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Summary

This is a thesis about the Atlantic herring — a small, unassuming silver fish that holds a special place in
the hearts and history of many northern Europeans. Herring have been fished in Europe for thousands
of years, but it was not until the medieval era that they began to be targeted in massive quantities.
Herring were one of the first fish targeted for commercial production, thus providing wealth and impetus
for technological advancement to nation states such as England, Denmark, and the former Dutch
Republic. It is said that cities like Amsterdam and Copenhagen were built on herring, so integral was
the fishery to their foundational wealth. Today, the Norwegian herring fishery is one of the largest in
the world in terms of profits, and the spring-spawning herring stock around Norway may be the largest
commercial fish stock on the planet. Herring have further been credited with providing enough
mysteries about their life history and ecology as to have founded the field of fisheries science. Thus,
much has been said about the impact herring have had on humans. We owe a lot to this small fish that
flocks to our shores and has fed people around the world for centuries. But what has our impact been
on the herring?

In order to assess the impact humans have had on the Atlantic herring, I collected archaeological herring
specimens from around Europe and used these bones for ancient DNA analysis. These analyses were
then used to reconstruct herring demography from the last 1200 years and compare demographic trends
with existing historical, archaeological, and palaeoclimate data. Yet, in order to conduct such work
several key issues had to first be solved: 1) A proper theoretical framework for integrating ancient
biomolecules into marine historical ecology; 2) How to use miniscule bone samples from herring in
ancient DNA; 3) How to maximize the usability of poor-quality genome sequence data retrieved from
said small bones.

Chapter 1 provides a full theoretical framework for integrating ancient DNA into marine historical
ecology. A system of thresholds is proposed that encompasses both shifting baselines syndrome as well
as previously-proposed theories of thresholds in ecology and evolution. Instead of relying merely on
ecological and evolutionary thresholds, an additional classification of threshold in human culture is
proposed. By including human cultural evolution, ancient biomolecular research can be better
contextualized and designed, as ecology and evolution of non-human species does not exist in a vacuum
without anthropogenic influence. This is particularly important when discussing marine historical
ecology focused on exploited species. Chapter 2 illustrates the use of small herring bones for ancient
DNA. While the typical ancient DNA laboratory pipeline calls for 50-200mg of bone powder as starting
material, the use of individual herring bones weighing as little as 1mg is here evaluated. Bone weight
is not found to drive variation in DNA sequence quality, which is instead largely explained by
differences in site of origin. This indicates the field of ancient DNA should interrogate assumptions
inherent in laboratory work and strive to further minimize waste of irreplaceable archaeological material
by using smaller quantities of bone powder. Chapter 3 describes a novel software program that allows
biological assignment of DNA sequences with as few as 5,000 reads (~0.0001X coverage). Many
ancient DNA sequences are extracted from archaeological material only to be discarded due to
insufficient quality. This chapter provides a novel pathway for gleaning important biological
information from extremely low-quality sequence data that not only greatly expands the proportion of
usable sequences in a typical aDNA workflow, but also has applications to other types of sequence data.

These chapters provided the framework for being able to assess the impact of fishery development on
the Atlantic herring over the last 1200 years. In Chapter 4, the evolutionary and ecological impact of
a key cultural threshold — the advent of commercial fishing — on the Atlantic herring is assessed using
both ancient and modern whole-genome sequences. In this chapter we report the earliest-known
commercial herring trade in Europe ~800-850 CE in the Baltic region. The demographic trajectories of
key herring stocks are further assessed, revealing demographic independence, differential response to
climate change, and patterns of serial exploitation that are consistent with classic resource depletion.
Research such as this can provide crucial information for sustainable management as we as a society
deal with the issues of anthropogenic pollution and climate change and ongoing overexploitation in the
marine environment.
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Let all the fish that swim in the sea,
Salmon and turbot and cod and ling,
Bow down the head and bend the knee,

To herring their king — to herring their king.

Perceval Graves, Bishop of Limerick, 1846
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Atlantic herring are often called the most important fish in history; nations and peoples have
risen and fallen on the Atlantic herring trade (Barrett, 2016; Hoffmann, 2001; Holm, 2016;
Ldugas, 2016; Makowiecki et al., 2016). Wealthy nations in northern Europe founded much of
their wealth on the growing herring trade during the Middle Ages. Indeed, it’s said that
Amsterdam and Copenhagen were built on herring (Hunt, 2017; Roberts, 2007). Herring
fisheries in the past landed fish in quantities comparable to — and sometimes more than —
modern fisheries. Today, the Norwegian Spring Spawning herring industry alone is one of the
most valuable stocks in the world, with claims laid to it by Norway, Russia, Iceland, and the
UK (Marine Stewardship Council, 2022; The Fishing Daily, 2022). Herring are critical
components of the agricultural industry (European Commission 2021), the aquaculture
industry (Pihlajaméki et al., 2018), and are increasingly highlighted as the next great
sustainable food choice (Koehn et al., 2022).

“In value and renown the herring takes an unassailable position as
the lord of the fishes”

- Walter Wood, author of “North Sea Fishers and Fighters” (1911)

Atlantic herring have a long, intertwined history with humans. They have been exploited for
thousands of years, with the first “industrial” fishery appearing 800 years ago in northern
Europe (Holm, 2016). Yet, while herring’s impact on human history has been a popular avenue
of research, less attention has been given to how these developments changed the Atlantic
herring. The impact of this long exploitation history is poorly characterized, largely due to
challenges in studying small, pelagic fish. When did commercial herring trade begin and
where? What has the impact of this fishery been on the Atlantic herring as a species? As
individual stocks? How well do current management policies address herring conservation?
Were historical fisheries intensive enough to impact herring stocks? With the rise of the
genomic era and the knowledge that ancient DNA (aDNA) can be recovered from
archaeological fish bone, some of these questions can finally be answered. This thesis is the
world’s first foray into the historical ecology of the Atlantic herring from a biomolecular
perspective. This chapter provides background for understanding the Atlantic herring in an
ecological, evolutionary, and historical context. I then provide an overview of methodology
and research undertaken for this thesis.

The Atlantic Herring

Atlantic herring (Clupea harengus) are a small pelagic forage fish found across the northern
Atlantic, from the northeast of the US and Canada to northern Norway and the Baltic Sea.
Across this geographical span, they inhabit a diverse range of local environments mainly
differentiated by the existence of specific ocean currents, exposure to sunlight, temperature,
and level of salinity. In this thesis, I focus on those herring stocks found in the eastern Atlantic,
which are associated with the earliest herring fisheries in Europe.

Recent research into herring population structure and genomics has revealed strong signals for
local adaptation despite the incredibly low genome-wide diversity across the species (Han et
al., 2020). One of the key differences in Atlantic herring stocks is in adaptation to salinity (Han
et al., 2020; Pettersson et al., 2019). Those stocks that inhabit the Baltic Sea are exposed to
much lower salinity concentrations than their Atlantic counterparts. This has resulted in a suite
of adaptations including chromosomal inversions and loci associated with vision in brackish
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water (Han et al., 2020) and different egg characteristics to deal with differences in osmosis
and water density (Martinez-Barrio et al., 2016).

The second major axis of variation in Atlantic herring is spawning season. Atlantic herring are
separated into two main metapopulations: autumn spawners and spring spawners. The
difference in spawning season as well as demonstrated strong spawning site fidelity in herring
has resulted in a degree of reproductive isolation between herring stocks (Limborg et al., 2012;
Teacher et al., 2013). It has been postulated that the evolution of two spawning seasons in
herring may be an example of adaptive synchrony to maximize species-wide survival and local
adaptations (Schindler et al., 2010). There may be plasticity in spawning season in rare
instances (Han et al., 2020), yet spawning season appears to be a strongly selected trait, with
only 2 alleles responsible for the difference between autumn and spring (Chen et al., 2021).
Signatures of selection for spawning season have been demonstrated across the entirety of the
Atlantic (Lamichhaney et al., 2017).

Herring spawn benthically, releasing eggs that attach to the substrate in thick mats before
hatching into the pelagic zone. Each herring female can release as many as 200,000 eggs, which
are then fertilized by free-floating milt from the males in the spawning aggregation. Prior to
spawning, herring are fat and full of nutrients, whereas afterwards they are “spent” and thin.
Thus, a spawning aggregation — which can comprise millions of fish — is a major ecological
event, drawing predators in the form of other fish, birds, marine mammals, and humans.
Throughout their life cycle, herring are an important prey species for many other marine and
coastal species. They are thus a foundational species across the north Atlantic, including for
human consumption.

“The silver of the sea”: A brief history of herring exploitation in Europe
Herring must have seemed inexhaustible in past centuries. The word for herring is thought to
come from the Germanic words heer (German) or haer (Danish/Norwegian), which mean
“army” (Roberts 2007; Hunt 2017). The schools arrived on coasts in such numbers that they
appeared a massing army in the shallows. Shoal size was “...such as to alter the very
appearance of the ocean ... [the school was] divided into distinct columns, of five or six miles
in length, and three or four abroad; while the water before them curls up, as if forced out of
its bed” (Goldsmith, 1776). Descriptions such as these stagger the imagination, mainly because
no such aggregation of herring has been seen in living memory. While still one of the most
abundant fish in the world, it appears our oceans are nothing like what they were in the past.
This begs the question, what happened to the Atlantic herring?

Herring in the Middle Ages

Atlantic herring is known to have been exploited for thousands of years in Europe. The first
written reference to herring fishing is from the Roman historian Solinus in 247 CE, writing of
the people in the Hebrides who subsisted off “fish and milk” (Hunt, 2017). In the Middle Ages,
as Christianity spread and religious requirements increased fish consumption in accordance
with fasting, herring consumption also increased (Hoffmann, 2005). Yet, early exploitation
levels had two major limitations: 1) herring are pelagic fish that spend most of their lives in the
open ocean, therefore requiring seafaring technology for harvesting fish at sea; 2) herring spoil
quickly and require materials for curing, such as salt and brine. Thus, the earliest exploitation
efforts were mainly opportunistic harvesting of coastal spawning aggregations (Holm, 2016;
Kowaleski, 2016). As Europe entered the Medieval era, trade networks and burgeoning
urbanism resulted in increased capacity for salt production and trade (Lehmann et al., 2021).
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As one of the most abundant species in northern Europe, herring was one of the key target
species for the new industries (Roberts 2007; Barrett et al., 2004b). It also served as a veritable
superfood for the Middle Ages, packing up to 24.6g of protein, 12.4g of fat, and 217 calories
per serving as well as high quantities of crucial vitamins and nutrients, including omega-3 fatty
acids, vitamin D, and vitamin B12 per 85g (USDA 2022). Herring spawning aggregations were
so numerous the fish occasionally glutted the market, resulting in herring being used as rent
tax and tithes across Europe, and giving it an enduring place in many European cultures
(Kowaleski, 2016). Historical records document subsequent growth in herring industries in
Europe over the last 1000 years in areas that mirror the regions in which major herring
populations exist today, most notably Sweden, Denmark, Poland, the Netherlands, and England
(Barrett et al., 2004a; Holm, 2016; Makowiecki et al., 2016; Poulsen, 2008; Skre, 2007). The
earliest herring fisheries in Europe were coastal enterprises designed to take advantage of
spawning aggregations. Fishing later developed into high seas operations as technologies
developed (e.g., tanks for storing live fish on board ships, and advanced preservation
techniques) (Hoffman 2000). I here overview the major historical fisheries according to
chronology and geography.

The Baltic

The earliest fisheries in the Baltic were coastal fisheries targeting spawning aggregations
(Holm, 2016). The Baltic herring fishery, taking off in the 13™ century, has been called the
“first industrial fishery” in Europe due to the sheer quantity of herring caught in the area. The
Oresund fishery — as it is now called — was controlled by the Hanseatic League, which took
much of its wealth from the Scanian Herring Market (Holm, 2016; Sahrhage and Lundbeck,
1992). The commercial success of the @resund fishery lasted until the 16" century, at which
point it collapsed. Whether this collapse was due to climate change, overfishing, or shifting
herring markets has been debated for decades (Cushing, 1988; Holm, 2016; Lehmann et al.,
2021). In Chapter 4, I weigh in on this debate in light of new genomic evidence.

England and Scotland

The coastal herring fishery in Scotland and England was an early important fishery beginning
in the Middle Ages and continuing until the early 20" century (Roberts 2007). In England,
herring was so abundant from coastal fisheries that it was used as money — called herringlode
or herringsilver — for tithes, taxes, and rent as early as the Domesday Book in 1086 (Kowaleski
2016). Indeed, the sudden presence of abundant herring bones in English archaeological sites
is in part responsible for Barrett et al. (2004a) to designate 1050 CE as the “Fish Event
Horizon.”

As fishing technology developed, the English government began to subsidize the industry.
They reasoned that a large population of capable, well-paid fishers was the equivalent of a
standing navy (Roberts, 2007). Barreled herring was also used to form some of the first army
rations in England. One example of the use of herring as crucial military supplies is amusingly
documented the Journée des Harengs (The Battle of the Herrings in English). On February
12, 1429, 300 English wagons carrying weapons and barreled herring to troops at Orléans,
France, were attacked by 4,000 French soldiers. The English commander defended his troops
using the herring wagons as temporary fortification, but in April 1429 Joan of Arc arrived at
Orléans and routed the English despite their supply of herring (Casavant, 2021).
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“The herring is one of those products whose use decides the destiny
of empires. The coffee bean, the tea leaf, the spices of the torrid
zones, the worm which spins silks, had less influence on the wealth of
nations than the northern ocean.”

- 18" century French naturalist Bernard-Germain-Etienne de La Ville sur-Ilan, Comte de Lacépéde
(from Hunt, 2017, emphasis added)
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The Dutch Republic

Perhaps the most famous herring fishery of the past was the Dutch herring industry, which
dominated the market from the 16"-18" centuries. Together with new technological
advancements, including barreling their catch at sea, the Dutch Republic successfully
inaugurated the first high seas herring fishery in Europe (Poulsen, 2008). The Dutch product
took over the European market, with nearly 80% of total catch exported to countries around
Europe (Poulsen, 2008). By the mid 17 century, nearly 1/5" of the Dutch population worked
for the Colleges van der Grote Visserij, the regulatory body founded to handle the fishery
(Coenen, 1577; Poulsen, 2008). The salted, barreled Dutch product was highly prized and a
good source of protein during Lent and other Christian religious days when meat was not
allowed (Hoffman 2001). The herring fishery was so profitable it’s said that Amsterdam was
built on herring.

Herring as an early commercial industry

Determining the timing of onset for the emergence of herring as a commercial product is
important for several reasons. First, it illustrates a change in the relationship between humans
and the world around them concurrent with increased urbanization and globalization. Hoffman
(Hoffmann, 2001) proposed that this shift occurred around the 11" century with a shift in
consumption patterns from subsistence to something “beyond the bounds of natural local
ecosystems”. Hoffman (2005) further argued that this shift included increased pelagic resource
use. Archaeologists have — somewhat tongue-in-cheek — suggested the 11" century was a “Fish
Event Horizon” (FEH) in which improving technologies for salt production and trade,
continued urbanization, and demand for fish protein resulted in unprecedented marine fisheries
expansion which has continued to this day (Barrett et al., 2004a). The proposed FEH, however,
is based exclusively on archaeological material from England. Understanding when this shift
occurred elsewhere provides insight into the varied cultural history of Europe, as well as
providing insight into the level of exploitation in the past.

Herring commercialization was a key component in the rise of the modern market economy,
as trade became dominated by staple commodities rather than luxury goods (Barrett et al.,
2004b). Throughout the centuries, this product became more standardized and available across
the continent in various forms (red herring, salted herring, fresh herring, etc) with
corresponding values placed on each form (Kowaleski, 2016; Pitcher and Lam, 2015). Efforts
to maximize efficiency in catch and market product were fine-tuned by the Dutch herring
industry in the 16"-17" centuries by the Colleges van der Grote Visserij (Poulsen 2008).
Herring were barreled into “lasts” consisting of fish that were all the same size, then shipped
in large quantities across Europe.

The ecological impact of these early intensive fisheries has long been debated, with some
historians arguing for dramatic overexploitation (Lehmann et al., 2021) and others concluding
fishing was not extensive enough to impact marine ecology (Poulsen, 2008). Yet, contemporary
evidence suggests that fishers were concerned about overexploitation throughout history. In
1357, fishers successfully petitioned Edward III to regulate the East Anglian herring fishery
due to concerns over overfishing (Jones, 2018; Pitcher and Lam, 2015; Roberts, 2007). Fishers
were also concerned about the invention of the trawl in the 1300s and its continued use and
development particularly after the invention of steam power as it was often used to fish
predators feeding on herring spawn, thereby dramatically reducing herring recruitment (Jones,
2018; Roberts, 2007). The true impact of historical fisheries can be difficult to estimate using
historical sources, which inevitably rely on sources like catch records and taxes. These
documents can be used to great effect (e.g., Holm et al., 2021). Yet, they also come with
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caveats: who was writing the documents? For what purpose? How much stock should we place
in the author? By analyzing other sources — including but not limited to ancient molecules —
we can attempt to triangulate a better answer to the impact of fishing on ocean ecology. I further
expand this point below and in Chapter 1.

Herring in the industrial era

Unsurprisingly, herring fishing continued into the late 19" and 20" centuries, as it remained
one of the most profitable fisheries in Europe (Roberts 2007). The major new herring industry
was the Norwegian spring spawning fishery (also sometimes called the Atlanto-Scandian
fishery). In the late 19" century, the Norwegian herring industry grew from a small, coastal
enterprise to a full-fledged industrial high seas fishery target the Norwegian spring-spawning
herring, one of the largest fish stocks in the world. New inventions such as purse seines — a
large wall of netting designed to entirely surround schools of fish (NOAA, 2019) — and steam-
powered ships meant ever-increasing catches for fishers (Pitcher and Lam, 2015).

Yet, these large catches were masking a detrimental impact human activity was having on
herring. To understand this point, it is crucial to consider fishing through the concept of “catch
per unit effort” (Gulland, 1974). This term describes the amount of fish harvested given a
certain amount of effort, e.g., sail-power vs steam-powered vessels. For example, if you control
for changes in technology when measuring herring fishing, was the fishery actually more
profitable than it had been in the past? The answer was a resounding “no” — earlier fishers
caught the same amount or more fish with little effort (Roberts 2007). European herring
fisheries were on a treadmill, running faster and faster to remain in the same place, much as in
the “Red Queen Hypothesis” in evolutionary biology (Van Valen, 1973). Of course, what this
also meant is that herring were declining across Europe by the early 20" century.

Thus, prior to WWI, herring stocks in the North Sea were already overexploited. The years
during both WWI and WWII offered respite for the herring stocks, which exhibited rapid
population growth in the absence of fishing pressure (Holm, 2012). It was a decade after WWII,
however, that the most devastating herring crashes in recent memory occurred. Technological
advancements in WWII — including faster and bigger ships, GPS, radar, and sonar — meant that
fishing effort was higher than ever before (Holm, 2012; Pitcher and Lam, 2015). During the
immediate post-war era there was little regulatory oversight on fishing across Europe
(Claireaux et al., 2021). With stocks rebounding during the war years, the ocean seemed as
productive as ever. Yet, the era of free-for-all herring fishing was short-lived; in 1955 the East
Anglian herring fishery collapsed, marking the beginning of a decades-long sequences of
herring fishery collapses across the Atlantic (Dickey-Collas et al., 2010; Hannesson, 2022).

In the early 1970s, the North Sea autumn-spawning herring stock suffered a total commercial
collapse (Dickey-Collas et al., 2010) shortly followed by the Norwegian spring-spawning
herring (Claireaux et al., 2021; Rettingen and Tjelmeland, 2012), the two most important stocks
in Europe. In 1977, a herring moratorium was announced for the North Sea (Dickey-Collas,
2016). Moratoria in other regions followed as unexpected stock collapses forced a reckoning.
These collapses helped pave the way for European-wide management policies that set limits
such as maximum catch allowances and minimum fish size to keep the stock viable (Claireaux
et al.,, 2021). Fishing grounds reopened in the 1980s and 1990s, with initial years of high
catches in some regions, but the long-term sustainability of herring stocks are still in question
(Dickey-Collas, 2016; Dickey-Collas et al., 2010; ICES, 2021; Marine Stewardship Council,
2022).
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Herring in the 21" century

Herring fishing continues in the same regions as the ancient fisheries — Scotland, England,
Denmark, Poland, Sweden, the North Sea, and the Norwegian Sea. Despite the long history of
fishing and ample time to develop sustainable practices, up to 80% of fisheries in Europe are
estimated to be overexploited (Guénette and Gascuel, 2012). This measure includes several
herring stocks, most notably those in the Baltic. Nearly all Baltic herring stocks are currently
assessed as overfished, with the International Council for the Exploration of the Sea (ICES)
consistently recommending maximum sustainable yield (MSY) of zero each year (ICES, 2021,
2020, 2019). Despite these recommendations, the Total Allowable Catch (TAC) is consistently
set high to satisfy the fishing industry and a growing demand for fishmeal (Baltic Eye 2021).
Even stocks that have been deemed sustainable in recent years have started to decline. For
example, the fishery in Norway lost sustainability accreditation from the Marine Stewardship

Council in 2020 due to failures of management and overexploitation (Marine Stewardship
Council, 2022).

Climate change is also starting to have dramatic effects on herring populations. Herring are a
cold-loving species that likely have limited fitness in warm periods (Niiranen et al., 2013;
Ronkkonen et al., 2004). Ongoing climate change is expected to be playing a role in
dramatically lowered recruitment in several herring populations, including in the Baltic
(Niiranen et al., 2013; Polte et al., 2021) and in the Norwegian Sea (Tiedemann et al., 2021).
The Norwegian herring industry has been responding to weak year-classes and low recruitment
in the last 10 years by reducing TAC. Yet, even with consistent revision of fishing effort, the
stock has declined by 40% since 2009 (Tiedemann et al., 2021). Sustainable parameters for
herring fishing are often set without consideration of climate change or that long-term fishing
caused population declines before the start of “fisheries science.” This means that current
policies may not accurately reflect the true health of a herring population, necessitating a
revision of what “MSY” might mean in light of a long exploitation history and a changing
climate.

But no one eats herring anymore!

Until relatively recently, herring was a staple food across Europe. Herring are still culturally
important in many countries, for example as as surstromming in Sweden and maatjesharing in
the Netherlands (Hunt 2017). Yet, in many countries with a historical relationship to herring,
consumption has decreased in recent decades (European Commission 2021; Pihlajaméki et al.,
2018;). This decline in herring consumption tracks the recent history of herring fishing in
Europe — closure of many European fisheries during WWII and the moratoria after stock
collapses in the 60s, 70s, and 80s followed by increased fishing in recent decades. Herring is
still the most-highly consumed pelagic fish in Europe, but per capita consumption is less than
half that of fish like salmon and tuna (EU Fish Market 2021). Yet, the herring market is clearly
still booming (The Fishing Daily, 2022), so where is that fish going?

Herring fished around the world today is often relegated to use other than human consumption
(Casavant, 2021; Pihlajaméki et al., 2018). Atlantic herring are also frequently processed into
fish oil, fish meal, and fertilizer, a use that began in the mid-20" century (Pitcher and Lam,
2015). In the Baltic, 66% of all herring caught is used to produce fish meal, which is then fed
to salmon in aquaculture pens (Pihlajamiki et al., 2018). During the 20" century, as catches
increased along with industrialization, herring increasingly became part of the agro-industrial
complex, as the oil and meal was used as fertilizer (Pitcher and Lam, 2015).
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Herring are additionally often used as bait for other fisheries (Driscoll and Chan, 2022;
Grabowski et al., 2010; Masilan and Neethiselvan, 2018). The practice of using small fish as
bait is also not new; for example, small herring from what was then the Zuiderzee in the
Netherlands were often used as bait for cod in the 15"-16'" centuries (Coenen, 1577). However,
this practice has increased in recent years as our appetites have shifted to predatory species like
salmon, tuna, and lobster. Recent studies have indicated that salmon and trout aquaculture,
rather than decreasing wild fish harvests to more sustainable levels, have dramatically
increased pressure on wild forage fish like herring as more of them are required for fishmeal
production (Cottrell et al., 2021). Further research has shown a similar pattern in wild fisheries
that use herring as bait. The Maine lobster fishery is a net consumer of nutrients due to the
inefficiencies of using herring as bait for lobster traps (Driscoll and Chan, 2022). If using
herring as fishmeal and bait is such an inefficient strategy, what should we do instead?

Atlantic herring appear to be the perfect food for a sustainable lifestyle. They have a low carbon
footprint, a high edible biomass yield, and are rich in omega-3 fatty acids and protein (Marine
Stewardship Council, 2022). They have long been important sources of nutrition in Europe.
What would fishing pressure be if herring were consumed directly rather than used as bait and
fishmeal? Would this be a sustainable fishery? Researchers have advocated for the EU to push
for changing the public perception of herring to increase direct consumption in an effort to
safeguard food security (Pihlajaméki et al., 2018). Much has been made of the ocean as
salvation for climate change (European Environment Agency, 2016). Marine resources, we are
told, will reduce our carbon footprints, make us healthier, and protect land from harmful
agriculture (European Commission. Directorate General for Maritime Affairs and Fisheries.,
2021; European Environment Agency., 2016; Koehn et al., 2022).

Herring, specifically, has been held up as a safe, sustainable fish with a very low carbon
footprint (Koehn et al., 2022). Yet, simply ramping up production within the current paradigm
is clearly not a sustainable strategy, considering many regions are considered currently
overexploited (ICES, 2021; Marine Stewardship Council, 2022). Ecologists have already noted
the disconnect between the reality of modern ocean environments and governments’ proposed
“sustainable” new marine industries (Thurstan and Roberts, 2014), although it is unclear
whether this analysis holds true in all ecosystems. We cannot save the world by eating farmed
salmon and lobster. It is time to revisit our use of small forage fish like herring.

Understanding what kind of impact varying consumption patterns might have on herring and
other small forage fishes requires a long-term approach, both to understand what our true
impact on this species has been, and to provide historical parallels. In the early Middle Ages,
herring consumption increased dramatically across Europe. What was the impact of this
significant subsistence shift at the time? How might this compare to what is being proposed
today? Will increased consumption be sustainable? By looking backwards to historical
exploitation, we may be able to provide a framework for such practices. If we can better
understand the shared history between humans and Atlantic herring and the true impact we’ve
had on this species, we may be able to facilitate the transition towards more sustainable marine
resource consumption and provide benchmarks for safe fishing thresholds.

Mode of Inquiry: Marine Historical Ecology and Ancient Biomolecules

This thesis is grounded in the theory of historical ecology. Historical ecology expands the
traditional realm of ecology to incorporate interdisciplinary methods that illuminate the past.
Historical ecology is a field which attempts to reconstruct ecosystems of the past, “...unified
by a core belief that understanding present biotic conditions requires viewing them through the
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lens of past interactions with human societies” (McClenachan et al., 2015). In recent years,
awareness of our long embeddedness in so-called “natural” environments has grown (Ellis et
al., 2021; Rick and Erlandson, 2008; Rick and Sandweiss, 2020). This forces us to drastically
revise the long-held belief in the western thought paradigm that we humans are separate from
“nature,” and to accept that human impacts on the environment were much more profound in
the past than previously believed. When applied to marine systems, this approach has facilitated
breakthroughs such as the realization of phenomena like “fishing down the food web,” “shifting
baselines syndrome,” and the long, inter-connected history between human societies and the
ocean (Jackson, 2001; Pauly, 1995). Marine historical ecology can therefore provide crucial
information for conservation and management.

Science Europe noted MHE as one of “12 compelling cases for policy makers” in the past
decade due to the highly relevant nature of this line of work in addressing the problems of
ecosystem degradation and over-exploitation (Engelhard et al., 2016). By reconstructing past
ecosystems through the MHE framework, we can better understand species responses to issues
like overfishing, climate change, and differing management strategies. Further, ecological
principles learned through MHE could provide policy makers and scientists with the
knowledge necessary to not only recover damaged ecosystems, but to foster novel systems in
the coming years (Alagona et al., 2012; Kittinger et al., 2015; Mafiez et al., 2014).

With the increased accessibility of genomic sequencing techniques and ancient DNA
laboratories, the field of palacogenomics has truly come into its own in the last decade. This
has opened up new applications for ancient DNA (Rawlence et al., 2021). Molecular
approaches can bypass many of the limitations of traditional zooarchaeological analysis and
provide key insight on issues such as species identification (Biard et al., 2017; Rodrigues et al.,
2019), establishing origin .and demographic history (Nye et al., 2020). The use of aDNA and
reconstructive genomics can provide a deeper time scale than historical catch records (Ferrari
et al., 2021; Speidel et al., 2021), for instance allowing temporal assessments of overall
population size or population of origin, something that is challenging to achieve using
traditional archeological and historical methods (Star et al., 2017; van der Valk et al., 2021).
By reconstructing past ecosystems using ancient DNA, it may be possible to see changing
relationships between human society and the marine ecosystem, thereby providing a better
understanding of what constitutes a sustainable ecosystem and key tools for future-oriented
conservation efforts.

Since the discovery that ancient DNA can be extracted from fish bones, which commonly
appear in archaeological sites and are otherwise difficult to extract information from (although
certainly not impossible), a new window into the history of human maritime exploitation has
opened (Hutchinson et al., 2008; Oosting et al., 2019). Yet, the place of ancient biomolecules
is not fully characterized in marine historical ecology theory, often being used to define
arbitrary “baselines” for species’ population sizes. There are many theoretical issues
surrounding this use of molecular methods such as aDNA. In Chapter 1, I provide a full
consideration of the theoretical foundations of this thesis, as well as defining how ancient
biomolecules should be integrated into marine historical ecology. In the rest of the thesis, I
follow this theory and use ancient DNA in combination with modern DNA and historical and
archaeological evidence to explore the relationship between developing Europe and the
Atlantic herring. I place demographic reconstructions and analysis of biological traits in the
context of historical trade, estimated exploitation pressures in the past, and modern
management techniques.
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Knowledge Gaps and Research Aims

We know that herring have a long history of exploitation, are culturally important, and have a
complex ecology. Yet, the above literature review reveals areas in which knowledge gaps are
extant. These include:

a) Resolution of fine-scale population structure

b) Onset and early origins of the herring trade in Europe (where, when, trade routes?)
c) The possible impact of exploitation on herring ecology and evolution

d) Long-term demographic responses of herring to climate change

The main limitation to addressing these knowledge gaps was that, at the beginning of this PhD,
no comprehensive genomic database was publicly available for the Atlantic herring. Further,
no ancient genomic sequences were available. Indeed, the viability of tiny archaeological
herring bones for yielding ancient DNA was unclear. Thus, answering the above questions
required extensive foundational work through genomic database generation and curation,
laboratory work innovation and evaluation, and development of novel analytical tools. This
foundational work is addressed in Chapters 2 and 3. The overarching goals for the research
conducted during the course of the PhD project were designed to address these knowledge

gaps:

a) Create a representative database of modern and ancient herring genomes for the east
Atlantic and the Baltic

b) Characterize human impact and the development of intensive exploitation on the
Atlantic herring populations through zooarchaeological analysis and whole-genome
sequencing on a long time-series

c) Provide sustainable measures for informing fisheries policy in multiple countries
relating to Atlantic herring

d) Gain understanding of herring responses to climate change in the past to inform
management policies for the future

Sampling and Project Development

This project hinged on the capacity to build a database of herring specimens (and DNA
sequences) from across time and space in Europe. It therefore required collecting
archaeological specimens from researchers and depots in many different countries. Originally,
field work was planned to conduct sampling. However, my doctoral work began shortly before
the onset of the COVID-19 pandemic. With rolling university, museum, and border closures
ongoing until mid-2021, all sampling field work trips were canceled after February 2020.
Collecting specimens therefore went remote and slowed down drastically. Combined with
delayed access to modern genomic data, this left me with almost no useable data for the first
year of my PhD. In response, my focus at the beginning of my PhD shifted to theoretical work
and methodological development. This resulted in two manuscripts, one outlining a theoretical
framework for integrating molecular research into marine historical ecology (Chapter 1), and
another presenting a newly-developed software program that allows us to use even ultra-low-
quality DNA sequences (Chapter 3).
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Fig 1 — Archaeological Sampling (from Chapter 2)

Persistence and easing restrictions finally paid off, resulting in a dataset of 121 herring skeletal
elements from archaeological sites around Europe spanning the geographical and temporal
range of known intensive exploitation of the species (see Fig 1). Of these 116 specimens, 74
yielded viable DNA sequences for nuclear analysis and 111 yielded viable DNA sequences for
mitogenome analysis. As archaeological samples arrived at UiO, they were processed in the
dedicated ancient DNA lab at Blindern. The aDNA laboratory workflow is long and involved
(Orlando et al., 2021), requiring many hours in the lab and months in between the receipt of
specimens and the production of sequences.

23



Ancient DNA work requires the modern genomic reference data for situating results and
conducting comparative analysis. Prior to the commencement of the project, it appeared that
there was a wealth of herring genomes available for download on platforms like NCBI and
ENA. However, we soon realized that these genomes were not actually available or uploaded
incorrectly. Luckily, Carl André, a collaborator of Bastiaan’s, had many frozen tissue samples
stored in his lab at Goteborg University in Sweden. After an unnecessarily lengthy hold-up at
the border between Norway and Sweden — which was closed due to COVID — we received
enough tissue to generate 53 sequences from modern herring spanning the Baltic, North Sea,
and Norwegian Sea. At this point I was nearly 1.5 years into my PhD and had not been able to
conduct any analysis on actual herring data. I processed these samples as fast as possible (with
help from Bastiaan and Emma Eriksen, then our MSc student) and within a few weeks they
were sent off for sequencing. By this time, other modern sequences had also been published
and [ was able to add 19 genome sequences obtained from published research (Han et al., 2020)
and an additional 53 sequences were generated at UiO from herring tissue samples obtained at
the University of Gothenburg. The resulting modern dataset covered all major herring
populations in the eastern Atlantic as identified by Han et al. (2020) (see Fig 2).

Atlantic
|| Atlantic spring spawners n=10
W Atlantic autumn spawnersn=10
A\ Transition zone spring spawners n=29
]
O
o
[
n O
O
2 *
Baltic
| O % Western Baltic autumn spawnersn=3
@ Central Baltic autumn spawnersn-2
O Central Baltic spring spawners n=10
QO Gulf spring spawners n-=6

Fig 2 — Modern Herring Sampling (from Chapter 4)
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By late 2021, all lab work was finally completed and the full genomic dataset was ready for
analysis. I had worked to develop a bioinformatic pipeline for analysis during the prior two
years of the PhD, thus all that remained was analysis, pipeline fine-tuning, and writing.

Research Projects
The chapters that follow are manuscripts resulting from my doctoral research. I here briefly
overview the main components and subsequent chapters of the thesis.

Theoretical Underpinnings

Chapter 1: Shifting Baselines to Thresholds

The first chapter of this thesis, and the first project undertaken during my PhD, resulted in a
manuscript on integrating molecular work into marine historical ecology. Developed with two
other PhD fellows within the Seachanges ITN, the research framework is based on a system of
thresholds and rethinking the concept of “baselines.” It explicitly integrates human culture with
ecological and evolutionary work, which we argue provides a more realistic basis for truly
understanding marine ecosystems and the ways in which we can protect them in the future.

