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Hidden Diversity, Moving Stocks:
Genomic Insights on Connectivity and
Adaptation in Small Pelagics

Nina Overgaard Therkildsen
Department of Natural Resources and the Environment, Cornell University



Stock structure underpins key decisions
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Especially in small pelagics
* Highly mobile species
* Variable recruitment

* Shifting distributions




What we need to assess

Who interbreeds
with whom
(stock structure)
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These underlying processes are essential for effective fisheries management




Multiple complementary tools

Provide complementary views of connectivity and life history

Tagging Otolith analysis Genetics

Tracks movement and Reconstructs environmental Reveals genetic variation
connectivity of individuals history and life history and population structure












* Large population sizes

* High dispersal /gene flow

* Weak differentiation




Genomics adds the most value where signal is weakest

Small populations - low gene flow

Structure easy to detect



Genomics adds the most value where signal is weakest

Small populations - low gene flow Large populations - high gene flow

Structure easy to detect Traditional markers often show “no structure”




Genomics adds the most value where signal is weakest

Small populations - low gene flow

Structure easy to detect

Large populations - high gene flow

Absence of signal

+
absen f structure

Traditional markers often show “no structure”




TGTTTTTCGCCAGATGATTTTATTCAATTTATGCCACATGTGTTGATCTGTATCCTTGCAGAAAAGCAAACAGCAGAACTTGGGTCAGGAACAGATAGTTICGGGGGAACAATAAGACC
ACTTCTGAGCCTAAGTGAATCCAGAGTTGCATCTTTGATTCTGACCAGCACATTTTTAACTTTTCTGAACATCTTCTTCTTTAAAGAAGTTTCATTGTTTTCCAAGACAAATGATGCAAATAAC
ACTGTATCAAGGTTTTTTTATTTGATCCATGAGACAACTTGTACAGAATTAGACAAGATTGTGTGCAAAATAATCAAACTGACATAGGCATTGATAATAATGACACAGTAATCCATAAGAT
TGTTTTACTTCTGGATTTATTTAGCCTCAGATTGAATTAGGCTCTATAAGCCTGAGCATCAGTACATTTCTTTCTCTTTATATATGAAAACAACCAAAGCTTGAGGTGGCATTCATGACAGG!
CCATTTATAAAACAACCCATTCGGCATGTTTAAGGATGCCTTCAACAACATTCAAATAGGTATCAGCAGATCCTGACAATCTTAAAGGGAAGTTCTCCCAAATATCCACAATTTAGGGCT
