Supplementary material for
Ancient DNA reveals a southern presence of the Northeast Arctic cod during the Holocene
Lourdes Martínez-García1*, Giada Ferrari1, Anne Karin Hufthammer2, Kjetill S. Jakobsen1, Sissel Jentoft1, James H. Barrett3, Bastiaan Star1*

1 Department of Biosciences, Centre for Ecological and Evolutionary Synthesis (CEES), University of Oslo, Blindernveien 31, NO-0371, Oslo, Norway
2 The University Museum, Department of Natural History, University of Bergen, N-5020, Bergen, Norway
3 Department of Archaeology and Cultural History, NTNU University Museum, Erling Skakkes 47b, Trondheim, Norway

*Correspondence:
Lourdes Martínez-García: l.m.garcia@ibv.uio.no
Bastiaan Star: bastiaan.star@ibv.uio.no


[image: ]
Figure S1. 14C age calibrations of four Atlantic cod specimens, both migratory (in orange) ecotype (skrei) and stationary (in grey) ecotype individuals, from the archaeological site Ruskeneset in the municipality of Bergen, west Norway. Specimen COD253 was not dated due to insufficient bone material.
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Figure S2. Historical (TRW, Diatom, Foraminifer, Alkenone, SpSIC and TOC) and modern (Kola) individual reconstructions between proxies showing distinct sea surface temperatures (SST), July temperatures (jT), SpSIC and TOC patterns across time. A dotted reference is shown in all temperature graphs at 0°C. Note the different ages for some of the panels. Tree-Ring (TRW), in green: 1 [1]. Diatom, in pink: a [2]. Foraminifer, in yellow: A, B, C, D, and E [3-5]. Alkenone, in blue: I, II, III, IV, V and VI [3, 6, 7]. SPSIC (%, different periods), in grey: S6, S11 [8], and S [9]. TOC (wt. %), in brown: T [9]. Kola section, in purple ([10] and http://www.pinro.ru). SST and jT anomalies for climate were calculated with respect to the long-term 1981-2010 average from their specific location (see electronic supplementary material for details on long-term means). 14C dating range (orange for skrei and grey for NCC) are shown for each ancient Atlantic cod (see figure 1b, electronic supplementary figure S1 and table S1). Fish illustrations were drawn by Geir Holm. Tree-ring, diatom, foraminifer, alkenone, sea ice and TOC illustrations were drawn by Lourdes Martínez-García.
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Figure S3. Typical fragmentation and misincorporations patterns of nucleotides of aDNA from sequencing data of five Atlantic cod specimens from Ruskeneset, west Norway. At the top, we show base frequencies. At the bottom, we show the increase in cytosine to thymine (C > T) misincorporations due to cytosine deamination at the 5′-end of DNA fragments and the corresponding increase of guanine to adenine (G > A) misincorporations at the 3′-end.


Table S1. Sample name, Accession Number, Location, Bone element, Estimated calibrated date (Date cal. BP, 95.4% probability), and genomic statistics for each Atlantic cod specimen. ‘-’ = not applicable. Specimens identified as skrei are bolded.

	
	
