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Abstract 

Archaeological radiocarbon dating in coastal northern Hokkaido is challenged by the marine 

reservoir effect and the scarcity of materials with terrestrial carbon source. This has 

contributed to gaps and general uncertainty in the timing of the region's culture-historical 

periods. The Late Holocene site of Hamanaka 2 in Rebun Island, featuring a stratified shell 

midden context with excellent preservation of organic remains, provides an ideal setting for 

addressing this issue. A Bayesian chronological model was subsequently deployed to study the 

timing of the site using a series of radiocarbon-dated macrobotanical samples. This resulted in 

improved dating precision in eight of thirteen phases examined, providing the site with a more 

accurate chronology than before. These temporal data were consequently integrated with local 

palaeoecological evidence, revealing a synchrony between cultural period changes and human-

induced landscape transformations. The study demonstrates that the technique should permit 

more efficient building of archaeological chronologies in similar maritime environments. 

 

Keywords: Radiocarbon dating; marine reservoir effect; Bayesian statistics; Hokkaido; 

Okhotsk; island ecology 

 

 

1. Introduction  

Marine dietary contributions have been demonstrated to vary greatly among aquatic organisms 

in the coastal areas in northeast Asia, leading to high reservoir offsets and reduced efficiency 

with the radiocarbon (14C) dating technique (Kuzmin et al., 2007; Miyata et al., 2016). 

Consequently, in a region with peaking marine activities, terrestrial materials suitable for 

reliable dating are oftentimes scare in cultural assemblages. Chronological inference is further 

complicated by the atmospheric radiocarbon calibration curve plateauing at critical times in the 

region’s cultural sequence, introducing disproportionate age-ranges to calibrated radiocarbon 

dates in the first millennium BC and first millennium AD (Reimer et al., 2013). 

These factors have resulted in increased uncertainty and chronological gaps in the 

culture history of Late Holocene northern Hokkaido (~1800 BC–1250 AD). The period is 

marked by prehistoric communities, such as the final-stage Jomon, Susuya, Okhotsk and 

Satsumon Cultures, that had different subsistence economies and source origins (Oba and Ohyi, 

1981; Ono and Amano, 2008; Crawford, 2011). However, further work is required to 
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understand how these cultures relate to each other and what kind of impact they had on their 

respective ecosystems. Estimating the timing of these cultures is a critical aspect of this work. 

Recognized as a unique setting for exploring hunter-gatherer lifeways and human 

ecodynamics in Hokkaido, the Hamanaka 2 site has been subject to multiple interdisciplinary 

studies in the past ten years (Sato et al., 2009; Naito et al, 2010; Leipe et al., 2017; Lynch et al., 

2018; Schmidt et al., 2019). The site features a stratified >3000-year occupation sequence 

extending from the Late Jomon to the Historical Ainu period, where a favorable burial 

environment has supported the preservation of organic materials (Hirasawa and Kato, 2019). 

Present at the site is also an uninterrupted shell midden-type sequence attributed to the 

maritime Okhotsk Culture, emerging in the region around 400–500 AD (Ono and Amano, 

2008). The Okhotsk show a diverse cultural background traced to Sakhalin Island and the lower 

Amur region in Russia (Sato et al., 2009). The Okhotsk were engaged in long-distance trading 

activities, expanding out to the northern and eastern coasts of Hokkaido during a cooling 

climate period (Büntgen et al., 2016), and interacting with multiple native prehistoric groups 

over the course of the second half of the first millennium (Hudson, 2004; Ono, 2008). Divided 

into four main stages on the basis of changing pottery traditions in northern Hokkaido, the 

Okhotsk typological dating is frequently used as an important chronological tool and a source 

of reference for archaeologists in northeast Asia (Ono, 2008). This typological dating, however, 

requires an adequate proof, using robust radiocarbon chronology control (e.g. Long et al., 

2017).   

To take advantage of the study site’s stratigraphic sequence and well-preserved material 

record, a Bayesian model (Buck et al., 1996; Benz et al., 2012) was subsequently deployed 

using a series of radiocarbon dated macrobotanical samples (Leipe et al., 2018) and the OxCal 

v4.3.2 software (Bronk Ramsey, 2017). The objective of the present study was therefore to 

improve our understanding of the cultural chronology from the final-stage Jomon to the 

Satsumon period in northern Hokkaido. This approach, it was postulated, should result in an 

increasingly accurate chronology for the site’s settlement sequence, while also providing a 

temporal estimate on the duration of its occupation gap following the Epi-Jomon phase.  

Improvements in dating precision were anticipated especially for assemblages in the 

second half of the first millennium, where multiple chronological priors are applicable to the 

well-stratified Okhotsk Culture shell midden concentration. In addition, the modeled ages were 

compared with the existing chronological framework outlined for the Late Holocene northern 

Hokkaido. Finally, these chronological data were integrated with local palaeoenvironmental 

evidence to tentatively explore the evolution of human ecodynamics in Rebun Island. 
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2. Study site and material culture 

Rebun is a wedge-shaped and hilly island in the Sea of Japan, located ~50 km west of the 

northernmost tip of Hokkaido (Cape Nossappu) and ~90 km south of Sakhalin Island (Fig. 1-

2). It has a maximum length and width of 20 km and 6 km, respectively, and a land area of ~80 

km2. The island’s highest point is Mt. Rebun (490 m), which is surpassed in elevation by Mt. 

Rishiri (1718 m), a conical volcano located on Rishiri Island ~10 km to the southeast from 

Rebun. The region is characterized by temperate climate and predominantly controlled by the 

East Asian Monsoon System, which secures year-round moist conditions (Igarashi 2013). The 

summers are warm, and the winters cold and stormy, with the effects of the Tsushima Warm 

Current and the East Asian Winter Monsoon circulation producing heavy snowfall and 

preventing the formation of sea ice (Nikolaeva and Shcherbakova, 1990; Müller et al., 2016). 

The island lies within the cool mixed forest biome (COMX) zone (Gotanda et al., 2002), 

where the natural vegetation cover comprises cool temperate and boreal woody plants (Igarashi, 

2013). Rebun Island has a low biodiversity and does not support large terrestrial mammals, 

Fig. 1. Location of Rebun Island in northern 

Hokkaido, Japan. 

Fig. 2. Location of the Hamanaka 2 site in Rebun 

Island. 
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such as the brown bear (Ursus arctos) or deer (Cervus nippon). By contrast, the island offers 

access to abundant aquatic offshore resources, such as marine fish, sea mammal and shellfish, 

that are complemented by salmonid and freshwater fish in Rebun’s lake and river systems. 

 

 

 

The Hamanaka 2 site is located at Funadomari Bay on the northern coast of Rebun 

Island, ~1500 m to the east from Lake Kushu. The site complex consists of shell-midden type 

deposits on top of a coastal sand dune (Hirasawa and Kato, 2019), formed as a result of human 

activities that produced and accumulated sediment, ecofacts and cultural materials for >3000 

years (Sakaguchi, 2007). The present study is focused on the excavation area at the Nakatani 

locality (Fig. 3), where a unique succession of nine stratigraphic units (I–IX) dating back to 

~1350 BC from the Final Jomon to the Historic Ainu period (Fig. 4) was documented between 

2011–2019 (Hirasawa and Kato, 2019). 