CCAGTGGATTTTTCATTGGTCATTACTCATACCATTTATGTTCCACCTCCAGCAGACAGGGATGTCGTCTGCTGGAGGTGGTAACCCAGCGATTACCAACTACCAGGCTAACCACCAC
GATGCTGCCCTCATTGTGGCGTGAGATTTTGCCAGCACAAACCTGAGGAAAGCGAGAATGAAGTTCAAGCAACACATCACCTGCCCCACTTTATGAAAGAGGACCCTAGAACACT
GCTCCTCTCTTCTCAATGGCAGCTACAAAGCCACACCTAAGCCCCCATTTGGCTGATCCGGACATACCACCATCCATCCATTATCAATACCGCTTATTCCCTGATGGGGTCGCGGGG(
GAACTGAAGCCTATCCCAGTGGTCAACGGGCAAGAGGCAAGGTAAACCCTGGACAGTATCCGTCCATACCACCATGCTTCTTATTCCAAAACATAAAAAACAGCTCAGGCAGGC/
GCGCCAGCTGTCAAAGAATGACACAGTGGTCCAGACCATCAGAGGATGCTCTGGTTCAAGGGCTGCGTTGCAAATTAGCCGACTTGACAAGCTCTGGACAGCCCCTAGATCCT(
CACTACTGCTTACGACACAGGGCTTTTGACCAGGGATGTGAAGGCATACAAGGCTGCCCTCTGATTGGAGGGTCAGTGGTTCAATTTCATGTTCCAGGCCACATGCGGAAGAGTH
TTTTGGCAAGGCTCTGAACCCCAAGTTGCCTACGGGTTCTATCTGTTGCGCCTACTGGTGCATGACCTGTAGTAGAAAGCGCTTTGAGTGGTCAGTTTGACTGGAAAAGCACTATG
AAGTGAACGTAGATTCACATTTTACATCTCCTAGGCTGCTTCCTAGAGCCTCTGCAGAGTAGTAAAGGAGGCTAAACAGTGCTATGGCATGAATACTGGAGTCACAGTTACAGATCT!
TGAGTCCGAGGGACTGTGGCAGGAACTTTGTACCACTACGGTCTATGAAACGAAAAGTGTGTGTGCCATTTTATAGTCCTTAATGGTGCATGCTGTTGATTCTCCGGCTGACAGTTT
AGATACTTTTTTGCGTGCTTCGAGTCTGACAACAATCAAGCTGCTGTATTTCCAGTTAGAGAGGATAAAGTTGTGACTTGTAGACACACTACGGTATCAAAGCAGGTCATGTTTGGTCT
GGTGGATAAAAAAACTCCAGGATTGCCACAAAATGATATAGGTTTTCTTTTATCTTTGATATATTTTGAACAATAACAAAGAAAAAAACATATATTCCAACATTGCACCCAGCTATTACAAC
CATATCTTACTGTTTATCGGCAAAAAATAAATAAAATTACATCACACAACCTTATGAACGGCTAACGTTGAGTCTGCTGTTTTATAAAAGGTGAGTCTCAGTCCTATGACTTTTTGTTGCTC/
GATAAGGTGGGATCAAAACTGGCACGATATGTGTCTTGATTCTTTATTGTATTTTTGTATTAAAAAAACACAACAACATGGGTTATAACTGTTACAGTGTCAGAAGCTGACCGAGAGTC
TTTCATCACTATTGTTTCATGTAGTCAGAGTCATTTITAGGCCTATGAGCTGCGAAATGTGGGAGGAGTGGAAGGAGTTAAAGCCTGCCCTGAGCAACTGGCATCTGTGCTTACCTCA
TATTAAACTCTCCCTCGCTCGATGTGTAATTTGCAACTGTTTTAAAAAGGCTGTGAAGAAAAACCCAGCCCAGCTGTCCAATGACAACCGCCCCATAGCCCTCAGTTTCATGGTGATTA
AATGTTTTGAGAGACAATTTATAACCTTCATCACCTCCTCCCTGCCTGCTACCCTGCACCGGCTACACTTTTCGTACCACCCAGGAAGATAAACAGATGACACCACAGCCCTCACGCTC
ACAAAACTCTTTTCTACGTGAACAGTAGAAGGATGTACAATGAATGACTGCTCTTCATGGATTACAGCTAAGCATTCAACGCTAAAGTGCCCTCAAGGCTGGTCACCATTGTGTGGTA
CTTGAAGTGAACAAACTGGTAGGTGCCAGAAGAATATGTCCTGCTGAATGTCAATAAGCAGAGCATCTTTCATACACTATCAGTGGGTCATAAGCACAGTTTTAAATATCTTCGTGT G/
CAATCACGACCCATCTTGGTCACTTCACATTAAATCCACTGTGAGGAAAGCAGTTTTAAACCTGCACCACTGACAGCATCCTGTGTGGGAGAATCACCACCTGGATGGGCACCTGTA
CGAGCAGGACTTCTCGGCCTTCAAAGGGGTGGTCTGTTCAGCT