	COD248
	COD249
	COD251
	COD252
	COD253

	Accession Number
	JS1
	JS1
	JS1
	JS1
	JS1

	Locality 
	Ruskeneset
	Ruskeneset
	Ruskeneset
	Ruskeneset
	Ruskeneset

	Bone element
	Articular/Angular
	Articular/Angular
	Maxilla
	Maxilla
	Premaxilla

	Date (cal. BP)
	4322 – 3893
	2465 – 2129
	2484 – 2092
	3115 – 2775
	-

	Total pair reads
	3,848,105
	16,328,941
	7,582,493
	21,020,263
	12,453,137

	Mapped reads
	74,082
	1,186,308
	327,434
	143,352
	475,650

	Clonality
	0.29
	0.30
	0.17
	0.25
	0.19

	Endogenous DNA 
	0.02
	0.07
	0.04
	0.01
	0.04

	Average insert length (bp)
	69.72
	47.66
	44.70
	40.38
	46.24

	Fold nuclear coverage
	0.008
	0.088
	0.023
	0.009
	0.034



All zooarchaeological material was sampled in 1914-16 at the archaeological site Ruskeneset in the municipality of Bergen, west Norway (60.23°N – 5.15°E) [11]. The zooarchaeological assemblage (bones) from Ruskeneset are in the osteological collections at the Natural History Department, the University Museum, University of Bergen, registered under the accession record JS1 = refers to Jordfunnet Skjelettmateriale no 1: Skeleton/bones found in soil.
For genomic statistics, we report total of pair reads, mapped reads toward the gadMor2 reference genome[12, 13], clonality, endogenous DNA content (unique, nonrepetitive fraction of reads aligned toward the reference genome), average insert length and fold nuclear coverage. Only one specimen is not shown after unsuccessful library results. Specimen COD253 was not dated due to insufficient bone material.


Table S2. Information of marine sediment cores used in the present study (see figure 1a for detailed information in the distribution of sites). ‘-’ = not applicable.

	Proxy
	Locality
	Code
	Latitude
	Longitude
	Season
	Long-term average 1981-2010 (°C)
	Reference
	Download

	Alkenone (UK’37)
	M23258
	I
	75
	14
	Annual
	3.72
	[14, 15]
	[16]

	
	SVAIS-04
	II
	74.57
	13.54
	Annual
	5.02
	[7]
	[17]

	
	PSh-5159N
	III
	71.21
	22.38
	Annual
	5.64
	[18]
	[19]

	
	MD95-2011
	IV
	66.58
	7.38
	Annual
	8.74
	[20]
	[21]

	
	IOW225517
	V
	57.66
	7.09
	Annual
	10.11
	[6]
	[22]

	
	IOW225514
	VI
	57.83
	8.70
	Annual
	10.11
	[6]
	[22]

	Foraminifer
	MSM055_723-2
	A
	79.16
	5.34
	Annual
	0.74
	[4]
	[23]

	
	GIK23258-2
	B
	74.99
	13.97
	Summer
	5.35
	[5]
	[24]

	
	PSh-5159N
	C
	71.21
	22.38
	Summer
	8.56
	[5]
	[25]

	
	MD95-2011
	D
	66.58
	7.38
	Summer
	11.24
	[5]
	[24]

	
	MD99-2284
	E
	62.22
	0.58
	Annual
	9.30
	[5, 26, 27]
	[26]

	Diatom
	M23071
	a
	67.05
	9.05
	Winter (February)
	6.34
	[2]
	[2]

	TRW
	Tree-Ring
	1
	66.70
	14.35
	July
	10.65
	[1]
	[28]

	SpSIC
	Spring Sea Ice Coverage
	S
	78.40
	32.42
	Spring
	-
	[9]
	[9]

	TOC
	Total Organic Carbon
	T
	78.40
	32.42
	-
	-
	[9]
	[9]




Table S3. Probability scores – scaled to one –indicating the assignation to migratory (skrei) or stationary (NCC) ecotype for each chromosomal inversion of Atlantic cod (i.e., LG1, LG2, LG7 and LG12). SNPs = matching divergent SNPs in each sample in comparison to the modern SNPs from main database from Ferrari, et al. [29]. Specimens identified as skrei are bolded. All genotypes segregate independently on four chromosomes. Haplotypes are associated with either ecotype (skrei or NCC) (for more details in the characterization of each ecotype see electronic supplementary material table S4).