Technological Limitations of Ancient DNA

Ancient DNA research is subject to many challenges and limitations. One major problem is
that of post-mortem degradation, in which DNA sequences are damaged after an organism dies,
resulting in sequences that are of significantly lower quality than modern data (Orlando et al.,
2021; Parks and Lambert, 2015). Because it is impossible to know exactly which bones will be
suitable for destruction and DNA sequencing (Ferrari et al., 2021; Keighley et al., 2021; Tin et
al., 2014), specimens are often processed and sequenced only to be discarded due to their low
quality (e.g., Star et al., 2018; van der Valk et al., 2021). This results in a large amount of waste
in time and resources for the researcher as well as exacerbating ethical issues that surround the
destruction of irreplaceable archaeological and paleontological materials (Palsdottir et al.,
2019; Wagner et al., 2020). In Chapters 2 and 3, I further discuss the limitations of aDNA
research and introduce methodological advancements that address technological and ethical
issues inherent in aDNA research.

Chapter 2: How to use small bones for ancient DNA

Prior to the start of my PhD, the viability of herring bones — which are often small enough to
be blown away by an errant breath — for comprehensive aDNA analysis was unproven. A
promising, yet unpublished, pilot study at UiO had successfully extracted DNA from a well-
preserved site in Poland. Yet, it was unclear whether other sites would yield DNA or how the
tiny size of herring bones impacted DNA sequence preservation and quality. Such small bones
were further not accounted for in the DNA extraction protocols, which typically assumed 50-
200mg of bone powder as starting material. Together with Giada Ferrari, a postdoc in the lab
during the first year and a half of my PhD, I developed a work-around for grinding the tiny
bones with micro-pestles. Luckily for me, this method worked and I was able to extract DNA.
Even luckier for me, I was able to avoid the grueling hours of bone drilling and milling required
for DNA extraction from some of the larger species.

During my sampling, I was frequently faced with skepticism that such small bone quantities
could yield usable DNA. A review of the available literature further revealed that the smallest
bone material used in a published aDNA protocol was 10mg and even then only when using
petrous bone. Yet, here I was using bones as small as 1mg. We decided to evaluate the
sequencing results — did the size of the bones affect the quality? Was the quantity of DNA
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retrieved reliant on bone weight? These questions not only satisfied my curiosity, but could
help address a continued issue in the field of ancient DNA research: ethical destruction.

Ethical destruction of archaeological material is a major ongoing issue in the field of aDNA.
The field of aDNA typically uses between 50 to 200mg of minimum input weight of bone
material for the extraction of DNA from archaeological remains. While laboratory and analysis
techniques have focused on improved efficiency of extracting usable sequence data from older
and poorer quality remains, bone material input requirements have rarely been critically
evaluated. In this study, I evaluated my success in the aDNA laboratory in using extremely
small Atlantic herring bones for DNA sequencing. I found that initial bone weight is not
significantly associated with DNA sequence quality, rather that preservation is the key factor.
This work expands the number of specimens considered suitable for aDNA analyses, and
therefore facilitates efforts to minimize the destructive impact of aDNA research and mediate
some of the ethical concerns surrounding destructive analysis.

Chapter 3: How to use terrible data

Despite my success in retrieving DNA from miniscule bone samples, the level of preservation
was generally low. With traditional approaches and software packages, nearly all the sequences
were unusable. This is a problem that plagues all ancient DNA research — months of work and
many thousands of dollars are poured into extracting DNA from bones that ultimately gets
thrown away. Unless the sequences are of a high enough quality and the researcher has enough
money to devote to sequencing effort, there is often little that can be done with ancient DNA
sequences. But what if there was a way to use these sequences rather than letting them
languish?

To address this issue, we developed a software program that is capable of using extremely low-
quality DNA sequences for biological assignment tests. [ wrote the code for the program, which
was co-developed between myself, my supervisor Bastiaan Star, and Giada Ferrari. This
program is not specific to any type of genomic data or for use with ancient samples, thus is
applicable to other types of low-quality sequence data as well, including those sequencing
approaches which are popular in ecology such as reduced-representation sequencing. This new
technology meant that from my own dataset I was able to use 64% of all destroyed specimens
from 15 out of 16 archaeological sites, an unprecedented success rate in ancient DNA research.

Fisheries’ Impacts on the Atlantic Herring

After laboratory work and foundational research projects were completed, I could then apply
these theories and techniques to exploring the human impact on Atlantic herring. I designed
several projects to address the research questions outlined above, spanning the Baltic to the
Norwegian Sea. These included the development of the commercial herring fishery in Europe
and impacts these fisheries have had on herring ecology and evolution.

Despite my ambitions, only one of the projects could be completed during my PhD. In May of
2022, with nearly 7 months remaining before submission, my right hand succumbed to a
repetitive strain injury. At this point, I had just submitted the fourth chapter of this thesis for
publication. Thinking I would be able to finish at least one of the other projects in time for
submission, I took nearly two months of sick leave to allow my hand to heal. Unfortunately,
the injury was too severe to heal on its own and is still with me at the time of writing five
months later. While this has been, of course, a disappointment, I am bolstered by the fact that
what now stands as the final chapter is an example of the type of work now made possible by
the foundations laid in the first three chapters.
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Chapter 4: 1200 years of herring fishing in the Baltic

Marine resource consumption has been a key component in European diet and culture since the
Middle Ages, when fish consumption increased dramatically. Yet, the early origins of marine
industries and the long-term ecological consequences of historical and contemporary fisheries
remain debated. The Baltic Sea was home to the first “industrial” fishery ~800 years ago
targeting the Baltic herring, a commercial species that is still economically and culturally
important in the region today. In this study, I used ancient DNA to identify the oldest known
long-distance commercial fish trade in northern Europe. Further, modeling past demography
for four herring stocks in the Baltic revealed patterns of serial exploitation within the Baltic
herring industry. Management strategies do not take into account long-term population
dynamics of this species prior to the 19" century, which must be done in order to inform
sustainable exploitation policies in the future. A second key finding was the differential
response to climate change experienced by each of the stocks, demonstrating the importance
of a fine-scaled understanding of population structure for determining the appropriate
management strategies in the face of climate change.

Discussion

Finally, these chapters are followed by a discussion chapter which contextualizes my research
results in the wider fields of ecology, fisheries science, and conservation as well as areas for
future study. The discussion highlights key findings, such as an earlier start date to herring
commercialization than previously understood. I further illustrate the combined impacts of
climate change and exploitation on herring ecology as well as the utility of marine historical
ecology for management.
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Abstract

Current research on anthropogenic impacts on marine ecosystems often relies on the concept
of a “baseline,” which aims to describe ecosystems prior to human contact. Recent research is
increasingly showing that humans have been involved in marine ecosystems for much longer
than previously understood. We propose a theoretical framework oriented around a system of
“thresholds” referring to system-wide changes in human culture, ecosystem dynamics, and
molecular evolution. The concept of the threshold allows conceptual space to account for the
fluid nature of ecosystems throughout time while providing a critical framework for
understanding drivers of ecosystem change. We highlight practical research approaches for
exploring thresholds in the past and provide key insights for future adaptation to a changing
world. To ensure ecological and societal goals for the future are met, it is critical that research
efforts are contextualized into a framework that incorporates human society as integral to
ecology and evolution.
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From Baselines to Thresholds

Humans have long been part of marine ecosystems worldwide, although the nature of this
relationship has changed over time and space. Today many marine ecosystems are deeply
threatened, including commercial fish stocks, coral reefs, and polar environments (Bindoff et
al., 2019; Worm and Lotze, 2021). The ongoing crisis in the world’s oceans threatens
vulnerable species and ecosystems as well as economic stability and food security (FAO,
2018). Further, the world is shifting toward relying even more heavily on the ocean (Costello
et al., 2020). From these trends, it is clear that research must address the maintenance of ocean
ecosystems. To balance the various needs of all ecosystem actors, both human and non-human,
it is crucial that we have language and theory that reflects the dynamic nature of marine
ecosystems and our place in them.

Addressing the problem of ocean ecosystem degradation requires enormous interdisciplinary
effort. This effort, however, is often stymied by the way in which knowledge creation occurs
in marine science. In 1995, Daniel Pauly published a paper on the now-famous phenomenon
known as “shifting baselines syndrome (SBS),” in which collective environmental knowledge
and memory move forward in time with successive generations, resulting in gradual loss of
knowledge regarding the previous state of an ecosystem (Pauly, 1995). Continuous
environmental degradation can result in a misinterpretation of changes over time, frequently
leading to under-valuation of environmental carrying capacities or species population sizes
(Lotze and Worm, 2009; Rodrigues et al., 2019) making researchers ill-equipped to fully
understand changing ecosystems. Yet, the environments being studied have been transformed
by human actions, often for a much longer time period than is commonly assumed (Lotze and
Worm, 2009; Rodrigues et al., 2019).

Although the prevalence of SBS has been clearly demonstrated, the concept itself relies on a
problematic ecological assumption: that there is a “baseline” for any one species or ecosystem
dynamic. This implies a singular, natural state for any particular ecosystem, which, in practice,
becomes fraught with arbitrary decisions regarding how a “baseline” is determined (Lotze and
Worm, 2009; Rodrigues et al., 2019). To illustrate this point, Collins et al. (2020) estimated
historical population sizes of hunted North American mammals throughout history using two
different historical time points as cut-offs for baseline calculation. They found that by pushing
the timeline back 100 years, population size estimates increased by over 10%, suggesting the
original estimates were likely misleading due to the arbitrary designation of a temporal
baseline. Such studies are crucial in illustrating the arbitrary nature of baseline determination
while acknowledging the equally important role baseline assumptions play in knowledge
creation.

It is clear that humans have had a significant and deleterious effect on our surrounding
ecosystems in our more recent history. Yet, it is also important to emphasize that humans have
played a role in our environments for the entirety of our evolutionary history, including coastal
and marine ecosystems (Rick and Erlandson(eds), 2008; Stringer et al., 2008). This role was
neither inherently positive nor inherently negative; our long relationship with the marine
environment and the increasingly appreciated dynamic nature of ecosystem stability illustrates
the fact that the “baseline” concept itself is what should be shifting. Rather than focusing on a
baseline, the concept of SBS should be incorporated into a wider theoretical framework of
thresholds in marine environments which explicitly incorporates human culture as an integral
component of marine ecosystems. As will be discussed below, the concept of the threshold
allows conceptual space for the fluid nature of ecosystems throughout time. It also provides
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markers for establishing baselines and a critical framework for understanding drivers of
ecosystem change.

By incorporating SBS into a larger discussion of thresholds, the debate can be shifted back to
understanding long-term ecosystem dynamics rather than elucidating concrete baselines.
Further, the concept of thresholds expands the timescale further than that of SBS, allowing
complete incorporation of ecological and evolutionary dynamics into the discussion of
sustainable resource management. Finally, as we will show, SBS can be conceptualized as a
key component within the wider threshold structure as a cultural characteristic that facilitates
the crossing of a certain type of threshold—the tipping point.

We recognize that some of these concepts have been previously addressed in other studies and
reviews (Groffman et al., 2006; Samhouri et al., 2010; Rodrigues et al., 2019). Here, we
propose a framework that seeks not to disprove other attempts but to expand and enhance
inquiry into past ecosystems. We propose a generalized research approach. We emphasize the
way in which recent advances in molecular research can illuminate long-term ecosystem
change when they are firmly grounded in theory that explicitly incorporates human society in
our understanding of what constitutes an “ecosystem.” We situate this framework within
previous theoretical work, including SBS. We then highlight knowledge gaps in ecological and
evolutionary thresholds that can be addressed through biomolecular methods that have become
increasingly efficient and accessible in recent years, such as genomics and palaeo-/archaeo-
genomics and stable isotopes analysis. Finally, we provide suggestions for future research and
the impact such studies could have on providing crucial information for future environmental
resource management

Defining Thresholds in Marine Ecosystems

The technical definition of a “threshold” in the Oxford English Dictionary is, “[t]he magnitude
or intensity that must be exceeded for a certain reaction or phenomenon to occur” (OED, 2021).
We use this definition of “threshold” to define various subtypes of threshold that are relevant
for understanding marine ecosystems: the magnitude or intensity of some driver increases or
decreases to the point that a threshold is crossed. Here we highlight three major threshold
categories that pertain to change in marine ecosystems: cultural, ecological, and evolutionary
(see Table 1) and discuss various research techniques to identify when a threshold has been
crossed, e.g., a certain reaction or phenomenon has occurred. For each category, threshold
identification is always dependent on the research question: it relies on the reaction or
phenomenon of interest in the study.

When discussing marine resource exploitation, there are several major ways in which a
threshold can be identified. The first is to pinpoint times in the past at which human societies
experienced a major transition that coincided with changes in relationships to marine
ecosystems: thresholds in culture. These thresholds are based on phenomena such as changes
in perception of marine environments, technological loss/innovation, economic development,
and changes in resource use fall into this category. Thresholds in culture signify a shift in
human society that impacts societal-level relationships with the surrounding environment.
There are several cultural thresholds that have been identified in human history and are widely
known, including the Neolithic and Industrial “revolutions” and the rise of the Information
Age. It should be noted, however, that shorter or seemingly less dramatic periods of flux can
also be considered cultural thresholds though this is dependent on the scale of the study and
the research question. Some examples of cultural thresholds include religious change,
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technological advance, and political regime changes (including societal collapse). These
changes often affect the relationship between humans and their environments, even if
indirectly, through changing subsistence patterns, access to novel food sources through trade,
and changing economic and political regulations. Cultural thresholds that impact human
exploitation in the marine environment are varied and often relate to technological advance
(e.g., seafaring technology or improved fishing techniques) (Unger, 1980; Couper, 2009;
O’Connor et al., 2011; Montenegro et al., 2016), but can also be linked to cultural mores
surrounding seafood consumption, as seen with the arrival of Christianity in northern Europe
and the associated increase in fish consumption on religious holidays in lieu of meat
(Hoffmann, 2001, 2005; Miildner and Richards, 2005). Although these cultural changes can
(and often do) have ecological implications, impacting the ecology is not a requirement for a
cultural threshold.

Table 1 — The three thresholds

TABLE 1 | The three thresholds.

Threshold Definition Examples of drivers Examples of thresholds
Cultural Major societal transitions that coincide with changes in  The invention of trawling; the Industrial  Dietary change; Economical shift; Urbanization of
relationships to marine ecosystems, often resulting in Revolution; Animal domestication coastal areas
changed societal perception and use of nature and/or  events; Onset of the North American
marine environments Fur Trade; The invention of motorized
vessels
Ecological A boundary in ecosystem dynamics that results in a Glacial Periods; Climate Change; Species richness; trophic interactions; populations
balance shift within and/or between ecosystems. This  Extirpation events; Population density ~ connectivity; distribution of species; historical
can occur at the inter- and intra-species level or be of particular species; Onset of pollution  population size

related to abiotic factors

Evolutionary A heritable change in a species’ genotype or phenotype Growth/reductions in population size;  The evolution of lactase persistence in humans;
that impacts a population larger than a single lineage Isolation; Changes in sexual selection;  Creation of domesticated animal species/breeds;
adaptation to environmental changes adaptive potential; accumulation of deleterious
mutations; diversity gain or loss

The second category of thresholds characterizes ecosystem boundaries according to species
biology or ecological traits. These are thresholds in ecology. Thresholds in ecology encompass
relationships between species in an ecosystem (e.g., mutualism, predation, symbiotic
relationships, trophic balance, etc.) and can refer to radical shifts in ecosystem dynamics as a
whole. Again, the threshold is scalable depending on the research aims. Thresholds in ecology
can be linked to anthropogenic impacts but may also occur naturally, such as in the process of
ecosystem turnover. Thresholds in ecology can also be driven by abiotic factors, both extrinsic,
such as the introduction of pollutants or chemicals, and intrinsic, such as biogeological
processes like shifting currents and changes in upwelling. Such ecological thresholds are
commonly used in exploitation policies today. For example, fisheries policies are often based
on measures of spawning-stock biomass—the number of fish in a species that can reproduce
in any given year—requiring that human extraction levels do not cause the population to dip
below a certain threshold based on the minimum remaining stock size calculated for sustaining
the population (De Lara et al., 2007). We here avoid the terms “ecosystem services” and
“ecosystem function” as these have been used in the past to create hierarchies between human
societies and their surrounding ecosystems and frame management goals purely in terms of
how these ecosystems can benefit humans (de Groot, 1987; de Groot et al., 2002; Costanza et
al., 2017). We recognize that the definition of the term “ecosystem function” has been under
debate in ecological research for some time (Paterson et al., 2012). As it can be used as an
underpinning for determining ecosystem services and occasionally synonymously with
“ecosystem services” (e.g., Peterson et al., 2010; Oliver et al., 2015; Hillman et al., 2018), we
choose to avoid this term altogether.
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Finally, there are thresholds in evolution. Evolutionary thresholds are crossed when there is a
heritable change in genotype or phenotype in a species. For simplicity’s sake, we here discuss
molecular evolution as the main example for crossing and evolutionary threshold. This includes
demographic shifts such as bottlenecks and population expansions, selective processes and
inbreeding, and other phylogenomic phenomena. Potential drivers of threshold crossing
include: species migration, climate change, and abiotic factors such as ocean acidification and
temperature changes. In recent history, many of these thresholds are likely reached due to
human activity, but may have been non-anthropogenic in the past. In this paper, we focus on
human exploitation as a critical example of how anthropogenic change can induce an
evolutionary threshold. For example, the concept of fisheries-induced evolution postulates that
intensive fishing pressures cause an evolutionary change in fish species, mostly by changing
life-history traits for faster maturation (Heino et al., 2015; Pinsky et al., 2021). Fisheries-
induced evolution occurs when fishing has reached a scale in which evolution is impacted,
which may be temporally decoupled from the ecological or cultural thresholds.

Recent discourse in ecosystem management, on anthropogenic impacts on the environment,
and on climate change has revolved around the notion of maintaining human activity and
ecosystem dynamics within a set of sustainable boundaries often referred to as “thresholds” or
“tipping points” (Lenton and Schellnhuber, 2007; Rockstrom et al., 2009; Russill and Nyssa,
2009). As these terms are not often concretely distinguished, we suggest a differentiation
between them. A threshold is distinct from a “tipping point” in that it does not inherently imply
a system that has lost crucial regulatory elements. A tipping point can be a form of a threshold,
but thresholds exist which are not “tipping points.” For example, quantification of sprat
population size dynamics has revealed distinct thresholds at which the Baltic Sea ecosystem
transitions to an alternate stable state (Casini et al., 2009) but the overall ecosystem dynamics
remain unchanged. In contrast, extractivist policies based on research generated under SBS is
a cultural characteristic that is causing our oceans to hurtle toward global fisheries collapse and
near-total ecosystem degradation (Pauly, 1995; Jackson et al., 2001; Roberts, 2007; Bindoff et
al., 2019), therefore is key to crossing the tipping point. Crossing this threshold would be
nothing short of catastrophic, which only serves to highlight the importance of deepening our
understanding of the other three thresholds. Establishing how thresholds in culture, ecology,
and evolution are crossed is therefore of crucial importance to better inform ecosystem
management efforts and foster novel approaches to avoid tipping points.

Although seemingly straightforward in definition, these thresholds are in practice entwined in
complex, interdependent relationships. For example, advances in fishing technology constitute
not only a cultural threshold, but also ecological and evolutionary thresholds as selective
fishing and its ecological impact will act as new elements in the marine environment, e.g., with
the advent of deep-sea trawling. Given the complexity of human behavior, ecosystem
dynamics, and species evolution, it is critical to explore these thresholds thoroughly both in
conjunction and as separate phenomena. It can be difficult to determine at what point a
threshold has been crossed or what should be considered a “threshold.” The threshold concept
is not one-size-fits-all, rather it is a flexible approach that can be scaled across time and space.

Determining Thresholds: A Generalized Approach

Here, we lay out the ideal workflow for addressing the issue of identifying thresholds in marine
ecosystems in the context of marine resource exploitation. First, context must be grounded in
historical, paleontological, archeological, and anthropological research. This includes
consultation of historical records, archeological site reports, and, where applicable,
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ethnographies. Critically, what this means for ecologists is directly searching for answers to
ecological/evolutionary questions outside the field of ecology. A strong background in the
relevant historical and archeological contexts of the time period and/or biological system in
question shifts ecological inquiry away from assumptions that long-term change must be
caused by abiotic factors, such as climate, whereas only recent changes can be due to human
activity in the ecosystem. Concurrently, a relevant background in the natural history of the
biological system in question is crucial for framing the historical and archeological context.
Biomolecular analysis can then be carried out. This work must be situated in archeology,
history, indigenous knowledge, and ecology in order to interpret results in a nuanced approach
based in systems-level thinking.

Archeology, anthropology, and historical research are key methodological approaches with
which to explore cultural thresholds. The application of these methods, however, are not stand-
alone modes of inquiry into the problem of identifying sustainable practices. Research must be
framed in the context of archeology, history and, wherever applicable, indigenous knowledge.
Incorporating all types of knowledge is the only way we will be able to balance issues such as
food security with the pressing problems of declining biodiversity, climate change, and social
Justice.

Many studies of marine resource extraction set their baseline as the mid- or early twentieth
century, citing a drastic change in technology that allowed for increased fishing capacity in
hitherto inaccessible regions of the globe (Pinnegar and Engelhard, 2008). This is, of course,
an important cultural threshold in marine resource extraction and one that merits attention. It
is likely, however, that industrial-scale exploitation was occurring, for at least some
populations, much earlier than the twentieth century. In the Atlantic, archeological and
historical research has revealed fisheries on an enormous scale occurring up to 1,000 years ago
(Barrett, 2019). Indeed, Barrett et al. (2004) propose that a cultural threshold was crossed at
this time in the form of the “Fish Event Horizon,” in which the English proto-industrial fishing
operations reached a high enough level that the surrounding North Sea ecosystems were forever
changed. These conclusions were reached based on zooarchaeological analysis in combination
with analysis of historical documents, suggesting that the mid- or early twentieth century
baselines established for many marine populations are again subject to SBS. This illustrates the
capacity of archeological and historical research to exhibit thresholds in human culture that
indicate likely parallel ecological thresholds. While providing significant insights, these
sources remain limited for generating a comprehensive understanding of the marine ecosystem.
Archeological and historical research efforts are adept at determining thresholds in human
behavior such as major societal changes or shifts in scale of exploitation, yet both are less well-
equipped for informing us about species or ecosystem dynamics (Barrett, 2019; Oosting et al.,
2019).

Molecular analysis of archeological assemblages, undertaken in collaboration with
archeologists and historians, can provide novel insight into broader ecological questions. These
approaches include stable isotope analysis, proteomics, and genomics, often in conjunction
with archeology and paleontology to form the discipline of biomolecular archaeo/paleontology.
The research aims that can be addressed include: species identification (Biard et al., 2017);
establishing trade, migration, and population continuity (Star et al., 2017); reconstructing
demographic history and evolutionary change (De Bruyn et al., 2009; Foote et al., 2013); and
analyzing past ecological and climatic conditions (Gokhman et al., 2017). Recent advances in
ancient biomolecular techniques have created a novel arena for investigating thresholds, one
that is already beginning to take shape in bioarchaeology and marine ecology (Martinez-Garcia
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et al., 2021; Olafsdottir et al., 2021). By reconstructing past ecosystems using ancient DNA
and stable isotope analysis, it may be possible to observe periods of stability and flux, providing
a better understanding of what constitutes a balanced and sustainable ecosystem in support of
future-oriented conservation efforts. Indeed, ecological principles identified through molecular
approaches could provide policymakers and scientists with the knowledge necessary to not
only recover damaged ecosystems but to help foster novel ecosystems in the coming years
(Alagona et al., 2012; Manez et al., 2014).

We recognize that such an approach to inquiry requires generalized knowledge and a strong
collaborative research network that draws on expertise in each of these fields. In recent years,
such networks have been established in marine ecology (e.g. Oceans Past Initiative, 2021; Sea
Change Project, 2021; SeaChanges ITN, 2021). We anticipate that as the field turns toward
incorporating social science and humanities, we will see an influx of networks of this type
increasing.

Determining Thresholds: Molecular Methods

Molecular methods in thresholds analysis often take the form of biomolecular archeology. This
typically involves collecting remains from archeological sites, such as bones or other preserved
tissue, to extract informative molecules from these samples. Although traditional
morphological studies are typically used to understand faunal assemblages from archeological
sites, molecular approaches can provide novel insight into broader ecological questions. To
illustrate the potential of biomolecular archeology for research on marine thresholds, we
highlight the fields of palacogenomics and stable isotope analysis as well as the emerging field
of palaeoproteomics to illustrate the power of biomolecular archeology to provide crucial
information for research into marine thresholds.

Palaeogenomics

The field of palacogenomics has come into its own in the last decade with the accessibility of
ancient DNA laboratories and genomic sequencing techniques (Dabney et al., 2013). This has
allowed the field to conduct molecular analysis to a scope that was previously not possible with
the prior limited capacity for ancient genome sequencing, opening up new applications for
ancient DNA (Rawlence et al., 2021 and references therein). Since then, ancient DNA has been
extensively used to explore the relationship between humans and animal species, both wild and
domesticated, mainly focused on large terrestrial land mammals and hominids (Meyer, 1992;
Dabney et al., 2013; Druzhkova et al., 2013; Woods et al., 2018). However, remains from fish,
marine mammals, and other aquatic species are often recovered from archeological sites and
included in zooarchaeological analyses. This large corpus of predominantly unanalyzed
material from marine animals should not be overlooked.

Molecular approaches can bypass many of the limitations of traditional zooarchaeological
analysis and provide key insight on issues such as species identification (Biard et al., 2017,
Rodrigues et al., 2018), establishing origin (Star et al., 2017), and demographic history (Nye et
al., 2020). Similar methodologies have been extensively employed to research domesticates,
large prehistoric mammals, and humans (Green et al., 2010; Lorenzen et al., 2011; Meyer et
al., 2012; Librado et al., 2017; MacHugh et al., 2017). However, palacogenomic analysis is far
less frequently applied to marine populations, particularly those heavily exploited by humans,
both past and present (Oosting et al., 2019). In the last few years, the use of ancient marine
samples has begun to increase as laboratory techniques for such samples have improved
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(Boessenkool et al., 2017; Der Sarkissian et al., 2020; Ferrari et al., 2021b; Martinez-Garcia et
al., 2021).

The use of aDNA and reconstructive genomics can provide a deeper time scale than historical
catch records. With new bioinformatic techniques, ancient genetic data integrate seamlessly
with modern data (Ferrari et al., 2021a; Speidel et al., 2021), for instance allowing temporal
assessments of overall population size or population of origin, something that is challenging to
achieve using traditional archeological and historical methods (Star et al., 2017; Smith B.T. et
al., 2021; van der Valk et al., 2021). By reconstructing past ecosystems using ancient DNA, it
may be possible to see changing relationships between human society and the marine
ecosystem, thereby providing a better understanding of what constitutes a sustainable
ecosystem and key tools for future-oriented conservation efforts. For example, Welch et al.
(2012) successfully applied ancient DNA analysis to identify local extirpations in the endemic
Hawaiian petrel, illustrating range contraction of the species over time and providing guidance
for future conservation efforts. Similar approaches have been used to identify possible source
populations for reintroducing Eurasian beavers to the United Kingdom (Marr et al., 2018). By
establishing a time series of population dynamics that is hundreds to thousands of years old, it
is, for the first time, possible to clarify long-term evolutionary trends for exploited populations
and their likely drivers, whether those drivers be anthropogenic or otherwise.

Ancient DNA can also be used to identify cultural patterns, which could help elucidate past
cultural thresholds. For example, studies of dental calculus—calcified plaque on tooth
remains—is a treasure trove of information on the ancient oral microbiome (Warinner et al.,
2015). Analysis of dental calculus in human remains has revealed information on past diets,
medicinal use, and ancient dental practices and associated cultural shifts (Blatt et al., 2011;
Adler et al., 2013; Warinner et al., 2014; Sawafuji et al., 2020). As of yet no studies specifically
link dental calculus to marine exploitation, but that does not preclude its potential applicability
to understanding changing marine resources. Ancient genomes can also be used to trace
patterns of human migrations and associated changes in land use and subsistence (Racimo et
al., 2020). Past patterns of human migration are often linked to cultural and/or biological
replacement of pre-existing populations (Li et al., 2014), indicating large cultural thresholds
could be crossed during periods of mass migration. Modern genomic sequences are often used
to study past migrations to great effect (Leslie et al., 2015). Yet, the addition of ancient DNA
can provide time-calibrations and an extended window into the past for some of these
migrations that greatly alters our understanding of past cultures (Margaryan et al., 2020). These
examples, which document Viking expansion into the islands that include the present-day
United Kingdom and Ireland, can be used to assess past cultural relationships with the sea, as
Viking culture is well-known to have been dependent in large part on marine subsistence, in
contrast to some of the populations they conquered (Naumann et al., 2014).

It is often assumed that humans entering a new environment irrevocably change the ecosystem
and, thus, efforts for “rewilding” or restoration rely on the premise that whatever existed prior
to human interaction is the “natural” state of the ecosystem. Emerging evidence from
palaeogenomic studies shows that, while humans have of course changed marine environments,
the narrative that drives the human-ecosystem binary is over-simplifying the true state of
ecosystem dynamics. For example, the Grand Banks Atlantic cod population famously
collapsed in the 1990s, to the devastation of local communities (Myers et al., 1997). The cod
population has still not rebounded, resulting in a trophic cascade around the Newfoundland
coast (Frank et al., 2005; Neuenhoff et al., 2019). Yet, recent analysis has shown that, despite
the severe population bottleneck the Atlantic cod population has suffered in the last few
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decades, their genetic diversity remains stable and, thus, old phenotypes and ecosystem
dynamics may still be recovered (Pinsky et al., 2021). Studies such as this challenge the long-
held assumption that intense exploitation of fisheries must inherently result in evolutionary
threshold-crossing on the species-level and emphasize that there are pathways forward for
maintaining human-marine relationships that allow both sustainable interaction and
exploitation of marine resources and balancing ecosystem dynamics. Similar studies have
shown that genetic diversity is robust to periods of intense human exploitation in various
species (Welch et al., 2012; Paijmans et al., 2020; Martinez-Garcia et al., 2021).

These studies highlight the importance of not conflating different thresholds. Ecological
thresholds were crossed in the Grand Banks as the ecosystem shifted to an alternate stable state,
yet genomic results show that molecular evolutionary thresholds have not yet been crossed.
Further, they illustrate that while cultural thresholds in exploitation may be informative for
identifying ecological and evolutionary thresholds, one must be sure not to project cultural
thresholds onto the environment as points of no return. The example of the Grand Banks cod
industry also highlights the importance of scale in determining thresholds. At the regional level,
the Grand Banks cod population seems to be on the cusp of recovery, as illustrated above. Yet,
in some locations an ecological tipping point threshold has, indeed, been passed even if a
molecular extinction threshold has not been shown, with local populations in some areas
heading quickly toward extirpation (Swain et al., 2015, 2019). This illustrates the necessity of
identifying thresholds across different geographic and ecological scales and the interplay
between thresholds at various levels. There could, for instance, be an evolutionary or ecological
threshold that is crossed at the species or regional level when enough local thresholds have
been crossed. This is in line with the traditional emphasis in conservation genomics to preserve
local populations for species-wide diversity and adaptive potential through techniques like
genetic rescue (Supple and Shapiro, 2018).

Stable Isotopes

Stable isotopes analysis has, much like DNA, been an increasingly accessible tool for
archeologists and ecologists alike over the last several decades. Stable isotopes of animal tissue
are typically used for analysis of trophic level, dietary reconstruction and foraging ecology,
migration, and habitat use. In archeology, stable isotope analysis has been primarily applied to
human bone samples. The majority of these studies rely on carbon and nitrogen stable isotope
analysis to reconstruct diet, often focused on identifying agricultural transitions (Lee-Thorp,
2008; Sponheimer et al., 2013; Hu, 2018). Other stable isotopic systems including sulfur and
oxygen have also been applied to studies of human remains to examine diet (Nehlich et al.,
2012; Rand and Nehlich, 2018) and migration (Prowse et al., 2007; Leach et al., 2009; Guo et
al., 2018). Applications to past human cultures, particularly those that highlight changing diets
and migration, can provide important insights into past cultural thresholds, such as changing
religious practices, political regimes, or technological advance that resulted in altered
subsistence patterns (Kosiba et al., 2007; Ventresca Miller et al., 2014; Alexander et al., 2019;
Cheung et al., 2019). Dietary reconstruction of human populations can identify the
incorporation (or lack thereof) of marine resources in the diet (typically requiring a consistent
level of consumption over a sustained period) (Goude et al., 2017; McConnan Borstad et al.,
2018; Tung and Knudson, 2018). Stable isotopic analysis is increasingly being applied to
zooarchaeological remains providing a unique window into the past which can be used to
compare to modern ecological studies (Pilaar Birch, 2013). These studies often focus on animal
domestication (Hu et al., 2014), seasonality of birth (Frémondeau et al., 2015; Tornero et al.,
2016), and husbandry practices (Cucchi et al., 2016; Manin et al., 2018; Bishop et al., 2020).
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In marine systems, stable isotopes have provided proxies for changes in water temperature,
salinity, nutrient sources, and food-web complexity (Geffen et al., 2011; Barrett, 2019). Carbon
and nitrogen stable isotope analysis have been used to understand foraging ecology (McClellan
et al., 2010; Newsome et al., 2010; Szpak et al., 2018, 2019). Due to differences in isotopic
discrimination, there are benthic-pelagic differences in 8'3C values, which results in inshore
foragers exhibiting higher 8!*C values than offshore species (Hobson et al., 1997; Cherel and
Hobson, 2007; Andersen et al., 2021). For example, Olafsdottir et al. (2021) used
zooarchaeological remains associated with Icelandic demersal fisheries to explore the impact
of increasing fishing pressure on the trophic levels of Atlantic cod, haddock, and wolffish. By
explicitly linking this research to historical and archeological research into the development of
the proto-industrial cod fishery in the Medieval era, they were able to compare isotopic
signatures over the last 700 years to modern signatures, revealing a strong sign that fishing
pressures have both lowered the trophic level for species like cod and resulted in convergence
on a single trophic niche for demersal fishes in this environment. Other isotopic systems have
also been used, including sulfur as a proxy for foraging ecology (Szpak and Buckley, 2020)
and zinc for trophic level in archeological arctic marine mammal bone (Jaouen et al., 2016;
McCormack et al., 2021). Oxygen isotopes in marine systems have been used to identify habitat
use (Clementz and Koch, 2001; Drago et al., 2020). Guy et al. (2018) used oxygen isotopes to
identify fish from a hypersaline lagoon environment in northern Egypt and are able to identify
a period of intense exploitation, and trade based on the isotopic signature.

Stable isotope analysis often relies on proxies for data collection. For example, using an
innovative approach based on extracting isotopes from ocean quahog, Estrella-Martinez et al.
(2019) were able to reconstruct recruitment estimates for the North Sea herring population.
Using a marine historical ecology approach, they then cross-checked these estimates with
historical resources regarding fishing pressure and catch-per-unit-effort over time. This sort of
approach highlights the current ability of molecular research to transform our understanding of
the interplay between humans and the marine environment. Further, it emphasizes the ability
to conduct systems-level analysis (they primarily wanted to investigate primary productivity)
from a single isotopic signature when this signature is fully grounded in historical and
archeological context.