TGTTTTTICGCCAGATGATTTTATICAATTTATGCCACATGTGTTGATCTGTATCCTTGCAGAAAAGCAAACAG CAGAACTIGGGTCAGGAACAGATAGTTICGGGGGAACAATAAGACC
ACTTCTGAGCCTAAGTGAATCCAGAGTTGCATCTTTGATTCTGACCAGCACATTTTTAACTTTTCTGAACATCTTICTTCTTTAAAGAAGTTTCATTGTTTTCCAAGACAAATGATG CAAATAAC
ACTGTATCAAGGTTTTTTTATTTGATCCATGAGACAACTTGTACAGAATTAGACAAGATTGTGTGCAAAATAATCAAACTGACATAG GCATTGATAATAATGACACAGTAATCCATAAGAT
TGTTTTACTICTGGATTTATITAGCCTCAGATTGAATTAGGCTCTATAAG CCTGAGCATCAGTACATTTCTTTCTCTTTATATATGAAAACAACCAAAGCTTGAGGTGGCATTCATGACAG G
CCATTTATAAAACAACCCATTCGGCATGTTTAAGGATGCCTTCAACAACATTCAAATAG GTATCAG CAGATCCTGACAATCTTAAAGGGAAGTTCTCCCAAATATCCACAATTTAGGGCT
CCAGTGGATTTTTCATIGGTCATTAC CAGCGATTACCAACTACCAGGCTAACCACCAG
GATGCTGCCCTCATIGTGGCGTGA ° CCCCACTTTATGAAAGAGGACCCTAGAACACT
GCTCCTCTCTTCTCAATGGCAGCTA G e n O m e S CI r e b I g I TACCGCTTATTCCCTGATGGGGTCGCGGGGH
GAACTGAAGCCTATCCCAGTGGTC N [TCCAAAACATAAAAAACAGCTCAGGCAGGC
GCGCCAGCTGTCAAAGAATGACACAGTGGTCCAGACCATCAGAGGATGCTCTGGTTCAAGGGCTGCGTTGCAAATTAGCCGACTTGACAAGCTCTGGACAGCCCCTAGATCCT
CACTACTGCTTACGACACAGGGCTTTTGACCAGGGATGTGAAGGCATACAAGGCTGCCCTCTGATTIGGAGGGTCAGTGGTTCAATTTCATGTTCCAGGCCACATGCGGAAGAGT!
TTTTGGCAAGGCTCTGAACCCCAAGTIGCCTACGGGTTCTATCTGTTIGCGCCTACTGGTGCATGACCTGTAGTAGAAAGCGCTTTGAGTGGTCAGTTTGACTGGAAAAGCACTATG
AAGTGAACGTAGATTCACATTTTACATCTCCTAGGCTGCTTCCTAGAGCCTCTGCAGAGTAGTAAAGGAGGCTAAACAGTGCTATGGCATGAATACTGGAGTCACAGTTACAGATCT
TGAGTCCGAGGGACTGTGGCAGGAACTTTGTACCACTACGGTCTATGAAACGAAAAGTGTGTGTGCCATTTTATAGTCCTTAATGGTGCATGCTGTIGATICTCCGGCTGACAGTTT
AGATACTTTTTTGCGTGCTTCGAGTCTGACAACAATCAAGCTGCTGTATTTCCAGTTAGAGAGGATAAAGTTGTGACTTGTAGACACACTACGGTATCAAAGCAGGTCATGTTTGGTC]
GGTGGATAAAAAAACTCCAGGATTGCCACAAAATGATATAGGTTTTCTTTTATCTTTGATATATTTTGAACAATAACAAAGAAAAAAACATATATTCCAACATTG CACCCAGCTATTACAAG
CATATCTTACTGTTTATCGGCAAAAAATAAATAAAATTACATCACACAACCTTATGAACGGCTAACGTTGAGTCTGCTGTTTTATAAAAG GTGAGTCTCAGTCCTATGACTTTTIGTTGCTC/
GATAAGGTGGGATCAAAACTGGCACGATATGTGTCTIGATTCTTTATTGTATTTTTGTATTAAAAAAACACAACAACATGGGTTATAACTGTTACAGTGTCAGAAGCTGACCGAGAGTC
TTTCATCACTATTGTTTCATGTAGTCAGAGTCATTTTAGGCCTATGAGCTGCGAAATGTGGGAGGAGTGGAAGGAGTTAAAGC CTGCCCTGAGCAACTGGCATCTGTGCTTACCTCA
TATTAAACTCTCCCTCGCTCGATGTGTAATTTGCAACTGTTTTAAAAAGGCTGTGAAGAAAAACCCAGCCCAGCTGTCCAATGACAACCGCCCCATAGCCCTCAGTTTCATGGTGATT/
AATGTTTTGAGAGACAATTTATAACCTTCATCACCTCCTCCCTGCCTGCTACCCTGCACCGGCTACACTTTTICGTACCACCCAGGAAGATAAACAGATGACACCACAGCCCTCACGCTC
ACAAAACTCTTTTCTACGTGAACAGTAGAAGGATGTACAATGAATGACTGCTCTTCATGGATTACAGCTAAG CATTCAACGCTAAAGTGCCCTCAAGGCTGGTCACCATIGTGTGGTA
CTTGAAGTGAACAAACTGGTAGGTGCCAGAAGAATATGTCCTGCTGAATGTCAATAAGCAGAG CATCTTTCATACACTATCAGTGGGTCATAAG CACAGTTTTAAATATCTTCGTGTG:
CAATCACGACCCATCTTGGTCACTTCACATTAAATCCACTGTGAGGAAAGCAGTTTTAAACCTGCACCACTGACAGCATCCTGTGTGGGAGAATCACCACCTGGATGGGCACCTGTA
CGAGCAGGACTICTCGGCCTICAAAGGGGTGGTCTGTICAGCT
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<«— Depth of coverage