The subsistence at Hamanaka appears to have been predominantly focused on the 

marine food web, with findings such as bone harpoon heads, hooks and other tools typical of 

Northern Pacific maritime communities recorded across the occupation sequence. By contrast, 

during the Epi-Jomon and Okhotsk Culture periods terrestrial animal species, mainly dog 

(Canis domesticus), pig (Sus scrofa inoi) and bear (Ursus arctos) were consumed sporadically 

Fig. 3. Study site map of Hamanaka 2 showing the location of the excavated area at the Nakatani locality (A) 

(Hirasawa and Kato, 2019). 
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at the site, with wild and domestic plants serving as complementary food sources (Crawford, 

2011; Leipe et al. 2018; Hirasawa and Kato, 2019). 

 

 

 

 

 

 

The Final Jomon, Epi-Jomon, and the early-stage Okhotsk assemblages (units V–IX) at 

Hamanaka 2 reflect cultural activity zones associated with food processing and consumption, 

and lithic production. Human burials were also found in these cultural layers, as well as 

evidence of ritual activities, such as sea mammal worship (Fig. 5-6). In the Middle Okhotsk 

occupation, and in the ensuing Late and Final Okhotsk, and Historical Ainu phases (IV–II), 

Hamanaka 2 transforms into a shell midden site dominated by marine fauna (Fig. 7). Human 

burial and the practice of animal rituals, however, persist throughout the site’s settlement 

history, extending from the Okhotsk between the fifth and the tenth century AD, to the 

Historical Ainu period between the 16th and 19th century (I). The Satsumon occupation at 

Hamanaka 2 takes place between these two cultural periods, approximately in the 12th and 13th 

Fig. 4. Profile picture indicating the stratigraphic succession of the Hamanaka 2 site,  

Nakatani locality, including the stratigraphic units and subunits, the excavation grid system 

and elevation in meters above sea level (ASL) (Hirasawa and Kato, 2019).  
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centuries (Hirasawa and Kato, 2019). Due to limited material assemblages associated with this 

occupation, it is unclear what subsistence economy was adopted by the Satsumon in Rebun. 

 

 

 

 

 

 

 

 

Fig. 5. Sea lion crania deposited next to a hearth in Unit VIII at the Hamanaka 2 site, 

Nakatani locality, showing evidence of ritual treatment. 

 

Fig. 6. Sea lion cranium with large perforations in Unit VIII at the Hamanaka 2 site, Nakatani 

locality, possibly resulting from ritual treatment. 
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3. Materials and sampling 

Radiocarbon dates used in the present chronological study were obtained from samples selected 

from thirteen stratigraphically and typologically distinguishable cultural layers (Table 1). To 

avoid sampling biases stemming from our prior vision of the site’s chronology, a sample’s 

uncalibrated 14C-age – expressed in “BP” years – was not a criterion to retain or omit a date. In 

addition, with the marine reservoir effect manifested in the marine organisms present in the 

Hamanaka 2 archaeological record, materials with exposure to the aquatic food web were 

disregarded. 

Indeed, marine dietary contributions have been demonstrated to vary greatly among 

aquatic organisms in coastal Hokkaido due to the complex carbon cycle present in the oceanic 

food web (Kuzmin et al., 2007; Miyata et al., 2016). Consequently, at a site with peaking 

maritime activities, an adequate marine dietary input could not be applied to human bone 

samples, and therefore these materials were also ruled out (Okamoto et al., 2016). Likewise, 

dates from charred pottery crusts were omitted from the model as they may contain carbon 

introduced from either the marine or the freshwater food webs (Kunikita, 2016; Miyata et al., 

2016; Kunikita et al., 2017). Therefore, sample selection was focused only on organic materials 

with carbon known to have been sourced from the atmospheric reservoir. 

Fig. 7. Profile picture taken of the study site’s Unit III shell midden context at the Hamanaka 2 site, 

Nakatani locality, shown are also the units directly below (IV) and above (II-I) it. 
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However, while exclusive use of terrestrial samples eliminates the uncertainty 

associated with the marine reservoir offset, there are other aspects that need to be considered. 

For instance, charcoal and other materials derived from wood are susceptible to the “old wood 

effect” that makes a sample appear more ancient than the context it is deposited in. By contrast, 

seeds and other short-lived remains (e.g. twigs) of terrestrial plants are optimal for dating 

purposes in that the temporal difference between the moment the organism ceased to exchange 

carbon with the environment, i.e. the dated event, and the activity that generated the 

archaeological event, is likely much shorter.  

That said, their recovery in archaeological excavations requires additional labor 

investment and material availability can be limited depending on the context of cultural 

deposits. After assessing the sources of uncertainty associated with the 14C-dates available from 

Hamanaka 2, a Bayesian chronological model was built with priority given to dates based on 

seed samples. These materials were complemented by dates derived from charcoal and twigs. 

Hence the study was carried out using a total of 34 seed and 10 charcoal dates, and one twig 

sample. All macrobotanical remains were obtained through flotation of soil samples, where the 

location of each sample is documented at 1 x 1 m accuracy, with also either the main 

stratigraphic unit or its subunit recorded (Müller et al., 2016; Leipe et al., 2017, 2018).  
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Code Material Layer Grid Phase Context BP Error δ13C (‰) Reference 

Poz–60760 Sambucus sieboldiana I A02–d2 Historical Ainu Shell deposit 165 30 –28.7 Müller et al., 2016 

Poz–60761 Aralia sp. I A02–d2 Historical Ainu Shell deposit 115 30 –30.3 Müller et al., 2016 

Poz–60762 Charred twig I A02–d2 Historical Ainu Shell deposit 210 30 –25.0 Müller et al., 2016 

Poz–73796 Charcoal I A02–d2 Historical Ainu Shell deposit 120 30 –28.9 Leipe et al., 2018 

Poz–91168 H. vulgare v. nud. I Z02–c3 Historical Ainu Grid sub–sample 80 30 –33.8 Leipe et al., 2018 

Poz–91169 H. vulgare v. nud. I Z02–c3 Historical Ainu Grid sub–sample 1175 30 –31.7 Leipe et al., 2018 

Poz–73797 Charcoal IIa A04–d4/Z04–c3 Satsumon Grid sub–sample 215 30 –28.1 Leipe et al., 2018 

Poz–91167 H. vulgare v. nud. IIa A04–d4/Z04–c3 Satsumon Grid sub–sample 1245 30 –29.7 Leipe et al., 2018 

Poz–73798 Charcoal IIb Z04–c3 Unidentified Grid sub–sample 210 30 –28.9 Leipe et al., 2018 