Palaeoproteomics

Ancient DNA is an incredibly powerful tool for illuminating past evolutionary dynamics.
However, it is dependent on well-preserved specimens, often restricting research both
temporally and geographically (Hofreiter et al., 2014). In contrast to fragile DNA sequences,
which begin to degrade immediately post-mortem, proteins are more stable molecules that are
less susceptible to degradation over time (Collins et al., 2010). Palacoproteomics, the extraction
of ancient protein molecules from paleontological and archeological remains, is an alternative,
minimally destructive method that can also be used on older and less-well-preserved specimens
(Welker, 2018). Emerging techniques based on well-established proteomics methods, such as
Zooarchaeology by Mass-Spectrometry (ZooMS) can provide taxonomic identification of
poorly preserved specimens at relatively low costs without destructive sampling (Buckley et
al., 2009; Collins et al., 2010; van Doorn et al., 2011) and provide information for phylogenetic
analysis (Welker et al., 2016; Welker, 2018).

Compared to the previously mentioned methods, palacoproteomic methods are under-

developed. Yet, they are still able to shed light on past societal trends of marine resource use,
and biological and ecological trends, e.g., shifts in species distributions and changes in resource
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use (Le Meillour et al., 2020). For example, cetaceans are morphologically hard to identify
from traditional zooarchaeological analysis. ZooMS has become an alternative method for
more accurate taxonomic identification of these specimens, which might otherwise not be
identified (Kitchener et al., 2004; Speller et al., 2016; Rodrigues et al., 2018; van den Hurk et
al., 2020, 2021; Wagner et al., 2020). Based on palaeoproteomic data, scientists were able to
suggest an expanded distribution range for gray whales in the Mediterranean (Rodrigues et al.,
2018), providing information that could be used to define ecological and evolutionary
thresholds. When placed in an archeological and historical context, key aspects regarding
cultural thresholds have been also explored, such as the dietary use of cetaceans for humans in
the Roman and Medieval periods (van den Hurk et al., 2021), and by the American hunter-
gatherer—fisher communities of Tierra del Fuego (Evans et al., 2016). Palacoproteomics can be
a stand-alone useful tool for marine areas where preservation of zooarchaeological remains are
scarce—e.g., for remains in tropical and subtropical zones (Hofreiter et al., 2014; Speller et al.,
2016)—as well as a supportive tool when integrated with other techniques (Evans et al., 2016;
Rodrigues et al., 2018).

Determining Thresholds: Practical Limitations

The ancient biomolecular techniques discussed above are all established avenues of research
for better understanding the human and beyond-human past. Yet, each of these techniques is
also subject to particular limitations that stem from working with damaged, degraded, and/or
partial material. Access to paleontological and archeological materials from which these
molecules can be extracted is also a constraint on ancient biomolecular research. As each of
these techniques necessitates some form of destructive analysis, research must be carried out
painstakingly to minimize the risk of wasteful destruction of unique paleontological and/or
archeological materials. Each approach is further limited in scope by the availability of
archeological and paleontological remains, which are often biased toward particular regions
(terrestrial ecosystems and Europe in particular). There are ongoing efforts to expand these
fields into less “traditional” regions of the world (for example, the ERC-funded 4-Oceans
project), but this will continue to be limited by both differential preservation in different
climates and by problems of access, including funding and training opportunities. Each of these
biomolecular techniques additionally has an upper limit on the time depth to which they can be
used. Thus far, the oldest ancient DNA ever retrieved was 1 million years old (van der Valk et
al., 2021), but the majority of ancient DNA is significantly younger. Both stable isotopes and
proteomics can go much further back in time, but are still limited by access to suitable remains
for analysis. We here highlight additional limitations that must be considered for each of the
proposed biomolecular approaches.

Ancient DNA

Ancient DNA, while providing a wealth of information, can be costly. Ancient DNA laboratory
work requires access to specialized equipment and high-level clean lab protocols to minimize
the risk of contamination by modern biomolecules. Ancient DNA has a high risk of
contamination, therefore all laboratory work must be conducted by experts in specialized clean
facilities for working with old, fragmented DNA. In the past, the sheer cost of conducting
ancient DNA lab work (not to mention the associated costs and computational requirements
for analysis) has been prohibitive for many labs. However, as high-throughput genomic
sequencing has become more prevalent in molecular ecology, population genetics, and
medicine, the associated cost of ancient DNA sequencing and analysis has been driven down
in conjunction (Der Sarkissian et al., 2015). As a result, the number of ancient genomic
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sequences being produced has increased exponentially in recent years (Marciniak and Perry,
2017; Skoglund and Mathieson, 2018; Brunson and Reich, 2019). Recent advances in
laboratory protocols and bioinformatic techniques have also reduced the impact of bias from
post-mortem damage (Jonsson et al., 2013; Schubert et al., 2014; Priifer, 2018) and expanded
the capacity to conduct research on extremely poor-quality data (Ferrari et al., 2021a). The
uncertainty associated with analyzing damaged DNA sequences can impact evolutionary
analysis, but recent work on methodological development has done much to address this
(Priifer et al., 2010; Martiniano et al., 2020; Orlando et al., 2021). By using ancient DNA in
conjunction with modern genomes, some of the limitations of ancient DNA can be addressed
and ancient DNA can provide additional insight into deeper evolutionary history than modern
genomes alone (for more detailed discussion of ancient DNA applications and limitations, see
Slatkin and Racimo, 2016; Pont et al., 2019; Spyrou et al., 2019; Dehasque et al., 2020; Smith
A.D.etal, 2021).

Stable Isotopes

Stable isotope analysis of archeological material faces similar problems to the other
biomolecular techniques. Sufficiently preserved material must be obtained and destructive
analysis is required for collagen extraction (Hoke et al., 2018). The quality of stable isotope
results can also be impacted by contamination (Vaiglova et al., 2014) and diagenetic processes
that result in isotopic degradation, both of which have been addressed in recently published
guidelines for quality-control stable isotope analysis (Guiry and Szpak, 2021). It can also be
difficult to determine the comparability of environments across time. For example, whether
differences in isotopic signatures across time are merely a reflection of chronology or actually
indicate a significant change in environment or diet. This is an issue for !°N analysis, which
is often used in marine ecology and historical ecology to conduct trophic web analysis
(Jennings and van der Molen, 2015; Guiry, 2019). In order to account for chronological change,
it is often necessary to find '°N values for a species that would have been close to the baseline
of the trophic web both in the past and in the present to provide accurate trophic level estimation
for the target species (Post, 2002). It is not always possible to access baseline trophic web
species from past ecosystems, thereby limiting the power of trophic web analysis in the past.
However, past dietary analysis using carbon and nitrogen signatures is an established and
successful field in historical ecology and biomolecular archeology (Miller et al., 2020; Bird et
al., 2021), as well as various other applications, including elucidating cultural thresholds in
resource use (Lewis and Sealy, 2018; Nord and Billstrom, 2018; Miller et al., 2020) and
geographic region of origin (Hobson, 1999; Lightfoot and O’Connell, 2016).

Palaeoproteomics

The advantages of palacoproteomics include being putatively less destructive than stable
isotopes and palaecogenomics, and that proteins can be extracted from very old material.
However, proteomics and palaecoproteomics cannot provide as fine-scale information as
ancient DNA, as it is not yet possible to conduct more than rudimentary evolutionary analysis
such as phylogenetic assignment and taxonomic identification (Welker, 2018; Horn et al.,
2019). Even if less dependent on material preservation, palacoproteomics still relies on material
quality and protein evolution. Poor recovery of peptides in ancient samples, as well as protein
similarities between close-related taxa, can restrict palacoproteomic studies to identification on
higher taxonomic levels (Speller et al., 2016; Buckley, 2018). Existing palacoproteomics
databases also show a strong geographic bias, as research efforts have been concentrated at a
small number of institutions in Europe (Welker, 2018). Despite this, recent advances in
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proteomics show promise for greatly expanding the evolutionary applicability of
palaeoproteomics (e.g., Runge et al., 2021) and it will likely be an important field in the near
future as more applications are explored.

Thresholds and Resource Management

All of the above analytic capacities of ancient biomolecular research are crucial for
understanding our past relationship with the marine environment. To establish future
sustainable measures for marine resource exploitation, it is necessary to contextualize today’s
sustainability and conservation efforts with knowledge of the long-term relationships between
humans and these ecosystems. The data currently available on human impact are typically
collected on decades-long bases, and almost never predates the beginning of the twentieth
century. As discussed above, there is strong evidence for industrial-scale marine resource
extraction that occurred up to 1,000 years ago, at least in the North Atlantic context and likely
elsewhere. This understanding is based on historical records and the analysis of archeological
sites and remains. These initial research efforts provide a platform for understanding the human
relationship with the sea going far back in time. They also provide context for emerging
biomolecular techniques and novel applications. The above methodologies should, therefore,
always be conducted with as much ecosystem-wide information as is possible, acknowledging
the limitations of working with damaged and/or partial datasets. By exploring the past
population dynamics of one species, it is possible to gain long-term information on balanced
ecosystem dynamics. This will provide us with tools for avoiding the catastrophic threshold in
our near future: the tipping point.

It is too often that thresholds identified for sustainable human exploitation fall under the
category of the tipping point, pushing population dynamics to the point of collapse. For
example, the commonly used notion of “maximum sustainable yield” in many modern fisheries
sets catch limits on exploited species based on the amount of spawning stock biomass that can
be sustainably removed from the population (Tsikliras and Froese, 2019). In practice,
maximum sustainable yield does not take into account ecosystem dynamics and fluidity, rather
it is based mainly on the population size of the focal species, allowing extraction up to the point
of population collapse (McEvoy, 1986). In the same way, whaling regulative measures, such
as the potential biological removal level defined by the U.S. Marine Mammal Protection act,
and the Strike Limit Algorithm by the International Whaling Commission, are also based on
the minimum population estimates of the stocks and their carrying capacity (Wade, 1998;
Givens, 2000). Application of these and similar approaches have led to marine population
collapses around the world due to the combined effects of overexploitation and climate change
(Guénette and Gascuel, 2012).

The marine historical ecology approach provides ecosystem-based measures for the
determination of “sustainable yield” by broadening the definition of the threshold, establishing
a conceptual space for ecosystem change that occurs outside of, and prior to, the tipping point.
Broadening thresholds allows quantification of population dynamics in focal species that lead
to ecosystem perturbation, providing threshold indicators that signal impending population or
ecosystem collapse rather than driving the system to the breaking point (Duarte et al., 2020). It
has been demonstrated that ecosystem complexity and controlled exploitation measures have
overwhelmingly positive impacts on human and societal health, the marine environment, and
the health of global fisheries (Hutchinson, 2008; Howarth et al., 2014).
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By utilizing thresholds that act as boundaries for ecosystem dynamics rather than bringing the
population to the tipping point each year, sustainable management measures are more likely to
ensure the ecosystem remains stable. Further, FAO nations have pledged since 2003 to put in
place ecosystem-based fisheries management (EBFM) practices in fisheries instead of devising
policies that only apply to individual species, as was previously the case (FAO, 2003). In
practice, EBFM has been difficult to implement due to the lack of consensus regarding issues
of practical application and scale (Trochta et al., 2018), yet is demonstrably crucial to adapting
to climate change (Holsman et al., 2020). The threshold concept provides a clear framework
for identifying ecosystem, evolutionary, and cultural dynamics that can assist with developing
EBFM practices. To effectively enact regulations such as ecosystem-based fisheries
management, it is necessary to understand long-term ecosystem dynamics. To do so we must
provide space for input from research that emphasizes long timescales and incorporates human
society into our understanding of an “ecosystem,” a perspective that has long been held by
many indigenous communities (Salomon et al., 2014 and references therein).

Case Study—Sea Otters in British Columbia

We here highlight the example of sea otter conservation management in British Columbia as a
case study in how this research approach can be practically applied to policy. Sea otters
(Enhydra lustris) are native to the Pacific coasts of North America and northern Asia (Kenyon,
1969). During the North American fur trade of the eighteenth and nineteenth centuries, sea
otters were a prized trade item due to their dense, soft fur (Ravalli, 2009; Berg, 2019). By 1929,
sea otters were extirpated in British Columbia (BC) (DFO, 2019), and there was near complete
extinction of the species (Ravalli, 2009). Sea otters are a critical species for maintaining the
kelp forest habitat that used to spread from BC to Baja California (Estes and Palmisano, 1974),
a high-productivity environment that likely assisted human migration to the continent ~20,000
years ago (Erlandson et al., 2007). Sea otters consume invertebrates such as mussels and, most
notably, sea urchins; grazing herbivores that can devastate kelp forests when left unchecked
(Estes et al., 2016). In the absence of sea otters keeping the invertebrate population low, there
have been two main effects. First, the kelp forest habitat along the North American coast has
been threatened as a result of the trophic cascade initiated by extirpation of the sea otter (Szpak
et al., 2013). Second, a large shellfish industry sprang up in British Columbia, Alaska, and the
Pacific coast of the United States to take advantage of the increasing numbers of desirable food
species, such as abalones and clams (Gamble, 2021).

In BC, there has been a campaign to reintroduce sea otters to the region in an effort to save
kelp forests from devastation by sea urchins. Beginning in the 1960s and 1970s, this campaign
has successfully reintroduced sea otters to various places along the coast of BC (DFO, 2019).
A 2009 Department of Fisheries and Oceans (DFO) Canada report showed a population
increase rate of 19% per year from 1977 to 1995, before slowing to a rate of 8.4% per year
from 1995 to 2008, with associated patterns in range expansion (Nichol et al., 2009). With
increasing population density and ongoing range expansion, BC sea otters have begun to
impact shellfisheries in the region, as shellfish are a shared prey among humans and otters.
While otters are not the only factor resulting in diminishing returns from shellfisheries (other
factors such as pollution and climate change are crucial components as well), they have become
a point of contention among fishers and indigenous communities (Gregr et al., 2020; Gamble,
2021).

Szpak et al. (2012) examined the isotopic signatures of otter remains on Haida Gwaii, an island
near Vancouver Island with a long history of occupation (Salomon et al., 2014, 2018). They
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found that over the course of the last 12,000 years, the 8'°N and 8'*C signatures of sea otters
around the island indicated the otters consumed a diet of primarily benthic invertebrates rather
than benthic fish. Contextualizing these results with historical and ethnographic work, Szpak
et al. (2012) concluded that these isotopic signatures reflect the long-term management
strategies indigenous communities practiced to keep the sea otter population low. This
conclusion was supported by further research efforts in ethnography, archeology, ecology, and
history (Salomon et al., 2014 and references therein; Stevenson et al., 2015) not to mention
indigenous activism and participation in sea otter conservation efforts (Salomon et al., 2018).

Slade et al. (2021) further analyzed this pattern by showing that mussel size over the course of
occupation on Haida Gwaii was consistent with low levels of predation by sea otters. They go
on to argue that current conservation DFO efforts, which are based on estimations of
environmental carrying capacity in an abstract world in which humans are not present, are
actually increasing otter population density beyond what the environment would have
experienced over the last 12,000 years, thereby causing reductions in invertebrate populations
that are threatening shellfisheries (Gamble, 2021; Slade et al., 2021). Recent historical ecology
work has shown that the coastal ecosystems of BC were intensively managed by indigenous
communities (Salomon et al., 2014), including selective culling of sea otter populations. This
ultimately led to a localized system of mosaic micro-environments in which areas near human
settlements were comparable to today’s sea urchin barrens and areas further away from humans
were thick with kelp forests and sea otters, a pattern which is mirrored in research on sea otters
and ecosystem stability today (Smith J. G. et al., 2021). While there were likely fluctuations in
local environmental stability, the regional environment remained stable over the course of the
late Holocene.

Sea otters are an animal of great importance to the indigenous communities of BC (Salomon
et al., 2018). Under current DFO regulations, indigenous communities are only allowed to take
500 sea otters from the total population (Salomon et al., 2018; Gamble, 2021). First Nations
activists have argued recently that in order to provide balance between sea otters and people,
and by extension invertebrates and kelp forests, they should be able to practice the traditional
management techniques of the past, including increasing the amount of sea otters that can be
removed from the ocean each year (Salomon et al., 2018). This is just one critical aspect of
first nations’ perspectives on resource management in the BC coastal region (Lee et al., 2019).
The recent biomolecular archeology work cited above has strengthened the argument that sea
otter management cannot be based purely on false assumptions of “pristine” environments that
existed prior to humans.

We highlight this case study not to argue for or against a particular mode of sea otter
conservation management, but to illustrate the utility of our research approach. Through the
use of ancient biomolecules, archeology, history, and ethnography, research on sea otter
management in BC has revealed key thresholds for sea otter management that can be directly
applied through policy: thresholds in sea otter population density (ecological) and thresholds
in sea otter hunting (cultural). This research has provided new evidence showing localized,
mosaic management techniques that persisted over thousands of years, resulting in long-term
ecological and cultural stability in the region that endured through the late Holocene. Further
research in this area could incorporate more direct applications toward threshold identification,
including using ancient DNA to model sea otter population sizes in the past, that could be
directly applied to management strategies and inform sea otter conservation.
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The authors would like to note that sea otter conservation is a controversial issue. This case
study is merely meant to illustrate the applicability of the thresholds research approach. For
more information on the issue of sea otter conservation in BC, please see articles published in
Hakai magazine (such as Salomon et al., 2014, 2018; Gamble, 2021, and references therein,
Gregr et al., 2020; Slade et al., 2021).

Conclusion

To effectively conduct research on changing marine ecosystems, common frameworks and
terminology are required. For compelling communication between researchers, this framework
must be flexible enough to encompass a myriad of different fields and scales, and requires a
shift to incorporate humans and human society into our understanding of the environment. We
have introduced a new theoretical language and a generalized approach that incorporates
commonly used ecological ideas to address these issues. The thresholds theory is a way to
conceptualize ecosystems and ecosystem change that is both flexible and scalable to the
research questions being addressed, and lends itself well to practical applications.

We will never return to the oceans of old. It is not the aim of this research to provide pathways
for doing so. Rather, it will likely be required to foster new ecosystems as we move forward
into the future (Alagona et al., 2012; Duarte et al., 2020), therefore it is crucial to understand
what constitutes a balanced ecosystem, the issue of ecosystem complexity, and the role humans
might play in these ecosystems. In addition to establishing regulation and oversight to provide
future sustainable marine management, consideration must be given to long-term evolution that
has occurred between people and marine environments around the globe, such as the interplay
between indigenous communities and sea otters in BC during the late Holocene. Funding
efforts for marine historical ecology should be directed toward archeology and population
genomics analysis for the marine ecosystems on which people most directly depend, including
a targeted effort to fund research occurring outside the traditional spheres of Europe and North
America. To provide food security in a changing world, the species people depend on need to
be understood from an evolutionary standpoint; how have they adapted to past climate change,
anthropogenic exploitation, and different actors in their ecosystems? Are balanced ecosystem
dynamics in a north Atlantic context the same as in a Pacific island context? What are the local
boundaries management programs must navigate to ensure ecosystem balance? Through the
thresholds framework, marine historical ecology is poised to answer these questions and
provide crucial information for establishing sustainable marine ecosystems for future
generations of humans and the species living with them.
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Highlights:
e Whole-genome ancient DNA (aDNA) sequences have been successfully recovered
from bones weighing less than 10mg
e aDNA sequence quality is not significantly associated with starting bone weight
e Using small amounts of bone material can mitigate some ethical issues posed by
destructive sampling

e Researchers should interrogate the amount of material and species investigated for
aDNA research

Abstract:

The field of ancient DNA (aDNA) typically uses between 50 to 200mg of minimum input
weight of bone material for the extraction of DNA from archaeological remains. While
laboratory and analysis techniques have focused on improved efficiency of extracting usable
sequence data from older and poorer quality remains, bone material input requirements have
rarely been critically evaluated. Here, we present the aDNA analysis of 121 size-constrained
Atlantic herring remains — weighing between <10 and 70mg — that were individually sequenced
to explore the capacity of successful aDNA retrieval from small archaeological remains. We
statistically evaluate the relationship between bone weight and several response variables,
including library success, endogenous DNA content, and library complexity, i.e., the number
of unique molecules that are obtained. Remarkably, we find no relationship between bone
weight and library success, levels of endogenous DNA, or library complexity. Our results
imply that — at least in the case of fish bone — even minute bones can yield positive results and
that the presumed minimum sample size required should be re-evaluated. Archaeological site,
instead of bone size, is the primary driver of DNA sequence quality. Our work expands the
number of specimens considered suitable for aDNA analyses, and therefore facilitates efforts
to minimize the destructive impact of aDNA research and mediate some of the ethical concerns
surrounding destructive analysis.
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Introduction

Ancient DNA (aDNA) analysis is constrained by access to suitable archaeological and/or
palaeontological material. Research is further hampered by the inherently destructive nature of
DNA extraction, meaning archaeological remains are destroyed or damaged for successful
recovery of sequences. Successful DNA recovery is often unpredictable (Ferrari et al. 2021;
Tin, Economo, and Mikheyev 2014; Keighley et al. 2021), therefore workflows often involve
screening large numbers of specimens from which only a small subset ultimately yields usable
DNA for analysis (e.g. Star et al. 2018; van der Valk et al. 2021). Thus, the typical aDNA
workflow is costly, in laboratory expenses, use of materials, time used and in unnecessary
destruction of archaeological material. Responsible destruction and sampling of archaeological
remains therefore continues to be a pressing ethical issue for the aDNA field (Palsdottir et al.,
2019; Wagner et al. 2020).

Recent efforts in improving the aDNA workflow have focused on minimizing destruction of
archaeological remains (e.g. Sirak et al. 2017; Scarsbrook et al. 2022) and improving available
analytical tools for using poor quality sequences (e.g., Ferrari et al. 2022; Boessenkool et al.
2017; Dabney and Meyer 2019; Parker et al. 2021; Damgaard et al. 2015). Yet, little research
has critically evaluated the amount of archaeological material that is commonly used in aDNA
workflows. Those protocols that have been developed for minimally-destructive DNA
extraction have so far been focused exclusively on specific bones from human and large
mammal remains (Pinhasi et al. 2015; Sirak et al. 2017; Dabney and Meyer 2019), and are not
always applicable to other species.

The field of aDNA typically uses 50 to 200mg of minimum input weight of bone material for
the extraction of DNA from archaeological remains (Dabney et al. 2013; Dabney and Meyer
2019; Dalén et al. 2007; Palkopoulou et al. 2015). It has been shown that more material —
crushed bone with some upper limit, e.g. 200 mg — can improve complexity, and help
successful extraction of DNA from archaeological bones (Boessenkool et al. 2017; Sirak et al.
2017); although DNA from some mammal bones (e.g. petrous bone) has been successfully
extracted from smaller quantities of bone powder (Dabney and Meyer 2019; Parker et al. 2021).
Moreover, given the unpredictability of success and often time-limited access to samples,
researchers often take sufficient material from a bone to be able to run multiple extractions,
resulting in significant quantities that are removed from individual remains.

Nonetheless, for some species, there are no bones large enough to yield such amounts of bone,
leading researchers to resort to bulk bone approaches (e.g., Grealy et al. 2015; Seersholm et al.
2021), or to avoid these species altogether. For example, small fish bones may often be
assumed to be of insufficient quantity for ancient DNA extraction for high-throughput
sequencing even if uncovering the historical ecology of the oceans could retrieve a wealth of
information (Oosting et al. 2019; Atmore et al. 2021). Given the ethical issues surrounding the
destruction of irreplaceable archaeological remains and the possibility of sequencing
previously-unexplored ancient specimens, the quantity of bone material required for successful
aDNA retrieval must be interrogated, particularly for species which are not human and receive
less research attention and ethical consideration (Palsdéttir et al., 2019).

Here, we evaluate the impact of bone quantity on the success of ancient DNA retrieval of
Atlantic herring (Clupea harengus), a species with particularly small bones, which is prevalent
in many European archaeological sites. Although DNA has been successfully amplified from
ancient herring bone before (Speller et al. 2012; Moss et al. 2016), their suitability for whole
genome sequencing has yet not been systematically explored. We sampled 121 individual
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Figure 1 — Sampling distribution of archaeological Atlantic herring bones. Sampling was conducted across
16 sites throughout Europe, ranging from 1300-400 YBP. A total of 121 herring bones were processed in the
ancient DNA lab. The inset photo shows the small size of herring vertebrae, which were the most commonly
sampled skeletal elements.
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Table 1 — Archaeological sites with taphonomy and sampling data

Site Country Age N Skeletal Elements
(YBP)
Lyminge UK 1300-1200 9 vertebrae
Janow Pomorski (Truso) Poland 1200-1150 11 ceratohyale
Kaupang Tjolling Norway 1200-1150 16 vertebrae, prootic,
unidentified
Kolobrzeg- Bodzistowo Poland 1250-1000 11 dentaries, ceratohyale,
unidentified
Coppergate UK 1070-900 10 vertebrae
Giecz Poland 1200-700 5 prootica, vertebrae
Schnabelgasse 6 Switzerland 800-700 5 vertebrae
Kaltdus Poland 800-700 1 unidentified
Selso-Vestby Denmark 1100-620 9 cleithra, dentaries
Blue Bridge Lane UK 800-700 9 vertebrae
Vabaduse Sq. Estonia 700-600 1 prootic
Maita Nieszawka Poland 700-500 4 dentaries
Huis den Struys Netherlands 600-500 5 dentaries, prootics,
maxillae
Kadriorg Wreck Estonia 700-600 2 dentaries
Museum der Kulturen Switzerland 600-400 5 vertebrae
Biddinghuizen Colfschip Netherlands 500-400 18 prootics, dentaries
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Context and Taphonomy Original
Citation
Anglo-Saxon monastery midden, clay sediment Reynolds 2013

Sunken cellar, fish salted and barreled, the craft and trade settlement located near the
estuary of Vistula; mentioned by Alfred the Great in the Old English Orosius (ca 890 CE
or later)

Larvikite monzonitic bedrock with high phosphate levels, mixture of peat bog and sand
layers, elements from this site show signs of burning, site waterlogged, stored in museum
storage

Stronghold settlement (preurban centre), one of the most important trade centres, among

others specialised in herring catches located on the southern Baltic coast

Urban site near a river with moist, peaty conditions; Stored in an archaeological depot

Stronghold settlement, in the 9%-11'" century the residence of the Piast dynasty, founder
and ruler of Poland, located in the core of the state on Wielkopolska Lakeland

Dryland urban site, craftmen’s quarter,cesspit with mineralised preservation and
waterlogged condition, dry stored

Stronghold settlement, located on Vistula river, one of the most important centers in the
Chelmno Land, a commercial centre, the seat of the Piast state administration

Coastal fjerd site

Urban site near a river with moist, peaty conditions; Stored in an archaeological depot

Suburban soil layer near road to larger urban settlement

Teutonic Castle, the seat of the commander and the convent, located on the left bank of the

Vistula, the fish assemblage recovered from an area in the near the castle kitchen

Urban cesspit, cooked fish remains,

fish salted and packed in barrels

Underwater shipwreck, fish salted and packed in barrels, excavated on reclaimed
land

Dryland urban site, rich/clerical context, cesspit with mineralised preservation, probably
not permanently waterlogged, dry stored

Underwater shipwreck excavated on reclaimed land, fish salted and packed in
barrels; Stored in climate-controlled conditions in an archaeological depot
away from UV light; One barrel (M11/58): specimens used for educational
purposes, exposed to high temperatures

Makowiecki 2012;
Jagodzinski, 2009

Skre 2007

Leciejewic 2007a;
2007b

Bond and O’Connor
1999

Makowiecki, Orton,
and Barrett 2016;
Kurnatowska 2004

Hiberle and
Plogmann 2019

Makowiecki, Orton,
and Barrett 2016;
Chudziak et al., 2016

Enghoff 1996

Harland et al. 2016;
Keaveney 2005

Kadakas et al. 2010

Iwaszkiewicz 1991,
Makowiecki 2003;
Jozwiak 2003
Laarman and
Lauwerier 1996

Roio etal. 2016

Hdberle & Plogmann
2019

Lauwerier and
Laarman 2008
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skeletal elements found in 16 archaeological sites around Europe dating from 700-1600 CE
(see Figure 1). Each sampled herring bone weighed between <10 and 70mg. The smallest
amount used for mammal bones in recommended protocols has so far been limited to a
minimum of 10mg and then only in cases with uniquely well-preserved bone (Dabney &
Meyer, 2019). DNA was extracted from each bone separately, sequenced, and assessed for
quality using the proxy measures of endogenous DNA content, percent clonal reads, total reads,
mapped nuclear reads, and DNA extract concentration.

Materials and Methods

Archaeological material

Individual herring bones were sampled from 16 archaeological sites around Europe dated
between 1300 and 400 years ago (YBP) (Figure 1, Table 1). 121 bones were collected with
weights ranging from <10 to 70mg. Each bone was photographed and initially weighed on a
scale with precision of 0.01g. All ancient DNA lab work was conducted in the designated
ancient DNA clean lab at the University of Oslo following established protocols for minimizing
contamination (Gilbert et al. 2005; Llamas et al. 2017).

Ancient DNA extraction

Bones were bathed in UV light for 20 minutes on each side to remove external contamination,
but were too small for further surface cleaning with chemicals or mechanical methods such as
sandblasting. After the UV wash, samples were placed in 1.5ml Eppendorf tubes with 100ul
of digestion buffer (0.5 M EDTA, 0.5 mg/ml proteinase K, and 0.5% N-Lauryl sarcosine) then
crushed with single-use, UV-sterilized plastic micro-pestles. An additional 900ul of extraction
buffer was then added to each tube and extraction proceeded following the double-digest
protocol from Damgaard et al. (2015). DNA was extracted following overnight digestion using
a PB buffer (Qiagen), after which samples were purified through MinElute columns using a
QIAvac 24 Plus vacuum manifold system (Qiagen) for a final volume of 65ul. DNA
concentrations after extraction were measured using a Qubit Fluorometer (ThermoFisher
Scientific).

Ancient DNA library prep

Libraries were built following the Santa Cruz Reaction protocol for single-stranded DNA
(Kapp etal., 2021) using the Tier 4 dilution modification. Two unique PCR indexes were added
to each library. Each library was amplified with 12-15 cycles of PCR, then purified using the
Agencourt AMPure XP PCR purification kit (Bronner et al. 2009) with a 1:1 bead:template
ratio for a final volume of 30ul. Libraries were then assessed for quality using a Fragment
Analyzer™ (Advanced Analytical) with the DNF-474 High Sensitivity Fragment Analysis Kit.
Libraries with no dimers and library fragment length concentrated between 150-250bp, a
typical length for aDNA including adapter sequences (Jonsson et al. 2013), were deemed
successful and selected for sequencing.

Ancient DNA sequencing

Libraries that were deemed of high enough quality for sequencing were then pooled into one
of four total sequencing lanes for screening. These specimens were submitted in pools with
samples from other sequencing experiments with between 20 and 50 samples per pool. All
pools were balanced so each individual’s concentration ratio within the pool was as close as
possible to one. 8§ million reads were requested per individual for screening purposes. Each
sample was sequenced using paired-end sequencing on an Illumina NovaSeq 6000 at the
Norwegian Sequencing Centre.
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Library success

Bone weights were binned into 10mg categories, with weights rounded to the nearest 10mg.
All bones weighing less than 10mg (n=20) were too small to register on the scale. These
samples were coded as weighing “1 mg,” although this category contains samples weighing
between 0-9mg. We then assessed the relationship between weight and library success using
percent failed libraries per bin as a response variable using a Fisher’s exact test (Fisher 1934),
where a “failed library” refers to those libraries that were not selected for sequencing after
assessment with the Fragment Analyzer™. We statistically compared the average weight of all
specimens and those successfully sequenced using a student’s t-test. The same tests were then
run using site, age, and bone element as explanatory variables.

Analysis of raw sequencing data

Raw sequence data were aligned to the Atlantic herring reference genome Ch v2.0.2
(Pettersson et al. 2019) with PALEOMIX (Schubert et al. 2012) using bwa-aln. aDNA
authenticity based on expected degradation patterns was investigated using mapDamage2.0
(Jonsson et al. 2013). Nuclear sequence quality was assessed from the alignment summary
statistics using percent endogenous DNA content (here referring to DNA that belongs to the
individual rather than bacterial or other DNA that has contaminated the sample over time) and
percent clonal reads as proxies for library quality. As measures of sequence complexity, we
further assessed DNA concentration from the extract, total number of reads retained after
quality filtering in PALEOMIX, and the total number of reads mapped to the nuclear genome
per specimen. We analyzed these proxies as response variables using differential initial bone
weight as a categorical explanatory variable.

We further analyzed the relationship between site, age, and bone element using multiple linear
regression and sequential regression analysis. Variance inflation factors (VIFs) were used to
determine the presence of multicollinearity in the dataset. Chi-squared tests (Pearson 1900)
were used to assess interrelatedness between the explanatory variables site, age, element, and
weight. All statistical analysis was carried out in RStudio with R version v4.1.2 “Bird Hippie”
(R Core Team 2021). Scripts used for statistical analysis can be found on GitHub
(https://github.com/laneatmore/small_bones analysis). A complete dataset can be found in the
supplementary materials.

Results

Library success

All sites yielded at least one sample with a mappable DNA sequence. Of the 121 samples in
the dataset, 90 yielded successful libraries (Table 2). Endogenous DNA content ranged from
0.0028-43%, with an average endogenous content of 10.1% (Supplement S1) and a large
standard deviation of 12.28%. Clonality was low overall, with a range of 0-15% and an average
of 9% (Supplement S1). No significant association was obtained between weight bin and
percentage of samples that yielded successful libraries (Fisher’s exact test, p=1). Similarly,
there was no significant difference in the mean weight of samples contained in the whole
dataset versus the mean weight of samples in the dataset containing only successful libraries
(Student’s t-test, =0.82, df=13.48, p=0.43).

Given the small sample sizes in the largest weight bins (50, 60, and 70 mg), these three weight
classes were further binned into a single group of 50+ mg. The above tests were repeated with
minimal change in results (Fisher’s exact test for weight, p=1; Student’s t-test, 7=1.49, df=9.97,
p=0.17). Thus, weight does not appear to explain difference in successful DNA recovery. No
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significant association was found between library success and site (Fisher’s exact test, p=1),
element (Fisher’s exact test, p=1), or age (Fisher’s exact test, p=1).

Table 2 — High-throughput aDNA library success based on weight of archaeological Atlantic herring bones.
Bone weights were binned into 10mg categories, with weights rounded to the nearest 10mg. All bones weighing
< 10mg were categorized as weighing 1 mg. Libraries were considered a success in absence of dimers and
fragment lengths that are typical for aDNA.

Successful
Weight (mg) Total Count Libraries Percent Failed
1 20 9 55%
10 26 22 15.4%
20 18 12 33.3%
30 27 22 18.5%
40 19 16 15.8%
50 9 6 33.3%
60 1 1 0%
70 1 1 0%

Determination of sequence quality

The impact of weight on sequence quality showed no significant relationship to percent
endogenous DNA content (Im(nu_end ~ Weight), p=0.69, df=88, adjusted r*=-0.01) (Figure
2a). This pattern was maintained when all larger specimens were grouped into a single 50+ mg
bin (Im(nu_end ~ Weight grouped), p=0.81, df=88, adjusted r’=-0.01). We assessed the ability
of all explanatory variables to explain variation in endogenous DNA content using multiple
linear regression (nu_end ~ Site + element + age_ybp + Weight_mg). This model significantly
explained 49.1% of the data (adjusted r’=0.49, df=67, p=8.8¢-9). However, the only
independent variables that had p-values within the range of significance were three of the
archaeological sites (Coppergate, Giecz, and Mala Nieszawka). Nearly identical results were
obtained when grouping the larger weight classes (adjusted r’=0.49, df=67, p=2.3e-7). To
ensure the result of this model was not artifactual, further analysis was required.