RAD-seq approach or SNP chips

v

Breadth of coverage

Number of samples

', | GGCTAGCTGGACGTTGCATA
Reference genome

Adapted from https://sites.google.com



https://sites.google.com/site/wiki4metagenomics/pdf/definition/coverage-read-depth
https://sites.google.com/site/wiki4metagenomics/pdf/definition/coverage-read-depth
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https://sites.google.com/site/wiki4metagenomics/pdf/definition/coverage-read-depth

RAD-seq approach or SNP chip

What are we missing?
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Reference genome

Adapted from https://sites.google.com



https://sites.google.com/site/wiki4metagenomics/pdf/definition/coverage-read-depth
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Cost per Raw Megabase of DNA Sequence

$10K

$1K

$100

Moore's Law

$10

>500,000-fold
reduction

$1

N I H National Human Genome
$0.1 | Research Institute

genome.gov/sequencingcosts
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From one genome to thousands

ORDERS-OF-MAGNITUDE SHIFT IN SCALE

THEN

Human Genome Project
(2001-2003)

1 genome

$  ~$3nbillion

@ >10 years

#R  Global effort (2,800 researchers)
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From one genome to thousands

ORDERS-OF-MAGNITUDE SHIFT IN SCALE

THEN NOW
Human Genome Project Today
(2001-2003)
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The revolution is not O e i

just cost —it’s scale

1 genome 1000s of individuals
$  ~$3nillion $  ~$100-$1000
@ >10 years @ Days-weeks

§R  Global effort (2,800 researchers) §2  Routine effort



Sequencing depth vs number of individuals
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Sequencing depth vs number of individuals

R

3 High-depth (20-30x)
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Sequencing depth vs number of individuals

R
3 High-depth (20-30x)
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Structure can be hidden in different ways

Strong adaptation despite homogeneous genomes
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Structure can be hidden in different ways

Strong adaptation despite homogeneous genomes
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Structure can be hidden in different ways

Strong adaptation despite homogeneous genomes Differences confined to small genomic regions
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Cryptic mixing of distinct lineages

Brown sea cucumber



Structure can be hidden

Strong adaptation despite homogeneous genomes
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Atlantic silversides

Cryptic mixing of distinct lineages

Brown sea cucumber

in different ways

Differences confined to small genomic regions

1.00
0.75
0.50
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Atlantic cod

Tracking who mixes with whom—and when

Population Assigned

Population of Origin

MI AW KE ME CO HU DE PO

28

American shad



Atlantic silverside Menidia menidia

p ‘ 2 Photo: Jacob Snyder







One of the world’s steepest
thermal gradients
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One of the world’s steepest
thermal gradients
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Wild fish all roughly the

same size
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Same age,
Common lab environment
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Growth capacity is tightly correlated with latitude

&

e
&

©
£

Growth Rate (mm/d)
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David Conover et al.

o

2 4 6 8 10 12
Length of Growing Season (months)

Reproduced from Conover. 1998. Bull. Mar. Sci.
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Growing
season