	Chromosomal Inversion
	Skrei/NCC
	COD248
	COD249
	COD251
	COD252
	COD253

	LG1
	AA
	0.0
	1.0
	0.0
	1.0
	1.0

	
	BB
	1.0
	0.0
	0.0
	0.0
	0.0

	
	AB
	0.0
	0.0
	1.0
	0.0
	0.0

	
	SNPs
	487
	4619
	1391
	515
	1871

	LG2
	AA
	0.0
	1.0
	0.0
	0.0
	1.0

	
	BB
	1.0
	0.0
	0.0
	0.0
	0.0

	
	AB
	0.0
	0.0
	1.0
	1.0
	0.0

	
	SNPs
	103
	1103
	335
	107
	409

	LG7
	AA
	1.0
	0.0
	1.0
	0.0
	0.0

	
	BB
	0.0
	1.0
	0.0
	1.0
	1.0

	
	AB
	0.0
	0.0
	0.0
	0.0
	0.0

	
	SNPs
	242
	2464
	782
	249
	983

	LG12
	AA
	1.0
	1.0
	1.0
	1.0
	1.0

	
	BB
	0.0
	0.0
	0.0
	0.0
	0.0

	
	AB
	0.0
	0.0
	0.0
	0.0
	0.0

	
	SNPs
	105
	1042
	237
	102
	423




Supplementary Methods

(a) Sample collection and age calibration 
Ancient samples (n = 6) were retrieved in 1914-16 western Norway from the archaeological site Ruskeneset in the municipality of Bergen (60.23 N – 5.15 E) [11, 30]. Ruskeneset is a rock-shelter area close to tidal current channels which preserves evidence of human activities (e.g., bones, shells, and archaeological elements) dating back to the late Neolithic (3800-3400 years before present) and Bronze Age (3400-2900 years before present) [31]. Ruskeneset consists of two rock shelters (Ruskeneset I and II) that are generally treated as one location because no differences were found in the cultural layer [11]. During the Bronze Age the shelter would have been nearly inaccessible from land due to steep cliffs in both east and west, with easier access from the seaside by boat (N. Anfinset pers. comm.). Moreover, the fishing and hunting gear findings (e.g., harpoons, hooks, arrowheads, daggers) indicate this was a hunting and fishing station rather than a permanent coastal settlement particularly during the spring and summer [30]. Four specimens were dated using 14C (figure 1b, electronic supplementary material, figure S1 and table S1). Age calibration of the samples was calculated in OxCal v4.4.4 [32] using the Marine20 calibration curve [33]. We used slightly different ∆R values for the stationary (-164 ±29) and skrei (-144 ±46) ecotypes to account for differences in the marine reservoir effect given that these ecotypes feed either around the coast of Norway or in the Barents Sea (figure 1b and electronic supplementary material, figure S1) [33, 34].

(b) DNA extraction and library amplification
All ancient samples were processed in the aDNA laboratory at the University of Oslo under rigorous measures [35, 36] according to Ferrari, et al. [37]. Samples were extracted using the standard extraction protocol [38] and double-indexed sequencing libraries were built from 15 μl of DNA following the Meyer-Kircher protocol [39, 40] with the modifications described in Schroeder, et al. [41]. Ancient read data for five specimens were processed using PALEOMIX .2.13 [42]. Sequencing reads were trimmed, filtered and collapsed using AdapterRemoval v.2.1.7 [43], and aligned to the Atlantic cod gadMor2 nuclear genome [12, 13] using BWA backtrack v.0.7.12 [44] with a minimum quality score of 25. DNA postmortem damage was assessed using MapDamage v.2.0.9[45] (Figure S3) and the resulting BAM files were indexed with samtools v.1.9 [46].

(c) Genomic statistical analyses
Four different chromosomal inversions associated with migratory behaviour and temperature clines were investigated (LG1 (~17.1Mb), LG2 (~5.6Mb), LG7 (~9.4Mb) and LG12 (~13 Mb)) to determine the probability of the ancient Atlantic cod specimens to be skrei [47-51]. These chromosomal inversions differ in their affinity towards a particular geographic area as previously described in Star, et al. [52].

The BAMscorer pipeline[29] was used to assigned inversion haplotypes. First, the Atlantic cod reference SNP database from Ferrari, et al. [29] was used to associate divergent SNPs to different haplotypes. This reference SNP database includes 276 Atlantic cod individuals from three geographical locations (western Atlantic, eastern Atlantic and Baltic Sea) [53, 54] across the species’ range. Second, five ancient Atlantic cod specimens were compared to the reference dataset with score_bams with the following SNP loading cut-off percentages that were used for the reference data set (LG1 = 15% one sided, LG2 = 25%, LG7 = 25%, LG12 = 5%). Ancient specimens were identified as skrei or stationary Lofoten Coastal or stationary West Coastal individuals using the population specific chromosomal inversion frequencies obtained from Star, et al. [52] and Johansen, et al. [55] (figure 2 and electronic supplementary material, table S4).