Poz–91165 H. vulgare v. nud. IIc Z03–b3 Motochi 2 Grid sub–sample 130 30 –32.2 Leipe et al., 2018 

Poz–73799 Charcoal IIc Z04–c3 Motochi 2 Grid sub–sample 1165 30 –28.3 Leipe et al., 2018 

Poz–73801 Charcoal IIIa Z04–c3 Motochi 1 Grid sub–sample 170 30 –26.0 Leipe et al., 2018 

Poz–84278 H. vulgare v. nud. IIIa Z04–c3 Motochi 1 Grid sub–sample 1170 30 –29.7 Leipe et al., 2017 

Poz–84277 H. vulgare v. nud. IIIa Z04–c3 Motochi 1 Grid sub–sample 1215 30 –31.4 Leipe et al., 2017 

Poz–81342 H. vulgare v. nud. IIIb Z04–c3 Chinsenmon–Motochi Grid sub–sample 1180 30 –24.0 Leipe et al., 2017 

Poz–60768 Toxicodendron sp. IIIb Z04–c3 Chinsenmon–Motochi Grid sub–sample 1215 30 –30.9 Müller et al., 2016 

Poz–81341 H. vulgare v. nud. IIIb Z04–c3 Chinsenmon–Motochi Grid sub–sample 1215 30 –23.5 Leipe et al., 2017 

Poz–81340 H. vulgare v. nud. IIIb Z04–c3 Chinsenmon–Motochi Grid sub–sample 1220 30 –25.4 Leipe et al., 2017 

Poz–60767 Vitis coignetiae IIIb Z04–c3 Chinsenmon–Motochi Grid sub–sample 1265 30 –28.8 Müller et al., 2016 

Poz–60766 Toxicodendron sp. IIIb Z04–c3 Chinsenmon–Motochi Grid sub–sample 1305 30 –27.6 Müller et al., 2016 

Poz–84281 H. vulgare v. nud. IIIc Z04–c3 Chinsenmon Grid sub–sample 1275 30 –29.6 Leipe et al., 2017 

Poz–84280 H. vulgare v. nud. IIIc Z04–c3 Chinsenmon Grid sub–sample 1285 30 –30.7 Leipe et al., 2017 

Nuta2–21213 H. vulgare v. nud. IIIc Z02–b3 Chinsenmon Shell midden 1320 40 N/A This study 

Poz–73802 Charcoal IIIc Z04–c3 Chinsenmon Grid sub–sample 1455 30 –26.7 Leipe et al., 2018 

Poz–84285 H. vulgare v. nud. IIId B03–a3 Kokumon–Chinsenmon Pit 1 1275 30 –32.4 Leipe et al., 2017 

Poz–84282 H. vulgare v. nud. IIId Z03–b3 Kokumon–Chinsenmon Grid sub–sample 1295 30 –25.9 Leipe et al., 2017 

Poz–84283 H. vulgare v. nud. IIId Z03–b3 Kokumon–Chinsenmon Grid sub–sample 1335 30 –29.6 Leipe et al., 2017 

Poz–84284 H. vulgare v. nud. IIId B03–a3 Kokumon–Chinsenmon Pit 1 1475 30 –30.9 Leipe et al., 2017 

Nuta2–21216 H. vulgare v. nud. IIIe z02–b3 Kokumon Shell midden 1154 45 N/A This study 

Poz–84286 H. vulgare v. nud. IIIe Z03–b3 Kokumon Grid sub–sample 1350 30 –19.3 Leipe et al., 2017 

Poz–84287 H. vulgare v. nud. IIIe Z03–b3 Kokumon Grid sub–sample 1520 30 –30.6 Leipe et al., 2017 

Poz–102824 Vitis coignetiae IV A02–b4 Towada 2 Pit 1535 30 –23.6 This study 

Poz–102853 Vitis coignetiae V A02–a3 Towada 1 Hearth 1540 30 –29.2 This study 

Poz–102825 Vitis coignetiae V A02–a3 Towada 1 Hearth 1550 30 –28.0 This study 

Poz–91170 H. vulgare v. nud. VII A03–a3 Epi–Jomon Hearth 2 1555 30 –30.7 Leipe et al., 2018 

Poz–91177 Toxicodendron sp. VII A03–a3 Epi–Jomon Hearth 2 2115 30 –36.3 Leipe et al., 2018 

Poz–91175 Vitis coignetiae VII A03–d2 Epi–Jomon Hearth 2 2170 30 –28.9 Leipe et al., 2018 

Nuta2–21214 Toxicodendron sp. VII A03–b2 Epi–Jomon Hearth 2176 43 N/A This study 

Poz–73803 Charcoal VII A03–c2 Epi–Jomon Hearth 1 2195 30 –25.5 Leipe et al., 2018 

Poz–73804 Charcoal VII A03–c2 Epi–Jomon Hearth 1 2200 35 –26.3 Leipe et al., 2018 

Poz–73805 Charcoal VII A03–c2 Epi–Jomon Hearth 1 2220 30 –27.7 Leipe et al., 2018 

Poz–73806 Charcoal VII A03–b4 Epi–Jomon Hearth 1 2220 30 –27.7 Leipe et al., 2018 

Poz–91171 H. vulgare v. nud. VII A03–a3 Epi–Jomon Hearth 2 2220  30 –30.8 Leipe et al., 2018 

Poz–91179 Sambucus sieboldiana VIII B03–c2/B03–b3 Final Jomon/ Epi-Jomon Pit 2200 30 –32.0 Leipe et al., 2018 

Poz–91178 Vitis coignetiae VIII B03–b3/B03–b4 Final Jomon/ Epi-Jomon Pit 2240 30 –28.2 Leipe et al., 2018 
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Consequently, no datable materials meeting the selection criteria could be recovered 

from Unit IX (Final Jomon), and therefore said layer is not discussed further in this paper. The 

bottom-most sampled layer, Unit VIII, comprises three subunits a-c which are characterized by 

dim yellow and brownish sand sediments, corresponding to the Final Jomon and Epi-Jomon 

cultural phases (see Fig. 8 for final-stage Jomon-type pottery). Two dated samples were 

collected from this layer, however their corresponding subunits could not be recorded. Unit VII 

is characterized by brownish sand and corresponds to the Epi-Jomon culture phase. A total of 

nine dates were derived from this context. Unit VI is a thick ~60–80 cm layer of white sand, it 

is not attributed to any archaeological culture or settlement and no archaeological dates were 

available from this unit. 

 

Fig. 8. Examples of Final-stage Jomon pottery recorded at the study site (Hirasawa and Kato, 2019). 

Table 1. List of 14C-dates from Hamanaka 2 used in the Bayesian model. The following data are 

expressed; sample code, species, stratigraphic unit (layer) and location data (grid), cultural affiliation 

(phase), archaeological context, radiocarbon age in uncalibrated “BP” years, measurement error, sample 

δ13C level and sample reference/ publication status. 

