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Understanding the historical emergence and growth of long-range fisheries
can provide fundamental insights into the timing of ecological impacts
and the development of coastal communities during the last millennium.
Whole-genome sequencing approaches can improve such understanding by
determining the origin of archaeological fish specimens that may have been
obtained from historic trade or distant water. Here, we used genome-wide
data to individually infer the biological source of 37 ancient Atlantic cod speci-
mens (ca 1050–1950 CE) from England and Spain. Our findings provide novel
genetic evidence that eleventh- to twelfth-century specimens from London
were predominantly obtained from nearby populations, while thirteenth- to
fourteenth-century specimens were derived from distant sources. Our results
further suggest that Icelandic cod was indeed exported to London earlier
than previously reported. Our observations confirm the chronology and
geography of the trans-Atlantic cod trade from Newfoundland to Spain
starting by the early sixteenth century. Our findings demonstrate the utility
of whole-genome sequencing and ancient DNA approaches to describe the
globalization of marine fisheries and increase our understanding regarding
the extent of the North Atlantic fish trade and long-range fisheries in medieval
and early modern times.
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1. Introduction
The expansion of long-range fish trade, not least of Atlantic
cod (Gadus morhua), has partly driven the development of
urbanized market economies across European societies
during the last millennium [1–3]. The importance of this
trade is well documented by historical sources from the four-
teenth century and can be glimpsed in anecdotal historical
records and archaeological evidence from the late eleventh,
twelfth and thirteenth centuries [4,5].

Ancient DNA (aDNA) and stable isotopes have previously
shown the early transport of air-dried Arctic Norwegian cod
(stockfish) to Haithabu in Germany by ca 1066 CE [6,7]. This
exchange developed into a major and wide-ranging Atlantic
cod trade across medieval northern Europe, linking towns in
Scandinavia, Germany, England and the Low Countries (e.g.
Bergen, Lübeck, King’s Lynn, London and Deventer) [6–8].
In the Iberian Peninsula, the northern ports were developed
as strategic trading posts for receiving and distributing
luxury and foreign products from both the Mediterranean
and northern Europe [9,10]. As a consequence, distant-water
fisheries and fish trade along the Atlantic coast, from Sevilla
to western Ireland and Flanders, started to receive more interest
within the Iberian market [11,12]. Subsequently, post-medieval
European expansion to the western Atlantic, especially to
Newfoundland, linked the above-mentioned northern and
Iberian networks into competing and sometimes complemen-
tary long-range fisheries that were sources of both food
and wealth [1,13]. For example, seventeenth-century English
catches from Newfoundland were often traded to southern
Europe, in an economically significant triangular trade that
also entailed salt and wine [14].

Tracing the origin of Atlantic cod specimens harvested for
these medieval and post-medieval trade networks contributes
to our understanding of economic history and historical ecol-
ogy. Historical and archaeological sources have revealed the
extension of distant-water fisheries and trading networks
through time and space [8,13]. However, the geographical
and biological resolution of text-based and archaeological
sources is often limited, and the level of detail in such sources
often decreases with time depth [15]. Determining the biologi-
cal origin of archaeological bone assemblages of species such as
Atlantic cod can therefore provide important information
about the populations targeted through distant-water fishing
and/or trade. Since archaeological cod bones can represent
local or long-distance (even intercontinental) fishing, it is
important to distinguish between source populations. Thus,
there has been an increased interest in the use of aDNA and
stable isotope methods to identify the origin of archaeological
remains to trace the development of the globalization of marine
fisheries [6,16–20]. Here, we use novel whole-genome aDNA
approaches to greatly improve the spatial specificity and resol-
ution regarding the inference of source populations of
archaeological Atlantic cod bones [21].

We assess the biological origin of 37 Atlantic cod specimens
from medieval England (London) and post-medieval Spain
(Barcelona, Álava (Castillo de Labastida), Madrid and Sevilla)
using low-coverage genome-wide data. We genetically assign
such specimens according to patterns of spatial genome-wide
differentiation among modern populations of Atlantic cod
[22–25]. We specifically investigated significant differentiation
in polymorphic chromosomal inversions (i.e. LG1, LG2,
LG7 and LG12) [6,26,27] that are associated with migratory
behaviour and temperature clines [22,27–30]. Their genetic
differentiation can therefore indicate the assignment of speci-
mens towards a particular geographical area [6,31]. Through
these methods, we aim to distinguish source populations
with improved discriminating power in relation to previous
stable isotope and aDNA approaches [6,15,16].
2. Materials and methods
(a) Sample collection
English samples (n = 32) were obtained from eight archaeological
locations in London (figure 1b; electronic supplementary material,
table S1). Based on archaeological evidence and stable isotope
analysis, three of the locations (Finsbury Pavement, Seal House
and Trig Lane) have previously been inferred to have imported
preserved cod [16]. Specimens from the additional five locations
(Billingsgate 1982, Cheapside 120, New Fresh Wharf, Nonsuch
Palace and Swan Lane) were included to provide a continuous
fishing time series from the eleventh to sixteenth–seventeenth
centuries CE (figure 1c). Seven of the archaeological sites in
London were urban when occupied. The eighth location (Nonsuch
Palace) was a royal residence originally outside London, which
was later surrounded by the modern metropolis. Spanish samples
(n = 5) were obtained from four different archaeological locations:
a monastic-upper class context from La Cartuja (Sevilla, late
fifteenth–early sixteenth centuries), an urban context from Plaza
de Oriente (Madrid, seventeenth–eighteenth centuries), a context
from the fishermen’s quarter from Barraques de pescadors
(Barcelona; ca seventeenth century) and a rural castle (Álava)
that acted as a military centre during the nineteenth century (JA
Quirós 2022, personal communication; figure 1a; electronic sup-
plementary material, table S1). Atlantic cod bones are very rare
in Iberian archaeological sites [12]; therefore, the present five
Spanish specimens represent those available for this study.

Cranial (articular, premaxilla, frontal, dentary and para-
sphenoid) and postcranial (vertebra and cleithrum) bones were
included (electronic supplementary material, table S1 and figure
S2). Cranial bones are more likely to represent local fishing because
many preserved fish products were decapitated [32], although,
complete fish (and/or preserved fish heads) were sometimes
traded over long distances [6,33,34]. Cleithra (which support the
pectoral fin just behind the cranium) can be found together with
cranial remains, or (if fish were decapitated anterior to this
element) with postcranial bones [15]. Here, we considered cleithra
belonging among the postcranial bones.

After field collection, all samples were stored dry and unfro-
zen. Dating of the samples was based on archaeological context.
Qualitative date ranges were converted into calendar years as per
Orton et al. [15] considering an ‘early’ century the first half of that
century (e.g. ‘00 to ‘50), ‘mid’ century as ‘25 to ‘75 and ‘late’ cen-
tury as the second half of that century (e.g. ‘50 to ‘00). The
archaeological Atlantic cod samples were morphologically and
genetically identified to species.

(b) aDNA extraction and library preparation
We processed 18 English (London) fish-bone samples in the
aDNA laboratory at the University of Oslo [35,36] (electronic
supplementary material, table S1). Treatment of samples prior
to DNA extraction was according to Ferrari et al. [37] and Martí-
nez-García et al. [38]. In short, fish bones were UV treated for
10 min per side and milled using a stainless-steel mortar [39].
Milled fish-bone powder was divided in two aliquots per speci-
men (150–200 mg per aliquot) as starting material for DNA
extraction. Genomic DNA was extracted from the fish-bone
samples using the mild Bleach treatment and Double-Digestion
step (BleDD) protocol [40]. In addition, we added to our initial
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