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Habitat transitions
Environmental, demographic and selective changes

Baltic Sea (Pori, Finland) Oulanka river (Kuusamo, Finland)
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Pungitius pungitius

Part II : Repeated evolution following multiple 
invasions of freshwater by copepods

Eurytemora affinis

– Genetic bases of salinity adaptation 
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I – Repeated phenotypic evolution

Kemppainen et al. 2021

Marine

Pond

Lake

Shapiro et al. (2009)



I – Repeated phenotypic evolution

Herczeg et al. (2009)

Marine Freshwater

Common garden experiment showed marine
individuals are shy and peaceful, while pond
individuals are bold and aggressive



What drove behaviour evolution in freshwater P. pungitius?
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Did predation release drive repeated evolution of behaviour in P. 
pungitius?

Did behaviour evolve in parallel among freshwater populations?



I – A geometric approach to parallel evolution
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Calculate α between phenotypic
divergence vectors

Sample marine ancestors
Experimental tests of behaviour
under predation risk

Sample replicate freshwater
populations
Experimental tests of behaviour
without predation
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Rearing in controlled tanks

I – Common garden rearing 

Reduced effects of environmental
variance on phenotypic variance

Measure genetically based
differences among populations

Individuals phenotyped at the same
age
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Latency to exit refuge and start 
exploring

Time spent in the open area 
(activity time)

Foraging
Latency to start feeding
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I – Behavioural tests: exploration and foraging



8 populations (4 ponds/4 marine)

I – Data summary



8 populations (4 ponds/4 marine)

5-10 F1 full-sib family per population

I – Data summary



8 populations (4 ponds/4 marine)

5-10 F1 full-sib family per population

465 individuals

I – Data summary



8 populations (4 ponds/4 marine)
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465 individuals

4 behaviour traits

I – Data summary
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Phenotypic vectors of evolutionary
divergence (ZD) estimated from the 
difference in mean multivariate
phenotype between ancestral and 
derived populations
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Ancestor = marine populations in 
predation treatment

Derived = pond populations in 
control treatment

I – Analyses
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Phenotypic vectors of plasticity
estimated from the difference in 
mean phenotype between
hypothetical ancestor and marine
populations in control treatment

I – Analyses
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Estimation of angles between
divergence and plasticity vectors to 
determine whether plasticity to 
relaxed predation drove evolution
of behaviour

I – Analyses
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I – Results

Divergence vectors

- > difference between pond and ancestral 
marine

Plasticity vectors

- > difference between marine in control and 
ancestral marine
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Ancestor

I – Results

Alignment between divergence vectors

Parallel evolution of complex behavior

Alignment between plasticity vectors

Shared plastic response to predation release

Alignment between divergence and 
plasticity vectors

Predation is the ecological driver of repeated
evolution
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Shared genetic basis
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Kemppainen et al. 2021(non)parallel genetic evolution
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- Yamakasi & Kitano 2021
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Selection on heterogeneous pool of standing genetic variation

Genetic heterogeneity in the ancestral population

? ? ?



Heterogeneous genetic variation decreases likelihood
of parallel evolution
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Wilson et al. 2007Quantitative genetic variance changes with time



II - Investigating sources of non parallel evolution

Wilson et al. 2007Change in actual QTL?

QTL A? QTL B ?



♀ ♂
Marine Pond

F0

F1

F2

Inter-population F2 QTL cross

II – Quantitative genetics of body size: QTL mapping
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II – Conclusions

Age-specific genetic architecture of body size throughout ontogeny
in nine-spined sticklebacks

Body size 
differentiation

Future evolution ?

Heterogeneous
genetic

architecture

Population 
structure
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Selection on heterogeneous pool of standing genetic variation

Genetic heterogeneity in the ancestral population

? ? ?



? ? ?

Age-specific selection
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Part II : The genetic bases of repeated
freshwater adaptation in copepods



Stern & Lee 2020 

II – Recent transition from marine to freshwater of E. affinis

Eurytemora affinis
Abundant marine planktonic
species



Stern & Lee 2020 

II – Recent transition from marine to freshwater of E. affinis

Eurytemora affinis
Abundant marine planktonic
species

Transported with balast
waters to freshwater lakes



Stern & Lee 2020 

II – Recent transition from marine to freshwater of E. affinis

Eurytemora affinis
Abundant marine planktonic
species

Transported with balast
waters to freshwater lakes

Adapted to freshwater in < 
100 years
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II – Recent transition from marine to freshwater of E. affinis

Located at ion-transporter genes

Same SNPs increasing in frequency in 
parallel across lakes

Balancing selection maintains genetic
variation in the ancestral population



II – Research question

What are the fitness effects of ion-transporter 
alleles in different salinities ?



II – Experimental approach: genetic association study



Wild Freshwater 
Population

0PSU

Inbred Saltwater 
Population

15PSU

          

II – A genetic association study



          

                  F1 hybrid raised at 5PSU

II – A genetic association study



          

                  

F2 raised at varying salinities 
(0, 5, 15PSU)

Salinity

II – A genetic association study



Controlled environment 
incubators
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Controlled environment 
incubators

Individual level salinity 
treatments

II – A genetic association study



Daily record: life stage, 
survival

II – A genetic association study



Data Block 1

387 F2 individuals

101 survivors

II – Data summary

Teresa Popp 
PhD candidate

Benjamin Kleinerman
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Teresa Popp 
PhD candidate

Benjamin Kleinerman
Lab technician

Data Block 2

514 F2 individuals

374 survivors

Estelle Dupré (M1) & Dorian Decamus (M2)

Data Block 1

387 F2 individuals

101 survivors



II – Data summary

Development time

Individual-level data on 
fitness related traits



II – Data summary

Development time

Individual-level data on 
fitness related traits

Survival rate



II – Data summary

Development time

Individual-level data on 
fitness related traits

Survival rate

Body size
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a

a
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Slower development time in freshwater Higher mortality rate in freshwater

Smaller size in freshwater

(NS)

II – Preliminary results block 1



Salinity

0PSU 5PSU 15PSU

Survivors

Individual-level data: 
genotype at candidate 

genes

NHA5

NHA7

NKAa2

II – Genotyping at candidate loci



II – Preliminary results block 1

Genetic differentiation between
survivors of salt- and fresh-water 
treatment



FW haplotypes

II – Preliminary results block 1

Differential distribution of salt-
and freswater haplotypes in 
salt- and freshwater
treatments

SW haplotypes

FW haplotypes

SW haplotypes

FW haplotypes

SW haplotypes



II – Preliminary results block 1

𝑌 = µ + 𝑆𝑁𝑃𝑖 + 𝑠𝑒𝑥 + 1 𝐹0



II – Next steps

Genotyping block 2
Finer resolution on genetic association

Pool-seq
Shifts in genome-wide allele frequencies 
between FW and SW



II – Conclusions

Identifying the fitness effects of osmoregulatory genes in 
freshwater conditions

Future evolution ?

Genetic bases of 
salinity

adaptation

Balancing selection
in the ancestral 

populations



Meier et al. 2006

Salinity decrease in the Sea

Strong selection pressure on 
marine populations

Using data from genetic
association in predictive models
of evolutionary rescue

II – Conclusions
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Take home messages

Evolution is predictable (sometimes)

Importance of ancestral pop. history, 
genetic architecture of traits, genomic

landscape, etc.

Important for predicting/modelling
response to future selection pressures 



Thank you
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