 



12 
 

Above the sterile layer VI are the Early Okhotsk-phase (i.e. Towada-style, see Fig. 9 for 

northern Hokkaido Okhotsk pottery types) units V and IV. Unit V is divided into two subunits 

Va-b, marked by brownish and black brownish sandy sediments, respectively. The sediment in 

Unit IV is characterized as white and sandy. These previously undated units were age-estimated 

with three additional macrobotanical samples, two from Unit V (subunit not recorded) and one 

from Unit IV – each measured at the Poznan Radiocarbon Laboratory in 2018.  

Unit III is assigned to the Middle, Late and Final Okhotsk phases by pottery typology, 

and divided into six stratigraphic subunits IIIa-f. Sediment in units IIIa-f is characterized as 

brownish and black brownish sand featuring high concentrations of marine fauna and charcoal 

deposits. Three 14C-dates were obtained from samples collected from the bottom-most subunit 

IIIf that corresponds to the Kokumon/ Enaura B pottery tradition phase. Further four dates were 

obtained from IIIe, defined as Kokumon–Chinsenmon transitive phase. This is followed by 

subunits IIIb-d, which are assigned to the Chinsenmon phase. Four samples were collected from 

the subunits IIIc-d. However, no stratigraphic distinction could be made between them, and 

therefore they were modeled as one stratigraphic unit. In total, six dates were selected from the 

transitive Chinsenmon–Motochi subunit IIIb, while three samples were recovered from the 

Motochi-phase “Motochi 1” subunit IIIa. 

 

 

 

 

Fig. 9. Okhotsk-type pottery recovered at the study site in units IV, III and IIc (Hirasawa and Kato, 

2019). 
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Unit II breaks down to subunits IIa-c, found directly on top of Unit III. Two radiocarbon 

ages were recovered from subunit IIc, which is marked by yellow and dark brownish sandy 

sediment, and assigned to the Late Motochi phase of the Final Okhotsk period. On top of this 

layer is subunit IIb with an unidentified cultural component and black brownish sand sediment 

type. One dated sample was obtained from this layer. In addition, two radiocarbon dates from 

subunit IIa, assigned to the Satsumon Culture (Fig. 10) phase and characterized by yellow sandy 

sediment, were available for the present study. Finally, a total of six dates were obtained from 

Unit I corresponding to the Historical Ainu period. The layer features a high concentration of 

abalone sea shells, with a sediment characterized by gray and blackish sand. 

 

4. Methods 

A Bayesian chronological model (Bronk Ramsey, 1995) was built using OxCal v.4.3.2 

(Bronk Ramsey, 2017), making use of the site’s clear and detailed stratigraphy (Benz et al., 

2012) and the Intcal-13 atmospheric curve (Reimer et al., 2013). The model (see Appendix) 

was constructed on a simple stratigraphic principle that samples recovered from deeper layers 

must be older than those from above. The above described phases were therefore categorised 

as either sequential or contiguous depending on their stratigraphic relationship to one another 

(Bronk Ramsey, 1995). Where the two layers were in contact, a contiguous relationship was 

defined. When this was not the case (i.e Epi-Jomon and Early Okhotsk units VII and V), a 

simple sequential relationship was modelled. Considering possible redeposition of the sampled 

macrobotanical remains by bioturbation, as well as the potential for the old wood effect present 

Fig. 10. Drawing of Satsumon-type pottery recorded at a nearby Okhotsk settlement, the Kafukai 1 site 

in Rebun Island (Oba and Ohyi, 1981). 
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in the charcoal samples, each sample’s place within the model was subject to the agreement 

index of the calibrated date and an outlier analysis function. Sample exclusion was in line with 

criteria set out in Bronk Ramsey (2009). 

 

Culture period Typology Unit Site function 
Conventional 

Chronology 

Modeled mean 

phase boundaries 

Modeled max. phase 

boundaries (2-𝜎) 

Historical Ainu I 
Shell midden 

Animal rituals 

1550–1900 

AD 
1732–1802 cal AD 1653–1911 cal AD 

Satsumon IIa  
1100–1200 

AD 
1698–1732 cal AD 1645–1814 cal AD 

Unidentified cultural 

component 
IIb   1315–1698 cal AD 846–1796 cal AD 

Final Okhotsk Motochi 

IIc 

Shell midden 

Animal rituals 

Human burials 

800–900 AD 

856–1315 cal AD 785–1677 cal AD 

IIIa 807–856 cal AD 735–929 cal AD 

Late Okhotsk Chinsenmon 

IIIb 

650–800 AD 

738–807 cal AD 697–875 cal AD 

IIIc 

713–738 cal AD 677–771 cal AD 

IIId 

Middle 

Okhotsk 

Kokumon/ 

Enaura B 

IIIe 

550–650 AD 

596–713 cal AD 549–759 cal AD 

IIIf 548–596 cal AD 475–643 cal AD 

Early Okhotsk Towada 

IV Stone working  

Food processing 

Animal rituals 

Human burials 

400–550 AD 

509–548 cal AD 440–601 cal AD 

V 457–509 cal AD 361–567 cal AD 

Sand layer (no findings) VI Natural formation  
255 cal BC–457 cal 

AD 

356 cal BC–556 cal 

AD 

Epi-Jomon Nusamai VII Stone working  

Food processing 

Animal rituals 

 

350 BC– 350 

AD 
273–255 cal BC 361–186 cal BC 

Final Jomon/ 

Epi- Jomon 

Hamanaka-

Omagari 
VIII 350–1050 BC 296–273 cal BC 389–206 cal BC 

 

 

 

 

5. Results 

Table 2. Results table. Age-ranges modeled for the archaeological cultural sequence at the Hamanaka 2 

site, expressed in mean and maximum (2-𝜎) date estimates for phase start and end dates. Compared with 

conventional chronologies for northern Hokkaido. (Deryugin, 2008; Ono, 2008; Tashiro, 2017; 

Hirasawa and Kato, 2019). 
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The chronology of the Hamanaka 2 site (Table 2) was investigated with a sample set comprising 

45 radiocarbon dates across thirteen cultural layers. To optimize the accuracy of the 

chronological model developed, outliers in the dataset were first identified and eliminated. In 

total, seven dates (NUTA2-21216, Poz-73801, Poz-73802, Poz-84286, Poz-91165, Poz-91167 

and Poz-91169) were found to be inconsistent with the model after failing to meet the 60% 

agreement threshold established in Bronk Ramsey (2009). These samples were hence omitted 

from further analyses.  

In addition, Poz-91170 in Unit VII (Epi-Jomon), while compliant with the agreement 

threshold, appeared far more recent than the other samples in the same phase. Poz-91170 was 

derived from a hearth context along with two other samples that predate it by >550 radiocarbon 

years. Because Unit VII could not be constrained by an end boundary, the agreement index was 

not considered a good test of the sample’s fit within the phase. The inclusion of sample Poz-

91170 had had the effect of constraining the start date of the “Towada 1” phase (Unit V), 

making it more recent than the model would otherwise permit. The samples from Unit VII were 

therefore modeled separately and subjected to an outlier analysis function. Sample Poz-91170 

failed the outlier analysis and was subsequently removed. Finally, the exclusion of Poz-91170 

had an effect on the agreement score of sample Poz-91177, found to be below the 60% threshold 

when the model was run with the eight samples omitted. Hence, Poz-91177 was removed from 

the model as well, bringing the total number of outliers in the dataset to nine. 