We assessed if multicollinearity affected the efficiency of this model, given the likely
interrelatedness between some of the variables (e.g., the relationship between weight and
element or site and age). The vif() function from the car package (Fox et al., 2022) showed a
variance inflation factor (VIF) of 1.9 for weight, 1.4 for site, 2.18 for element, and 11.2 for age.
The dataset with grouped 50+ mg weight class showed similar or higher VIFs: grouped weight,
2.13; site, 1.4; element, 2.19; and age, 11.2. Given the similarity between the non-grouped and
grouped weight datasets and the higher VIF for grouped weight, this dataset was discarded and
subsequent analysis was conducted only on the dataset containing the original weight classes
in 10mg increments. Age was the only explanatory variable with a VIF over the accepted
threshold of 5, indicating it is not independent from one or more of the other variables.

To explore further the relationships between the variables, chi-squared tests were used. Weight
was found to be significantly correlated with site (Chi-squared test, p=0.047) and bone element
(Chi-squared test, p=0.003). Element and site were also correlated (p=0.0005) (Figure S3) as
were site and age (p=0.0005). Despite their interrelatedness, the VIF analysis did not show
strong multicollinearity between these variables. Therefore, to determine the individual
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contribution of these variables to endogenous DNA content, sequential regression analysis was
used with each explanatory variable isolated. Age was not significantly correlated with
endogenous DNA content (adjusted r’=0.032, df=88, p=0.051), neither was element (adjusted
r’=0.055, df=84, p=0.083). In contrast, a linear regression of the relationship between
archaeological site and percent endogenous DNA explained 49% (adjusted r> = 0.49) of the
overall variation with a p-value of 0.88e-9 (Figure 2c; df=74, residuals reported in Fig S4). Site
is therefore likely driving the majority of variation in percent endogenous DNA content.

Given the significant interaction between weight, site, and element, we investigated if non-
random distributions of weight throughout each site (Figure 2b) confounded the impact of site
on percent endogenous DNA. To determine if there is a significant interaction between weight
and site impacting the regression analysis results, we allowed for an interaction between the
two variables (nu_end ~ Site * weight). This model was then compared to an additive regression
model (nu_end ~ Site + weight) using a chi-squared test (anova(model2, method = ‘Chisq’)).
We obtained no significant relationship between site and weight (p=0.079), indicating it is not
necessary to stratify the weight regression by archaeological site.

Finally, we determined whether there was an interaction between site and skeletal element,
which also revealed that only site was significantly associated with percent endogenous site
only is the most appropriate model for understanding the variance in percent endogenous DNA
content per sample. Percent clonality was then assessed in a similar fashion. There was no
significant relationship between weight and clonality (adjusted r*=-0.011, df=88, p=0.91).
Further, no variables showed significant association with clonality except site, which explained
19.9% of the variation in clonality (adjusted r’=0.199, df=74, p=0.0052; residuals reported in
Figure S5). This result strengthens the conclusion that sequence quality variation depends on
differences in site preservation.

Assessing library complexity

To better assess the question of library quality and complexity, we then evaluated the
relationship between bone weight and site and several additional factors, including: DNA
concentration as measured by the Qubit Fluorometer (ng/pl), total number of reads (after
quality and duplicate filtering) and total number of reads mapped to the nuclear genome per
specimen (see Supplementary Data S1). These last two values were obtained from the summary
output files from PALEOMIX after sequence alignment.

DNA concentration as measured by the Qubit Fluorometer (ng/ul) were significantly correlated
with bone weight (p=0.0006), yet this explained only 11.7% of the variation in DNA
concentration (adjusted r*=0.117, df=88). While raw concentration was associated with
weight, total retained reads per sample was not (adjusted ’=0.016, df=87, p=0.12), DNA
(significance of interaction model: p=0.95), nor was the number of mapped hits on the nuclear
genome (adjusted r*=-0.0009, df=88, p=0.34). Quality and complexity factors are plotted
against weight class in Figure S6. Given the shown interaction between skeletal element and
weight, element was used as an explanatory variable, which gave similar results (DNA
concentration: adjusted r’=0.15, df=84, p=0.002; Total reads: adjusted r’=-0.007, df=83,
p=0.51; Mapped nuclear reads: adjusted r’=0.006, df=84, p=0.36). Again, DNA concentration
was the only significantly-correlated variable. Further analysis of the relationship between
DNA concentration and complexity (here only using mapped nuclear reads) showed no
significant result (adjusted r*=0.004, df=88, p=0.24). This indicates that bone weight may have
something to do with DNA concentration, but not ultimate sequence quality or complexity.
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Figure 2 — Relationship between archaeological context and percent endogenous DNA. a) Distribution of
percent endogenous DNA content by bone weight. Each dot represents a DNA sequence extracted from a single
archaeological herring bone element. The x axis denotes the different weight class bins in 10mg increments. The
weight class <10mg is here classified as “1 mg”. There appears to be no relationship between weight and
endogenous DNA content, which is supported by linear regression analysis (p=0.69, adjusted r>=-0.01). Only
those samples that were suitable for sequencing are represented here. b) Distribution of bone weight bins by site.
c) Distribution of percent endogenous DNA content per archaeological site. Each dot represents a DNA sequence
extracted from a single archaeological herring bone element. Sites are arranged according to age from oldest
(Lyminge, 1250 YBP) to youngest (Biddinghuizen Colfschip, 500 YBP). Linear regression showed a significant
relationship between archaeological site and endogenous DNA content (p=0.88¢-9, adjusted 1> = 0.488). The red
dashed line indicates the average percent endogenous DNA across all sites and samples. Color represents skeletal
element. Only those samples that were suitable for sequencing are represented here.

In contrast, site was significantly associated with DNA concentration (adjusted r*=0.28, df=74,
p=0.0003) and total retained reads (adjusted r’=0.21, df=73, p=0.004), although not mapped
nuclear reads (adjusted r’=0.1, df=74, p=0.08). However, site does not appear to explain all
the variation in library complexity, given that a minimum of 70% of the variation in these
measures is unexplained by site differences. The models were marginally improved by
includimg age as an explanatory variable (DNA concentration: adjusted r’=0.3, df=73,
p=0.0.0002; Total reads: adjusted r*=0.22, df=72, p=0.004; Mapped nuclear reads: adjusted
r?=0.12, df=73, p=0.06).

Discussion

Here, we investigated the potential of whole genome, aDNA retrieval from small,
archaeological herring bones. We assessed the relationship between various contextual
variables including archaeological site, bone weight, skeletal element, and age. We make
several observations.

First, 90 of 121 samples (73%) yielded successful sequence libraries, with a wide range of
percent endogenous DNA content and percent clonality. Given the rough scale of our weight
measurements, it is possible that there is some impact on library success from extremely small
samples that was not observed due to a lack of resolution in our analysis. Although less than
half of the samples in the smallest bin (<10mg) yielded libraries, we found no significant
relationship between bone weight and library success, neither was site or any of the other
explanatory variables. It must be noted, however, that we were successful with 45% of the 20
bones in the smallest size bin, indicating that even the tiniest bones can yield useable DNA
sequence data.

Further, we sampled entire bones with minimally-destructive cleaning beforehand; no bleach
or surface removal was used to clean the surface of the bone, techniques which have been
shown to increase endogenous DNA content (Boessenkool et al. 2017; Pinhasi et al. 2015).
These techniques are typical components of the aDNA lab pipeline, but are too destructive for
such small bones. Therefore, we expect that the endogenous DNA content of our samples was
likely lower than it could have been, yet we were able to achieve an average endogenous DNA
content of 10.1%. These results therefore show the viability of using archaeological small fish
bones for providing historical aDNA data that can be applied in historical ecology studies (e.g.,
Oosting et al., 2019; Atmore et al., 2021).

Second, we found that the level of endogenous DNA retrieved from our small samples is
comparable to studies using larger quantities of bone powder (Ferrari et al. 2021; Martinez-

73



Garcia et al., 2022). Previous studies have shown that fish bone may be particularly suited to
ancient DNA analysis given the lack of bone remodeling (Ferrari et al., 2022), a developmental
process that is shown to have an impact on endogenous DNA preservation (Kontopoulos et al.
2019; K. Sirak et al. 2020). However, no studies have thus far explored the impact of bone size
on DNA library success, instead largely focusing on differences in laboratory protocols,
variables that are here held constant (Ferrari et al., 2021; Sirak et al. 2017; Sandoval-Velasco
etal. 2017).

Moreover, we found no relationship between bone weight and endogenous DNA content or
library complexity, and only a weak relationship between complexity and archaeological site.
While the DNA concentration of each extract was weakly correlated with skeletal element and
weight, neither of these were correlated with quality or complexity measures in the end,
indicating that the increase in DNA concentration is likely from exogenous sources. Library
complexity does not have to be particularly high to sequence a genome to low coverage, and
even ultra-low-coverage genomes can yield meaningful biological results (Ferrari et al., 2022;
Atmore et al., 2022). However, for some analyses, such as demographic inference, a greater
amount of coverage and complexity is required (Schiffels & Wang 2020). We here found that
weight is not related to complexity when sequencing to low effort. To further support this
result, future analysis should be conducted on samples that have been exhaustively sequenced,
allowing better assessment of the library complexity that can be attained from each specimen.

One limitation this analysis faces is the lack of ability to sample a single bone multiple times

with different volumes. Previous analysis has shown multiple extractions can dramatically
increase library complexity (e.g., Boessenkool et al., 2016), and by sampling multiple times
we would have been able to control for individual variation and/or within-site preservation
differences. Unfortunately, given the small size of herring bones (see inset photo on Figure 1),
this approach was impractical. We therefore rely on the distribution of weights across the
sample dataset to serve as an imperfect proxy. Future research efforts should be focused on
using larger bones that can be sequentially sampled in decreasing quantities to further expand
upon our results.

We found that the most significant relationship in determining DNA sequence quality was
archaeological site rather than bone weight, bone element, or age. Archaeological sites can
have different taphonomic histories, therefore preservation of molecules between different sites
can be drastically different (Ferrari et al., 2021). For example, colder and drier climates with
stable temperatures lend themselves to DNA preservation, whereas ancient DNA recovery
from tropical climates is possible but much more time-restricted (Reed et al. 2003; Bollongino,
Tresset, and Vigne 2008; Willerslev, Hansen, and Poinar 2004; Kistler et al. 2017; Dommain
et al. 2020; Woods et al. 2018). While general site conditions are known for these specimens
(see Table 1), regression analysis of specific site characteristics is not possible here, as
measurements on important variables (e.g., soil pH, humidity, temperature, storage
temperature and UV exposure) were not available for all sites under consideration.

Each site also had a different history relating to sample storage. Exact storage conditions and
full storage history are not available for all specimens in this study therefore the impact of
storage temperature and UV exposure could not be explored systematically for this dataset.
Where available, storage conditions are listed under “Taphonomy” in Table 1. These factors
indicate that explanatory variables beyond the scope of this study likely have some relationship
with sequencing success. Given the controlled variables of laboratory protocols and sequencing
effort, which were the same for all samples, it is likely something not included in the dataset.
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This could be an as-of-yet unknown component of preservation or methodological bias, such
as within-site variation (Massilani et al. 2022), storage history and taphonomy, and/or manual
variation in laboratory processing.

While this study is focused on the question of bone size, future research should focus on issues
such as soil condition and pH, storage history, and within-site variation in determining the
impact of site and taphonomy on molecular preservation. Further, our samples stem from
relatively young sites in northern Europe, which typically results in better DNA preservation.
In order to determine whether such micro-sampling is feasible in various contexts, future
research efforts should attempt to replicate our results for sites in regions with poorer
preservation and/or sites that are older than 1500 years.

Previous studies have indicated the potential for archaeological herring bone weighing >10mg
in ancient DNA research (Speller et al. 2012; Moss et al. 2016). These studies successfully
amplified mitochondrial DNA, as well as generated microsatellites and SNP assay data from
Pacific herring (Clupea pallasii) bones dating up to 10,000 YBP. However, whole-genome
sequencing of ancient herring bones has not been successful until very recently (Ferrari et al.,
2022). Combined with our results that DNA library quality is not determined by bone size, but
by archaeological context, these studies illustrate the high potential of small bones in ancient
DNA analysis.

Due to the high potential for fish bone to yield successful ancient DNA libraries despite its
brittle, porous nature and lack of petrous bone (Ferrari et al. 2021), these results may not hold
true for other types of bone, such as mammal remains. Prior to 2017, the majority of
micromammal ancient DNA studies focused on sequencing segments of the mitogenome, such
as the cytB sequence (Woods et al. 2017). However, recent studies have shown that
micromammal remains can also yield whole-genome sequences (Cucchi et al. 2020; Yu et al.
2022). Thus, smaller quantities of bone powder and small-boned specimens should be
considered viable options for ancient DNA sequence analysis rather than discarded or
immediately pooled into bulk-bone sequencing.

Conclusion

We have here shown that successful ancient DNA whole-genome sequence recovery is possible
from individual archaeological fishbone weighing less than 10mg. This supports the growing
consensus that fish bone is an excellent material for DNA preservation. We show that there is
no significant relationship between bone weight and DNA sequence quality or suitability for
sequencing. Instead, our results support that the most important factor to consider in destructive
analysis for ancient DNA extraction is taphonomy and site preservation rather than the quantity
of retrievable bone powder.

Our results therefore provide novel evidence that site preservation and taphonomic history are
also the crucial determining factors in DNA sequence recovery for small fishbones.
Importantly they show that archaeological context is more important in determining whether
or not to sequence a site rather than the amount of bone powder that can be recovered. This, in
combination with bioinformatic approaches specially designed for low-coverage and poor-
quality sequences have also reduced the DNA quantity and quality required for meaningful
analysis (Ferrari & Atmore et al., 2021), thereby further increasing the ability to use those
samples that may have otherwise been discarded.

75



Author contributions:

LMA, GF, and LMG conducted the lab work. LMA and GF designed the laboratory modifications for small bone samples. 1J,
RB, JG, SH, KD, LQ, LL, DM, AKH, and JHB provided archaeological material and contextual information. LMA and BS
designed the study. LMA conducted the statistical analysis and wrote the manuscript with input from BS and GF. All authors
revised and agreed to the final version of the manuscript.

Acknowledgements

We thank the Archaeological Service of Canton Basel-Stadt for the opportunity to examine the herring bones from the Swiss
sites Schnabelgasse and Museum der Kulturen. We would like to thank Christine McDonnell and Nienke Van Doorn of the
York Archaeological Trust for providing us with access to the 16-22 Coppergate site. We further thank the York Museums
Trust as well as the Cultural Heritage Agency of the Netherlands and the Batavialand Depot at Flevoland, Netherlands and
the Museum of the First Piasts of Lednica for providing access to archaeological material. We are grateful to the Norwegian
Sequencing Centre for their services in sequencing and use of the Fragment Analyzer™. We are also grateful to Angélica

Cuevas for assistance in laboratory processing.

Funding

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the
Marie Sktodowska-Curie grant agreement No. 813383 (Seachanges).

The authors declare no conflicts of interest.

Data Availability

Sequences used for analysis are available on the European Nucleotide Archive at the accession PRJEB54658.
Additional raw data for this chapter can be found on the associated Github repository. They were not included here due to

the size of the tables.

References

Atmore, Lane M., Magie Aiken, and Fabricio Furni. 2021.
“Shifting Baselines to Thresholds: Reframing
Exploitation in the Marine Environment.”
Frontiers in Marine Science 8.
https://www .frontiersin.org/article/10.3389/fm
ars.2021.742188.

Atmore, Lane M., Lourdes Martinez-Garcia, Daniel
Makowiecki, Carl André, Lembi Lougas,
James H. Barrett & Bastiaan Star. 2022. "
Population Dynamics of Baltic herring since the
Viking Age revealed by ancient DNA and
genomics". Proc. of the Nat. Ac. of Sci.
119(45):€2208703119.
https://doi.org/10.1073/pnas.2208703119.

Boessenkool, Sanne, Kristian Hanghej, Heidi M.
Nistelberger, Clio Der Sarkissian, Agata T.
Gondek, Ludovic Orlando, James H. Barrett,
and Bastiaan Star. 2017. “Combining Bleach
and Mild Predigestion Improves Ancient DNA
Recovery from Bones.” Molecular Ecology
Resources 17 (4): 742-51.
https://doi.org/10.1111/1755-0998.12623.

Bollongino, Ruth, Anne Tresset, and Jean-Denis Vigne.
2008. “Environment and Excavation: Pre-Lab
Impacts on Ancient DNA Analyses.” Comptes
Rendus Palevol, Paléogénétique en

paléontologie, archéologie et
paléoanthropologie : contributions et limites, 7
(2): 91-98.

https://doi.org/10.1016/j.crpv.2008.02.002.
Bond, JM., and T.P. O’Connor. 1999. “Bones from
Medieval Deposits at 16-22 Coppergate and
Other Sites in York. The Archaeology of York.
The Animal Bones 15/5.” YAT & CBA.
Bronner, Iraad F., Michael A. Quail, Daniel J. Turner, and
Harold Swerdlow. 2009. “Improved Protocols

76

for Illumina Sequencing.” Current Protocols in
Human Genetics / Editorial Board, Jonathan L.
Haines ... [et Al] 0 18 (July):
10.1002/0471142905.hg1802s62.
https://doi.org/10.1002/0471142905.hg1802s6
2.

Chudziak, W., Bt¢dowski, P., Bojarski, J., Kazmierczak,
R., Weinkauf, M. 2016. Kontekst
archeologiczno-historyczny, In: (Chudziak, W.,

Noryskiewicz A, M. (eds.)
Wezesnosredniowieczny zespot osadniczy w
Kaldusie, Studia archeologiczno-

paleobotaniczne. Mons Sancti Laurentii 8.
Wydawnictwo Naukowe Uniwersytetu
Mikotaja Kopernika, Torun: 13-69.

Cucchi, Thomas, Katerina Papayianni, Sophie Cersoy,
Laetitia Aznar-Cormano, Antoine Zazzo, Régis
Debruyne, Rémi Berthon, et al. 2020. “Tracking
the Near Eastern Origins and European
Dispersal of the Western House Mouse.”
Scientific Reports 10 (1): 8276.
https://doi.org/10.1038/541598-020-64939-9.

Dabney, Jesse, Michael Knapp, Isabelle Glocke, Marie-
Theres Gansauge, Antje Weihmann, Birgit
Nickel, Cristina Valdiosera, et al. 2013.
“Complete Mitochondrial Genome Sequence of
a Middle Pleistocene Cave Bear Reconstructed
from Ultrashort DNA Fragments.” Proceedings
of the National Academy of Sciences 110 (39):
15758-63.
https://doi.org/10.1073/pnas.1314445110.

Dabney, Jesse, and Matthias Meyer. 2019. “Extraction of
Highly Degraded DNA from Ancient Bones and
Teeth.” In Ancient DNA: Methods and
Protocols, edited by Beth Shapiro, Axel
Barlow, Peter D. Heintzman, Michael Hofteiter,



Johanna L. A. Paijmans, and André E. R.
Soares, 25-29. Methods in Molecular Biology.
New York, NY: Springer.
https://doi.org/10.1007/978-1-4939-9176-1 4.

Dalén, Love, Veronica Nystrom, Cristina Valdiosera,
Mietje Germonpré, Mikhail Sablin, Elaine
Turner, Anders Angerbjorn, Juan Luis Arsuaga,
and Anders Goétherstrom. 2007. “Ancient DNA
Reveals Lack of Postglacial Habitat Tracking in
the Arctic Fox.” Proceedings of the National
Academy of Sciences 104 (16): 6726-29.
https://doi.org/10.1073/pnas.0701341104.

Damgaard, Peter B., Ashot Margaryan, Hannes
Schroeder, Ludovic Orlando, Eske Willerslev,
and Morten E. Allentoft. 2015. “Improving
Access to Endogenous DNA in Ancient Bones
and Teeth.” Scientific Reports 5 (1): 11184.
https://doi.org/10.1038/srep11184.

Dommain, René, Morgan Andama, Molly M.
McDonough, Natalia A. Prado, Tobias
Goldhammer, Richard Potts, Jesas E.
Maldonado, John Bosco Nkurunungi, and
Michael G. Campana. 2020. “The Challenges of
Reconstructing Tropical Biodiversity With
Sedimentary Ancient DNA: A 2200-Year-Long
Metagenomic Record From Bwindi
Impenetrable Forest, Uganda.” Frontiers in

Ecology and Evolution 8.
https://www .frontiersin.org/article/10.3389/fev
0.2020.00218.

Enghoff, Inge Bedker. 1996. “A Medieval Herring
Industry in Denmark Andthe Importance of
Herring in Eastern Denmark.” Archaeofauna 9:
59-132.

Ferrari, Giada, Lane M. Atmore, Sissel Jentoft, Kjetill S.
Jakobsen, Daniel Makowiecki, James H.
Barrett, and Bastiaan Star. 2022. “An Accurate
Assignment Test for Extremely Low-Coverage
Whole-Genome Sequence Data.” Molecular
Ecology  Resources 22 (4): 1330-44.
https://doi.org/10.1111/1755-0998.13551.

Ferrari, Giada, Angélica Cuevas, Agata T. Gondek-
Wyrozemska, Rachel Ballantyne, Oliver
Kersten, Albina H. Palsdottir, Inge van der Jagt,
et al. 2021. “The Preservation of Ancient DNA

in Archaeological Fish Bone.” Journal of

Archaeological ~ Science 126  (February):
105317.
https://doi.org/10.1016/j.jas.2020.105317.
Fisher, R.A. 1934. Statistical Methods for Research
Workers. Fifth. Edinburgh: Oliver and Boyd.
Fox, John, Sanford Weisberg, Brad Price, Daniel Adler,
Douglas Bates, Gabriel Baud-Bovy, Ben
Bolker, et al. 2022. Car: Companion to Applied
Regression (version 3.1-0). https://CRAN.R-
project.org/package=car.
Gilbert, M. Thomas P., Hans-Jiirgen Bandelt, Michael
Hofreiter, and lan Barnes. 2005. “Assessing
Ancient DNA Studies.” Trends in Ecology &
Evolution 20 (10): 541-44.
https://doi.org/10.1016/j.tree.2005.07.005.
Grealy, Alicia C., Matthew C. McDowell, Paul Scofield,
Daithi C. Murray, Diana A. Fusco, James Haile,
Gavin J. Prideaux, and Michael Bunce. 2015.
“A Critical Evaluation of How Ancient DNA
Bulk Bone Metabarcoding Complements
Traditional Morphological Analysis of Fossil

Assemblages.” Quaternary Science Reviews
128 (November): 37-47.
https://doi.org/10.1016/j.quascirev.2015.09.014

Haberle, Simone, and Heide Hiister Plogmann. 2019.
“Fish Exploitation in Medieval and Early
Modern Switzerland: Evidence from the
Ichthyoarchaeological Record and Historical
Sources.” International Journal of
Osteoarchaeology 29 3): 420-31.
https://doi.org/10.1002/0a.2794.

Harland, J.F., A.K.G. Jones, D.C. Orton, and J.H. Barrett.
2016. “Fishing and Fish Trade in Medieval
York: The Zooarchaeological Evidence.” In
Cod and Herring: The Archaeology and History
of Medieval Sea Fishing, edited by J.H. Barrett
and D.C. Orton, 172-204. Oxford: Oxbow
Books.

Iwaszkiewicz, M. 1991. Szczatki ryb z zamku
kryzackiego w Matlej Nieszawce (Woj.
torunskie), Roczniki Akademii Rolniczej w
Poznaniu 227, Archeozoologia 16: 3-5

Jagodzinski, M. F. 2009. The settlement of Truso, In:
Englert A., Trakadas A. (eds.) Wulfston’s
Voyage, The Baltic Sea region in the early
Viking Age as seen from shipboard. Maritime
Culture of the North 2, The Viking Ship
Museum in Roskilde, Roskilde: 182-197.

Jonsson, Hakon, Aurélien Ginolhac, Mikkel Schubert,
Philip L. F. Johnson, and Ludovic Orlando.
2013. “MapDamage2.0: Fast Approximate
Bayesian Estimates of Ancient DNA Damage
Parameters.” Bioinformatics 29 (13): 1682-84.
https://doi.org/10.1093/bioinformatics/btt193.

Jozwiak, S. 2003. Zburzenie zamku komtrurskiego w
Nieszawce w latach 1422-1423, Rocznik
Torunski 30: 19-33.

Kadakas, V, R Nurk, G Piiiia, G Toos, L Ldugas, S Hiie,
and K Kihno. 2010. “Rescue Excavations in
Tallinn Vabaduse Square and Ingermanland
Bastion 2008-2009.” Archeological Fieldwork
in Estonia 2009, 49—69.

Keaveney, E. 2005. “Fish Trade in York: Bones from Blue
Bridge Lane and Fishergate House.”
Unpublished MSc Dissertation, University of
York.

Keighley, Xénia, Maiken Hemme Bro-Jergensen, Hans
Ahlgren, Paul Szpak, Marta Maria Ciucani,
Fatima Sanchez Barreiro, Lesley Howse, et al.
2021. “Predicting Sample Success for Large-
Scale Ancient DNA Studies on Marine
Mammals.” Molecular Ecology Resources 21
(4): 1149-66. https://doi.org/10.1111/1755-
0998.13331.

Kistler, Logan, Roselyn Ware, Oliver Smith, Matthew
Collins, and Robin G. Allaby. 2017. “A New
Model for Ancient DNA Decay Based on
Paleogenomic Meta-Analysis.” Nucleic Acids
Research 45 (11): 6310-20.
https://doi.org/10.1093/nar/gkx361.

Kontopoulos, loannis, Kirsty Penkman, Graeme D.
McAllister, Niels Lynnerup, Peter B.
Damgaard, Henrik B. Hansen, Morten E.
Allentoft, and Matthew J. Collins. 2019.
“Petrous Bone Diagenesis: A Multi-Analytical
Approach.” Palaeogeography,
Palaeoclimatology, Palaeoecology 518

77



(March): 143-54.
https://doi.org/10.1016/j.palaeo.2019.01.005.
Kurnatowska, Z. 2004. The stronghold in Giecz in the
light of new and old research, In:
Urbanczyk, P. (ed.) Polish Lands at the Turn of
the First and the second Millennia, Institute of
Archaeology and Ethnology Polish Academy of
Sciences, Warsaw: 207-222.

Laarman, Frits, and Roel Lauwerier. 1996. “1996c:
Laarman & Lauwerier: Vlees Vis En Gevogelte
[in Dutch; Meat, Fish and Fowl; Finds (1425-
1500) from a Cesspit of the House ‘in Den
Struys’, at Veere, the Netherlands ].” In, 91-99.

Lauwerier, Roel C. G. M., and Frits J. Laarman. 2008.
“Relics of 16th-Century Gutted Herring from a
Dutch Vessel.” Environmental Archaeology 13
(2): 135-42.
https://doi.org/10.1179/174963108X343254.

Leciejewic, L. 2007a. “Grodzisko w Budzistowie:

Badania Wlatach 1954-1958.” In Kofobrzeg:
Wezesne Miasto Nad Battykiem, L. Leciejewicz
& M. Rebkowski (Eds), 31-110. Warsaw:
Institute of Archaeology and Ethnology, Polish
Academy of Sciences.

— . 2007b.  “Podstawy  Gospodarcze  w
Swietlewykopalisk,.” In Kolobrzeg: Wezesne
Miasto Nad Battykiem, L. Leciejewicz & M.
Rebkowski (Eds), 186-97. Warsaw: Institute of
Archaeology and Ethnology, Polish Academy
of Sciences.

Llamas, Bastien, Guido Valverde, Lars Fehren-Schmitz,

Laura S Weyrich, Alan Cooper, and Wolfgang
Haak. 2017. “From the Field to the Laboratory:
Controlling DNA Contamination in Human
Ancient DNA Research in the High-Throughput
Sequencing Era.” STAR: Science & Technology
of Archaeological Research 3 (1): 1-14.
https://doi.org/10.1080/20548923.2016.125882
4.

Makowiecki, Daniel. 2003. Historia Ryb i Rybotowstwa w
Holocenie NaNizu Polskim w Swietle Badar
Archeoichtiologicznych. Poznéan: Institute of
Archaeology and Ethnology, Polish Academy
ofSciences.

. 2012. “JANOW POMORSKI STAN. 1 Wyniki
Ratowniczych Badan Archeologicznych w
Latach 2007-2008.” In Studia Nad Truso, Eds.
Mateusz Bogucki, Marek F. Jagodzinski.
autorzy i muzeum archeologiczno-Historyczne
w elblagu.

Makowiecki, Daniel, David C. Orton, and James H.

Barrett. 2016. “Cod and Herring in Medieval
Poland.” In Cod & Herring: The Archaeology
& History of Medieval Sea Fishing, edited by
James H. Barrett and David C. Orton, 117-32.
Oxford & Philadelphia: Oxbow Books.

Martinez-Garcia, Lourdes, Giada Ferrari, Anne Karin
Hufthammer, Kjetill S. Jakobsen, Sissel Jentoft,
James H. Barrett, and Bastiaan Star. n.d.
“Ancient DNA Reveals a Southern Presence of
the Northeast Arctic Cod during the Holocene.”
Biology  Letters 18  (5):  20220021.
https://doi.org/10.1098/rsbl.2022.0021.

Massilani, Diyendo, Mike W. Morley, Susan M. Mentzer,

Vera Aldeias, Benjamin Vernot, Christopher
Miller, Mareike Stahlschmidt, et al. 2022.
“Microstratigraphic Preservation of Ancient

78

Faunal and Hominin DNA in Pleistocene Cave
Sediments.” Proceedings of the National
Academy of Sciences 119 (1): e2113666118.
https://doi.org/10.1073/pnas.2113666118.

Moss, Madonna L., Antonia T. Rodrigues, Camilla F.
Speller, and Dongya Y. Yang. 2016. “The
Historical Ecology of Pacific Herring: Tracing
Alaska Native Use of a Forage Fish.” Journal of
Archaeological Science: Reports 8 (August):
504-12.
https://doi.org/10.1016/j.jasrep.2015.10.005.

Oosting, Tom, Bastiaan Star, James H. Barrett, Maren
Wellenreuther, Peter A. Ritchie, and Nicolas J.
Rawlence. 2019. “Unlocking the Potential of
Ancient Fish DNA in the Genomic Era.”
Evolutionary Applications 12 (8): 1513-22.
https://doi.org/10.1111/eva.12811.

Palkopoulou, Eleftheria, Swapan Mallick, Pontus
Skoglund, Jacob Enk, Nadin Rohland, Heng Li,
Ayca Omrak, et al. 2015. “Complete Genomes
Reveal Signatures of Demographic and Genetic
Declines in the Woolly Mammoth.” Current
Biology 25 (10): 1395-1400.
https://doi.org/10.1016/j.cub.2015.04.007.

Palsdottir, Albina Hulda, Auli Blauer, Eve Rannamie,
Sanne Boessenkool, and Jon Hallsteinn
Hallsson. n.d. “Not a Limitless Resource: Ethics
and Guidelines for Destructive Sampling of
Archaeofaunal Remains.” Royal Society Open
Science 6 (10): 191059.
https://doi.org/10.1098/rs0s.191059.

Parker, Cody E., Kirsten 1. Bos, Wolfgang Haak, and
Johannes Krause. 2021. “Optimized Bone
Sampling Protocols for the Retrieval of Ancient
DNA from Archaeological Remains.” JoVE
(Journal of Visualized Experiments), no. 177
(November): €63250.
https://doi.org/10.3791/63250.

Pearson, K. 1900. “On the Criterion That a given System
of Deviations from the Probable in the Case of
a Correlated System of Variables Is Such That
It Can Be Reasonably Supposed to Have Arisen
from Random Sampling.” The London,
Edinburgh, and Dublin  Philosophical
Magazine and Journal of Science 50 (302):
157-75.

Pettersson, Mats E., Christina M. Rochus, Fan Han,
Junfeng Chen, Jason Hill, Ola Wallerman,
Guangyi Fan, et al. 2019. “A Chromosome-
Level Assembly of the Atlantic Herring —
Detection of a Supergene and Other Signals of
Selection.” Preprint. Genomics.
https://doi.org/10.1101/668384.

Pinhasi, Ron, Daniel Fernandes, Kendra Sirak, Mario
Novak, Sarah Connell, Songiil Alpaslan-
Roodenberg, Fokke Gerritsen, et al. 2015.
“Optimal Ancient DNA Yields from the Inner
Ear Part of the Human Petrous Bone.” PLOS
ONE 10 (6): €0129102.
https://doi.org/10.1371/journal.pone.0129102.

R Core Team. 2021. “R: A Language and Environment for
Statistical Computing.” R Foundation for
Statistical ~ Computing,  Vienna,  Austria.
https://www.R-project.org/.

Reed, Floyd A., Elias J. Kontanis, Kenneth A.R. Kennedy,
and Charles F. Aquadro. 2003. “Brief
Communication: Ancient DNA Prospects from



Sri Lankan Highland Dry Caves Support an
Emerging Global Pattern.” American Journal of
Physical Anthropology 121 (2): 112-16.
https://doi.org/10.1002/ajpa.10211.

Reynolds, R. 2013. “Lyminge 2010 Analysis of Fish
Remains from Environmental Samples.”
University of Reading.

Roio, Maili, Lembi Lougas, Alar Léénelaid, Liina Maldre,
Erik Russow, and Ulle Sillasoo. 2016.
“Medieval Ship Finds from Kadriorg, Tallinn.”
Archaeological Fieldwork in Estonia 2016
(December): 139-58.

Sandoval-Velasco, Marcela, Inge K. C. Lundstrom,
Nathan Wales, Maria C. Avila-Arcos, Hannes
Schroeder, and M. Thomas P. Gilbert. 2017.
“Relative Performance of Two DNA Extraction
and Library Preparation Methods on
Archaeological Human Teeth Samples.” STAR:
Science & Technology of Archaeological

Research 3 (1): 80-88.
https://doi.org/10.1080/20548923.2017.138855
1

Scarsbrook, Lachie, Alexander J. F. Verry, Kerry Walton,
Rodney A. Hitchmough, and Nicolas J.
Rawlence. n.d. “Ancient Mitochondrial
Genomes Recovered from Small Vertebrate
Bones through Minimally Destructive DNA
Extraction: Phylogeography of the New
Zealand Gecko Genus Hoplodactylus.”
Molecular Ecology n/a (n/a). Accessed May 10,
2022. https://doi.org/10.1111/mec.16434.

Schiffels, Stephan & Ke Wang. 2020. "MSMC and
MSMC?2: The Multiple Sequentially
Markovian Coalescent" in: Dutheil, J.Y. (eds)
Statistical Population Genomics. Methods in
Molecular Biology, vol 2090. Humana, New
York, NY. https://doi.org/10.1007/978-1-0716-
0199-0 7

Schubert, Mikkel, Aurelien Ginolhac, Stinus Lindgreen,
John F Thompson, Khaled AS AL-Rasheid,
Eske Willerslev, Anders Krogh, and Ludovic
Orlando. 2012. “Improving Ancient DNA Read
Mapping against Modern Reference Genomes.”
BMC Genomics 13 (May): 178.
https://doi.org/10.1186/1471-2164-13-178.

Seersholm, Frederik V., Kasper Lykke Hansen, Matthew
Heydenrych, Anders J. Hansen, Michael Bunce,
and Morten E. Allentoft. 2021. “Ancient DNA
Preserved in Small Bone Fragments from the
P.W. Lund Collection.” Ecology and Evolution
11 5): 2064-71.
https://doi.org/10.1002/ece3.7162.