Short

7

Long

Winter Size-selective
duration  winter mortality

Long Intense

1 1

Short Minor



Growing Winter Size-selective
seqason duration  winter mortality

Short Long Intense

1 1 1

Long Short Minor




Counter-gradient variation:
Genetic influences on a trait oppose

environmental influences




Counter-gradient variation:
Genetic influences on a trait oppose

environmental influences

Reduced phenotypic variation

— Cryptic adaptive divergence



Local adaptation demonstrated in multiple correlated traits
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Other traits that vary with latitude:

Rates of energy consumption

Metabolism

Growth efficiency

Lipid energy reserves

Egg production rate

Egg size and size of offspring at hatch
Willingness to forage under threat of predation
Number of vertebrae

Levels of temperature-dep. sex determination




Local adaptation demonstrated in multiple correlated traits

| > Lou et al. 2018. Mar Bio

Other traits that vary with latitude:

Rates of energy consumption

Metabolism

Growth efficiency

Lipid energy reserves

Egg production rate

Egg size and size of offspring at hatch
Willingness to forage under threat of predation
Number of vertebrae

Levels of temperature-dep. sex determination




Capacity for rapid evolution

Science

AVAAAS

REPORTS

Sustaining Fisheries Yields Over
Evolutionary Time Scales

David O. Conover* and Stephan B. Munch

Fishery management plans ignore the potential for evolutionary change in har-
vestable biomass. We subjected populations of an exploited fish (Menidia menidia)
to large, small, or random size-selective harvest of adults over four generations.
Harvested biomass evolved rapidly in directions counter to the size-dependent
force of fishing mortality. Large-harvested populations initially produced the high-
est catch but quickly evolved a lower yield than controls. Small-harvested popu-
lations did the reverse. These shifts were caused by selection of genotypes with
slower or faster rates of growth. Management tools that preserve natural genetic
variation are necessary for long-term sustainable yield.

otaryield and

It is well established that wild pest and pathogen  ing behavior], with one major exception. The = mean weight of fish but then declined. Small-
populations may evolve in response to anthro-  short generation time of M. menidia (1 year)  harvested populations started with low yield

pogenic forces of mortality (), but is the same  coupled with the ease with which large popula-  and then increased. By the

o, 1, 1 11 1

fourth generation of

L, 11 a1

moQ




* What is the genomic basis for the adaptive cline?




* What is the genomic basis for the adaptive cline?

* Does the underlying genomic architecture help maintain local
adaptation in spite of gene flow?




Arne Jacobs
U. Glasgow

Maria Akopyan
UC Riverside

Team silverside
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Aryn Wilder
San Diego Zoo

Anna Tigano
DFO Canada

Hannes Baumann
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- = L R (6
i e s e ~1.3x for 50 individuals per population
/ 4 /4/ ‘ o
/-—/ 1 Vg a
2 4

)n""‘
j
{



N

log(m) =y

= 2 e .r,_,.wf"‘lﬁ
Effective ” ) __,ﬁ_f’“\_llﬁﬁﬁ'i;-r_\ . .
+ mfepeien ” Population structure across latitudes
f 7 . @,
i SUTaee /ﬂl ; ST s Low-coverage whole genome sequencing (IcWGS)
,,/ = / }3{ ~1.3x for 50 individuals per population
,
!,‘E‘J
e
e,
A4
3

PC2 (5.78%)
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bﬁ Weak structure hides adaptive differences
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PC1 (14.66%)
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Weak structure hides adaptive differences
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bﬁ Weak structure hides adaptive differences
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Extreme ‘islands of divergence’

* Degree of differentiation

(1000s of fixed SNPs)

Genomic breath
(>2/3 the length of multiple chromosomes)
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Extreme ‘islands of divergence’ hromosomal inversions

* Degree of differentiation

(1000s of fixed SNPs)

Genomic breath
(>2/3 the length of multiple chromosomes)
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wild caught
Fo generation

F1 intercross
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Growth rate
Vertebral number
Body shape
Resting metabolism
Swimming speed

QTL mapping to link genotype to phenotype

Genotyping

ddRAD, n=568, 5 families
~50K SNPs @ 15X coverage

mapped to GA genome




Multiple traits map to the same genomic locations

A) == Growth Rate == O2 Consumption Shape PC1 == Vertebral Count
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Eight significant QTL on five chromosomes for four traits