Following these adjustments, the OxCal model was run with a total of 36 dates from 

thirteen stratigraphic units (Fig. 11). The two earliest layers corresponding to the Final Jomon 

and Epi-Jomon phase (VIII), and the Epi-Jomon culture phase (VII), respectively, showed little 

variation and exhibited overlapping temporal distributions. The timing of Unit VIII was 

modeled between 296–273 cal BC, followed by the successive Epi-Jomon phase in Unit VII, 

modeled between 273–255 cal BC. A phase duration is a relationship between two separate 

events, expressed here as the likeliest modeled start and end dates using mean point estimates 

(Michczyński, 2007). Maximum phase durations with 2-𝜎 confidence intervals are provided in 

Table 2. Therefore, these occupations likely had a combined duration of ca. 100 years. This 

time frame, however, coincides with a plateau in the calibration curve at 335–215 cal BC, 

creating multimodal dating probability distributions and stretching age ranges. Since priors 

could not be introduced on both sides of the phases modeled, a timeline with sub-centennial 

accuracy cannot be provided. 

On top of these strata is Unit VI, devoid of archaeological features or datable materials. 

Above it is Unit V, corresponding to the earliest Okhotsk phase, “Towada 1”, and timed 
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between 457–509 cal AD. It is followed by another, contiguous, phase in Unit IV (“Towada 

2”), modeled between 509–548 cal AD. From these results we can infer the presence of an 

occupation hiatus corresponding to the naturally formed Unit VI at Hamanaka 2, extending 

from 255 cal BC to 457 cal AD, on the basis of the mean end and start date estimates for units 

VII and V, respectively. 

The age-modeling for the ensuing Okhotsk Culture shell midden succession at the study 

site was supported by stratigraphic priors available for both phase start and end boundaries, 

resulting in higher dating precision and insulating the age estimates from the effects of the 

plateauing calibration curve at 440–525 cal AD and 695–760 cal AD. The Middle, Late and 

Final Okhotsk phases in Unit III, are divided into six “fishbone layer” subunits IIIa-f. At the 

bottom is IIIf, corresponding to the Middle Okhotsk Kokumon/Enaura B type pottery, modeled 

between 548–596 cal AD. Layer IIIe, in turn, is a transitive subunit associated with the 

Kokumon–Chinsenmon typologies, modeled between 596–713 cal AD.  

This is followed by the main Late Okhotsk phase subunits IIIc-d, marked by 

Chinsenmon-style pottery and dated between 713–738 cal AD, and the transitive Chinsenmon–

Motochi subunit IIIb, dated between 738–807 cal AD. The uppermost layer of Unit III is the 

Final Okhotsk-phase subunit IIIa, i.e. “Motochi 1”, dated between 807–856 cal AD. This is 

ensued by the latest Okhotsk occupation at Hamanaka 2 in the subunit c (“Motochi 2”), 

pertinent to Unit II, and modeled between 856–1315 cal AD. It is followed by subunit IIb 

(unidentified cultural component), timed between 1315–1698 cal AD. The timing of subunit IIc 

is modeled using one date that has a 95.4% age distribution between 824–973 cal AD. Likewise, 

subunit IIb is modeled using one date (Poz-73799) with a 95.4% age distribution between 1530–

1786 cal AD. Hence, the temporal distance between the dates in subunits IIc and IIb is 

approximately 700 calendar years.  

Since these layers are successive, i.e. contiguous, in the Hamanaka 2 stratigraphy, the 

end date boundary for the Final Okhotsk period is stretched and cannot be estimated with 

acceptable accuracy without adding more dates from subunits IIc and IIb. Until additional dates 

become available from this time period, the modeled age-range of Poz-73799 should be viewed 

as a terminus ante quem for the end of Okhotsk occupation at Hamanaka 2.  

In turn, subunit IIa (Satsumon) was dated between 1686–1732 cal AD, which surpasses 

the expected timing for this culture at Hamanaka 2 by >500 years. Finally, Unit I (Historical 

Ainu) was modeled between 1732–1802 cal AD. While it is increasingly likely that the samples 

dated in subunits IIb and IIa are out of context and pertain to the more recent layers – probably 
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the Historical Ainu period in Unit I – they were not eliminated as they passed the outlier 

screening. 

 

 

To assess the efficiency of the model used, the modeled phase durations (at the 95.4% 

confidence interval) were compared with unmodeled age ranges of individually calibrated dates 

Fig. 11. Results of Bayesian age-modeling of 36 radiocarbon dates in thirteen archaeological layers 

using OxCal 4.3.2 (Bronk Ramsey, 2017). 
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from each phase. These comparisons indicate that the model improved the dating precision of 

eight of the thirteen phases examined. Dating precision improved the most in contiguously 

ordered layers where both start and end dates were constrained by chronological priors, and 

multiple dates were available. The dating precision in units IIIa-f and IV improved 3–65%. 

Likewise, the dating precision of units VIII and VII – ordered contiguously with a single prior 

– improved by 8% and 53%, respectively. In turn, the chronological model used did not improve 

the dating precision of phase V – constrained by a single prior – where 20% was added to the 

modeled phase duration. Similarly, the timing of phases IIa-c did not improve, rather, the age-

ranges of these three subunits expanded compared to unmodeled dates between 12–78%. While 

these phases were each constrained by both start and end boundaries, the low number of samples 

(each of the three phases were modeled using one date, since two dates from this unit were 

eliminated as outliers) and potential issues with bioturbation likely led to suboptimal dating 

precision. Finally, the modeled age range for phase I did not materially change compared to the 

distribution of its constituent individual dates, with the dating precision decreasing by 6%. This 

phase, however, was only constrained by a single (start boundary) prior. 

 

 

 

Fig. 12. Archaeological radiocarbon data integrated with palaeoenvironmental evidence. Mean age-

ranges for all modeled phases (this study) in comparison with the terrestrial pollen sum diagram for the 

RK12 sediment core from Lake Kushu (Leipe et al., 2018) 
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6. Discussion 

A probabilistic chronological model was deployed using a series of radiocarbon dates of 

terrestrial macrobotanical samples for investigating the timing of the Hamanaka 2 site’s 

occupation sequence. This technique responded as anticipated, narrowing down age-ranges in 

contexts where multiple temporal priors were available, resulting in the first reliable chronology 

for the study site and its cultural components. Consequently, the model confirms and further 

refines parts of the existing chronology for northern Hokkaido (Hudson 2004; Weber et al., 

2013; Abe et al., 2016; Kumaki et al., 2017), corroborating the notion that the Hamanaka 2 

sequence captures the region’s cultural dynamics. This is the case, in particular, with the 

Okhotsk Culture, estimated to have settled Hamanaka 2 from the fifth to the tenth century cal 

AD, which is consistent with the conventional chronology outlined for the culture in northern 

Hokkaido (Oba and Ohyi 1981; Amano 2003; Ono and Amano, 2008; Deryugin 2008). 