Sirak, Kendra A., Daniel M. Fernandes, Olivia Cheronet,
Mario Novak, Beatriz Gamarra, Timea Balassa,
Zsolt Bernert, et al. 2017. “A Minimally-
Invasive Method for Sampling Human Petrous
Bones from the Cranial Base for Ancient DNA
Analysis.” BioTechniques 62 (6): 283-89.
https://doi.org/10.2144/000114558.

Sirak, Kendra, Daniel Fernandes, Olivia Cheronet,
Eadaoin Harney, Matthew Mah, Swapan
Mallick, Nadin Rohland, et al. 2020. “Human
Auditory Ossicles as an Alternative Optimal
Source of Ancient DNA.” Genome Research 30
3): 427-36.
https://doi.org/10.1101/gr.260141.119.

Skre, Dagfinn. 2007. Kaupang in Skiringssal.

Speller, Camilla F., Lorenz Hauser, Dana Lepofsky, Jason

Moore, Antonia T. Rodrigues,
Madonna L. Moss, lain McKechnie, Dongya Y.
Yang. 2012. " High Potential for Using DNA
from Ancient Herring Bones to Inform Modern
Fisheries Management and Conservation."
PLOS ONE 7(11) e51122. doi:
10.1371/journal.pone.0051122

Star, Bastiaan, James H. Barrett, Agata T. Gondek, and
Sanne Boessenkool. 2018. “Ancient DNA
Reveals the Chronology of Walrus Ivory Trade
from Norse Greenland.” Proceedings of the
Royal Society B: Biological Sciences 285
(1884): 20180978.
https://doi.org/10.1098/rspb.2018.0978.

Tin, Mandy Man-Ying, Evan Philip Economo, and
Alexander Sergeyevich Mikheyev. 2014.
“Sequencing Degraded DNA from Non-
Destructively Sampled Museum Specimens for
RAD-Tagging and Low-Coverage Shotgun
Phylogenetics.” PLOS ONE 9 (5): €96793.
https://doi.org/10.1371/journal.pone.0096793.

ThermoFisher Scientific. "Qubit Fluorometric
Quantification."https://www.thermofisher.com/
uk/en/home/industrial/spectroscopy-elemental-
isotope-analysis/molecular-
spectroscopy/fluorometers/qubit.html

Valk, Tom van der, Patricia Pe¢nerova, David Diez-del-
Molino, Anders Bergstrom, Jonas
Oppenheimer, Stefanie Hartmann, Georgios
Xenikoudakis, et al. 2021. “Million-Year-Old
DNA Sheds Light on the Genomic History of
Mammoths.” Nature 591 (7849): 265-69.
https://doi.org/10.1038/541586-021-03224-9.

Wagner, Jennifer K., Chip Colwell, Katrina G. Claw,
Anne C. Stone, Deborah A. Bolnick, John
Hawks, Kyle B. Brothers, and Nanibaa’ A.
Garrison.  2020. “Fostering  Responsible
Research on Ancient DNA.” The American
Journal of Human Genetics 107 (2): 183-95.
https://doi.org/10.1016/j.ajhg.2020.06.017.

Willerslev, Eske, Anders J. Hansen, and Hendrik N.
Poinar. 2004. “Isolation of Nucleic Acids and
Cultures from Fossil Ice and Permafrost.”
Trends in Ecology & Evolution 19 (3): 141-47.
https://doi.org/10.1016/j.tree.2003.11.010.

Woods, Roseina, Melissa M. Marr, Selina Brace, and Ian
Barnes. 2017. “The Small and the Dead: A
Review of Ancient DNA Studies Analysing
Micromammal Species.” Genes 8 (11): 312.
https://doi.org/10.3390/genes8110312.

Woods, Roseina, Samuel T. Turvey, Selina Brace, Ross
D. E. MacPhee, and lan Barnes. 2018. “Ancient
DNA of the Extinct Jamaican Monkey
Xenothrix Reveals Extreme Insular Change
within a  Morphologically  Conservative
Radiation.” Proceedings of the National
Academy of Sciences 115 (50): 12769-74.
https://doi.org/10.1073/pnas.1808603115.

Yu, He, Alexandra Jamieson, Ardern Hulme-Beaman,
Chris J. Conroy, Becky Knight, Camilla Speller,
Hiba Al-Jarah, et al. 2022. “Palacogenomic
Analysis of Black Rat (Rattus Rattus) Reveals
Multiple European Introductions Associated
with Human Economic History.” Nature
Communications 13 (1): 2399.
https://doi.org/10.1038/s41467-022-30009-z.

79



Supplementary material
Ancient DNA sequence quality is independent of fish bone weight

Authors: Lane M. Atmore!, Giada Ferrari'?, Lourdes Martinez-Garcia', Inge van der Jagt’, Rachel Blevis®,
José Granado®, Simone Hiberle’, Katrien Dierickx®, Liz Quinlan®, Lembi Lugas’, Daniel Makowiecki®,
Anne-Karin Hufthammer’, James H. Barrett'’ & Bastiaan Star!

Author Affiliations: 1 Centre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Norway;

2 Royal Botanic Garden Edinburgh, Scotland; 3 Cultural Heritage Agency of the Netherlands, Amersfoort, Netherlands; 4 McDonald
Institute for Archaeological Research, Department of Archaeology, University of Cambridge, UK; 5 Integrative Prehistory and
Archaeological Science, Department of Environmental Sciences, Basel University, Basel, Switzerland; 6 BioArCh, Department of
Archaeology, University of York, UK; 7 Archaeological Research Collection, Tallinn University, Tallinn, Estonia; 8 Department of
Environmental Archaeology and Human Paleoecology, Institute of Archaeology, Nicolaus Copernicus University, Torun, Poland, 9 The
University Museum, Department of Natural History, University of Bergen, Norway, 10 Department of Archaeology and Cultural History,
NTNU University Museum, Trondheim, Norway

.
. .
0.4
.
.
.
.
€03 . .
2 .
5
o : ¢
; .
o .
S . o
5 .
g 02 .
D
o .
°
2
I .
. . ! i
. . .
. .
0.1
. .
[}
. . .
L . . .
. .
. . L
.
.
0.0 ] L} '

ceratohyal -
cleithrum
dentary -
prooticum
unidentified
vertebra -

Skeletal element

Figure S1 — Percent endogenous DNA content by skeletal element across all sites

80



Jou. of Arch. Sci. 2023

@
S

N
S

Count

)

ceratohyal cleithrum dentary prooticum unidentified vertebra

)

Skeletal element

Fig S2 — Number of samples per element across all sites.

Lyminge 4

Janéw Pomorski (Truso)

Kaupang Tjelling 4

Kotobrzeg-Bodzistowo -

Coppergate -

Giecz 1

Skeletal element
Katdus -
adus ceratohyal

Schnabelgasse 6 - cleithrum

dentary

Selsg-Vestby prooticum

unidentified
Blue Bridge Lane

vertebra

Vabaduse Sq. 4

Mata Nieszawka -

Kadriorg Wreck -

Huis den Struys

Museum der Kulturen 4

Biddinghuizen Colfschip -

Fig S3 — Distribution of skeletal elements per site.

81



o | o
o
o
o
o~ | o
o
— 8 o °
< o o o
3 o ° ° . °
3 6 o
T o ——6 - o R
o
) o ©
o 38
o o ° o
- 8 o o °
- o
7 o
8
°
N
< o
T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Fitted Values: nu_end ~ Site

Fig S4 — Residuals for endogenous DNA content as explained by archaeological site

8 - °
<]
n
(\! —
o
o
(\! —
o
wn
o -
w S
=}
o
|7
g2 | o
o
o
9 o
o o %o
@
0o o o
o o o o
S Pe) . g gn Q
° ° @5 o° 8 o
@ o
o o °
re} o
o | o
e o o
T T T T T T
0.04 0.06 0.08 0.10 0.12 0.14

Fitted Values: nu_clon ~ Site

Fig S5 — Residuals for nuclear clonality as explained by archaeological site

82



a) b)

3e+07

20407

Reads Mapped to the Nuclear Genome
DNA Concentration (ng/ul)
o
>

.
10407+ . .
.
. 25 .
. H
® . . ] .
. . H l ° . .
. H L]
. b b 1 . °
: . ; ’ { i i |
°
06400 L i . l ‘ ! . . 0ol @ ? ] ] .
0 20 40 60 0 20 40 60
Weight (mg) Weight (mg)
o d)
. .
7.50407 o
.
2
k] 30%
o
4
E 5.00407 2z
s g
5} 2
o« 3}
5 5
3 . £ 20%
£ ¢ £ .
z .
s
© . Py b *
250407 . . .
A . . . .
. . . .
H 0% o . . . . D
. . . . .
s . S S T S
: . H L4 . . . . . . .
. . . .
. . . .
° ' ° . . .
. ] [} = 1
0.0e:00{ ® ] . s L . o .
0 20 40 60 0 20 ) )
Weight (mg) Weight (mg)

Fig S6 — Indicators of library complexity and quality by weight bin. a) reads mapping to
the nuclear genome; b) DNA concentration as measured on the Qubit Fluorometer; c) total
number of retained reads after PALEOMIX quality control; d) percent nuclear clonality.

83



Chapter 3:

How to use terrible data






86



MOLECULAR ECOLOGY

RESOURCES

RESOURCE ARTICLE
Molecular Ecology Resources | 14 November 2021 | doi: 10.1111/1755-0998.13551

An accurate assignment test for extremely low-coverage whole-genome

sequence data
Lane M. Atmore' | Giada Ferrari' | Sissel Jentoft' | Kjetill S. Jakobsen' | Daniel Makowiecki’ | James
H. Barrett®* | Bastiaan Star'

Giada Ferrari and Lane M. Atmore contributed equally.

1 Centre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Oslo,
Norway; 2 Department of Environmental Archaeology and Human Paleoecology, Institute of Archaeology,
Nicolaus  Copernicus  University, Torun, Poland;, 3 McDonald Institute for Archaeological
Research, Department of Archaeology, University of Cambridge, Cambridge, UK, 4 Department of Archaeology
and Cultural History, NTNU University Museum, Trondheim, Norway

Abstract

Genomic assignment tests can provide important diagnostic biological characteristics, such as
population of origin or ecotype. Yet, assignment tests often rely on moderate- to high-coverage
sequence data that can be difficult to obtain for fields such as molecular ecology and ancient
DNA. We have developed a novel approach that efficiently assigns biologically relevant
information (i.e., population identity or structural variants such as inversions) in extremely
low-coverage sequence data. First, we generate databases from existing reference data using a
subset of diagnostic single nucleotide polymorphisms (SNPs) associated with a biological
characteristic. Low-coverage alignment files are subsequently compared to these databases to
ascertain allelic state, yielding a joint probability for each association. To assess the efficacy
of this approach, we assigned haplotypes and population identity in Heliconius butterflies,
Atlantic herring, and Atlantic cod using chromosomal inversion sites and whole-genome data.
We scored both modern and ancient specimens, including the first whole-genome sequence
data recovered from ancient Atlantic herring bones. The method accurately assigns biological
characteristics, including population membership, using extremely low-coverage data (as low
as 0.0001x) based on genome-wide SNPs. This approach will therefore increase the number of
samples in evolutionary, ecological and archaeological research for which relevant biological
information can be obtained.



1 Introduction

Continuous advances in sequencing technology have resulted in an exponential increase in
coverage and genomic resources for many species (Reuter et al., 2015; Wetterstrand, 2021).
Nonetheless, although high-coverage whole-genome data allow a plethora of detailed
bioinformatic analyses, low-coverage data remains common in fields that cannot always
generate large amounts of high-coverage sequences, such as molecular ecology and ancient
DNA (Bohmann et al., 2020; Malé et al., 2014; Peterson et al., 2012; Ripma et al., 2014; Suchan
et al., 2016). Such low coverage data may arise for various reasons. First, whole genome
population-level analyses in ecological research may remain cost-prohibitive, leading
researchers to turn to techniques such as reduced-representation sequencing (e.g., Dodsworth,
2015; Marcus, 2021; Nevill et al., 2020; Zeng et al., 2018). Second, recent strategies targeting
organelle (mitochondrial or chloroplast) reference databases increasingly use genome
skimming sequencing approaches (Bohmann et al., 2020). Finally, DNA preservation in
subfossil, archaeological, historical, or degraded biological material remains variable and is
often context-specific (Ferrari et al., 2021; Keighley et al., 2021; Tin et al., 2014). In order to
account for such unpredictability, ancient DNA sequencing studies typically screen many
specimens, from which a subset with the best DNA preservation is selected for deeper
sequencing (e.g., Martinez-Garcia et al., 2021; Star et al., 2018; van der Valk et al., 2021).
These practices result in a proliferation of specimens for which (extremely) sparse genome-
wide data is obtained.

Low-coverage sequence data are difficult to jointly analyse with specimens that have obtained
higher coverage without introducing various types of statistical bias (e.g., Frangois & Jay,
2020; Lee et al.,2010; Patterson et al., 2006; Skoglund et al., 2014). Researchers who use low-
coverage sequence data are therefore restricted in the analyses they can conduct and are often
forced to discard specimens that do not yield sufficient coverage. For any investigation within
the field of molecular ecology, the discarding of specimens due to low coverage results in
wasted resources, and a reduced number of specimens for downstream analyses. Moreover, for
ancient DNA studies this leads to the destruction of limited and unique zooarchaeological
material for which no meaningful information is obtained. Efforts to obtain as much relevant
information as possible from such specimens are therefore particularly important, from a
biological and an ethical perspective (Palsdottir et al., 2019).

Genomic assignment tests can provide important biological information in ecological research
and in several cases, low-coverage data have been effectively used for the determination of a
range of basic biological characteristics (e.g., Grossen et al., 2018). For instance, the genetic
sex of ancient mammals can easily be assigned from sparse sequencing data due to its
association with extensive genomic differentiation on a chromosomal scale. Sexing has been
applied to ancient low-coverage sequences to infer burial practices (Fages et al., 2020;
Nistelberger et al., 2019), the impact of historic hunting (Barrett et al., 2020), and the behaviour
of extinct species (PeCnerova et al., 2017). Aside from sex determination, other relevant
biological characteristics may also be associated with large-scale genomic differentiation. In
particular, structural variants (e.g., chromosomal inversions, haploblocks, or supergenes) have
been increasingly identified as major drivers of evolutionary and ecological processes
(Wellenreuther & Bernatchez, 2018), playing important roles in population structure and
evolution. For instance, inversions are involved in the evolution of sex chromosomes (Hughes
et al., 2010; Lemaitre et al., 2009) and speciation (Noor et al., 2001), and are critical for within-
species adaptation to local environments (Ayala et al., 2013; Barth et al., 2017; Berg et al.,
2016; Jones et al., 2012; Leitwein et al., 2017; Lowry & Willis, 2010; Morales et al., 2019;
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Nadeau et al., 2016; Pettersson et al., 2019; Todesco et al., 2020; Twyford & Friedman, 2015).
Chromosomal inversions can affect megabase-sized genomic regions (e.g., Berg et al., 2017,
Fang et al., 2012; Twyford & Friedman, 2015), and are often characterized by high levels of
linkage disequilibrium (LD; Hoffmann & Rieseberg, 2008) due to inhibited recombination
between noncollinear inversion haplotypes. Genotyping of such haplotypes using a subset of
segregating genetic markers is feasible using whole genome sequencing data (Donnelly et al.,
2010; Salm et al.,, 2012). Therefore, low-coverage data can retrieve relevant biological
characteristics, potentially yielding useful insights on population continuity, species migration
and distributions, hunting, historic trade, and burial practices, depending on archaeological
context or ecological setting.

Several methods have been developed for assigning inversion haplotypes in order to facilitate
GWAS analysis for SNPs within inversions in the human genome (scorelnvHap, Ruiz-Arenas
et al., 2019; pfido, Salm et al., 2012; InvClust, Caceres & Gonzalez, 2015; inveRsion, Caceres
et al., 2012; and methods proposed by Bansal et al., 2007; Sindi & Raphael, 2010). These
methods rely on LD break-points and structural variation (e.g., InvClust, inveRsion, and
scorelnvHap, as well as the methods proposed by Bansal et al. and Sindi et al.) or haplotype
tagging (inveRsion) to identify inversion sites and then conduct various types of SNP calling
within those sites. All of these methods are specifically developed for identifying inversions in
human genomes (e.g., Ma & Amos, 2012) and their use in disease- and other phenotype-
association studies (Ruiz-Arenas et al., 2019; Salm et al., 2012). They have not been tested
with sparse genomic data and are specific to use with inversions; indeed, pfido was designed
for just one inversion in the human genome (Salm et al., 2012). Because of their reliance on
signatures of structural variation, they cannot be applied to other types of variation, such as
genome-wide population differentiation. There is currently no approach specifically designed
to classify extremely low-coverage data with a broad applicability to score different types of
large-scale genomic differentiation in a range of species.

Here, we developed a new method that allows efficient assignment of different biological
characteristics using extremely low-coverage sequence data. First, a database is created that
contains the allele frequency association of individual SNP loci with a specific biological
characteristic (e.g., an inversion type or population membership). These databases are based
on moderate- to high-coverage sequences of a subset of specimens (Figure la). Second,
sequence alignment data of (ancient) specimens are compared to this database and a joint
probability (e.g., see Star et al., 2017) is calculated based on the binomial distribution of their
frequency association (Figure 1b). This two-step approach is analogous to scorelnvHap (Ruiz-
Arenas et al., 2019), yet there are some key differences. Importantly, in contrast to earlier
approaches, this probability calculation does not make any assumptions regarding specific
signatures of structural variation and can therefore be applied to different types of genetic
differentiation. For instance, our approach includes differentiation between inversion
haplotypes or genome-wide differences associated with ecotype or population structure. Our
program depends solely on freely available, commonly used software and file formats, and is
freely available for download at: https://github.com/laneatmore/BAMscorer.
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Figure 2.1- The BAMscorer pipeline

The BAMscorer pipeline has two main modules—reference database creation and alignment file
scoring. (a) Sequence data must be pre-processed and input into the pipeline as a VCF file. smartPCA
(Patterson et al., 2006; Price et al., 2006) is used to generate eigenvalues and SNP loading weights,
which are then used to assign population groups or inversion types in the reference database and create
a database of highly-divergent loci in a given region of interest. (b) These positions are called from the
alignment files to be scored. The positions are then compared to the database for allelic similarity. The
likelihood of a given allele at a locus belonging to a haplotype is coded as the frequency of that allele
at the locus in each database. AB allele frequencies are calculated as the average of frequencies present
in AA and BB haplotypes. A joint probability is estimated for each alignment file belonging to each of
the three haplotypes (for genome-wide assignment only AA and BB are used) and these values are
scaled to one, outputting a probability index of genomic assignment for each individual
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We investigated the efficiency of our approach in assigning haplotypes for three chromosomal
inversions in species that differ in their availability of reference specimens (P3 on Chrl5,
Heliconius numata, n=20; Chrl2, Clupea harengus, n=19; and LGOl, Gadus morhua,
n=276). These inversions display clinal distributions that are associated with biological
characters such as wing pattern phenotypes (Joron et al., 2006, 2011; Nadeau, 2016), adaptation
to water temperature and salinity (Pettersson et al., 2019), and migratory behaviour (Berg et
al., 2016). Finally, we investigated the accuracy of this approach for the genome-wide
population assignment of Atlantic cod specimens (Barth et al., 2019; Pinsky et al., 2021). To
assess the program, we first built reference databases for each species and then used these
databases to identify biological characteristics in nonreference alignment files. We used both
ancient and modern sequences for scoring, including the first ancient whole-genome sequences
recovered from Atlantic herring bones.

2 Materials and Methods

2.1 Reference and scoring databases

For each species investigated, two different data sets were used. The first data set was used to
create the reference SNPs database (hereafter referred to as the ‘reference database’) and the
second data set (hereafter referred to as the ‘scoring database’), containing individuals not
found in the reference database that were scored utilizing the BAMscorer program. Reference
databases were processed and filtered as described below to be input to the BAMscorer
program as VCEF files. Scoring databases were aligned to appropriate reference genomes and
left as unfiltered BAM files for scoring. All the data used in this manuscript—including the
newly generated archaeological Atlantic herring data—are publicly available. Below we
describe each data set in terms of composition, sample size and biological characteristics.

2.1.1 Heliconius butterflies

Heliconius numata butterflies are known to exhibit distinct wing-pattern morphs that are
associated with different genomic haplotypes (Joron et al., 2006). These wing-pattern morphs
are generally thought to be mimicry adaptations to predation and signalling between butterflies,
therefore are probably under strong selective pressures (Chouteau et al., 2017; Joron et al.,
2011). Research has suggested a supergene on chromosome 15 that determines the wing pattern
morph of a particular butterfly (Joron et al., 2006, 2011). There are three inversion sites within
the P supergene—P1, P2, and P3—which are associated with Heliconius wing-pattern morphs
(Jay etal., 2018; Joron et al., 2011). We chose to focus on P3, which can be used to discriminate
between the major types of wing-pattern morphs (Jay et al., 2021). Two databases were
obtained for Heliconius butterflies, one as a reference database and one as a scoring database.

The reference database was obtained from Nadeau et al. (2016), which contains 20 individual
genomes from various H. numata subspecies. This reference database encompasses several
different wing morphs, which are associated with inversions at the P supergene (Chouteau et
al., 2017; Jay et al., 2021). The scoring database consisted of 40 individual genomes obtained
from Jay et al. (2021). This database, which has no overlap with the reference database from
Nadeau et al. (2016), contains several different H. numata subspecies and encompasses various
wing pattern morphs, therefore different P3 inversion types. The reference database was well-
balanced between the three possible inversion types, with seven individuals belonging to types
AA and BB and six individuals belonging to the AB heterozygous type.
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Both the reference and scoring databases were aligned to the Heliconius melpomene Hmel2.5
reference assembly (http://ensembl.lepbase.org) using PALEOMIX v.1.2.13 (Schubert et al.,
2014) with BWA-mem. The ~1.1 Mb P3 inversion is found on reference scaffold
Hmel2150030 (between 2,000,001 and 3,100,000 bp). Genotypes for the reference database
were called using the GATKA4 pipeline (Van der Auwera & O’Connor, 2020) and the following
filtering parameters: FS<60.0 && SOR<4 && MQ>30.0 && QD >2.0 && INFO/DP<5500,
SnpGap 10, minGQ 15 minDP 3, maf 0.001, with indels removed and biallelic variants
selected. The reference database, therefore, is contained in a single VCF file, whereas the
scoring database is a collection of unfiltered alignment files.

2.1.2 Atlantic herring

Atlantic herring show a high degree of genomic structure that is probably associated with
environmental characteristics such as salinity and sea surface temperature and behaviours, such
as spawning season (Lamichhaney et al., 2017; Martinez Barrio et al., 2016). Several inversion
sites have been identified that are thought to be linked with some of these adaptations (Han et
al., 2020; Pettersson et al., 2019). These sites show structure between various populations of
Atlantic herring as well as between the true Atlantic herring (Clupea harengus) and the Baltic
herring (Clupea harengus membras), a slightly smaller subspecies living in the Baltic Sea (Han
et al., 2020).

For Atlantic herring, an ~8Mb inversion on chromosome 12 was investigated, which may be
associated with a ‘supergene’ denoting different Atlantic herring ecotypes associated with
salinity (Han et al., 2020; Pettersson et al., 2019). The inversion is located at chr12:17,900,000—
25,600,000 bp and is linked to salinity adaptation for autumn-spawning herring populations
(Han et al., 2020). A modern reference database was obtained from Han et al. (2020), which
consisted of 20 individual genome sequences. These sequences encompassed all major
populations of Atlantic and Baltic herring identified by Pettersson et al. (2019) and Han et al.
(2020), with the exception of the spring-spawning Baltic herring. There were 6 Baltic
individuals and 14 Atlantic individuals in the reference database.

To assess the applicability of BAMscorer for conducting assignment tests on ancient genomes,
the scoring database was created from nine newly sequenced ancient Atlantic herring genomes
(see following section for DNA extraction and sequencing methodology). Both modern and
ancient herring reads were aligned to the Atlantic herring reference genome
(GCA _900700415.1, Pettersson et al., 2019). The modern reads were aligned as described
above for the Heliconius butterflies. Ancient herring reads were aligned as described in Ferrari
et al. (2021), using BWA-aln, which is commonly held to be the most appropriate mode for
aligning ancient genome sequences (Schubert et al., 2012).

Genotypes for the reference database were called and filtered following the same protocol as
for the Heliconius, while the scoring database was not processed further. Two individual
outliers in the reference database were observed and subsequently checked for relatedness
using KING (Manichaikul et al., 2010; Note S1). These individuals appeared to be duplicates
and were removed from the database to ensure accuracy of metadata.

In the scoring database of ancient individuals, most specimens have excellent DNA
preservation (Table S1) and all show the typical fragmentation and misincorporation patterns
of authentic ancient DNA data (Jonsson et al., 2013; Figure S1). The aligned sequences were
down-sampled to 100,000 reads and are now available on ENA (accession number
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PRJEB45393). Similar as for Heliconius, the reference database for Atlantic herring thus
consisted of a single VCF file and the scoring database of a collection of alignment files.

2.1.3 Atlantic cod

The Atlantic cod reference database was created using 276 Atlantic cod individuals
representing most major geographical locations (western Atlantic, eastern Atlantic, and Baltic
Sea) in the species’ range (Barth et al., 2019; Pinsky et al., 2021). In Atlantic cod, four large
chromosomal inversions have been identified that are associated with differences in migratory
behaviour and environmental adaptations (Berg et al., 2016; Kirubakaran et al., 2016; Sodeland
et al.,, 2016). These chromosomal inversions originated independently, between 0.40 and
1.66 million years ago (Matschiner et al., 2021). A data set of 15 unrelated archaeological
specimens were obtained from Star et al. (2017) to use for the scoring. Modern and ancient
reads were aligned to the gadMor2 reference genome (Star et al., 2011; Torresen et al., 2017)
as above for Heliconius and Atlantic herring. SNP calling and filtering for the reference was
performed as described in Barth et al. (2019) using the GATK haplotype caller v.3.4.46
(McKenna et al., 2010), bcftools v.1.3 (Li, 2011), VCFtools v.0.1.14 (Danecek et al., 2011),
again mirroring methods used for Heliconius and Atlantic herring. For Atlantic cod, we
investigated both an inversion locus, as well as genome-wide patterns of divergence. First, we
targeted an ~16 Mb double chromosomal inversion on LG01 which is associated with
differences in migratory behaviour (Berg et al., 2016; Kirubakaran et al., 2016; Sodeland et al.,
2016). This inversion is located at LG01:9,100,000-26,200,000 bp, and the reference database
contained 217 nonmigratory and 30 migratory specimens. Second, we analysed genome-wide
data separating 24 western Atlantic from 252 eastern Atlantic cod specimens and genome-wide
data separating 23 Baltic from 229 eastern Atlantic cod specimens. For the whole genome
analyses, we excluded the location of four major inversions (on LG01, LG02, LG07, and LG12,
as described in Berg et al., 2016, 2017) following the coordinates used in Star et al. (2017).

2.2 Ancient DNA extraction and sequencing

Nine Atlantic herring bones from two Polish sites, dated between the 9th and 15th century CE
(Domagata & Franczuk, 1992; Iwaszkiewicz, 1991; Makowiecki, 2003; Makowiecki et al.,
2016; Table S1), were UV-treated for 10 min per side and cleaned with ultra-pure water. DNA
was extracted including a predigestion step, following Damgaard et al. (2015). Then, 1040 mg
of bone were pulverized with micro pestles in the digestion buffer (1 ml 0.5 M EDTA,
0.5 mg/ml proteinase K, and 0.5% N-Lauryl sarcosine). Following overnight digestion, DNA
was extracted with nine volumes of a 3:2 mixture of QG buffer (QIAGEN) and isopropanol.
MinElute purification was carried out using the QIAvac 24 Plus vacuum manifold system
(Qiagen) in a final elution volume of 65 pl. Parallel nontemplate controls were included.
Single-indexed blunt-end sequencing libraries were built from 16 ul of DNA extract or
nontemplate extraction blank, following the single-tube (BEST) protocol (Carge et al., 2018)
with the modifications described in Mak et al. (2017). All laboratory protocols up to indexing
of sequencing libraries were carried out in a dedicated ancient DNA clean laboratory at the
University of Oslo following standard anti-contamination and authentication protocols (Cooper
& Poinar, 2000; Gilbert et al., 2005; Llamas et al., 2017). Library quality and concentration
were inspected with a High Sensitivity DNA Assay on the Bioanalyser 2100 (Agilent) and
sequenced on an [llumina HiSeq 2500 platform at the Norwegian Sequencing Centre with
paired-end 125 bp reads, demultiplexed allowing zero mismatches in the index tag.
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2.3 The BAMscorer Pipeline

2.3.1 Module 1: creation of SNP reference databases

The initial step of the BAMscorer pipeline is to create a reference database of divergent SNPs
associated with each haplotype or population in a set of focal individuals (Figure 1a). These
divergent SNPs are referred to as belonging to ‘AA’, ‘BB’, or ‘AB’ genotypes (or groups). The
BAMscorer program does not conduct SNP calling, but takes a preprepared VCF file as input.
SNP calling methods and filtering parameters are therefore at the discretion of the user and can
be done using a reference genome as we have done with our species or with de novo SNP
calling techniques as is often used for reduced-representation sequencing. As long as the
reference data is input to BAMscorer as a VCF file, a reference database can be created.

Reference SNP databases are created as follows:

1.

The VCF file is first prepared with VCFtools v.0.1.16 (Danecek et al., 2011) and
PLINK v.1.9 (Purcell et al., 2007), selecting only those regions of interest (i.e., where
inversions are located, or genome-wide).

A Principal component analysis (PCA) is run as implemented in smartPCA
(EIGENSOFT v.7.2.1; Patterson et al., 2006; Price et al., 2006) to calculate axes of
differentiation and individual SNP loadings between homozygote inversion haplotypes
or populations. As a default, the BAMscorer pipeline selects diagnostic loci in the top
and bottom 5% of the SNP loading distribution, although the optimal SNP loading
cutoff value should be determined by the user. Visualization of the SNP loading profile
can help decide such cutoffs (see further below). The BAMscorer program is capable
of filtering SNPs in the reference database based on both symmetrical and asymmetrical
distribution cutoffs.

SNPs that pass cut-off filters form the divergent SNPs database for each haplotype or
population. To assist the user in the selection of individuals to represent each haplotype,
heterozygosity is calculated per individual based on SNPs in the divergent database.
Individuals from the reference database VCF file are scored for PC1 and heterozygosity
values, and manually classified into types: when whole genome data are investigated,
individuals are separated into groups called AA and BB; when inversions are
investigated, individuals are separated into three clusters, representing genotypes that
comprise homozygous AA and BB and heterozygous AB haplotypes. Inversion
genotypes are known to fall into specific clusters in PCA analysis (see Figure la),
which allow for easy identification using separation on PC1 and assessing levels of
individual heterozygosity.

For individuals in the homozygote AA and BB haplotypes/groups, allele frequencies of
the divergent SNPs are calculated. Two databases are created, containing the allelic
state (i.e., A, C, G, T) and allele frequencies of the major (first database) and minor
(second database) alleles in the AA and BB haplotypes. Databases containing few
individuals often contain fixed alleles due to limited sampling. The uncertainty
associated with sampling fixed alleles is addressed in the BAMscorer program by
calculating a minimum expected frequency of (1/((2*N)+1)) for the minor allele, where
N is the number of individuals in the reference database for fixed alleles in the region
of interest. When scoring inversions, the sample probability of obtaining alleles from
heterozygous AB genotypes are calculated by averaging the observed allele frequencies
in the AA and BB haplotypes. We note that due to the nature of inversions, it is highly
likely that a heterozygous genotype will fall directly in between the homozygous
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genotypes (see Figure 2). This may not be the case for all genomic regions and is
certainly not always the case for whole-genome variation. We therefore recommend
running BAMscorer with the—wg flag for genomic regions that do not follow such a
pattern and/or whole-genome analysis, as this will provide an assignment of either type
AA or type BB without attempting to estimate the average allele frequencies between
the two.

Once optimal database parameters have been identified (a full list of parameters can be found
at https://github.com/laneatmore/BAMscorer), the SNP database can be reused for BAM
scoring on many different data sets of the same species.

2.3.2 Module 2: BAM scoring

The reference database can then be used to assess the scoring database (Figure 1b). The scoring
database consists of unfiltered alignment files in BAM format. BAM files can be generated at
the user's discretion as long as the coordinate system matches that of the reference database.
Rather than conducting SNP calling on the scoring database, BAMscorer takes the position of
each SNP in the reference database and pulls these loci from each BAM file in the scoring
database. A consensus read for each locus is determined via a simplified genotype calling
process, and then the alleles in the alignment files are compared to the reference database to
determine the probability of a given individual belonging to each genotype or genetic cluster.

A detailed overview of the BAM scoring process is as follows:

1. The divergent SNPs databases are used to score alignment files (BAM format) for a
given set of (low-coverage) individuals. For each locus in the divergent SNPs database,
matching reads are pulled from the BAM file using the python module pysam
(https://github.com/pysam-developers/pysam). The ‘consensus' read is determined
based on the most highly-represented allele in all reads for each position. In the event
that there are equal numbers of reads for multiple alleles at a given locus, one allele is
then chosen at random, although these instances were extremely rare in the low-
coverage data analysed here. This process provides a subset of observed alleles at
divergent loci in each inversion or population for each individual BAM file. Using
pysam for genotype calling directly from BAM files is the most accurate method when
dealing with low-coverage data (Ros-Freixedes et al., 2018).

2. The probability of observing a variant associated with a specific haplotype is calculated
using the allele frequencies of matching positions in the reference databases. For
example, if the position in the BAM file matches the dominant allele in haplotype group
AA, the probability for that locus belonging to the AA genotype is coded as the allele
frequency of the dominant allele in haplotype group AA. If the allele also matches the
major or minor allele in haplotype group BB, the probability for that locus belonging
to the BB genotype is coded as the allele frequency of that allele in the BB reference
set. This allows a proxy calculation for heterozygous sites in the BAM file without
requiring the extensive computational requirements it would take to determine
genotype likelihood directly for each position. Both the dominant and minor allele
frequencies for each genotype in the reference database for alleles in homozygote AA
and BB haplotypes are used, thereby providing a likelihood estimation that the
consensus read pulled from the BAM file is any one of the following: AA dominant,
AA minor, BB dominant, BB minor. For inversions, three probabilities are recorded for
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each position—the frequency of that allele in haplotype groups AA, BB, and AB (only
AA and BB for genome-wide analysis).

3. Joint probabilities of all observed alleles belonging to a particular haplotype group or
population are calculated for each individual using the following equation:

Whereby the probability (p) of the scored individual (7) and genotype (g) is the product of allele
frequencies (f) of the number () of observed SNP loci (/) in each database. Finally, the joint
probability scores for all genotypes are scaled to one to provide a final probability estimate of
an individual belonging to a certain haplotype or population. We also provide the number of
SNPs in the reference database that were recovered from each individual BAM file to inform
on how well scored a specific individual is.

2.4 Analyses

We ran the above pipeline on each of the four databases outlined above: Heliconius P3
inversion, Atlantic herring chrl2 inversion, Atlantic cod LGO1 inversion, and the whole-
genome data set for Atlantic cod (in two different scenarios). For each of these data sets, we
also tested program parameters to assess the impact of noise and filtering in the reference
database on BAMscorer accuracy. We created separate reference databases for each inversion
using SNP loading cutoff values between 1% and 25% and an additional set of reference
databases for the genome-wide analysis of Atlantic cod with SNP loading cutoff weights
between 1% and 5%. We further assessed the impact of SNP filtering in reference database
creation by limiting analysis to asymmetrical tails of the SNP loading distribution (e.g., taking
only SNPs in the top 5% of loading weights).