Akopyan et al. 2026. Science



Strongest QTL signals coincide with inversions

== Growth Rate == O2 Consumption Shape PC1 == Vertebral Count ‘
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Akopyan et al. 2026. Science



Strongest QTL signals coincide with inversions
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- and the blocks of strongest differentiation
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Inversions play a crucial role in local adaptation
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Adaptive divergence in Atlantic cod in the Gulf of Maine

1. Use genomic analyses to characterize structure of active
cod spawning populations in US waters

2. ldentify adaptive genetic differences among
populations
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Pairwise comparisons to St. Pierre Bank, Canada (15 kb windows)
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Pairwise comparisons to St. Pierre Bank, Canada (15 kb windows)

Genetic differentiation (Fgq)
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Pairwise comparisons to St. Pierre Bank, Canada (15 kb windows)

Genetic differentiation (Fgq)
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Chromosomal inversions everywhere!
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Chromosomal inversions everywherel
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ABSTRACT

Inversions can play key roles in the genetic architecture of adaptation, but the scale of their effects across different species re-
mains poorly understood. Here, we use whole-genome sequencing and demographic modelling to investigate the influence of
inversions on the population genomics of the r-selected European sardine (Sardina pilchardus). Allele frequency differences from
‘millions of SNPs across 34 populations spanning the species’ range were analysed. Genomic scans identified several extreme out-
lier regions overlapping large inversions (29-52 Mbp), collectively representing over half the genome. Our findings suggest these
inversions correlate with locally adapted life-history strategies. First, SNPs within outlier regions containing inversions exhib-
ited striking allele frequency differences between Atlantic and Mediterranean sardines, which differ in key adaptive life-history
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Pairwise comparisons to St. Pierre Bank, Canada (15 kb windows)

Genetic differentiation (Fgq)
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Pairwise comparisons to St. Pierre Bank, Canada (15 kb windows)

Genetic differentiation (Fg1)
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Pairwise comparisons to the wGoM spring spawners (5 kb windows)
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Pairwise comparisons to the wGoM spring spawners (5 kb windows)

Genetic differentiation (Fg1)
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Pairwise comparisons to St. Pierre Bank, Canada (15 kb windows)

Genetic differentiation (Fgq)
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Sampling with 20 random markers could miss differentiated regions

Genetic differentiation (Fgq)
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Pairwise comparisons to the wGoM spring spawners (5 kb windows)

Genetic differentiation (Fgq)
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Atlantic Cod Stock Structure Working Group

Atlantic cod have been a mainstay of coastal economies around the Northern Atlantic for hundred of
years. While cod in the North Atlantic are similar to one another in many ways, the population is actually
made up of discrete stock components distinguished by differences in characteristics like size, growth
rate, and even genetics. While it is well known that there are multiple cod stocks, fully identifying those
stocks on a biological and ecologial scale has proven elusive.

In the Northwest Atlantic, both the United States and Canada have long histories of harvesting and
trading these fish, and each country is responsible for managing cod fisheries within their waters. While
some cod stocks stay within a country's waters, some also straddle the international boundaries as well
as those set up for management purposes. Understanding how the stocks that constitute the cod
population are the same and how they are different is a key part of improving how we manage and use
these fish and what can be done to restore their numbers.

Researchers in the U.S. and Canada regularly monitor and study cod. These scientists may be working
for government, or universities, or non-proft organizations. To compose a complete and detailed picture of
the cod stocks means mounting a truly international and interdisciplinary effort to bring together all of the
data, studies, and knowledge about stock components.

-
-

Photo credt: Stéiicﬂickr.com 7

In February 2018, a working group was convened to take on this challenge. Organizers plan a two-year
effort: one year to synthesize information about stock structure and one year to look into the management
implications of their findings. The NOAA Northeast Fisheries Science Center is hosting the working group
and updates on their activities will be posted here.