The two earliest occupation phases corresponding to the Final Jomon and Epi-Jomon 

culture periods, and the Epi-Jomon culture period, respectively, appear to have been shorter 

than previously assumed, amounting to a combined occupation duration of ca. 100 years. 

Hamanaka 2, therefore, appears to partially track the evolutionary trajectory of final-stage 

Jomon cultures in northern Hokkaido. In turn, the final-stage Jomon horizon is separated from 

the Early Okhotsk (Towada) phase by a natural sediment formation whose approximate 

temporal dimensions extend from the mid-third century BC to the fifth century AD.  

The inferred occupation hiatus between the Epi-Jomon phase and the Early Okhotsk 

(Towada) phase overlaps with the Susuya cultural period, which is absent from the Hamanaka 

settlement sequence, but present in Hokkaido, including Rebun Island, ca. 100–500 AD (Oba 

and Ohyi, 1981; Kumaki et al., 2017). Consequently, the ensuing Towada period occupation at 

Hamanaka was estimated to have been occurred during the second half of the fifth century AD, 

which is in line with chronologies posited in Ono (2008), Ono and Amano (2008) and Deryugin 

(2008). 

Moreover, vegetation change episodes inferred in palaeoecological records were 

intersected with the modeled 14C-data to examine the Rebun Island human and vegetation 

dynamics during the Okhotsk Culture sequence (Fig. 12). The modeled date for the onset of the 

Middle Okhotsk (Kokumon) stage ca. mid-sixth century cal AD coincides with the first 

evidence of human-induced forest clearing activities in Rebun ~550 AD (Leipe et al., 2018). 

This age-estimate for the Middle Okhotsk is supported by previous studies on the 

Kokumon/Enaura B assemblages in northern Hokkaido (Hudson, 2004; Ono, 2008; Ono and 
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Amano, 2008; Deryugin, 2008), dated around the mid-sixth century, and occurring in concert 

with the so called Late Antique Little Ice Age ~536–660 cal AD (Büntgen et al., 2016). The 

sudden cooling period may have favored the maritime-adapted Okhotsk Culture, whose 

subsistence should have benefited from extended sea ice coverage and longer marine hunting 

and fishing seasons due to prolonged winters. These dynamics likely lead to increased 

demographics and a subsequent Okhotsk expansion to coastal Hokkaido in the second half of 

the sixth and the seventh century AD (Amano, 2003; Ono, 2008).  

That said, the forest clearing activities according to palynological data appear to 

intensify during or slightly before the transition from the Middle to the Late Okhotsk 

(Chinsenmon) phase, modeled in the seventh or the first half of the eighth century AD. This 

trend, however, is reversed and a full recovery in forest coverage to pre-Okhotsk levels ensues 

ca. 800 cal AD, coincident with the modeled onset of the Final Okhotsk (Motochi) period (807–

856 cal AD).  

The Late Motochi layer above the shell midden sequence marks the end of the Okhotsk 

occupation at the study site in the ninth or tenth century AD, during which the culture entered 

a terminal decline in Hokkaido (Hudson 2004; Ono and Amano, 2008). The end date for the 

Okhotsk occupation at Hamanaka 2, however, could not be modeled with precision. This is due 

to challenged sample quality in the upper layers corresponding to the Satsumon Culture and a 

yet-to-be identified cultural component. Indeed, two of the three macrobotanical samples 

recovered from these layers have 14C-age distributions falling within the ranges associated with 

the Historical Ainu period (1550–1900 AD), suggesting that these materials likely originate 

from the upper layers. While a realiable terminus ante quem date – on the basis of the date in 

the Final Okhotsk layer (824–973 cal AD) – can be provided for the end of Okhotsk period, 

further samples with increased contextual predictability are required to time the ensuing 

occupation phases. 

On the other hand, nine dates in total proved inconsistent with the model and were 

treated as outliers. Given that no complications with the analytical work concerning the dating 

of the samples were reported, systemic issues with contamination and the introduction of 

modern carbon in the sample materials appear unlikely. However, the Hamanaka 2 site is a 

multi-phase setting at a beachfront where disturbances, such as bioturbation, marine influence 

(flooding and wave action) and wind erosion (deflation) by exposition, to site stratigraphy are 

common. These circumstances have likely transferred small objects such as macrobotanical 

remains horizontally and/or vertically from their original place of deposition to other cultural 

contexts. Indeed, while the location of the materials collected was properly recorded and dates 
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from features such as hearths were prioritized, this factor could not be fully eliminated and it 

may have produced outliers in the sample set.  

Therefore, we conclude that the primary disadvantage of dating small, short-lived 

botanical materials in a stratified succession is the potential loss of contextual predictability, 

addressable with a high number of samples, rigid quality control, and proper elimination of 

outliers. In spite of this challenge, however, the model presented here in general yielded a robust 

chronology for the Hamanaka site complex, that allowed to overcome the issues associated with 

14C-dates derived from materials affected by marine reservoir offsets. Further work to validate 

this approach should be conducted with an expanded dating programme in a similar context. 

This is possible, for instance, at the nearby Kafukai sites in Rebun Island (Oba and Ohyi, 1981), 

or at Kuznetsova I in Sakhalin Island (Vasilevski et al., 2010) – both contemporaneous multi-

phase settlements – where human ecodynamics and artefact chronologies could be further 

investigated and compared with Hamanaka 2 site’s culture-historical trajectory. 

 

7. Conclusions 

In this paper we tested the applicability of radiocarbon-supported Bayesian chronological 

modeling at a multi-phase site in northern Hokkaido, where a high-resolution timeline of the 

Late Holocene period is becoming increasingly necessary for a network of interdisciplinary 

researchers. The region, however, is marked by peaking marine activities and a complex 

oceanic carbon cycle, impeding 14C-dating due to unpredictable reservoir offsets among 

different aquatic organisms. The settlement sequence of the Hamanaka 2 site in Rebun Island 

was subsequently examined with the probabilistic stratigraphic model, focusing on 14C-dated 

macrobotanical remains from a total of thirteen cultural phases. This technique resulted in 

improved dating precision in eight phases examined, providing the site with a more accurate 

timeline than before, and confirming its cultural trajectory to coincide with the rest of northern 

Hokkaido. This approach should prove effective in similar maritime environments where the 

marine reservoir effect impedes dating. In addition, the resulting archaeological time-series data 

were consequently intersected with local palaeoenvironmental evidence for reconstructing the 

island’s past ecodynamics, revealing the Middle and Late Okhotsk periods ca. 550–750 cal AD 

to have occured in concert with large-scale landscape transformations in Rebun. More work is 

necessary to further test this technique in a comparable setting in northeast Asia, while also 

assessing the impact of the Okhotsk Culture to its local ecosystems. 
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Appendix 