2.5 Assessing scoring certainty

To investigate the sensitivity of the BAMscorer pipeline, we down-sampled each BAM file in
the five databases (P3 from Heliconius, Jay et al., 2021; chr12 from Atlantic herring; and LGO1
and two whole-genome population comparisons from Atlantic cod, Star et al., 2017). Following
an approach described in Nistelberger et al. (2019), BAM files containing whole-genome
shotgun data were downsampled to contain between 1000 and 40,000 reads (in most instances
this is a mere fraction of the available data). At each read interval, and for each individual, the
downsampling was randomly iterated 20 times. We compared accuracy of the scoring results
of the extremely downsampled Heliconius data using BAMscorer by comparing these results
to a separate PCA analysis using all data for the individuals in both databases. All of the
individuals from the scoring database clustered with one of the three inversions in the reference
database (Figure S2) and this clustering fully agreed with the assessment using BAMscorer.
For Atlantic herring and Atlantic cod, accuracy of results was confirmed by prior knowledge
of the inversion types or geographic origin of specimens. We assume that the ancient Polish
herring have a Baltic origin given the archaeological context and age, and should therefore
more closely match with the chr12 BB haplotype group, which is associated with the Baltic
individuals in our reference database.
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TABLE 1. Inversion and genome characteristics of Heliconius, Atlantic herring, and Atlantic
cod. Each comparison differs in terms of size of inversion, overall genome size and relative size of
inversion in regards to species-specific genome size, as well as in terms of the optimum number of
divergent SNPs (see methods) and individuals used for the reference databases and scoring

Species Inversion Inversion size [Genome size |Relative size |Divergent Database Scored
name, (Mbp) (Mbp) (%) SNPs (n) individuals (n) |individuals (n)
location

|H. numata P3, Chrl5 1.1 273 0.4 1701 20 40

C. harengus Chrl2 8 726 1.1 28205 19 9

G. morhua LGO1 16 643 2.5 47564 276 15

G. morhua WG na 643 na 221790 276 15

3 Results

We investigated three chromosomal inversions and one genome-wide analysis using
BAMscorer. The Heliconius P3 inversion is the smallest (1.1 Mb) inversion, followed by the
Atlantic herring Chrl12 (8 Mb) and Atlantic cod LGOI inversion (16 Mb, Table 1). Principal
component analysis (PCA) as implemented through BAMscorer select_snps separates the three
main inversion genotypes along PC1 for the Heliconius P3, Atlantic herring Chrl2, and
Atlantic cod LGO1 databases (Figure 2a), reproducing earlier observations (Barth et al., 2019;
Han et al., 2020; Nadeau et al., 2016; Pinsky et al., 2021). Similarly, the whole genome analysis
separates western from eastern Atlantic cod specimens along PC1 (Figure 2a, Pinsky et al.,
2021) and Baltic from other eastern Atlantic cod (Figure S3, Barth et al., 2019). For the data
analysed here, BAMscorer select_snps typically runs within 15 min when using the test scoring
database provided on a MacBook Pro (running MacOS Catalina with a 1.4 GHz Quad-Core
Intel Core 15 and 16GB RAM). The SNP weight loading distribution underlying genetic
divergence between inversion haplotypes of populations is either approximately symmetrical
(Heliconius and Atlantic herring) or asymmetrical (Atlantic cod, Figure 2b). SNP weights are
proportional to the correlation (across samples) between each SNP and each PC (Patterson et
al., 2006; Price et al., 2006). SNPs that are strongly associated with divergence will have the
highest SNP weight loading values and are therefore biologically informative.

An important consideration of our approach therefore lies in the selection of loci based on their
SNP loading distribution patterns. In order to maximize the probability of observing loci in
low-coverage sequencing data, as many loci as possible should be included in the database.
Yet, adding those loci that are not significantly associated with either inversion haplotype or
specific population will add noise and uncertainty. We therefore tested the accuracy of our
approach using a range of SNP loading filtering parameters. For inversions, databases were
created using cutoff values between 1% and 25%, depending on the species under
investigation. For our genome-wide analyses, we set the SNP loading cut-off weights between
1% and 5%. The default parameter in the BAMscorer pipeline is to take symmetrical portions
from each side of the SNP loading distribution (the 5% cutoff value takes the top and bottom
5% of SNPs), yet we also noticed asymmetrical SNP loading distribution values. We therefore
also investigated the effect of selecting SNPs from either the top or bottom of the SNP loading
distribution.
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FIGURE 2 - Inversion and population assignment for H. numata (P3 inversion), C. harengus (Chrl2
inversion) and G. morhua (LG01 inversion, population differentiation) using extremely low-coverage data.
(a) Inversion and population PCA plots generated for the three species (silhouettes) using smartPCA (Patterson
et al., 2006; Price et al., 2006). Haplotype clusters (AA; blue, AB; beige, BB; sepia) and main population clusters
(eastern Atlantic; dark green, western Atlantic; light green) are named. The number of individuals (red) and the
weighted Fst differentiation between inversion-loci (between AA and BB) or genome-wide (red arrow) is
indicated. The Baltic population is indicated by a red ‘*’ amongst the eastern Atlantic populations. (b) SNPs most
associated with either inversion (A or B) haplotype or large-scale population differentiation (western or eastern
Atlantic) are selected based on their SNP weight loading distribution along PC1. Those with lowest and highest
loadings are most associated with differentiation along PC1. SNP weight indicates the percentage of SNPs
selected from the most extreme end(s) of the distribution (red). (c) Assignment probability for individual
specimens generated by downsampling BAM files 1000—40,000 reads. At each interval, and for each individual,
the downsampling is iterated 20 times in order to generate box plots. Probabilities are calculated based on the
joint binomial distribution of observing divergent SNPs associated with either haplotype group or population.
Also indicated is the number of individuals scored (red, note these are not the same individuals used to create the
original databases) and fold coverage (red dotted line, x coverage) at which more than 0.99 median assignment
probability is obtained.
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For the Heliconius P3 inversion, the ability to confidently score heterozygous individuals (Jay
et al., 2021) erodes with increasing SNP weight values (Figure 3), and the optimal cutoff to
simultaneously score all possible genotypes lies at 2% and 1701 SNPs. For Atlantic herring
Chr12, not all inversion types are observed in the ancient read data, yet no major increase in
ability of scoring is obtained after a SNP weight of 10% and 28,205 SNPs (Figure S4). For
Atlantic cod, best separation of ancient data (Star et al., 2017) was obtained by selecting SNPs
from the single, most extreme end of the SNP weight loading distribution (Figure 2b, Figures
S5-S7). For Atlantic cod LG0O1, SNP selection is similar to the Heliconius P3, in that the
optimal cutoff is a trade-off in scoring homozygotes and heterozygotes, which for cod lies at
15% and 47,564 SNPs (Figure S6). Finally, best population separation for Atlantic cod using
whole genome data is obtained at 5% and 221,790 SNPs for the trans-Atlantic separation
(Figure S7), and 5% and 217,328 SNPs for the Baltic separation (Figure S3).

After deciding the best-possible cut-off values, several observations can be made regarding the
scoring accuracy of BAMscorer score_bams depending on the number of reads for each of the
comparisons. First, accurate scoring is obtained in extremely low-coverage data for all
comparisons (Figure 2c). For Heliconius, accurate haplotype determination is obtained with
20,000 reads and 0.009x nuclear coverage. For all other comparisons, even less reads—by an
order of magnitude—are required. Second, the scoring accuracy of heterozygous genotypes
requires more reads compared to homozygous genotypes (see Heliconius P3 and Atlantic cod
LGO1, Figure 2c¢). Thus, different levels of accuracy are obtained depending on each sample's
haplotype or population of origin. Third, an increase in scoring accuracy at lower numbers of
reads is observed for those comparisons for which more SNPs could be obtained (Tablel,
Figure 2c¢). Best scoring accuracy is obtained for the population comparison of Atlantic cod,
for which population of origin can be determined with 1000 reads or less than 0.0001x nuclear
coverage (Figure 2c). The Baltic cod population (separated from other eastern Atlantic
populations on PC2 indicated with red ‘*’, Figure 2a), can be identified by iteratively
investigating a smaller subset containing the eastern Atlantic specimens only (Figure S3).
Finally, BAMscorer score_bams takes—on average—approximately 5 min to complete each
comparison using a single Intel Xeon-Gold 6138 2.0 GHz CPU with 10 Gb of ram. It takes a
similar amount of time to run the test scoring database on the MacBook Pro system as described
above.

4 Discussion

The BAMscorer program allows genomic assignment on extremely low-coverage sequence
data, thereby increasing the capacity for conducting population genomics analysis on sparse
genome-wide data. Sequence data with low coverage is often discarded as there is little usable
information that can be reliably recovered in comparative analyses with higher coverage
specimens (e.g., Frangois & Jay, 2020; Lee et al., 2010; Patterson et al., 2006; Skoglund et al.,
2014). Applying our method will allow samples with sparse genome-wide data to be used. The
method is, additionally, fast and can be applied to large quantities of data at one time, providing
an efficient overview of the biological characteristics of a large data set. This approach will
therefore expand the amount of information that can be gleaned from sparse genome-wide data
(Bohmann et al., 2020), and reduce sample dropout in the ancient DNA analyses pipeline where
destructive sampling is wide-spread (Palsdottir et al., 2019).
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FIGURE 3 — SNP selection by varying SNP weight in H. numata (P3 inversion). SNP weight is
here defined as the percentage of SNPs with the most extreme values at both sides of the SNP loading
distribution. Confidence in probability assignment is obtained by down-sampling BAM files 1000—
40,000 reads. At each interval, and for each individual, the downsampling is iterated 20 times in order
to generate box plots. Probabilities are calculated based on the joint binomial distribution of observing
divergent SNPs associated with either haplotype group. Also indicated is the number of individuals (7,
red) and number of SNPs (SNP#, red) and the chosen cutoff value (red dotted lines) at which all three
haplotype groups can be efficiently separated

We applied our method to three biological examples that have different levels of genomic
differentiation. In Heliconius butterflies, inversions have not been found to be sympatric
barriers to interspecific gene flow (Davey et al., 2017), and there is a high degree of
interbreeding between the seven different H. numata wing pattern morphs (Chouteau et al.,
2017). Within the wing pattern morph supergene on chromosome 15, there is incomplete
genetic segregation between several of the P locus inversion types, including the P3 inversion
site (Jay et al., 2021). This could suggest incomplete lineage sorting—a phenomenon known
to be highly prevalent in mimetic species such as H. numata (Kozak et al., 2015; Savage &
Mullen, 2009)—and/or introgression among H. numata morphs. Although BAMscorer
exhibited less power in distinguishing this complex pattern of genomic divergence between H.
numata morphs than between fish ecotypes, the approach still showed a high degree of
efficiency. Within the Heliconius we were able to correctly identify all morphs without error
at just 0.009x coverage, including heterozygous individuals, for which identification becomes
significantly more challenging at low sequencing effort.
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Both Atlantic herring and Atlantic cod exhibit temporally and geographically isolated
spawning reproductive behaviour, although overall levels of genetic differentiation are
relatively low (e.g., Fst ~0.1 or less; Barth et al., 2017; Berg et al., 2016, 2017; Martinez Barrio
et al., 2016; van Damme et al., 2009). Nonetheless, the divergence time of the LGO1 inversion
haplotypes of Atlantic cod is estimated to be around 600,000 years ago (Matschiner et al.,
2021), driving divergence in many thousands of SNPs, which explains the success of
BAMscorer at extremely low-coverage for the LGO1 inversion. Similarly, strong selective
pressures on Baltic herring have driven differentiation between these populations and their
Atlantic conspecifics, as herring populations entering the Baltic Sea ~8000 years ago would
have had to adapt to new, brackish conditions. Even though divergence time between Atlantic
and Baltic herring cannot be older than 8000 years, herring exhibit distinct signals of adaptation
to low salinity conditions at several thousand loci (Han et al., 2020; Lamichhaney et al., 2012).
Our results therefore indicate a high degree of accuracy in determining inversion types even
for subspecies and haplotypes with a range of divergence times.

We obtain the highest power in scoring accuracy for the whole genome analyses of Atlantic
cod. Both comparisons investigate populations that have diverged relatively recently: the
western and eastern Atlantic populations around 65,000 years ago (Matschiner et al., 2021),
and have genome-wide nuclear genetic divergence measured at st ~0.11 (Pinsky et al., 2021).
The Baltic was colonized between 8000 and 6000 years ago (Berg et al., 2015) and has
genome-wide nuclear genetic divergence at Fst ~0.04. Neither of these populations or areas
exhibits fixed mitogenomic differentiation (Martinez-Garcia et al., 2021). The high scoring
accuracy that is obtained at a low number of reads in this whole-genome analysis—despite low
overall genetic divergence—suggests a wide range of applicability in different biological
settings.

Additionally, the accuracy of our results indicate that the method is robust to deamination
damage, a common feature of ancient genomic sequences. By sampling ancient alignment files
from different places in the genome, the scoring is robust to the noise created by deamination
damage, which typically occurs at the ends of reads. Our ancient sequences for cod and herring
exhibited up to 17% deamination damage (Figure S1), yet a high scoring accuracy was obtained
despite the presence of such damage.

There are several practical considerations and limitations to take into account while using the
BAMscorer program. First, each example provided here is associated with different levels of
genomic divergence and size of genomic regions under investigation. We find that there are no
optimal program settings that apply to all cases. Each of our three species required different
filtering parameters, such as optimum SNP loading weight cut-off value, and required different
minimum numbers of reads to obtain high scoring accuracy. Similarly, differences in these
parameters were also required within species, such as when analysing the inversion on LGO1
as compared to the genome-wide data in Atlantic cod. It is thus recommended that users explore
the filtering parameters as we have done above to ascertain the appropriate parameters, as an
understanding of the biological system in question is important for assessing the efficacy of
BAMscorer.

Second, the whole-genome (population) application of BAMscorer is currently limited to
assigning two clusters or populations simultaneously. We are in the process of developing a
more generic approach that will allow scoring of an undefined number of populations and aim
to make this available in future versions of the BAMscorer. The current version of BAMscorer,
however, can be applied iteratively to sequentially score finer scales of genomic differentiation
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within data sets containing multiple clusters (see Figure S3). Moreover, BAMscorer is reliant
on existing reference data to create the database from which alignment files are scored. This is
a limiting factor in any assignment test, and probably unavoidable. However, we found that
even with a relatively low number of reference genomes (our reference databases ranged from
19 to 276 individuals), we were still able to efficiently identify haplotypes in low-coverage
data. The requirements for the reference databases are therefore not especially demanding in
order for BAMscorer to be used efficiently.

Finally, an assignment test only evaluates the scenario as given by the user. It is therefore
important to use BAMscorer with an understanding of the biological system in question and
with these limitations in mind. We further recommend that users assess the impact of filtering
parameters for creating the BAMscorer reference SNP database for each biological system. To
provide an understanding of how much data BAMscorer is actually getting from each BAM
file, we provide a read-out of the number of SNPs in the reference database that were read from
the BAM file in question.

We have here introduced a novel software program that can be used to increase the information
gleaned from extremely low-coverage sequence data. We have found that biological
characteristics and genomic assignment can be recovered from sequences with as little as 1000
aligned reads (at ~0.0001x coverage in the case of Atlantic cod). The method is flexible and
can be used on various types of genomic data. Because all SNP calling and alignment takes
place prior to using the BAMscorer program, the program itself is not dependent on a reference
genome and can therefore be used with SNPs calling generated de novo, as is often the case
for reduced-representation sequencing. The program is further scalable for BAM files from
1000 to 50 M reads and can handle up to hundreds of thousands of SNPs without sacrificing
computational efficiency.

We have shown that BAMscorer can differentiate between subspecies, populations, ecotypes,
and genomic inversions and can successfully recover relevant biological information from
extremely low-coverage data. As the underlying methodology is general in design, it can be
applied to any low-quality samples and reduced representation sequence data such as ddRAD
(Peterson et al., 2012) or hyRAD (Suchan et al., 2016), two common methods for cost-efficient
sequencing used in ecology and evolution studies for modern and historic specimens. We
expect that the capacity to quickly identify population of origin, determine between domestic
and wild types (e.g., farmed vs. wild salmon; Glover et al., 2013, 2017), assess ecotype
distribution, and to identify hybrids will be a useful additional tool in the fields of wildlife
forensics and conservation genomics.
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Supplementary Note 1 — Relatedness/duplicates in modern herring reference data

21 modern genomes were accessed from publicly available datasets (Han et al., 2020). When these
specimens were run through the first BAMscorer module to select divergent SNPs and identify
reference genotypes, two individuals had PC1 eigenvalues that were distinct outliers from the rest of
the data. Subsequent smartPCA of the whole-genome —rather than just the inversion on chrl2—
showed again that these individuals created a unique cluster away from the rest of the group.

Table SN1a—select_snps output for modern herring reference data for the inversion site on chr12. Eigenvalues
and heterozygosity for each individual in the modern herring reference dataset are sorted by PCl. Two
individuals (Gavle54 and Gavle98) here form a distinct cluster from the rest of the reference data.

Individual PC1 Eigenvalue Heterozygosity
Gavle54 -0.2701 0.67803
Gavle98 -0.2701 0.67805
NSSH34 -0.2598 0.51112
NSSH33 -0.2533 0.69821
Gavlel100 -0.249 0.67549
Fehmarn44 -0.2401 0.55478
NSSH36 -0.2388 0.64941
Fehmarn3 -0.2286 0.6297
Fehmarn6 -0.2022 0.37827
AAL1_CelticSea -0.0142 -0.37773
714 _IsleOfMan 0.1863 0.43059
AK2_Downs 0.1882 0.45048
AAL2_CelticSea 0.1889 0.45951
AK1_Downs 0.1889 0.47169
AK3_Downs 0.1889 0.46896
AAL3_CelticSea 0.1902 0.44224
NorthSeal3 0.1911 0.42011
74 _IsleOfMan 0.1915 0.41241
NorthSea34 0.2155 0.39734
NorthSeal9 0.2193 0.44939
712 _IsleOfMan 0.2669 0.00079
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TableSN1b-Select_snps outputformodernherringreference data,whole-genome. The two individuals
identified in the chr12 analysis again formed a distinct cluster.

Individual PC1 Eigenvalue PC2 Eigenvalue
NorthSea34 -0.3680 0.1668
NorthSeal9 -0.3866 0.1832
712 _IsleOfMan -0.6399 0.3155
NorthSeal3 0.0234 -0.1005
AK3_Downs 0.0246 -0.1034
AAL2_CelticSea 0.0250 -0.1054
74 _IsleOfMan 0.0257 -0.1029
AAL3_CelticSea 0.0261 -0.1005
AK1_Downs 0.0267 -0.1021
714 _IsleOfMan 0.0270 -0.1018
AK2_Downs 0.0289 -0.1086
AAL1_CelticSea 0.0324 -0.0963
NSSH36 0.0399 -0.0920
Fehmarn44 0.0533 -0.0785
Fehmarn3 0.0549 -0.0831
Fehmarn6 0.0566 -0.0825
NSSH33 0.0663 -0.2189
NSSH34 0.0672 -0.2620
Gavlel100 0.0691 -0.0768
Gavle54 0.3707 0.5448
Gavle98 0.3707 0.5448

While it is uncommon for fish samples to be related given the extremely large population sizes in
such species, this pattern can sometimes be formed when there are related individuals in a dataset.
We therefore applied the KING pipeline (Manichaikul et al., 2010) to check for duplications and
relatedness. Two of the samples in the dataset were found to be either related or duplicates, both from
the same Baltic Sea population.

TableSN1c—KINGoutputforduplicates/relatednessinmodernherringreferencedata. Concordance values
above 0.8 are indicative of duplicates according to the KING documentation.

FID1 ID1 FID2 ID2 N N_IBSO | N_IBS1 N_IBS2 Concord | HomConc @ HetConc

Gavle54 = Gavle54 = Gavle98 = Gavle98 @ 11314407 187 4995 11309225 0.99954 0.99998 0.99674

The two individuals were subsequently removed from the reference dataset, leaving a total
of 19 herring genomes for the reference data
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Supplementary Figure 2. Principle Component Analyses of the P3 inversion in 40 Heliconius butterflies.
We compared the accuracy of the scoring results of the extremely down-sampled Heliconius data using
BAMSscorer with the classification obtained using all available genomic data for the individuals in both databases.
Whole genome data were obtained from Jay et al. (2019). The individuals segregate in three distinct clusters along
PCI1 according to their inversion diploid genotypes (AA, AB, or BB). The classification using extremely down-
sampled BAM files and the BAMscorer pipeline is 100% identical to the generated classification based upon the
high coverage dataset.
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Supplementary Figure 3. Population assignment for G. morhua (population differentiation) using
extremely low-coverage data. Left: population PCA plot generated using smartPCA (Patterson et al., 2006; Price
et al., 2006). The number of individuals (red) and genome-wide weighted FST differentiation (red arrow) is
indicated. Middle: SNPs most associated with large-scale population differentiation (Baltic Sea or eastern
Atlantic) are selected based on their SNP weight loading distribution along PC1. Those with lowest and highest
loadings are most associated with differentiation along PC1. SNP weight indicates the percentage of SNPs
selected from the most extreme ends of the distribution (red). Right: assignment probability for individual
specimens generated by down-sampling BAM files 1000 to 40,000 reads. At each interval, and for each individual,
the down-sampling is iterated 20 times in order to generate box plots. Probabilities are calculated based on the
joint binomial distribution of observing divergent SNPs associated with either population. Also indicated is the
number of individuals scored (red, note these are not the same individuals used to create the original databases)
and fold coverage (red dotted line, x coverage) at which more than 0.99 median assignment probability is obtained.
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Supplementary Figure 4. SNP selection by varying SNP weight in Atlantic herring (Chr12
inversion). SNP weight is here defined as the percentage of SNPs with the most extreme values at both
sides of the SNP loading distribution. Confidence in probability assignment is obtained by down-
sampling BAM files to 1000-40,000 reads. At each interval, and for each individual, the down-sampling
is iterated 20 times in order to generate box plots. Probabilities are calculated based on the joint binomial
distribution of observing divergent SNPs associated with either genotype. Also indicated is the number
of individuals (n, red) and number of SNPs (SNPn, red) and the chosen cut-off value (red dotted lines)

at which genotypes can be efficiently separated.
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Supplementary Figure 5. SNP selection by varying SNP weight at both sides in Atlantic cod (LGO01
inversion). SNP weight is here defined as the percentage of SNPs with the most extreme values at both
sides of the SNP loading distribution. Confidence in probability assignment is obtained by down-sampling BAM
files to 1000-40,000 reads. At each interval, and for each individual, the down-sampling is iterated 20 times in
order to generate box plots. Probabilities are calculated based on the joint binomial
distribution of observing divergent SNPs associated with either genotype. Also indicated is the number of
individuals (n, red) and number of SNPs (SNPn, red).
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Supplementary Figure 6. SNP selection by varying SNP weight at the most extreme end in Atlantic cod
(LGO1 inversion). SNP weight is here defined as the percentage of SNPs with the most extreme values at the
most extreme side of the SNP loading distribution. Confidence in probability assignment is obtained by down-
sampling BAM files to 1000-40,000 reads. At each interval, and for each individual, the down- sampling is iterated
20 times in order to generate box plots. Probabilities are calculated based on the joint binomial distribution of
observing divergent SNPs associated with either genotype. Also indicated is the number of individuals (n, red),
number of SNPs (SNPn, red), and the chosen cut-off value (red dotted lines) at which genotypes can be efficiently
separated.

115



2 wa et =15

SNP weight 1% SNP weight 2% SNP weight 3% SNP weight 4% SNP weight 5%
SNPn = 88689 SNPn =177417 SNPn = 266165 SNPn = 354612 SNPn = 443081
1.00 f,*————— ,1. T*-— ’ bl
@
S
@ 075
g
k]
£ 0.50
5
€
a
0.25

0.00

12345678910203040 1234567 8910203040 1234567 8910203040 1234567 8 910203040 123 4 56 7 8 910203040
Resampled reads (k)

b wa et o=

SNP weight 1% SNP weight 2% SNP weight 3% SNP weight 4% SNP weight 5%
SNPn = 44335 SNPn = 88724 SNPn = 133057 SNPn=177424 | SNPn = 221790
1.00 '

i

0.50

Probability of AA score

0.25

12345678910203040 12345678910203040 1234567 8910203040 1234567 8910203040, 123 456 7 8 910203040
Resampled reads (k)

Supplementary Figure 7. SNP selection by varying SNP weight in Atlantic cod (whole genome). SNP weight
is here defined as the percentage of SNPs with (a) the most extreme values at both sides of the SNP loading
distribution and (b) the most extreme values at the most extreme side of the SNP loading
distribution. Confidence in probability assignment is obtained by down-sampling BAM files to 1000-40,000
reads. At each interval, and for each individual, the down-sampling is iterated 20 times in order to generate box
plots. Probabilities are calculated based on the joint binomial distribution of observing
divergent SNPs associated with either genotype. Also indicated is the number of individuals (n, red) and
number of SNPs (SNPn, red) and the chosen cut-off value (red dotted lines) at which all three genotypes
can be efficiently separated.
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Supplementary tables

Supplementary Table 1-Sampleinformation and sequencing results from ancient Atlantic herring samples. All
samples were sequenced on the [llumina HiSeq 2500 platform at the Norwegian Sequencing Centre. Paired-end
reads were aligned to the Atlantic herring reference genome (GCA_900700415.1, Pettersson et al., 2019)
as described in Ferrari et al. (2021).

Sample ENA . Site Date Element Endogenous DNA Fragment Clonality
accession (centur length
y CE)
HER001 ERR6003880 Giecz 9th-13th Prootic = 0.212 77.5 0.021
HER002 ERR6003881 Giecz 9th-13th Prootic = 0.422 67.9 0.046
HER003 ERR6003882 Giecz 9th-13th Caudal 0.272 84 0.28
vertebra
HER004 ERR6003883  Giecz 9th-13th Caudal @ 0.163 75 0.23
vertebra
HERO005 ERR6003884 Giecz 9th-13th Caudal 04 75.3 0.129
vertebra
HER006 ERR6003885 Mata 14th-15th Dentary | 0.311 71.4 0.032
Nieszawka
HER007 ERR6003886 Mata 14th-15th Dentary = 0.44 59.7 0.059
Il\heszawka
HER008 ERR6003887  Mata 14th-15th Dentary | 0.478 60 0.036
Nieszawka
HER009 ERR6003888 Mata 14th-15th Dentary = 0.475 75 0.063
Nieszawka
1
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Chapter 4:
1200 years of herring fishing in the Baltic
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the fishermen’s nets, but, when they arrive in their shoals, an axe or halberd
thrust into their midst sticks firmly upright.”
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Abstract

The world’s oceans are currently facing major stressors in the form of overexploitationand
anthropogenic climate change. The Baltic Sea was home to the first “industrial” fishery ~800
y ago targeting the Baltic herring, a species that is still economically andculturally important
today. Yet, the early origins of marine industries and the long-term ecological consequences of
historical and contemporary fisheries remain debated. Here,we study long-term population
dynamics of Baltic herring to evaluate the past impactsof humans on the marine environment.
We combine modern whole-genome data withancient DNA (aDNA) to identify the earliest-
known long-distance herring trade in theregion, illustrating that extensivefish trade began
during the Viking Age. We further resolve population structure within the Baltic and observe
demographic independencefor four local herring stocks over at least 200 generations. It has
been suggested thatoverfishing at@resund in the 16th century resulted in a demographic shift
from autumn-spawning to spring-spawning herring dominance in the Baltic. We show that
while the@resundfishery had a negative impact on the western Baltic herring stock,the
demographic shift to spring-spawning dominance did not occur until the 20th century. Instead,
demographic reconstructions reveal population trajectories consistentwith expected impacts of
environmental change and historical reports on shifting fishing targets over time. This study
illustrates the joint impact of climate change andhuman exploitation on marine species as well
as the role historical ecology can play inconservation and management policies.

Significance Statement

A growing body of research indicates that ocean ecologies have been more impacted by human
exploitation and for longer than previously understood. Here, we evaluate human impact on
Baltic herring, an ecologically, culturally, and economically important species with an iconic
history of exploitation. We observe genomic evidence of the earliest long-distance trade for
this species, providing evidence for a longer exploitation history than previously understood.
Observations of serial exploitation are consistent with classic patterns of resource depletion.
Our results illustrate the importance of including knowledge regarding long-term population
dynamics, including differential stock responses to climate change, in sustainable management
strategies, as efforts to achieve food security by aquaculture- and marine-based industries are
demanding ever-increasing resources from the oceans.
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Introduction

Atlantic herring, Clupea harengus, has made a dramatic mark on European history; the fate of
nations and peoples has depended on the Atlantic herring trade (1-4). By the medieval era,
herring was traded in urban areas across Europe, becoming one of the first true commodity
goods and arguably marking the advent of the modern market economy (5). Today, Atlantic
herring is one of the most important fisheries for several countries across the Atlantic and into
the Baltic (6, 7). We here assess the demographic trajectories of four key Baltic herring stocks,
relating these trajectories to historical data on changing fishing pressures and climate proxies.
The Baltic Sea has long been under intense exploitation pressure (8) and is particularly
vulnerable to both climate change (9) and intensified extraction (10). It therefore provides an
excellent opportunity to evaluate shifting impacts of human exploitation and changing climate
on marine species (11). We further explore evidence for earlier long-distance trade and
exploitation in the Baltic than previously considered. This long, interconnected history between
herring, humans, and the climate must be jointly considered when determining crucial stock
assessment and fishing measures, such as maximum sustainable yield (MSY) and total
allowable catch.

Historical Exploitation

During the Middle Ages, diets throughout Europe shifted to rely more heavily on marine fish
(12). Increased demand for fish protein followed the rise of urbanism and the spread of
Christian fasting practices in Europe (5, 12, 13). Herring was a particularly valued species at
the time due to its ability to be preserved and sold in quantity at market, its massive spawning
aggregations that provided easy capture, and its high fat content (14, 15). Long-distance herring
trade, however, was limited by economical access to salt, which is required to keep fresh-
caught herring from spoiling (16). One of the earliest fisheries that had access to both salt and
coastal herring spawning aggregations occurred in the western Baltic. According to historical
data, the earliest commercial herring fishing operations in the Baltic took place on the island
of Riigen in the early 12th century (1), an operation that was succeeded by the first fishery in
Europe to reach the level of a true industry: the Qresund fishery (8, 17, 18).

The Oresund fishery (here broadly defined) operated between Denmark and southern Sweden,
corresponding to International Council for the Exploration of the Sea (ICES) subdivisions 22
to 24, with most activity concentrated in subdivisions 23 and 24 (7, 16) (Fig. 14). During the
peak of the Oresund fishery, herring were traded across Europe, reaching as far away as Italy
and northern Norway (19). Yet, the nature, origin, and timing of onset of this commercial
fishery remain unclear (4, 8). The famous account of the Anglo-Saxon Wulfstan (20) reports a
voyage c. 880 CE between the trading ports Hedeby (in modern Schleswig-Holstein, Germany)
and Truso (identified at the archaeological site of Janow Pomorski) near Elblag in Poland.
Zooarchaeological evidence from a herring bone assemblage dated c. 800 to 850 CE from
Janow Pomorski might be indicative of such early medieval fish trade in the same direction
due to the absence of cleithra—a bone element often removed during medieval commercial
processing (4, 21)—yet the origin of these bones remains unknown. Furthermore, some have
hypothesized that the Qresund fishery targeted an Atlantic herring population that had made
its way into the transition zone between the Baltic and the Atlantic (13). These hypotheses can
now be tested using ancient DNA (aDNA).

Under the control of Denmark and the Hanseatic League, the Oresund fishery was most active
during the 13th to 16th centuries. Exact quantities of catch are still under debate (8, 16), but
the Oresund fishery likely surpassed contemporary western Baltic fisheries, with catches
estimated at up to 50,000 t per annum at its peak (8, 16, 17). In contrast, early—20th century
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landings from the Oresund were between 100 and 10,000 t (18), and more recent landings have
been on the order of 10,000 to 20,000 t (7). Unlike current Baltic fisheries, the Oresund fishery
focused exclusively on autumn-spawning herring, with a restricted fishing season between
August and October to target the spawning aggregation (16, 22). Today, there are autumn
spawners extant in the Baltic, but none of these populations are large enough to support a
commercial industry (7). Instead, contemporary Baltic herring fisheries target the smaller-
bodied spring spawners, which are ecologically distinct from autumn spawners (23). Although
both autumn- and spring-spawning populations coexist wherever herring are found, in each
area only one of these distinct ecotypes appears to dominate numerically (e.g., spring spawners
in the Norwegian Sea and autumn spawners in the North Sea) (24, 25). This alternating pattern
of dominance in today’s oceans, and the known historical shift toward targeting spring- instead
of autumn-spawning stocks, indicates that a dramatic demographic and ecological shift has
occurred in the Baltic ecosystem. Nonetheless, the timing and nature of this shift are currently
poorly characterized.

The Oresund fishery collapsed in the late 16th century, with only marginal operations
continuing into the 17th century (16). After this, commercial herring fishing operations were
limited in the area until the 20th century (16, 26). European herring production moved to the
North Sea (27), a transition that is generally linked to the decline in the @resund fishery
landings. Yet, whether this decline was due to ecological changes or driven by market and
political factors is still under debate (28). A recent study argued that the impetus for the collapse
of the Oresund fishery was the disappearance of the western Baltic autumn-spawning herring
due to overfishing as the stock was pushed past modern MSY estimates (5, 7, 16). This study
further proposed that such collapse may have led to a demographic dominance of spring-
spawning herring as early as the 16th century (16). Yet, catch records indicate that autumn
spawners constituted up to 90% of Baltic herring landings as late as 1927 (29), and autumn-
spawning fisheries were supported in the gulfs of Finland, Riga, and Bothnia into the 1970s
(30). Past research regarding herring stock collapses has shown that the species is vulnerable
to overfishing despite its natural abundance (26, 30); the Baltic autumn spawners’ collapse in
the early 20th century has been definitively linked to fishing pressure rather than
contemporaneous factors such as eutrophication (30). Thus, the medieval Oresund fishery
could well have had a real ecological impact on the herring stock. However, whether this
fishery caused a Baltic-wide demographic shift, a short-term local extirpation, or more lasting
impacts remains unclear. The impacts of fisheries that succeeded the medieval Oresund
industry are also uncharted. Finally, changing climate in the Baltic during periods such as the
Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) likely contributed to herring
population dynamics as well (31, 32). Therefore, a holistic evaluation of complex herring
ecology, human impacts, and the dynamic Baltic ecosystem is merited.