(d) Reference paleoclimate data sets
The marine sea surface temperature (SST), July temperature (jT), spring sea-ice conditions (SpSIC) and total organic carbon (TOC, as a representation of primary productivity) datasets used in this study compile information from previously published temperature reconstructions from Norwegian coast, Scandinavia, and the northern Barents Sea (figure 1b and electronic supplementary material, figure S2). Reference SST datasets are based on three different proxies: alkenone (UK’37), planktic foraminifer (based temperature from approximate 50 m depth) and diatom assemblages. Reference jT dataset is based on tree-ring width (TRW) data. Reference SpSIC is based on the seasonal sea ice biomarker IP25, while TOC is based on the open water phytoplankton biomarkers brassicasterol and HBI III.

For alkenones data, we used three datasets as per Eldevik, et al. [3] (MD95-2011 [20, 21], M23258 [14-16] and PSh5159N [18, 56]), two datasets reported in Emeis, et al. [6] (IOW225514 [22] and IOW225517 [22]), and one dataset as per Rigual-Hernandez, et al. [7] (SVAIS-04 [17]). All alkenones datasets represent an annual seasonality. For foraminifer data, we used an annual dataset as per Eldevik, et al. [3] (MD99-2284 [5, 26, 27]), an annual dataset reported in Werner, et al. [4] (MSM055_723-2 [23]), and three summer datasets reported in Risebrobakken, et al. [5] (GIK23258-2 [24], MD95-2011 [24] and PSh-5159N [25]). For diatom data, we used a dataset reported in Koç, et al. [2] that represents winter (February) seasonality (Table S2).

For TRW data, we used a dataset reported in Helama, et al. [1] which includes continuous temperatures covering the land extension of Fennoscandia [28]. Despite of being a terrestrial temperature proxy, TRW was selected because tree growth is a reliable and sensitive proxy for climatic conditions (e.g., temperatures, precipitation, drought) [57]. Climate sensitivity of tree-rings in Scandinavia is generally greater than in other areas in the northern Hemisphere. 

All SST data were used as originally published, while the jT reconstruction includes average July temperatures from 4500 BP to 1000 BP smoothed using a 50-year running mean. All temperatures are presented as an individual line for each sediment core for each proxy (figure1b) and as individual graphs (electronic supplementary material, figure S2) to avoid introducing uncertainty between proxies. Selection of alkenones, foraminifer and diatom assemblages, was based on the spatial coverage for spawning and feeding areas of skrei (i.e., Finnmark, Troms, Lofoten and Møre; see figure 1a), while SST and jT were selected based on the time period covered by our samples (ca. 4322 to 2092 cal BP). Only SST and jT information including the period of interest (ca.  4322 to 2092 cal BP) were included. Proxy-specific temperature anomalies were obtained in reference to the long-term average relative to the 1981-2010 period. The long-term SST average per site and the monthly mean from January to December 2021 (visualization of the temperature gradient in figure 1a was performed with ncdf4 [58], dplyr [59], lubridate [60], stringr [61], ggplot2 [62] and RColorBrewer [63] libraries in R [64]) was obtained from the NOAA Extended Reconstructed Sea Surface Temperature SST V5 [65]. The long-term jT average was obtained from the Global Historical Climatology and the Climate Anomaly Monitoring System Gridded 2m Temperature (Land) [66].

The SpSIC (%) and weight percentages of TOC (wt. %) were retrieved from a dataset reported in Berben, et al. [9]. For further comparisons, we included the SpSIC previously reported in Pieńkowski, et al. [8] which includes recent observations of persisting levels of seasonal sea-ice during the entire Holocene Thermal Maximum (6000–10000 cal. BP; electronic supplementary material, figure S2). SpSIC is an effective reflector of incoming solar radiation which regulates the oceanic temperature. As the sea-ice cover decreases, the solar radiation increases which is directly absorbed by the ocean and results in an increase of sea temperature. TOC offers an overview of the marine ecological environment (i.e., ocean primary production by autotrophic organisms).

Specific contemporaneous SST data from the Norwegian Sea was obtained from the Russian Kola section (the 0- to 200-m layer) as it is an adequate criterion for fluctuation in temperature across the entire spawning region of Atlantic cod [67]. Kola SST series were obtained from Bochkov [10] and the Polar Research Institute of Marine Fisheries and Oceanography (PINRO) website (http://www.pinro.ru). SST anomalies for all contemporaneous climate were calculated with respect to the long-term 1981-2010 average.
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