 

OxCal script: 

 

Plot() 

 { 

  Sequence() 

  { 

   Boundary("Start 1"); 

   Phase("1") 

   { 

    Sequence() 

    { 

     Boundary("Start Final Jomon"); 

     Phase("Final-Jomon") 

     { 

      R_Date("Poz-91178", 2240, 30); 

      R_Date("Poz-91179", 2200, 30); 

     }; 

     Boundary("Transition Final Jomon/Epi Jomon"); 

     Phase("Epi Jomon") 

     { 

      R_Date("Poz-91171", 2220, 30); 

      R_Date("Poz-73805", 2220, 30); 

      R_Date("Poz-73806", 2220, 30); 

      R_Date("Poz-73804", 2200, 35); 

      R_Date("Poz-73803", 2195, 30); 

      R_Date("Poz-91175", 2170, 30); 

      R_Date("NUTA2-21214", 2176, 43); 



     }; 

     Boundary("End Epi Jomon"); 

    }; 

   }; 

   Boundary("End 1"); 

   Boundary("Start 2"); 

   Phase("2") 

   { 

    Sequence() 

    { 

     Boundary("Start Towada I"); 

     Phase("Towada I") 

     { 

      R_Date("Poz-102825", 1550, 30) 

      { 

      }; 

      R_Date("Poz-102853", 1540, 30) 

      { 

      }; 

     }; 

     Boundary("Transition Towada I/Towada II"); 

     Phase("Towada II") 

     { 

      R_Date("Poz-102824", 1535, 30) 

      { 

      }; 

     }; 

     Boundary("Transition Towada II/Kokumon"); 

     Phase("Kokumon") 

     { 



      R_Date("Poz-84287", 1520, 30); 

     }; 

     Boundary("Transition Kokumon/Kokumon-Chinsenmon"); 

     Phase("Kokumon-Chinsenmon") 

     { 

      R_Date("Poz-84284", 1475, 30) 

      { 

      }; 

      R_Date("Poz-84283", 1335, 30) 

      { 

      }; 

      R_Date("Poz-84282", 1295, 30) 

      { 

      }; 

      R_Date("Poz-84285", 1275, 30) 

      { 

      }; 

     }; 

     Boundary("Transition Kokumon-Chinsenmon/Chinsenmon"); 

     Phase("Chinsenmon") 

     { 

      R_Date("Poz-84280", 1285, 30); 

      R_Date("Poz-84281", 1275, 30); 

      R_Date("NUTA2-21213", 1320, 40); 

     }; 

     Boundary("Transition Chinsenmon/Chinsenmon-Motochi"); 

     Phase("Chinsenmon-Motochi") 

     { 

      R_Date("Poz-60766", 1305, 30) 

      { 



      }; 

      R_Date("Poz-60767", 1265, 30) 

      { 

      }; 

      R_Date("Poz-81340", 1220, 30) 

      { 

      }; 

      R_Date("Poz-81341", 1215, 30) 

      { 

      }; 

      R_Date("Poz-60768", 1215, 30) 

      { 

      }; 

      R_Date("Poz-81342", 1180, 30) 

      { 

      }; 

     }; 

     Boundary("Transition Chinsenmon-Motochi/Motochi I"); 

     Phase("Motochi I") 

     { 

      R_Date("Poz-84277", 1215, 30); 

      R_Date("Poz-84278", 1170, 30); 

     }; 

     Boundary("Transition Motochi I/Motochi II"); 

     Phase("Motochi II") 

     { 

      R_Date("Poz-73799", 1165, 30); 

     }; 

     Boundary("End Motochi II"); 

    }; 



   }; 

   Boundary("End 2"); 

   Boundary("Start 3"); 

   Phase("3") 

   { 

    Sequence() 

    { 

     Boundary("Start Satsumon"); 

     Phase("Satsumon") 

     { 

      R_Date("Poz-73797", 215, 30); 

     }; 

     Boundary("End Satsumon"); 

    }; 

   }; 

   Boundary("End 3"); 

  }; 

 }; 
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Abstract 

Island chains provide access to terrestrial, coastal and offshore marine resources, attracting 

peoples and cultures and serving as conduits for migrations and long-distance exchange 

networks. Rebun Island is strategically situated between the islands of Hokkaido and 

Sakhalin, connecting the prehistoric cultures of Northeast Asia in a major “marine 

highway”. Rebun was repeatedly settled by distinct cultures who originated in different 

geographic locations. While little is known about how these cultures exploited local 

resources, there is even less insight into changing patterns of household consumption. Here 

we focus on the Kafukai sites 1 and 2, featuring pit-houses across a 1,000-year period in the 

Late Holocene. Pottery lipid analysis was conducted to investigate changing patterns of 

household consumption and the range of resources processed between cultural periods. Our 

results indicate important periodical shifts in pottery function, with the Susuya and Early 

Okhotsk households occupying distinct positions within the aquatic food spectrum, and 

Middle Okhotsk and Satsumon adopting more diverse resource consumption strategies. We 

conclude that pottery lipid analysis can potentially play an important role in island 

archaeology, clarifying shifting relationships between households, exploitation of island 

resources and the responses of new cultural traditions to new insular ecological niches. 

 

Key words: Okhotsk; Hokkaido; Household archaeology; Pottery; Lipid residue analysis; 

Island ecology 

 

1. Introduction 

Island chains provide ready access to marine, coastal and terrestrial resources, and the ease 

of navigation means they can serve as nodes in exchange networks, or conduits, that channel 

the migrations of prehistoric peoples and their cultural traditions. The insular worlds of 

northeast Asia are an excellent example of such phenomenon, with short sea crossings linking 

chains of islands that extend over thousands of kilometers in a major “marine highway”. This 
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had a notable impact on the evolutionary trajectory of prehistoric Hokkaido in northern 

Japan, where cultural influence was assimilated from multiple surrounding regions.  

Consequently, cultural diversity, cooperation and exchange networks in this region 

likely supported adaptations to marginal areas – such as Rebun and Rishiri islands, and the 

Kuriles – with comparatively low biodiversities (Fitzhugh et al., 2016). Situated at the 

strategic crossing point between Hokkaido and the rest of the Japanese archipelago to the 

south, and Sakhalin Island and the lower Amur to the north and northwest, respectively (Fig. 

1), Rebun has attracted groups with diverse sets of “cultural packages” and source origins 

dating back to the final-stage Jōmon, and Okhotsk and Satsumon Culture periods (Weber et 

al., 2013). It is unclear, however, how these distinct cultures inhabited Rebun Island, what 

kind of resources they used, and the extent to which they adjusted their existing cultural 

traditions to fit the challenges and opportunities of the new island ecosystem.  

To tackle these questions, we investigated the relationship between culture history 

and food consumption at the scale of individual households by deploying pottery lipid 

analysis at two sites adjacent to the Kafukai river mouth on the eastern coast of Rebun Island. 