The Baltic Ecosystem

The Baltic exhibits a stark salinity gradient, from near-ocean levels where it connects with the
Kattegat to near-freshwater levels in the gulfs (33). Baltic herring is a schooling fish with
enormous population sizes, with current stock estimates on the order of millions of tons of
spawning stock biomass (7). Herring show strong genetic adaptation for spawning season and
adaptation to differing salinity conditions (23, 34-37), ultimately segregating into two distinct
metapopulations: spring spawners and autumn spawners (38, 39). Spring spawners are smaller
and mature more quickly than autumn spawners, and prefer to spawn in coastal areas as
opposed to the deeper waters used by the slow-growing, larger autumn spawners (30, 40).
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Figure 1 — Archaeological sites, sample locations, and population structure of Baltic herring. (4) Baltic Sea
with ICES management subdivisions indicated. Named regions corresponding to ICES subdivisions are noted
(Inset). Spring- and autumn-spawning herring occur in all subdivisions. Archaeological sites and their dates are
noted as well as the sampling locations for modern genome data. The approximate area targeted by the Qresund
fishery (broadly defined) in the Middle Ages is highlighted in yellow (ICES subdivisions 22 to 24), although it is
concentrated in subdivisions 23 and 24. Approximate locations of salinity boundaries between high (ocean), low,
and ultra-low salinity are marked by blue dashed lines. Wulfstan’s voyage from Hedeby to Truso c. 880 CE is
noted in black. (B) Sample locations of herring specimens used for this study. The final dataset contained genome
sequences generated for this study (n = 53) and publicly available genome sequences (n = 22). Color denotes
spawning season, indicating near-complete coverage of the major herring populations identified by Han et al.
(37). (C) PCA of the entire modern nuclear genome using 10,368,446 SNPs. The modern genome shows
segregation on PC1 based on Atlantic vs. Baltic, and spawning season on PC1 and PC2. The Atlantic spring
spawners are divided into two groups, with the transition zone between the Baltic and Atlantic separating on PC2.
This is likely due to the presence of Norwegian fjord herring in the transition-zone cluster, which show signatures
of adaptation similar to the Baltic herring due to the brackish fjord conditions (87). Winter- and autumn-spawning
specimens from the Atlantic cluster together. GSS and CBSS show substructure within the Baltic spring-spawning
metapopulation and WBAS cluster away from CBAS.
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Given the larger size of autumn-spawning herring, we expect that earlier fishing efforts
prioritized these populations over the smaller spring-spawning aggregations. Each
metapopulation is further separated into management stocks living in the western Baltic (ICES
subdivisions 21 to 24), central Baltic (ICES subdivisions 25 to 27, 28.2, and 29), and gulfs
(ICES subdivisions 28.1 and 30 to 32) (Fig. 14) (30, 41). The western Baltic autumn-spawning
stock was the population targeted by the Oresund fishery. Western Baltic herring (both spring
and autumn spawners) spawn in coastal areas of the Kattegat and southwestern Baltic (31, 42),
and are likely reproductively isolated populations from the rest of the Baltic (43, 44).

Herring remain an important cultural and commercial industry in the Baltic (7). As Europe
attempts to shift toward a more “sustainable” diet based on aquaculture and marine resources,
herring are becoming a key species in the proposed fight to reduce global carbon footprints
(45-49). Baltic herring are facing an additional challenge in our attempts to reduce land-based
meat consumption both through a regional increase in fishmeal production for aquaculture (50)
as well as direct consumption. In the European Union, there have been calls to increase
understanding of ocean ecosystems to assess the viability of feeding the world from the ocean
(48). Ecologists have already noted the disconnect between the reality of modern ocean
environments and governments’ proposed sustainable new marine industries (49), although it
is unclear whether this analysis holds true in all ecosystems or over time.

Here, we publish a long time series of genome-wide aDNA data for Baltic herring, analyzing
40 archaeological herring specimens from seven sites in Poland, Denmark, and Estonia that
span the period from 750 to 1600 CE. Using BAMscorer, software specifically designed for
population assignment using ultra-low-coverage sequence data (51), we identify the biological
origin of each specimen, illustrating the change in fishery targets throughout time and
evaluating the onset of long-range fish trade in the Baltic. We use modern whole-genome
resequencing data—including 53 sequences generated for this study—to investigate population
structure and model recent past demography for each of the Baltic herring populations in our
data (Fig. 1C). We assess the difference in western Baltic autumn-spawning herring outcomes
for the Oresund fishery in comparison with more recent fishing efforts and provide insight into
the timing of herring population turnover in the Baltic. We compare the demographic
trajectories of four Baltic herring populations with known historical events, including changed
fishing practices and temporal changes in sea surface temperature, to assess the impact of these
events on herring population size and the long-term sustainability of this iconic industry.

Results

Population Structure.

We resolved modern population structure in a principal-component analysis (PCA) based on
10 million genome-wide single-nucleotide polymorphisms (SNPs) in 68 modern individuals
(Fig. 1 4 and B), consistently separating populations based on geography (Baltic or Atlantic)
and spawning season (Fig. 1C). We further observed fine-scaled population structure within
spawning ecotypes in the Baltic, with central Baltic and gulf spring spawners, as well as central
Baltic and western Baltic autumn spawners, clustering closer to their respective sample
locations (Fig. 1C). This fine-scaled structure was also supported by higher levels of
relatedness within each sample location and subsequently lowered levels of relatedness in these
subpopulations when grouped as metapopulations (S Appendix, Text and Fig. S9). The modern
mitogenomes revealed three major clades [IQ-TREE (52, 53)] that exhibited no association
with geography or environment across the Baltic and Atlantic, in accordance with previously
published results (44). All archaeological mitogenomes clustered with the modern Atlantic and
Baltic samples, identifying these as herring (SI Appendix, Fig. S11). Genetic diversity [m;
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VCFtools v0.1.16 (54)] across the genome was significantly higher for autumn-spawning
herring (SI Appendix, Fig. S12). This higher diversity indicates a larger effective population
size over time for the autumn spawners relative to spring spawners.

Population Assignment.

All 40 archaeological samples were classified using BAMscorer as autumn-spawning herring.
Autumn-spawning Baltic and Atlantic herring are genetically differentiated at the chromosome
12 inversion (37). All specimens could therefore be assigned to either the Atlantic or the Baltic
using their inversion haplotype. Nearly all exhibited the chromosome 12 inversion haplotype
(BB) associated with Baltic herring (Fig. 2). Spawning season and chromosome 12 inversion
type could be assigned with as few as 50,000 reads, while salinity adaptation required 60,000
reads for accurate assignment (S7 Appendix, Figs. S6-S8). Two specimens from Truso had too
few reads to properly assign a salinity adaptation but could be assigned for chromosome 12
inversion type and spawning season (Fig. 2 and Dataset S2).

Salinity adaptation was mixed between all sites, with earlier sites showing some individuals
with higher salinity adaptation, which is indicative of populations that spend part of their
annual cycle in the Skagerrak and North Sea, such as the western Baltic autumn-spawning
herring, and later sites showing more low salinity—adapted individuals (Fig. 2 and Dataset S2).
Indeed, the oldest samples in the dataset—from Truso in Poland, dating to 800 to 850 CE
(21)—showed nearly half of samples stemming from high salinity—adapted populations. In
contrast, the sites dating to later periods were more dominated by low salinity—adapted autumn
spawners (Table 1). This change indicates a potential spatial shift in target population for Baltic
fisheries over time from western to central Baltic, although further studies with larger sample
sizes are merited to confirm this conclusion.

Table 1 — Percentage of Western Baltic Autumn Spawning herring specimens present in sampled specimens
from each archaeological assemblage

Site Date Percentage WBAS n

Janow Pomorski (Truso) 800-850 45.5% 11
Kolobrzeg-Budzistowo Late 8"-late 9" 55.6% 9
Giecz gth_13th 20% 5
Selso/Vestby 10%-late 14 44.4% 9
Katdus 12t 100% 1
Kadriorg Wreck 14t 0% 1
Mata Nieszawka 1415t 0% 4
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Figure 2 — Population assignment results for archaeological herring specimens. Each individual is
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population assignment illustrated by the row of circles for each site. Archaeological specimens were assigned as
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specific results can be found in Supplementary Dataset S1.
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Demographic Analysis.

Both Baltic autumn-spawning populations showed fewer and shorter runs of homozygosity
(ROHs) across all time bins (SI Appendix, Fig. S13). This pattern indicates either a large
effective population size or population growth (55). The Baltic spring-spawning populations
exhibited signs of smaller effective population size and/or population decline across all time
bins. No ROHs >330 kb were found in any population, likely due to the high recombination
rate in herring (2.54 cM/Mb) (36) and small sample size for this analysis. The combined ROH
for all time periods indicates a large effective population size in the past for autumn-spawning
herring and smaller effective population size over time for spring-spawning herring.

Highly divergent demographic trajectories are obtained using gone (56) for each of the four
Baltic populations under study (Fig. 3): central Baltic spring spawners (CBSS), central Baltic
autumn spawners (CBAS), western Baltic autumn spawners (WBAS), and gulf spring
spawners (GSS). These results illustrate long-term demographic independence of the four main
herring stocks in the Baltic. The population size of WBAS started declining ~800 y before
present (YBP), which corresponds to the onset of the Qresund fishery (Fig. 3). The WBAS
population never fully recovered from this decline, gradually dropping off until ~100 to 150 y
ago, at which point the decline became much more rapid. In contrast, the CBAS population
exhibited a strong population increase ~600 YBP and continued to climb until ~100 YBP, at
which point they rapidly declined. Coincident with the initial decline of WBAS, the central
Baltic spring-spawning herring (CBSS) began to increase. They plateaued around 500 YBP
and then started to decline ~400 YBP. Gulf Spring-spawning herring (GSS) showed a strong
population increase until very recently, only showing a decline in recent generations. Each
population is plotted with relevant historical events noted, including the onset of particular
fisheries as well as the duration of two key past climatic events: the MCA and the LIA, during
which the Baltic was, respectively, warmer and much colder than today, albeit with short-term
variability (32, 57).

Discussion

Using modern and historical whole-genome sequences from Atlantic and Baltic herring, we
resolve herring population structure, reveal the earliest known large-distance herring trade, and
propose that historical fishing operations had an observable genetic impact. We here
contextualize our results with historical, ecological, and archaeological perspectives to situate
our findings in a wider narrative of human—ocean interaction.

Population Assignment.

We find no evidence of spring spawners in the archaeological specimens analyzed. There are
multiple reasons this might be the case. Historical evidence shows that the medieval fisheries,
including the @resund fishery, were often strictly regulated to target spawning aggregations,
and thus a single herring stock (16, 27). Further, when population sizes of the autumn-spawning
herring were high, it is likely that the spring-spawning herring were low; data from other
oceanic basins show coexistence of the two metapopulations, but that one seasonal spawner
appears to dominate (24, 25). All pre-20th century Baltic fisheries under consideration appear
to have focused on autumn-spawning herring. This observation provides genetic evidence for
historical arguments that autumn spawners were the dominant metapopulation in the Baltic in
the Middle Ages. We further show that both past and present Baltic fisheries focused on Baltic
herring rather than Atlantic herring as previously supposed (8).
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Our archaeological specimens exhibited variation in adaptation to salinity. This result reflects
the differentiation between herring that spawned within the Baltic Proper and those that
spawned within the transition zone of the Kattegat and western Baltic (37). The higher salinity—
adapted individuals appear in multiple sites in Poland, which would not have had high salinity—
adapted communities spawning near the coast. While salinity conditions in the Baltic have
changed slightly in the last 1,000 y (58), the changes were not significant enough that ocean-
level salinity conditions would be present in the central Baltic. Strikingly, our samples from
Truso, which date between 800 and 850 CE (21), show the presence of high salinity—adapted
herring with Baltic-type inversions on chromosome 12 which could only stem from fishing
operations in the Kattegat or western Baltic (37). Previous studies have shown that while there
is currently a small degree of connectivity between the central and western Baltic, the majority
of this is unidirectional toward the western Baltic (44). Furthermore, populations from the
western Baltic have been shown to be genetically distinct from the central Baltic (43), and
therefore it is highly unlikely that these herring were fished locally. Assemblages with later
dates show a shift toward lower representation of high salinity—adapted herring (Fig. 2 and
Table 1). This observation reflects the known historical decline of the @Qresund fishery, and
shows the existence of refugia for the Baltic autumn-spawning herring metapopulation during
the Medieval Warm Period, when anoxic conditions were prevalent in the central Baltic (Fig.
3).

The discovery of high salinity—adapted herring at Truso provides genetic evidence that this
assemblage stemmed from a product of trade, a hypothesis suggested by the type of bones
retrieved (16). With an origin stemming from the western Baltic region, these fish thus show
the existence of long-distance fish trade in the Baltic at an earlier date than previously believed.
This observation expands the scale of earlier observations of long-distance cod trade during
the Viking Age (59) and its scope, given that herring trade is technologically more complex
(requiring salting rather than only drying) (5).

Demographic Analysis.

Demographic reconstruction showed distinct trajectories for each of the four populations under
consideration. These reconstructions highlight the importance of management based on
biological units, and indicate the differential effects of fishing pressure and climate change on
specific populations of the same species within the same region. We here evaluate possible
varying impacts of fishing pressure and climatic change (e.g., sea surface temperature) on each
of the four stocks in turn to illustrate this point. We here illustrate how these population stock
dynamics are not always consistent with expected change due to climate impacts alone.

Western Baltic Autumn Spawners.

WBAS exhibits a population decline coincident with the intensification of fishing in the
Oresund region. High temperatures in the central Baltic have a limiting effect on autumn-
spawning herring reproduction (41). We would therefore expect the end of the MCA (1,000 to
800 YBP) to result in increased population size for WBAS in the absence of fishing pressure.
In contrast, WBAS begin to decline ~800 YBP and continued to decline until the present day.
We observe a small drop corresponding to the proposed collapse in the 16th century described
by Lehmann et al. (16), yet the population did not suffer a drastic contraction until ~100 YBP.
We conclude that the 16th-century decline of the Qresund fishery was therefore not due to a
complete population collapse, although the fishery clearly had a significant impact on the
overall size of the WBAS stock.
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Figure 3 — Temporal reconstruction of recent effective population sizes in four Baltic herring stocks. Each
stock is represented in a separate chart: WBAS, CBAS, CBSS, and GSS. The y axis indicates estimated Ne in the
past while the x axis indicates time in years before present. Colored rectangles indicate key historical events.
Yellow rectangles show the approximate duration of the MCA and blue rectangles indicate the LIA. The dashed
vertical lines show the minimum date (YBP) at which 200 generations in the past is reached (calculated using
minimum generation times of 3 y for autumn spawners and 2 y for spring spawners), the known accurate window
for gone. Historical events are denoted by red boxes for each population. (4) Demographic trajectory of the
western autumn spawners shows a decline starting shortly after the start of the @Oresund herring. They show an
additional severe decline corresponding to the reported 20th-century autumn-spawning fishery collapse in the
Baltic. Please note that, for reasons of scale, the y axis does not start at zero for this panel. (8) Demographic
trajectory of central autumn spawners, which appear limited during the MCA when anoxic conditions are present
in the central Baltic. They increase during the LIA and rapidly decline during the period of known autumn-
spawning population collapse coinciding with the increase of the sprat (S. sprattus) population. (C) Central spring
spawners show an increase around the time of the decline of the western autumn spawners, and then a decrease
again at the end of the LIA as well as another dramatic decrease around the time of the autumn spawners’ collapse
~100 YBP. (D) GSS decreases during the LIA and then increases dramatically at the end of the LIA, starting to
decline only in very recent generations when fisheries in the gulfs intensify. Please note that, for reasons of scale,
the y axis does not start at zero for this panel.
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Central Baltic Autumn Spawners.

CBAS exhibits extremely low effective population size until the onset of the LIA (~700 YBP),
at which point it increases dramatically until ~100 YBP. Sediment cores have shown that
temperatures in the central Baltic during the MCA were warm enough to produce algal blooms
and anoxic conditions (32, 58, 60). Autumn-spawning herring spawn in deeper waters than
spring spawners, and are therefore more vulnerable to anoxic conditions (61). Combined with
temperature-limited reproductive success (41), CBAS was thus likely under limiting
environmental conditions prior to the LIA. Our results show an expansion of this population
that mirrors the timing of the WBAS decline and the onset of the LIA, a time when there would
also have been low fishing pressure in the central Baltic. Subsequently, we see a dramatic
reduction in CBAS effective population size corresponding to the historically documented
20th-century decline of autumn-spawning fisheries (26, 29). This decline has previously been
shown to be caused by overfishing rather than direct or indirect climate impacts, including
warming temperatures and eutrophication (30).

Central Baltic Spring Spawners.

CBSS shows dramatic changes in effective population size over time. We expected to see an
increase in the CBSS population concurrent with the autumn-spawning decline ~100 YBP, as
proposed by the hypothesis that a demographic transition occurred in the Baltic, yet this is not
reflected in the results. It is unclear why CBSS shows a decline at the end of the LIA, although
this is perhaps in response to the growing CBAS population. One would expect that CBSS
would fill the niche left by the collapsing CBAS population in the 20th century, yet it does not
appear to do so. Interestingly, sprat (Sprattus sprattus) operate in the same niche as Baltic
herring, and the two species have been shown to limit each other’s population sizes (62). Prior
to the mid 20th century, sprat were rare in the fishing record in the Baltic (63), only appearing
coincident with the decline of the CBAS herring. CBSS may therefore have been limited in
taking over the niche left by the autumn spawners’ decline due to an increase in the sprat
population around the same time (64). Thus, the domination of spring spawners in the 20th-
and 21st-century fisheries may reflect not a population expansion of the spring spawners but a
population collapse of WBAS and CBAS. Since the industrial fishery began targeting the
CBSS ~100 YBP, we see a significant reduction in effective population size. [CES reports also
indicate a declining population over the last 50 y, with some variation in the past decade (65).
There has not been a strong year-class for this stock since 2014 (66).

Gulf Spring Spawners.

GSS has been subject to low fishing pressure throughout history (67), and therefore its
demographic trajectory is likely more determined by changing environmental factors than the
other herring stocks. Low temperatures and increased ice cover in the gulfs have been shown
to have a limiting effect on gulf herring recruitment (40), and therefore a rise in population size
after the LIA is to be expected and we see this in our demographic reconstructions. Fishing
pressure on the gulf herring was not significant until the latter half of the 20th century (67).
Our results follow this trend, in that GSS starts to decline in recent generations, but it is possible
that demographic changes could also be due to climate change and increasing temperatures in
the gulfs. It is likely too early to tell which factors are the driving components in the changed
demographic trend for gulf herring in recent generations.

Limitations.

While gone is stated as accurate for a minimum sample size of two individuals, it is possible
that small sample sizes can affect the demographic calculations (56). The impact of small
sample sizes is also reflected in the ROH analysis, which showed similar patterns to gone in
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that autumn spawners had fewer coalescent events in the past compared with spring spawners,
indicating larger effective population size in the past. However, the ROH for CBAS lacked
expected coalescent events that would reflect the low effective population size prior to 600
YBP (SI Appendix, Fig. S13). Where gone can be used with as few as two samples, ROHs
generally require four to six (68), and therefore we advise caution in interpreting these results
further than supporting the general trend of autumn-spawner dominance prior to 200 YBP.

Additionally, we offset each trajectory by minimum generation time for each stock due to the
difficulty of accounting for changes in year-class strength over time. This is likely a
conservative estimate, as herring are known to spawn in overlapping generations, and both
local climatic conditions (69, 70) and fishing pressure (71) have been demonstrated to impact
generation time and life history in herring. However, given the cyclical nature of year-class
strength, it is not possible to accurately model changes in generation time. Additionally, the
strength of particular year-classes has been shown to change drastically in response to changes
in sea surface temperature and ice cover (69), meaning it is not always the larger, older fish
that are contributing the most to the next generation and complicating determination of average
generation time. Given this uncertainty, the minimum generation time is the lowest common
denominator we can use, as this is the earliest age fish in these populations are known to
reproduce and therefore can impact the next generation. Demographic reconstructions using
longer generation times revealed similar impacts of climate change and exploitation pressure
and are included in ST Appendix, Fig. S14.

Further, gone is known to be highly sensitive to population structure, and therefore connectivity
between populations and/or the existence of substructure can affect results (56). Given the
possibility of connectivity between GSS and CBSS (44), we further assessed the demographic
trajectory of the Baltic spring spawners as a single metapopulation (S/ Appendix, Fig. S15).
This estimate shows a mixture of the results from the CBSS and GSS analyses, but is consistent
with our conclusion that both changing temperatures and fishing pressure have impacted Baltic
herring demography. The combined analysis also shows a decline similar to the GSS in recent
generations.

Any study exploring effective population size (N.) reconstructions would be remiss not to
include discussion of N and its complex relationship with census size (N). Ne is an estimate of
levels of genetic diversity and capacity for genetic drift translated into a number that we often
interpret as a proxy for population size (72). Thus, N. is an important value for assessing the
evolutionary health of a population, for example, estimating extinction risk. Reductions in Ne
are indicative of events such as inbreeding depression, which means fewer adult individuals
are contributing to the next generation (73, 74). Reductions in N. can depress a population’s
resilience to overexploitation and adaptive capacity, thereby impacting the evolutionary health
of a population (75).

The relationship between Ne and N is complex, particularly for fish species such as herring with
enormous census sizes and sweepstakes-style reproduction strategies (76). Further, population
substructure and differences in productivity can result in drastically different Ne/N ratios (77).
As each of the herring populations here is demonstrably independent, it is possible that the
N¢/N ratio is unique to each population. The facts that the Ne/N ratio is here unknown and that
N. is a marker of demographic change are crucial distinctions to understand in the interpretation
of this study. It is the relative changes for each population that indicate the impact of
exploitation and climate change rather than the absolute estimates of N.. We show that herring
stocks exhibit differential responses to both climate changes and fishing pressure, each of
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which has an evolutionary impact on the species. Evolutionary risk is not often applied to
conservation and fisheries management policies, but should be taken into account to maximize
stock and species health (75).

Human and Environmental Impacts on the Baltic Herring.

We here present observations that are consistent with early human fisheries in the Baltic having
an impact on herring population trajectories. To address growing demand for marine fish
protein in Europe, the initial fishery (beginning by 850 CE and expanding especially ~1200
CE) focused on the most economically relevant herring with the biggest spawning
aggregations, the western Baltic autumn-spawning herring. The onset of this fishery
corresponded to a negative population trajectory at a time when environmental conditions for
the stock were improving. Fishing finally ceased in Oresund during the 1600s, which may have
been associated with changes in stock size due to overfishing. Fishing pressure then focused
on the next-largest herring stock, CBAS, and the pressure again intensified until it collapsed.
After the highly valued autumn spawners were fully exhausted in the early 20th century, only
then did the herring fishery turn to targeting spring spawners, the smaller, less-valued
population. And finally, GSS, long disregarded as a potential commercial target, is now facing
the pressures of industrial fishing (78—80).

The obtained demographic trajectories cannot be explained by changes in climate alone.
Rather, they indicate that each stock has experienced trajectories in the past (or currently) that
do not correspond to changes in climate. Moreover, for CBAS, the demographic trends reported
here in the last 150 y can be directly attributable to fishing pressure rather than climate (30).

Baltic herring are currently facing the combined challenges of overfishing, eutrophication,
rising temperatures, competition from expanding sprat populations, and further dilution of the
Baltic by fresh water (10, 18, 24, 62, 81-83). In recent years, ICES has recommended an MSY
of 0 for several Baltic herring stocks (7, 78, 84, 85). Yet, fishing continues and the stocks do
not recover (86), because economic and cultural factors continue to drive exploitation. In the
face of these issues, it may seem that the fate of the herring is sealed. However, modeling of
Baltic ecosystem dynamics has shown that fisheries policy and conservation management are
some of the most important factors in determining the long-term sustainability of the Baltic
(10, 87). Therefore, it is crucial that we learn from the past, both recent and further-reaching,
to better understand the real impact of various management and extraction policies on the
demography of Baltic herring throughout time, as well as the differential responses of each
herring stock to varying environmental pressures.

By bringing historical ecology methods into play, we here elucidate ecological and cultural
thresholds (88) that were crossed as the Baltic fisheries changed over time, finally resulting in
the Baltic we see today. These thresholds—including cultural change [e.g., increased demand
for marine fish because of rising urbanism and religious requirements (2)], ecosystem change,
and shifting exploitation patterns—can be used to inform management policies in the future by
reframing what constitutes healthy population dynamics (size, migratory behavior, etc.) to
better reflect long-term ecosystem dynamics. Further, the demonstrated demographic
independence of each Baltic herring stock here assessed provides further support for managing
each stock separately. Finally, our research highlights the interconnected nature of herring
stock dynamics, climatic change, and fishing pressure. Given the challenges facing the Baltic
due to ongoing climate change and exploitation pressure, it is crucial that management bodies
take this interconnected feedback system into account.

134



The gulf spring-spawning herring are the last remaining healthy herring stocks in the Baltic
(84, 89). They are also the stock most adapted to the brackish conditions which are expected
to increase in the Baltic into the future. In order to preserve this stock, it is crucial that
management bodies recognize this pattern of serial exploitation and climate impact in the
Baltic, thereby providing avenues to identify specific exploitation strategies that have resulted
in population collapse in the past (90) and avoid these for the future. Further, the differing
responses to climate change as well as the evolutionary health for each stock should be
considered when providing quotas and assessing stocks in the changing future. This could take
the form of including genetic information such as effective population size in stock assessments
rather than exclusively relying on estimated census size (75, 91)—which would entail further
research on the relationship between N. and N for the Baltic herring stocks—or assessing
historical management strategies associated with fluctuations in stock size.

The demographic trajectories of CBAS and GSS provide further avenues of hope for the Baltic
herring. Both stocks’ demographic reconstructions indicate that in the absence of industrial
fishing pressure, herring stocks can rapidly recover from long-term exposure to poor
environmental conditions. If the changing climate in the Baltic can be addressed sufficiently to
maintain suitable threshold conditions for herring and fishing reduced in line with ICES
recommendations, we may yet be able to preserve a significant spring-spawning Baltic herring
population.

Materials and Methods

Archaeological Material and Laboratory Methods.

Archaeological bone samples were obtained from seven sites in Poland, Denmark, and Estonia
spanning 800 to 1600 CE (Fig. 14). A full sampling table with site information can be found
in Dataset S1. Samples were processed following the laboratory pipeline in Ferrari and Atmore
et al. (51). Full laboratory methods can be found in SI Appendix, with library protocols detailed
in Dataset S1. All laboratory protocols were carried out in the dedicated aDNA laboratory at
the University of Oslo following regular decontamination and authentication protocols (92—
94). Samples yielded 0.002 to 2.5% coverage.

Modern Genome Sampling.

Fifty-three tissue samples were collected around the Baltic and the Norwegian coast between
2002 and 2010 as reported in Ruzzante et al. (95) and André¢ et al. (96) (Fig. 1B). DNA was
extracted from the tissue samples using a DNeasy Blood and Tissue Kit. Library building and
sequencing were carried out at the Norwegian Sequence Centre. Samples were sequenced on
an Illumina HiSeq 4000, yielding coverage of 7 to 17x. An additional 22 individual whole-
genome sequences were obtained from previously published data to ensure that all major
herring populations were represented (37). Coverage from publicly available sequences ranged
from ~15 to 55%. Full metadata for all modern samples can be found in Dataset S2.

Alignment and SNP Calling.

Both modern and ancient sequences were aligned to herring reference genome Ch_v2.0.2 (36).
All sequences were aligned using PALEOMIX v1.2.13 (97). Modern sequences were aligned
using bwa-mem and ancient sequences were aligned using bwa-aln. mapDamage2.0 (98) plots
for postmortem deamination were assessed to validate the ancient samples (SI Appendix, Fig.
S1). Modern nuclear sequences were further processed following the GATK best practices
pipeline with GATK4 (99). Full methods are described in SI Appendix. Several individuals
from the modern dataset were removed due to suspected contamination and/or incorrect
metadata from the publicly available dataset. The final modern dataset comprised 52 genomes
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sequenced for this study and 16 publicly accessed genomes. The process of data cleaning and
individual assessment is detailed in ST Appendix, Figs. S2—S4.

Determining Population Structure.

smartPCA (100, 101) (Eigensoft v7.2.1) was run on the entire modern nuclear sequence dataset
to assess population structure. A maximum-likelihood phylogenetic tree was then built with
IQ-TREE v1.6.12 (52, 53) using the mitogenome dataset including all modern and ancient
samples to verify that the archaeological samples are Atlantic or Baltic herring. A Pacific
herring (Clupea pallasii) mitogenome—obtained from Han etal. (37)—was used as an
outgroup.

Genetic diversity (m) was estimated in 100-kb windows along the nuclear genome using
VCFtools v0.1.16 (54) for each of the four Baltic populations: WBAS, CBAS, CBSS, and GSS,
with two or three samples representing each population. Samples were chosen randomly to
control for differences in sample sizes between populations, and the same subsets were used
for ROH analysis (see below). Full metadata for modern sequences can be found in Dataset
S2. Fine-scaled population structure was determined using KING v1 (102), which calculates
individual pairwise kinship coefficients within each population. Baltic spring spawners and
Baltic autumn spawners were assessed as metapopulations to determine the level of relatedness
between possible subgroups (e.g., gulf vs. central Baltic spring spawners and western vs.
central Baltic autumn spawners).

Population Assignment.

BAMSscorer is capable of accurate genomic assignments using extremely low coverage data
(51). Previous studies have reported that population structure in herring is driven by spawning
season and adaptation to different levels of salinity (23, 34—37). Three sets of assignment tests
were designed for BAMscorer using the following biological characteristics: spawning season,
chromosome 12 inversion type (Atlantic vs. Baltic), and adaptation to salinity. These biological
characteristics correspond to diagnostic genomic Atlantic herring population data (34, 36, 37),
which shows strong genetic differentiation between spawning seasons (35, 37) and adaptation
to salinity levels (23, 37), as well as differentiation between Baltic and Atlantic autumn-
spawning herring at the chromosome 12 inversion (37).

To determine spawning season and salinity adaptation, we used databases of previously
published diagnostic loci (37), containing 835 SNPs associated with spawning season and
2,303 SNPs associated with salinity. To determine the chromosome 12 inversion type, a
database with 4,503 SNPs was created using the default parameters from the BAMscorer v1.4
select snps module. We then performed a sensitivity analysis, following the methods from
Ferrari and Atmore etal. (51), to assess the minimum required read depth for 100%
classification of each assignment test. For this, we used whole-genome data of eight modern
individuals with known metadata. These eight modern individuals were not included among
those individuals used to obtain the 4,503 divergent SNPs. The aligned reads of those eight
individuals were then randomly down-sampled to between 500 and 100k reads in increments
of 500 reads up to 10,000 reads and then increments of 10,000 reads to simulate extreme low
coverage data. For each increment and individual, the data were randomly bootstrapped (20
iterations). Assignment sensitivity was then assessed by running the assignment test on the
down-sampled alignment files. Minimum required read depth was determined when all 20
randomly down-sampled files per individual were assigned correctly. Sensitivity tests were
performed for each of the three assignment tests using the eight modern specimens with known
metadata as test data. Full methods and results of assignment sensitivity analysis can be found
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in S Appendix. After determining assignment sensitivity and required read depth, each test was
then applied to those ancient individuals for which sufficient reads were obtained for accurate
assignment. Only autumn-spawning Baltic and Atlantic herring are differentiated on the
chromosome 12 inversion type. Therefore, a hierarchical approach was applied, first assessing
spawning season, then chromosome 12 inversion, and finally salinity adaptation. These were
then combined to yield a final population assignment.

Demographic Reconstruction.

ROHs were analyzed per population to determine the general trends in effective population
size for each population (complete methods can be found in SI Appendix). The timing of the
coalescent events associated with specific windows of ROH length was determined using the
formula L = 100/2g cM (103), where L refers to the length and g is generation time (S/
Appendix, Fig. S11). ROHs were subsequently binned into two groups corresponding to 650 to
400 YBP and 400 to 200 YBP. We compared the total sum and number of ROHs for each bin
as well as across all bins.

The four Baltic datasets containing 2 to 10 individuals were input into the demographic
software package gone (56), which estimates N. in the recent past using linkage disequilibrium
(LD) decay. N. estimates are geometric means taken from 40 bootstrapping iterations that
randomly sample 50,000 SNPs from each chromosome in each population to estimate LD
decay. gone has been shown to be robust to natural selection (104) and viable for small sample
sizes (56). No minor-allele frequency filter was applied to the dataset used for gone. Default
parameters were used except for substituting the known population-wide recombination rate
for Baltic herring of 2.54 cM/Mb (36). gone results were scaled by generation using the
minimum generation time in herring [3 y for autumn spawners and 2 y for spring spawners
(105)]. Each population trajectory was additionally offset by the year the sampling took place
(1979 to 2016; Dataset S2). As previous studies have suggested some connectivity between
GSSs and CBSSs (44), an additional analysis was undertaken using the Baltic spring
spawners as a single population (SI Appendix, Fig. S15).

We reconstructed population demography using gone v1, which is found to be accurate up to
at least 200 generations in the past (56). We show trajectories up to 1,000 YBP to reflect the
possibility of overlapping and/or longer generation times. As herring spawn in overlapping
generations with varying maturation times, and can live up to 18 y (106), generation times in
5- and 10-y increments are further shown in ST Appendix, Fig. S14 to illustrate the possible
variations in trajectory for each population. Exact N. estimates of gone are likely affected by
large effective population sizes in the past and the small sample size used here (56). True Ne
estimation is further confounded by fish spawning behaviors, including overlapping
generations and batch spawning (107). Therefore, the key findings from the gone analysis are
the divergent trajectories and their relative changes rather than the absolute values of N
estimated for each population at a given date. All four populations showed unrealistic
bottlenecks to near-zero N. in the four most recent generations. The original gone paper reports
similar patterns for recent generations when using small sample sizes (n < 10) and applications
to other fish populations show a similar pattern (56, 107), and therefore these recent extreme
bottlenecks were disregarded as an artifact of the calculations and removed from the results.
Given the possibility of connectivity between the GSS and CBSS populations, gone was also
used to estimate demographic history for the Baltic spring-spawning metapopulation as a whole
(SI Appendix, Fig. S16)
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Supplementary Information Text

Full ancient DNA laboratory methods

Single-bone samples weighing 10-70mg were bathed in UV light to clean the exterior, then
placed in digestion buffer (1 ml 0.5 M EDTA, 0.5 mg/ml proteinase K, 0.5% N-Lauryl
sarcosine) and crushed in 1.5ml Eppendorf tubes using single-use plastic micro-pestles. DNA
was extracted following the double-digest procedure from Damgaard et al.! with MinElute PB
buffer (QIAGEN). Samples were then purified through MinElute columns using the QIAvac
24 Plus vacuum manifold system (QIAGEN) for a final elution volume of 65ul. Two types of
libraries were built, with some samples built using the double-stranded library protocol from
Meyer & Kircher? and some built with single-stranded libraries following the Santa Cruz
protocol®. A full list of the library protocols used per sample can be found in Supplementary
Dataset S1. All laboratory protocols were carried out in the dedicated ancient DNA laboratory
at the University of Oslo following regular decontamination and authentication protocols*®.
Each library underwent 12-15 cycles of PCR amplification followed by purification using the
Agencourt AMPure XP PCR purification kit using a 1:1 bead:sample ratio. Libraries were then
assessed for quality on a Fragment Analyzer™ (Advanced Analytical) using the DNF-474 High
Sensitivity Fragment Analysis Kit to determine suitability for sequencing. Samples of high
enough quality were then sequenced on an Illumina HiSeq 4000 and/or NovaSeq 6000 at the
Norwegian Sequencing Centre.

SNP calling and filtering

Modern samples were filtered using beftools v1.37 (FS<60.0 && SOR<4 && MQ>30.0 &&
OD > 2.0 && INFO/DP<415140"--SnpGap 10) and VCFtools v0.1.16% (--minGQ 15 --minDP
3 --remove-indels --maf 0.01). Non-biallelic loci were removed. An additional dataset with no
MAF frequency filtering was created for gone analyses known to be sensitive to removing
minor alleles. Mitogenomes were called and filtered as above for ancient and modern samples.
Individuals with >30% missingness were removed.

