHAT IS THE FUTURE OF THE BALTIC SEA

ECOSYSTEM?

The settings for evolutionary trends and processes that will

impact the future are in part framed by our current man-

agement principles and measures. Although predicting the

future risk of extinction of local populations is virtually

impossible without a much more detailed understanding of

evolutionary mechanisms and processes involved, we need

to use present day data to try inferring likely scenarios.

Given existing theoretical and empirical knowledge back-

grounds, we here make an attempt to make an educated

guess about the future for the Baltic Sea populations.

The physical environment of the Baltic Sea is changing

rapidly due to both global processes such as climate change

(e.g., Neumann 2010) and to regional processes such as the

Baltic drainage area being heavily populated, industrialized

and farmed (e.g., Ducrotoy and Elliott 2008). The long

water residence time creates a complex mix of contami-

nants in addition to effects of temperature increase, salinity

decrease and increased effects of ocean acidification. The

current Baltic populations are evolutionary tailored to the

marginal marine habitat, and these populations are critical

to continued maintenance of the Baltic ecosystem func-

tions, and thereby ecosystem functions and services. That

is, if a Baltic population of a species goes extinct, the

empty niche will likely not be filled up again by sponta-

neous migration of individuals from conspecific popula-

tions outside the Baltic Sea. Also restoration attempts

transplanting individuals from other populations into the

Baltic Sea is likely to fail, owing to the local adaptation

needed to survive the Baltic Sea environment. Possibly, an

emptied niche will instead be taken over by another local

species or invaded by an alien species, deliberately or not,

introduced to the Baltic Sea. A parallel and illustrative

example is the extinction of genetically distinct populations

of cod in fjords along the Swedish west coast that have

failed to re-establish despite the fact that large numbers of

young cods from the North Sea visit these fjords each

summer (Stenseth et al. 2006). Hence, if major populations

of key species fail to adapt to ongoing environmental

changes, the Baltic Sea ecosystem will undergo a dramatic

shift. Alien species, in particularly those with a brackish

water origin, will continue to become established in the

sea. Lower salinity will favor establishment and spread of

more freshwater species than today, and we would also

expect an increased evolution of tolerance to low salinities

in some of the organisms already present. One such can-

didate is the blue mussel that has a large potential of

evolutionary rescue in its enormous population size (1013)

and in having genes from two hybridizing evolutionary

lineages already available in the Baltic Sea (M. edulis and

M. trossulus, see Riginos and Cunningham 2005). Like-

wise, the Baltic clam (M. balthica) is a likely candidate as

it has a very large population size, a distribution almost

over the complete Baltic Sea (Väinölä and Varvio 1989)

and a population that is a mix of two hybridizing lineages,

resulting in a substantial increase in the standing genetic

variation compared to populations outside the Baltic Sea

(Nikula et al. 2008). An additional species with large

population size is herring (1010–1011) that also has

increased genetic variation generated by population dif-

ferentiation also inside the Baltic Sea (Larsson et al. 2010).

Although cod has a relatively large population size, it only

spawns in one site in the Baltic (Bleil et al. 2009), and the

recruitment is challenged by stochastic inflow of salt-water

required for successful spawning (MacKenzie et al. 2007),

hence there is an increased risk of local extinction of this

species unless fishery management allow for large enough

population size and earlier spawning sites can be

re-established.
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Clonality in macrophyte species such as Fucus vesicu-

losus, F. radicans, and Z. marina gives these species an

immediate advantage to survive conditions benign for

sexual reproduction, but at the same time lower their

resistant to environmental stress (Reusch et al. 2005) and

give them a lower potential for evolutionary change com-

pared to fully sexual species. It seems likely that decreased

salinity will further reduce their level of sexual reproduc-

tion, and in the long run this may be problematic.

Evolution of new adaptations in the marine mammals of

the Baltic Sea will likely be hampered by long generation

times. Grey seal and ringed seal are, in addition, isolated

from other populations of the same species, while both

harbor seal and harbor porpoise have large populations

outside the Baltic Sea that may contribute genetic variation

into the Baltic populations but at the moment seems not to

be in connection with the Baltic populations (Berggren

et al. 2004; Härkönen et al. 2005). For these species, small

population size is likely to be a main issue for their chances

to survive.

From current data we know that many populations and

species inhabiting the Baltic Sea have rapidly evolved local

adaptation and genetic differentiation from ancestral pop-

ulations outside the Baltic Sea. Hence, these populations

are unlikely to be rescued by migrants from neighboring

North Sea populations. This is probably the most serious

threat for the current Baltic Sea ecosystem and a main

challenge for nature conservation and management.
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is on environmental risk assessment in the Baltic Sea, in particular

impact of deposited contaminants on marine invertebrates.

Address: Centre for Baltic and East European Studies, Södertörn
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