More on Atlantic cod

e Consumer guide

e 2017 U.S. assessment update

e 2018 Transboundary Resource
Assessment Committee Meeting

Contacts Meetings Updates

e Co-Chairs | : | e June 19



Differentiation often limited to parts of the genome

Strong adaptation despite homogeneous genomes Differences confined to small genomic regions
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Differentiation often limited to parts of the genome

Strong adaptation despite homogeneous genomes Differences confined to small genomic regions
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Surprising mixture of lineages can also occur




Sea cucumbers in the Galapagos islands

Mixture of local and mainland-connected lineage

Jaime Ortiz-Pachar



Sea cucumbers in the Galapagos islands

Mixture of local and mainland-connected lineage
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Latitude

Sea cucumbers in the Galapagos islands

Mixture of local and mainland-connected lineage
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From hidden structure to measurable mixing

* Subtle and cryptic structure is common

* Management decisions depend on who mixes with whom
— and when

. Population o <— —p» G Population
* We need to assign 0
¥ W

individuals to their origin
Population e y| o Population

Population



American shad

* Called “the founding” fish
because of historical abundance

* Now decimated in many places,
but some remaining fisheries




LTI

American shad

* Called “the founding” fish
because of historical abundance

* Now decimated in many places,
but some remaining fisheries

* Interest in assigning marine
bycatch to population



Limited population differentiation in US waters with microsatellites
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Limited population differentiation in US waters with microsatellites
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Limited population differentiation in US waters with microsatellites
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Microsatellite assignment

\ i A Resolving Contribution of American Shad Mixed
‘ /‘-;"“‘“ﬂm o Stock Fishery in Lower Delaware River and Bay:
Canada /;’;. P 2017-2020 collection evaluation

f - { ~
g\ rf/ ,aw Meredith L. Bartron and Lauren M. Prasko

F};‘“ o g b, USFWS Northeast Fishery Center, Lamar, PA
%if\«;;? ‘\ Collection Sample Correct
L
A

Atlantic Ocean location size assignment

” PP Narraguagus 50 0.88

' Delaware Bay il ' Penobscot 93 0.37
Androscoggin 48 0.19

Kennebec 24 0.04

Sheepscot 23 0.04

UsA Saco 50 0.10
Merrimack 49 0.10

Connecticut 54 0.15

Hudson 200 0.47

\ Delaware 198 0.43
Wr\‘\. Susquehanna 48 0.19
LK& Potomac 49 0.22

Tar 38 0.16

Cooper 48 0.92




Microsatellite assignment

g\

Canada

Resolving Contribution of American Shad Mixed
Stock Fishery in Lower Delaware River and Bay:
2017-2020 collection evaluation

Meredith L. Bartron and Lauren M. Prasko
USFWS Northeast Fishery Center, Lamar, PA

Collection Sample Correct

location size assignment

Narraguagus 50 0.88

Penobscot 93 0.37

Androscoggin 48 0.19

Kennebec 24 0.04

Sheepscot 23 004 [ Mean: 30.2%
Saco 50 0.10 ) o
Merrimack 49 0.10 Range: 4 - 92%
Connecticut 54 0.15

Hudson 200 0.47

Delaware 198 043

Susquehanna 48 0.19

Potomac 49 0.22

Tar 38
Cooper 48




Low-coverage whole genome sequencing

~0.8x coverage for 30 individuals per location
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Microsatellite results
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Pairwise comparisons of differentiation
among neighboring populations
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improve power for assignment
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Marker panel
GT-seq (highly multiplexed amplicon sequencing)

978 top-ranked SNPs screened

248 retained for genotyping

107 microhaplotypes (100bp) genotyped

(average 4.2 SNPs per microhaplotype, 2-9 alleles)



Performance of GT-seq panel

SNP selection based on 30 training individuals from each population
Assignment success assessed for 20 separate in-year test individuals

Leave-one-out assignment with different simulated mixture proportions

€ 1.00
©
10 f L 11 gt
S
E 0.75

L
; ' '

L ]

® 050
3
5
2 025 Microsat mean =30.2% (Bartron & Prasko 2020)
3
o 0.00

S © © © ©° © 9 ®» ® 9 O
) ) £ ) ) ) £
@{9 &“" @* @@‘P .;;ﬁ" Qg"f {)@f q}\.f Q*“-’f %c?f GJ,‘SP
® © ¢ ©o o o o o o o