Removing outliers from the whole-genome dataset of modern herring specimens

Our dataset contains whole genome data of herring specimens obtained from a range of
difference sources, collected over a number of years (see Supplementary Dataset S2). The
dataset further combines publicly available data with data generated de novo for our study.
Given this wide range of sources, we performed a number of exploratory analyses to ensure
data integrity. First, we previously identified that two of the individuals from the Han et al.’
dataset were technical duplicates'® using KING!! (Table S1). One of these individuals was
chosen at random to be included in the dataset and the other was discarded. Second, exploratory
population analyses using smartPCA!>!? indicated that several individuals were significant
outliers (Figure S2). To examine this pattern, levels of SNP-based levels of heterozygosity
were calculated for the modern nuclear data using --het from VCFtools®. Three individuals
(HER Z12 IsleOfMan, HER NSSH34, and M-HER004) showed unusually high levels of
heterozygosity (Figure S3), which is a measure of possible poor read mapping and
contamination'é. These individuals therefore show unusually high similarity in genetic
information and/or poor read mapping yet high heterozygosity. This could be the result of
cross-contamination between specimens. We further assessed the possibility of contamination
by analyzing levels of heterozygosity along the mitogenome (Figure S4). As a haploid
sequence, expected heterozygosity for each locus is 0. For those individuals containing loci
with heterozygosity >0 this is indicative of contamination. Again, three individuals
(HER NSSH33, HER NSSH34, and HER ZI12 IsleOfMan) showed clear signs of
contamination. Based on these results, four individuals (HER Z12 IsleOfMan,
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HER NSSH33, HER NSSH34, and M-HER004) were removed from the dataset. Finally,
one individual (AALI CelticSea) from the Han et al. (2020) dataset was removed as it
consistently clustered with individuals with non-matching metadata (Figure S5). Given other
inconsistencies of the metadata, including the duplicated sample, this sample was also
removed. The cleaned dataset was used for demographic (runs of homozygosity, KING, and
gone) and for whole-genome PCA analyses.

BAMscorer sensitivity analysis

In order to determine which ancient sequences could reliably be scored, we first assessed the
required read depth for accurate assignment in each of the three assignment tests (Chromosome
12 inversion, spawning season, and salinity adaptation). Required read depth per assignment
was assessed following the down-sampling and bootstrap method of Ferrari & Atmore et al.'”,
We selected 8 samples as a training dataset from the modern reference dataset to independently
test the power of assignment probability with known metadata. The alignment files of these
eight samples were randomly down-sampled to between 1k and 100k reads 20 times and then
used to assess BAMscorer sensitivity for each assignment test.

Given the relatively low number of autumn spawning herring, we investigated whether
including the removed contaminated individuals (see above) impacted the biological patterns
for each comparison. Although these outliers impact the whole genome population analyses,
SmartPCA analysis on each of the three BAMscorer assignment databases showed that
including these outliers associated with contamination bias did nothing to change the shape of
the distributions. Due to limited sample size for the different categories in these assignment
tests, several outliers were left in the BAMscorer databases apart from AAL1 CelticSea
(suspected incorrect metadata) and Gavle54 (identical to Gavle98) from the Han et al.” dataset.
Full information on which samples were used for each stage of analysis can be found in
Supplementary Dataset S2.

The modern database showed strong differentiation between spring and autumn/winter
spawning seasons, following previously reported results®!7!8, Sensitivity analysis showed that
spawning season can be accurately determined in alignment files with as few as 50 000 reads
(Fig S6). The chromosome 12 inversion could be confidently assigned with as few as 5 000
reads (Fig S7) using default parameters. Given that only samples for which spawning season
could be assigned were analyzed, all samples still retained at least 50 000 reads. Salinity scores
could be determined for samples with at least 60 000 reads (Fig S8).

Evaluating demographic independence

Demographic independence of the Baltic subpopulations was further assessed by calculating
individual pairwise relatedness for each group with KING. To assess the substructure in the
Baltic, metapopulations were grouped, resulting in two Baltic populations: autumn spawners
and spring spawners (for full KING results, see Supplementary Dataset S2). In the Transition
Zone (TZ) population, M-HER066 showed strongly negative kinship coefficients with the rest
of the TZ individuals. This is a sign that there is population structure, thus M-HERO066 is likely
not actually a TZ individual, but could be part of the Atlantic spring spawners population,
which is where it clusters on the PCA. M-HER066 was removed from analysis to eliminate
outlier bias. Kinship coefficients were plotted per population to visualize the distribution of
relatedness in each population (See Fig S9).

A one-way ANOVA showed that metapopulation ID was significantly associated with kinship
coefficient mean and variance (p=8.16e-14, DF=4). Baltic spring spawners had the lowest

144



average kinship coefficient (0.0336). Baltic autumn spawners had the second highest kinship
coefficient (0.05827), likely due to the effect of the Fehmarn individuals, which showed high
relatedness to each other. The Fehmarn within-group average was 0.08. This illustrates there
is some substructure in the herring metapopulations, although it is likely that there is a degree
of connectivity, as strong substructure would result in negative kinship coefficients. It should
be noted that all individuals showed low levels of relatedness and there was some variance in
relatedness between all groups. The Transition Zone showed the highest variation in kinship
coefficient, likely due to the presence of subpopulations such as the Idefjord herring.

Runs of Homozygosity

Initial ROH results showed that the variation in ROH length, count, and total sum were largely
determined by differences in sample size. Therefore, a subset of each population was chosen
randomly, with 2-3 individuals per population (samples used can be found in Supplementary
Dataset S1). PLINK files were generated from the modern nuclear sequence data and then
assessed for differences in runs of homozygosity (ROH) using PLINK 1.9" following
previously-published recommendations?*-?2, The following command was used: plink —bfile
herring --chr-set 26 --double-id --homozyg-snp 50 —homozyg-kb 90 —homozyg-density 50 —
homozyg-gap 1000 —homozyg-window-snp 50 —homozyg-window-het 3 —homozyg-window-
missing 10 —homozyg-window-threshold 0.05 --out herring roh. ROHs were compared by
length, count, and total sum between the 4 Baltic populations.
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Figure S1 — Fragment Misincorporation and ancient DNA Damage plots. a) Patterns were obtained by using
MapDamage v. 2.0.6 after down-sampling BAM files to 1 million reads. These plots show the typical
fragmentation and the post-mortem deamination patterns that are characteristic of those associated with ancient
DNAZ, We simultaneously plot all archaeological herring specimens (n=40) b) Fragment misincorporation and
damage plots for modern herring sequence data (n=72).
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Table S1 — KING output for technical duplicates/relatedness in modern herring reference data.
Concordance values above 0.8 are indicative of duplicates according to the KING documentation. Table from
Ferrari et al®. Gavle54 and Gavle98 (Han et al.’, PRINA642736) are therefore considered technical duplicates.
We removed Gavle54 from the dataset (see also Supplementary Dataset S2.

FID1 ID1 FID2 ID2 N N_IBSO N_IBS1 N_IBS2 Concord HomConc HetConc
Gavle54 Gavle54 Gavle98 Gavle98 11314407 187 4995 11309225 0.99954 0.99998 0.99674
0.2
01
. Sea
= Atlantic
. * Baltic
N : 4 Transiton
d
0.04 | Spawning

®  Autumn_Winter

Spring

0.2

PC1

Figure S2 — Exploratory population analyses of Atlantic herring using genome-wide data. The PCA is based
on 10,368,446 SNPs. The color indicates the spawning season and the shape indicates the sea in which the sample
was collected. “Transition” refers to the area between Norway, Sweden, and Denmark that spans the transition
between the North Sea and the Baltic Sea. Three Atlantic herring specimens are located away from the main
herring clusters. This pattern is driven by inclusion of a single specimen (HER Z12 IsleOfMan) that is
contaminated (see also Figure S3, S4, and S5).
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Figure S4 — Levels of heterozygosity observed in the mitogenome of modern herr

called on the mitogenome while allowing diploid genotype calls. Heterozygosity was calculated using VCFtools.
We would expect the mitogenome to yield homozygote genotypes only. We observe three individuals with
heterozygosity values >0, which is indicative of intraspecific contamination. These individuals are
HER NSSH33, HER NSSH34, and HER Z12 IsleOfMan. M-HER004 does not exhibit signs of contamination

in the mitogenome, but was still removed from the dataset due to its high levels of heterozygosity.
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Figure S5 — PCA of spawning loci including all modern herring specimens. The PCA was run on whole
genome data from 68 herring specimens (Supplementary Dataset S2) using a selection of spawning loci (n=835)
that were obtained from Han et al’. We obtained a clear distinction between spring spawners and autumn/winter
spawners. HER_AAL1 CelticSea from the Celtic Sea is coded as a winter spawner but consistently clustered with
spring spawners in smartPCA analysis.
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Figure S6 — Spawning season assignment sensitivity. a) PCA of the 835 diagnostic loci that identify spawning
season from Han et al’. The PCA is based on whole genome data of 60 modern herring specimens (Supplementary
Dataset S2), excluding eight modern herring specimens that were used as a test dataset with known metadata. b)
Application of BAMscorer to the bootstrapped down-sampled alignment files of the eight test specimens with
known metadata show greater difficulty assigning spring spawning than autumn spawning. Each individual BAM
file from the training dataset was randomly down-sampled to between 500 and 100,000 reads for 20 iterations.
The y-axis represents the proportion of those files which are known to be type AA or type BB that were assigned
correctly using BAMscorer. Both seasons can be assigned with no error with a minimum of 50,000 reads. AA is
autumn spawning and BB type is spring spawning.
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Figure S7 — Chromosome 12 inversion split between Atlantic and Baltic haplotypes. a) Chr12 inversion for
all herring individuals in the modern dataset (n=68, Supplementary Dataset S2). b) Chr12 inversion distribution
for only autumn spawners only (n=9). This PCA is based up 4503 divergent SNPs. The autumn spawners show a
split between the Atlantic and Baltic type inversions, as reported by Han et al.’ ¢) The inversion locus within
autumn spawners can be scored with as few as 5000 reads. Three of the eight test specimens were autumn
spawners, one Baltic type and two Atlantic type (Supplementary Dataset S2). Each individual BAM file from the
was randomly down-sampled to between 500 and 100,000 reads for 20 iterations. The y-axis represents the
proportion of those files which are known to be type AA or type BB that were assigned correctly using
BAMscorer.
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Figure S8 — Salinity adaptation loci BAMscorer database creation and parameter testing. a) PCA generated
with smartPCA. Color indicates ocean basin as a proxy for salinity (high being Atlantic, low being Baltic) and
shape indicates population of origin. The PCA is based on 2303 divergent SNPs obtained from Han et al.® Some
Atlantic samples were from Norwegian fjords with low salinity therefore they fell between the two groups. These
samples were removed from the dataset for the final scoring. b) Eight individuals with known metadata were
removed from the reference dataset for sensitivity analysis (Supplementary Dataset S2). Iterative application of
BAMscorer to down-sampled alignment files showing a minimum of 50,000 reads is required for determining
salinity adaptation. Each individual BAM file from the eight test specimens training dataset was randomly down-
sampled to between 500 and 100,000 reads for 20 iterations. The y-axis represents the proportion of those files
which are known to be type AA or type BB that were assigned correctly using BAMscorer.
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Fig S9 — Individual pairwise relatedness by metapopulation. Each boxplot shows the distribution of kinship
coefficients across the metapopulation along the x-axis. Baltic autumn and Baltic spring populations were grouped
as two metapopulations to assess the level of substructure in each population; a lower kinship coefficient is
indicative of higher substructure. Lines indicate median kinship coefficient and yellow triangles indicate the mean
kinship coefficient per metapopulation. Baltic spring spawners show the lowest median and mean kinship
coefficient. Baltic autumn show the second-lowest median kinship coefficient, but the mean is dragged higher by
the high degree of relatedness in the Fehmarn population.
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Figure S10 — Time to coalescent event according to length of run of homozygosity. Using the formula 100/2g
c¢M/Mb = L* and the known herring recombination rate of 2.54 ¢cM/Mb, we calculated the relationship between
length of ROH and timing of coalescent event. The curve indicates the length and its associated coalescent event
in years before present.
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appears quite differentiated from the rest of the samples. BLAST showed that it is indeed a Baltic herring,

samples and exhibited the structure reported by Teacher et al.? that is not associated with geography. HER118
therefore it was left in the analysis for BAMscorer assignment.

Figure S11 — IQtree phylogeny of the herr
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Figure S12 — Estimates of pi for four different Baltic herring populations. The western Baltic autumn
spawners had an average pi of 0.006; the central Baltic autumn spawners had an average of 0.008; the central
Baltic spring spawners had an average of 0.004; and the gulf spring spawners an average of 0.005.
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Fig S13 — Runs of homozygosity in four modern Baltic herring stocks. The top panel shows the distribution
of ROH across the genome for the entire genome and two bins associated with coalescent events 650-400YBP
and 400-200YBP. The bottom panel illustrates the summed ROH for each population compared to the total
number of ROH. These results indicate a larger effective population size in the past for both autumn spawning
herring populations and a smaller effective population size in the past for both spring spawning herring

populations.
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Fig S14 — gone analysis with generation time uncertainty. Each stock is represented in a separate chart: western
Baltic autumn spawners (WBAS); central Baltic autumn spawners (CBAS); central Baltic spring spawners
(CBSS); gulf spring spawners (GSS). Colored rectangles indicate key historical events. Yellow rectangles show
the approximate duration of the Medieval Climate Anomaly (MCA) and blue rectangles the Little Ice Age (LIA).
The dashed vertical lines show the minimum date (YBP) at which 200 generations in the past is reached
(calculated using minimum generation times of 3 years for autumn spawners and 2 years for spring spawners),
the known accurate window for gone. Historical events are denoted by red boxes for each population. As herring
reproduce over their lifespan in overlapping generations, additional generation times were used to scale the
demography for each population. These are visualized here as dashed lines. a) Demographic trajectory of the
western autumn spawners shows a decline starting shortly after the start of the @Oresund herring. They show an
additional severe decline corresponding to the reported autumn spawning fishery collapse in the Baltic; b)
Demographic trajectory of central autumn spawners, which appear limited during the MCA when anoxic
conditions are present in the central Baltic. They increase during the LIA and rapidly decline during the period of
known autumn spawning population collapse coinciding with the increase of the sprat (Sprattus sprattus)
population; ¢) Central spring spawners show an increase around the time of the decline of the western autumn
spawners, then a decrease again at the end of the LIA as well as another dramatic decrease around the time of the
autumn spawners’ collapse ~100YBP; d) Gulf spring spawners decrease during the LIA and then increase
dramatically at the end of the LIA, starting to decline only in very recent generations when fisheries in the gulfs
intensify. This panel illustrates the accuracy of using generation times between 2-5 years for Baltic herring. GSS
were not intensively fished until very recently, therefore their demographic trajectory should reflect changes in
environmental factors such as sea surface temperature and presence of ice cover. Generation times 2 and 5 reflect
best the expected changes in population size given known responses to such environmental changes in Baltic
herring.
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Fig S15 — gone analysis for all Baltic spring spawners. Here, Baltic spring spawners were grouped as a single
metapopulation (n=10) and gone was run with the same parameters as before. This figure shows the projected
demographic trajectory when both the GSS and CBSS are treated as a single population. Historical events are
again marked, illustrating the relationship between fishing pressure, changing climate, and demographic trends in
Baltic herring.
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The chapters in this thesis can be seen as a case study in marine historical ecology work. In
Chapter 1, I laid the theoretical groundwork for how to incorporate ancient biomolecular
research into the interdisciplinary framework of historical ecology, from project design to
contextualization of results. In Chapter 2, I illustrated the ways in which one must challenge
assumptions to push a field forward — why were we ignoring small fish bones? Here, I showed
that the size of the bone was not a significant factor in the capacity of that bone to yield
biologically meaningful DNA sequences.

Despite my ability to sequence these genomes, many of them yielded extremely sparse, low-
coverage data. Therefore, in Chapter 3 we developed a software package that can handle ultra-
low-quality sequences. By applying this software package to my ancient herring database, I
was able to identify populations of origin for 64% of my specimens. This then provided the
basis for Chapter 4, in which changing population of origin over time for Baltic assemblages
hinted at an impact on herring ecology due to changing fishing pressure. By comparing the
ancient samples and population genomics of modern herring, I was then able to demonstrate
how genomic results can be seamlessly integrated with previously-published research in the
fields of history, palacoclimate, archaeology, ecology, fisheries science, and marine biology.

Assessing Research Aims

In the introduction to this thesis, I outlined a series of four overarching research aims. These
were designed to address knowledge gaps surrounding Atlantic herring ecology and the
development of the herring industry in Europe. I here assess whether or not each research aim
was achieved and, if so, how this has contributed to our knowledge surrounding herring,
European history, the field of ancient DNA, and possible avenues for the future.

a) Create a representative database of modern and ancient herring genomes for the east Atlantic
and the Baltic. Despite accessibility limitations due to COVID and the vagaries of ownership
of archaeological material, I managed to put together a dataset of 121 herring specimens from
16 sites across Europe. These sites spanned eight centuries and seven (contemporary) nations.
Not all of these specimens yielded high quality DNA sequences, yet a large proportion yielded
biologically meaningful information; Using BAMscorer (Chapter 3) I was able to assign a
population of origin to 64% of these samples from 15/16 sites. In Chapter 4 we only scratched
the surface of the questions that can be answered with this dataset. Additional questions — about
the impact of the Dutch and East Anglian herring industries on the North Sea, the evolution of
the Norwegian spring spawning herring, and the intriguing origin of the bones from
Switzerland — had to be postponed after the onset of the repetitive strain injuries in my hand. I
also spent three months conducting stable isotope extraction from herring bone collagen in the
Dorothy Garrod lab at the University of Cambridge.

Every time I explained my project to an archaeologist or historian I was asked, “Oh, well why
don’t you use this site ...” There are so many sites of import across Europe that it was
impossible to sample from all of them. The main country left out of my sampling was Ireland,
which had a herring industry distinct from that in Scotland and England. Despite my efforts, it
was not possible to obtain these specimens, in part because the archaeologists involved were
not entirely sure where they were or who had the power to send them to me for analysis. The
truth of the matter is that there are always more specimens that can be added to a dataset. At
some point one has to determine that sample collection has to stop in favor of analysis. But
perhaps future researchers will be able to use and expand this dataset for additional questions
that address fisheries I was not able to incorporate into this PhD.
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As for the modern sequences, we have demonstrated thoroughly in Chapter 4 that our dataset
— 53 samples sequenced for this thesis in conjunction with 19 publicly available samples —
resolves herring population structure to an unprecedented degree. With this dataset, we were
able to determine that metadata errors and possible sequence contamination/duplication were
confounding the structure signals in previous studies (e.g., Han et al., 2020, see the Supplement
to Chapter 4). The conclusion in Han et al. (2020) was that herring were really only
differentiated when using a subset of loci under putative selective pressure. I suspect this is due
to two factors; 1) combining SNP panels and poolseq with whole-genome sequencing in
principal components analysis; 2) the inclusion of samples we have now found to be
contaminated and/or technical duplicates.

My initial PCA results showed a strange pattern with many outliers (see Chapter 4,
Supplementary Figure S2). After evaluating these PCA outliers, it was determined that they
were biasing the PCA and after removal the population structure made perfect sense with what
we know about Atlantic herring ecology. However, we found that the original studies were,
despite their biases regarding whole-genome structuring, correct in their conclusions that the
strongest segregating factors for herring were environmental adaptation (e.g., salinity and
brackish conditions) and spawning season (Han et al., 2020; Lamichhaney et al., 2017, 2012;
Pettersson et al., 2019). In fact, this structure appears strong enough in our cleaned dataset to
drive whole-genome differentiation on a PCA (see Chapter 4, Figure 1C).

Thus, this thesis has succeeded in establishing a representative database of modern and ancient
herring genomes in the eastern Atlantic and the Baltic. The majority of this database is publicly
available on the European Nucleotide Archive and therefore free for use by other researchers.
The remainder will be made available as future research projects are published. The hope is
that myself and future scholars will continue to build on this public database and use it to
answer additional questions regarding herring evolution and the development and impact of
fisheries.

b) Characterize human impact and the development of intensive exploitation on the Atlantic
herring populations through zooarchaeological analysis and whole-genome sequencing on a
long time-series. The intention of this Research Aim was to be able to characterize human
impact on herring around Europe, including the North Sea, the Norwegian Sea, and the Baltic.
Unfortunately, injuries ensured that this was not to be the case. That being said, the Baltic study
in Chapter 4 provides an excellent case study for understanding human impact. The Baltic has
a long, well-documented history of exploitation and a highly structured herring population.
Given known population collapses and currently high levels of fishing pressure in the region,
it also provides a good example of how historical ecology work can inform management for
both fisheries and adaptations to climate change.

The main potential critique of Chapter 4 is the question of migration patterns in herring. It has
been documented that herring exhibit dramatic changes in migration routes in response to
unknown factors that influence things like availability of zooplankton and population size. For
example, the Bohuslin herring periods of the 171 and 19" centuries are thought to be the result
of a changed migration pattern from the North Sea herring after a population boom (Alheit and
Hagen, 1996; Corten, 1999). Similarly, the Norwegian spring spawning herring famously
changed their migration patterns several decades ago after the commercial collapse of the stock
(Claireaux et al., 2021). Herring do not instinctually know where to migrate; they learn where
to feed and spawn from adult individuals in the stock (Corten, 2002). Thus, when a population
collapse occurs this knowledge of spawning and feeding grounds is lost between generations
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and a new migration route appears (Eliasen et al., 2021). Thus, it has been suggested to me that
perhaps the fish migrated rather than declined due to exploitation pressure.

There are several reasons why this explanation is unlikely. First, herring do not appear to
systematically change their migration patterns to avoid fishing pressure. The migratory patterns
of the herring stocks in the North Sea have been documented for centuries and appear little
changed today despite over 1000 years of exploitation (Barrett et al., 2004; Kowaleski, 2016;
Poulsen, 2008; Trueman et al., 2017). Herring migrations have only been demonstrated to
change when there is severe population contraction (as in the case of the Norwegian spring
spawning herring in the 20" and 21% centuries) or when there is an outbreak population
dynamic, as in the case of the Bohuslén periods. During the Bohusldn periods, the original
spawning grounds were not vacated, instead additional grounds were found to accommodate
the increased population size. Thus, in order for the western Baltic autumn-spawning herring
to have changed its spawning grounds, there would have to have initially been a severe
population decline in the region. We know from Chapter 4 that a population decline did begin
around 1200 CE with the onset of the Oresund fishery and that palacoclimate indicators suggest
there should have been a population increase at this time (see Chapter 4; Discussion). Thus,
there is a possibility that the western Baltic autumn-spawning herring would have shifted its
migration and spawning grounds. However, the genetic evidence indicates this was not the
case.

Coincidentally with the decline of the western Baltic autumn-spawning herring population
illustrated in Chapter 4, the central Baltic autumn-spawning herring population began to
increase (Chapter 4; Figure 3A,B). Is it possible that this is because the western Baltic herring
began to colonize the central Baltic? This hypothesis has been suggested to me as an alternate
explanation to the overfishing hypothesis — the herring weren’t overexploited, they simply
moved! As demonstrated in the previous paragraph, a migratory shift of this magnitude would
actually support the hypothesis of overfishing. Further, the central Baltic autumn spawners
have a distinct genetic signal in comparison to their extant western counterparts. The central
Baltic is far more brackish than the Kattegat and Oresund regions, which are near-ocean
salinity. Therefore, any western Baltic herring attempted to colonize the central Baltic would
be at a distinct fitness disadvantage in comparison with the brackish-adapted herring that
already inhabited those waters. Further, the western Baltic autumn spawning herring do still
exist in the Kattegat, simply not in enough numbers to support a fishery, indicating they likely
did not migrate away from the region.

This chapter, therefore, highlights the ways in which (archaeo)genomic data can answer long-
held questions regarding the true impact of exploitation on marine species. There are, of course,
many more case studies to be undertaken to fully comprehend human impact on the Atlantic
herring. Because of the databases created to address Research Aim 1, these future studies can
now be carried out. Using Chapter 4 as an example, it will be possible to conduct similar
research on other fisheries using the same techniques and theory developed in Chapters 1,2,
and 3. Thus, this Research Aim has still been addressed sufficiently to provide concrete
avenues for continued study of this issue. I have also provided a case study that illustrates how
human exploitation can impact herring populations.

c) Provide sustainable measures for informing fisheries policy in multiple countries relating to
Atlantic herring. This was an ambitious aim for a PhD thesis, yet I believe it has — at least in
part — been met. In Chapter 4, I demonstrated the utility of historical ecology in assessing
fisheries impacts over a long time-scale. The analysis in this chapter shows that by the early
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20" century herring stocks across the Baltic were already majorly impacted by fishing pressure.
This highlights the false assumption implicit in policy recommendations for MSY in many fish
stocks; namely, that stock sizes from 50-100 years ago are a good baseline for determining
population health (Jackson, 2001; Pauly, 1995). Research in marine historical ecology such as
this chapter has increasingly been used in policy formation to provide more holistic, sustainable
management practices (Engelhard et al., 2016).

This chapter also illustrates the power of genomics in determining demographic independence
and the question of interpopulation connectivity, which was a standing question in herring
ecology (Aro, 2002; Bekkevold et al., 2005; Ruzzante et al., 2006; André et al., 2011). The
results showing demographic independence for each stock strengthen the ICES
recommendations to manage each biological unit separately. Through comparison with
palaeoclimate data, I’ve further demonstrated the importance of understanding the different
impacts various climatic factors can have on Baltic herring stocks, which is crucial for
sustainable management.

The challenge inherent in providing scientific advice for fisheries policy is the question of
quantification. Industry and economy want a number they can aim for; how many tonnes of
fish can be taken from the environment? Research that highlights changes in effective
population size (which, let’s be honest, even many biologists don’t fully understand) don’t help
much in directly determining fishing policies (although see Hare et al., 2011 for discussion of
using Ne in management policies). Even when numbers are reached, such as the recommended
MSY from ICES, there is no guarantee that industry will take these into account when
determining total allowable catch (TAC) (Baltic Eye 2021).

Truly providing sustainable measures for fishery policy is a much larger question than can be
addressed by one PhD student. That being said, coincident with the publication of Chapter 4,
the EU was determining its TAC for the Baltic herring stocks. Given existing concern regarding
the health of Baltic herring stocks, there was much attention on this decision, particularly in
countries like Sweden (Carl André, pers. comm.). When Chapter 4 was published, the results
were of high interest to media outlets in Sweden and Germany. While I can’t say much about
how this has impacted public opinion, what this does tell us is that people are hungry for these
sorts of results. Perhaps part of the power of historical ecology, then, is in driving public
opinion. While not always included as a component in scientific impact, public opinion is
actually a key factor in conservation policy (Niemiec et al., 2022; Nilsson et al., 2020; Reddy
et al., 2017), and therefore should not be overlooked. Modeling has shown that while herring
are at risk from various factors, including climate change, fishing, and pollution, management
strategy is the driving force behind long-term viability of the species (Froese et al., 2022;
Niiranen et al., 2013).

d) Gain understanding of herring responses to climate change in the past to inform management
policies for the future. This aim was again addressed in Chapter 4. While I originally intended
to be able to look into more evolutionary impacts such as adaptation and natural selection, I
instead assessed changes in effective population size in various stocks in relation to past climate
change. Future efforts will have to assess the question of selection and more direct
environmental modeling. Looking at demography in relation to past climate as a first step
makes sense for several reasons. First, this highlights general trends we can use to inform both
management and future research. Second, it illustrates the high demographic complexity in
herring; different herring populations are affected quite differently by climate change despite
all belonging to the same species. Recent research into the effects of climate change have
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largely focused on comparatively short-term studies and lab experiments (Casini et al., 2010;
Polte et al., 2021, 2017, 2014), which illustrate potentially worrying trends in various herring
stocks’ capacity to deal with warming temperatures and, for the Baltic, increasing brackishness.
This study provides a first window into how these trends might play out over time.

The problem with using the past to understand possible future climate impacts is that we are
rapidly exiting the climate window in which humans have ever lived (IPCC, 2021). Fully
understanding how this might impact certain species will not be able to rely on historical
ecology alone. Instead, results such as ours must be placed in the coming new context, which
will rely on experimental study and modeling. Addressing climate change, then, highlights the
necessity of crossing academic boundaries and incorporating all we know about a species into
our predictions.

Unintended consequences of this thesis

It will not escape the attention of the reader that many of my research aims were only addressed
in Chapter 4. I quite clearly set out to do research on Atlantic herring three years ago, but what
I failed to anticipate was the steps I would need to take along the way before these aims could
be reached. I didn’t intend to work on a new software program, interrogate aDNA laboratory
practices, or evaluate theoretical approaches. But often, the unintended consequences are some
of the most valuable aspects of a project. For me, this resulted in a chance to dive into the
theoretical side of ecology as well as provide pathways to mitigate some of the ongoing ethical
issues inherent to destructive analysis.

In Chapter 1, I set out to write a chapter for a Briefing Document put together for my
International Doctoral Training Network (ITN), SeaChanges. By luck of the draw (literally), I
ended up working with Fabricio Furni and Magie Aiken, and we managed to leave that first
meeting with a solid question regarding what constituted an “industrial” fishery. Months of
theory development ultimately led to the system of thresholds we introduced in Chapter 1, with
the concept of “industrial” ultimately playing a minor role. This paper provided a theoretical
backbone I used to guide the rest of the PhD.

In early 2021, just as Chapter 1 was concluding, I finally started receiving crucial
archaeological samples. The initial results I was getting from lab work indicated that a lot of
my data would be of very low quality. This was an issue that Bastiaan had long been
considering, as it was not unique to herring. It was established that some biological
characteristics could be determined with very small amounts of genomic data, for example
determining sex (e.g., Barrett et al., 2020). Could we use this principle and apply it more widely
than sex determination? How could we minimize the number of specimens that were discarded
in the standard aDNA pipeline? Developing this software package with Bastiaan allowed me
to exercise (and improve!) my computational skills. Further, it has allowed me to interrogate
what I think of as being “good” data, something that has been reiterated to me by attendees of
talks and workshops I’ve now given in how to use the software. Several researchers have
reached out to me to state they are thrilled that they can use BAMscorer on their samples, which
may otherwise not have been usable.

The winter-spring of 2021 was a long, strict lockdown in Oslo. My time was divided between
programming BAMscorer, cross-country skiing, and weeks spent in the lab processing
archaeological specimens. My samples had finally all arrived! I was able to extract DNA from
121 herring bones, which I used to assess the viability of tiny bones for aDNA analysis in
Chapter 2. The argument for using small bones was thoroughly made in this chapter. All I will
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state here is that [ hope this study is of use to other researchers. aDNA research deals with
many ethical issues and specimen waste is certainly not a small problem for the field. Chapter
2 is part of a growing area of development in ancient biomolecular research in which scientists
work to minimize destructive impacts (e.g., Pinhasi et al., 2015; Scarsbrook et al., 2022; Sirak
etal., 2017).

Herring bones ready to be sorted for biomolecular analysis.
Credit: Lane Atmore

Thus, Chapter 4 could not have been completed without the three steps developed in Chapters
1-3. The basis of Chapter 4 lies on samples that would traditionally not have been selected for
whole-genome sequencing, that produced DNA sequences that were so low quality as to be
nearly unusable. Yet, because of the work laid out in my initial chapters, I was able to
demonstrate that important biological information could be gleaned from these specimens. This
thesis, therefore, serves as a case study in reevaluating our relationship to waste in the aDNA
pipeline.

Conclusions

At times during this thesis, I had the eerie sensation of what I’ve come to call “time vertigo.” I
read a paper on protests against the invention of bottom trawling in England that prompted a
petition to King Edward III in 1376 (Jones, 2018). It read like a statement from Greenpeace.
But that wasn’t the wildest thing, that was the fact that trawling was banned in England and
across Europe in response to this activism from fishers in the 14" century. The bans were
repealed only when it became clear that governments would never be able to monitor fishing
practices well enough. It wasn’t until the 19" century, it appears, that governments stopped
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listening to their fishermen (Roberts, 2007). It certainly makes one question the narrative of
constant progress we’ve apparently made from the so-called “Dark Ages.”

I was also struck by the similarities between medieval fisheries management and modern
management practices. With the increase in technology after WWII (as discussed in the
Introduction) (Holm, 2012; Pitcher and Lam, 2015), fisheries were increasingly able to target
pelagic feeding aggregations of herring (which comprise multiple biological populations at
once) in great numbers rather than spawning aggregations (consisting of one population)
(Ruzzante et al., 2006). These fisheries often target multiple species at once (ICES 2019). This
complicates management; smaller stocks are more vulnerable to overfishing yet the impact of
exploitation on individual stocks is masked by management policies that fail to address
biological populations (Moore et al., 2021). As a result, policies have increasingly been
developed to target stocks as biological units as a component in a wider ecosystem rather than
resources to be harvested merely for economic gains (FAO 1997; FAO 2020). Intriguingly,
medieval fisheries typically targeted biological populations of herring, mostly in the form of
spawning aggregations. Indeed, this was tightly controlled in terms of access to fishing grounds
only during the spawning season — for example, both the Oresund and Dutch herring industries
only allowed fishing during the autumn spawning aggregations (Poulsen, 2008; Jahnke, 2009).
Some have argued these fisheries were more sustainable (e.g., Poulsen, 2008), although
Chapter 4 obviously throws that assumption into question. Future research will have to focus
on specific management techniques including regulations on fish size and TAC throughout
time to better understand the nuances of sustainability in fishing.

We can’t assume that improved technology will solve all our problems. As a case in point,
despite seemingly-increasing returns due to new technology, the catch per unit effort continues
to decline for fisheries across the world (Link and Watson, 2019). Our technology allows us to
take more fish from the ocean, but we have to work ever harder for the same level of catch that
would have been easy to pull from the sea only a few hundred years ago. Yet, increased
technology without the proper management policies in place will result in overexploitation and
ecosystem degradation (Hilborn et al., 2020). The question of marine ecology preservation
through management was already a concern in 1387 when fishers petitioned King Edward 11
to ban trawling and when @resund fishers raised concerns about overfishing in the 15" century.
Today, we have much the same concerns as our ancestors — the destruction of trawling, the
dangers of overfishing, weighing the economy as more important than the environment.

Now, all this is not to say that fisheries in the Middle Ages were always better managed than
modern industries, nor that people in the past knew more than we do now. This is merely to
highlight the importance of historical literacy. Learning from (or even returning to) past
management strategies because they worked better than what we are currently doing is not a
failure. Refusing to recognize that we have made mistakes and previous generations may have
created better solutions, however, is a failure. It’s the unfortunate fate of the contemporary
historical ecologist that we are conducting such work during the anthropogenic sixth mass
extinction and devastating climate change. Our research is inherently depressing. There is
something twisted about the sense of achievement one feels when their results show fisheries-
induced devastation and impending climate-induced destruction. It makes for a compelling
story — people are thirsty for stories about how we’ve trashed the world these days. The ability
to reach back through millennia and uncover the impact of management techniques across
space and time is the unparalleled strength of historical ecology. We have so many examples
of different relationships with nature, management techniques, and modes of extraction. In the
current fight against the biospheric emergency, why would we not take advantage of that?
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