Performance of GT-seq panel

SNP selection based on 30 training individuals from each population
Assignment success assessed for 20 separate in-year test individuals

Leave-one-out assignment with different simulated mixture proportions
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Downsides of genotyping panel

* Costly to develop
* Ascertainment bias based on which populations are included
* Large investment in targeted primers

* Does not capture the full variation



Principal Components Analysis

107 genotyped microhaplotypes

PC1(4.89%)

PC2(2.87%)



PC1(4.89%)

107 genotyped microhaplotypes

PC2(2.87%)

PC1(3.21%)

Principal Components Analysis

lcWGS (~0.8x), 12 million SNPs
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Assignment based directly on
low-coverage whole genome data

") Check for updates
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Population assignment from genotype likelihoods for
low-coverage whole-genome sequencing data

Matthew G. DeSaix'® | Marina D. Rodriguez! | Kristen C. Ruegg® |

Eric C. Anderson’?®
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How low can we go?

* Analysis on prior data has retained near-perfect assignment when
down-sampling to 0.01x sequencing depth

(DeSaix et al. 2023. Molecular Ecology , DeSaix et al. 2024. Methods in Ecology and Evolution)



How low can we go?

* Analysis on prior data has retained near-perfect assignment when
down-sampling to 0.01x sequencing depth

(DeSaix et al. 2023. Molecular Ecology , DeSaix et al. 2024. Methods in Ecology and Evolution)

* With a 1Gb genome, we then only need ~10Mb sequencing data to
get 0.01x genome coverage



How low can we go?

* Analysis on prior data has retained near-perfect assignment when
down-sampling to 0.01x sequencing depth

(DeSaix et al. 2023. Molecular Ecology , DeSaix et al. 2024. Methods in Ecology and Evolution)

* With a 1Gb genome, we then only need ~10Mb sequencing data to
get 0.01x genome coverage (cost < $0.1)



Cost comparison

GT-seq (200-400 markers) LcWGS (millions of markers)

* Cost for library prep and * Library prep: ~$7

sequencing ~$6 * Sequencing test sample: $0.1



Cost comparison

GT-seq (200-400 markers) LcWGS (millions of markers)

* Cost for library prep and * Library prep: ~$7

sequencing ~$6 * Sequencing test sample: $0.1

Routine running costs very similar

Assignment from whole genome data often more powerful




Combatting illegal fishing

INCREASING RESOLUTION IN ASSIGNMENT TESTING

COMPLIANCE

~
4 ', ——————— ~

Sample from catch Genomic assignment Origin identified Inform enforcement
Fish harvested in High-resolution genetic data Determine where the fish Science-based evidence
unknown location assigns fish to its likely came from and whether supports compliance and

population of origin the catch is authorized helps deter illegal fishing

Higher resolution assignment provides the power to trace catch to its source—
helping ensure sustainable fisheries and protect ocean resources.



Genomics as a forensic tool

* Trace biological material through supply chains

Average number of fish species

detected per aquafeed sample

Lof\j/vest Richness
indi

ndia
3 taxa per feed
(10 total in 4 feeds)

Baetscher et al. in prep 0 20 40
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Structure can be hidden in different ways

Strong adaptation despite homogeneous genomes Differences confined to small genomic regions
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From science to decisions

0 Mixed-stock fisheries
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Quantify the contribution of each
stock to mixed fisheries.

Z Genomic insights provide the resolution needed to turn complex data
2 ' into actionable information for sustainable management.



- From science to decisions

0 Mixed-stock fisheries e Shifting distributions
Year 1 Year 2 Year 3
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Z Genomic insights provide the resolution needed to turn complex data
K 2 ‘ into actionable information for sustainable management.



- From science to decisions

0 Mixed-stock fisheries e Shifting distributions e Early warning
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Quantify the contribution of each Monitor and adapt to changes in the Detect changes early to inform
stock to mixed fisheries. composition of stocks through time. management and conservation.

Z Genomic insights provide the resolution needed to turn complex data
""2 ‘ into actionable information for sustainable management.
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