Container function was subsequently characterized in four pit-houses belonging to the 

Susuya, Okhotsk and Satsumon Culture periods, ca. 100-1200 AD (Amano, 2003; Ono & 

Amano, 2008; Kumaki et al., 2017). While pottery use may not directly translate to diet, 

organic residues preserved in ancient pottery are now studied by archaeological scientists to 

reconstruct vessel function and improve our understanding of past food cultures, household 

cooking practices and their role in wider subsistence strategies (Evershed 2008).  

The present study should therefore elucidate what kind of resources were processed 

within each of the houses, and whether these patterns shift – or persist – between different 

cultural phases. More generally, this paper aims to identify whether the local communities 

were forced to seek out trading partners and cooperation to support themselves, or, whether 

self-sustaining subsistence strategies could be maintained within the island’s maritime 

ecosystem. 
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Figure 1. Map of northeast Asia, showing the location of Rebun Island between Sakhalin 

Island and Hokkaido, and the location of the Kafukai study site. 

 

2. Research context 

2.1. Rebun Island 

Rebun Island is located in the Sea of Japan, 50 km west of Cape Nossappu, the northernmost 

tip of Hokkaido, and 90 km of Sakhalin Island to the north. Rebun is a hilly and wedge-

shaped island with a maximum length and width of 20 km and 6 km, respectively, and a land 

area of approximately 80 km2. The island’s highest point is Mt. Rebun (490 m). At a distance 

of 10 km to the southeast from Rebun Island is located Rishiri Island with a conical volcano 

at its centre (Mt. Rishiri, 1718 m). 

Rebun Island is located in a region within the subarctic climate zone, where the local 

climate is predominantly controlled by the East Asian monsoon system and characterized by 

strong seasonal cycles (Igarashi, 2013; Leipe et al., 2018). The local winters are cold and 

stormy, with combined effects of the East Asian Winter Monsoon (EAWM) circulation and 

the Tsushima warm current (TWC) producing heavy snowfall and preventing the formation 

of sea ice in the Sea of Japan (Nikolaeva and Shcherbakova, 1990). In turn, the summers tend 

to be dry and temperate. The vegetation cover on Rebun predominantly comprises of cool 
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temperate and boreal woody plants (Muller et al., 2015), and is classified as the cool mixed 

forest biome (COMX) zone (Nakagawa et al., 2002). 

Rebun Island has low biodiversity and terrestrial mammals, such as the brown bear 

(Ursus arctos) or deer (Cervus nippon), are generally absent. However, the island offers 

access to abundant aquatic resources, including marine mammals, shellfish, coastal and 

offshore fishing, as well as diverse seabirds such as albatross (Aves: Diomedeidae) (Eda et 

al., 2016). Furthermore, anadromous and freshwater fish resources are available on the 

island’s riverine network that includes Lake Kushu, an inland lake located at Funadomari 

Bay, on the northern coast of Rebun. 

 

2.2. The Susuya, Okhotsk and Satsumon Cultures in Hokkaido 

The Susuya Culture (400 BC - 600 AD) comprise hunter-fisher-gatherer communities in 

southern Sakhalin and northern Hokkaido, characterized by a “Susuya” type pottery (Ito 

1942) that combines typological traits from both the Epi-Jōmon (Hokkaido) and the North 

Sakhalin cultural traditions (Ono and Amano, 2002). The culture’s subsistence is likely based 

on hunting, fishing and gathering. Recently published data suggest Susuya migrated to 

northern Hokkaido from Sakhalin around 100 AD (Kumaki et al., 2017), where the culture is 

considered a local variant of the contemporaneous Epi-Jōmon Culture (350 BC-650 AD) 

(Weber et al., 2013). In northern Hokkaido, the timeline of the Susuya Culture extends to 

~500 AD, which coincides broadly with the emergence of the Okhotsk Culture (400-1200 

AD) in northern Hokkaido (Amano and Ono, 2002; Fujisawa, 2018). 

 The Okhotsk Culture appeared abruptly in northern Hokkaido ca. 400-500 AD, 

disrupting the region’s existing socio-cultural dynamics with their robust subsistence model 

and high expansion rate. The Okhotsk are considered to have formed from the Shitotsumon 

(i.e. so-called Towada-type) and Enoura (Kokumon) pottery bearing groups, originating from 

the Sakhalin Island and the lower Amur, respectively (Ono 2008; Ono and Amano, 2008; 

Sato et al., 2009). The Okhotsk were maritime trader-foragers and strategic intermediaries in 

long-distance exchange networks that spanned the Sea of Okhotsk. They typically lived in 

permanent unicellular pit-houses that were often rebuilt on top of an old one by each new 

generation. Besides marine hunting and fishing, which were the central components of the 

Okhotsk subsistence (Naito et al., 2010; Tsutaya et al., 2014), the Okhotsk also had access to 
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cultigens such as barley and millet (Crawford, 2011; Leipe et al., 2017). In addition, the 

Okhotsk kept domestic dog (Canis domesticus) and pig (Sus scrofa inoi) domestication, and 

were also engaged in ritualised bear-rearing practices (Masuda et al. 2001; Watanobe et al., 

2001).  

In Rebun, the Okhotsk had a substantial impact on the island’s ecosystem, with a 

terrestrial pollen record showing a notable deforestation phase that coincided with their 

arrival ca. 480 calAD, and lasting until ca. 710 calAD (Leipe et al., 2018). Following the 

settlement of northern Hokkaido through Rebun and Rishiri islands, the Okhotsk expanded 

out to east to colonize the coastal areas of eastern Hokkaido, as well as the Kuriles between 

the sixth and eighth centuries AD (Amano 2003; Abe et al., 2016). 

 The Satsumon Culture (650-1250 AD), in turn, are native to Hokkaido, where they 

formed following the interactions between the Haji-ware Culture and groups migrating from 

the Tohoku region to central Hokkaido (Tashiro, 2017). In stark contrast to the Susuya and 

Okhotsk cultures, the Satsumon represent first sedentary farming communities in prehistoric 

Hokkaido, where they inhabited large permanent villages, used iron tools and engaged in 

trading activities with Okhotsk groups (Onishi 2003; Crawford, 2011). It is unclear, however, 

what subsistence strategy the Satsumon culture adopted during their brief settlement of 

Rebun Island in the Middle to Late-stage Satsumon period ca. 1100-1200 AD (Oba and Ohyi, 

1981; Tashiro, 2017). 
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Figure 2. Location of Kafukai sites 1 and 2 (previously known as sites A and B) in relation 

to the Kafukai river mouth on the eastern coast of Rebun Island. 

 

2.3. Study sites 

The study sites Kafukai 1 and 2 are located on the eastern coast of Rebun Island (Fig. 2), 

adjacent to the Kafukai river mouth. The river mouth is an alluvial plain surrounded by a 

cluster of hilltops ca. 10-20 m in elevation, creating a sheltered valley that opens to the sea 

along an extended sand dune shoreline. The site area is mainly covered by medium-sized 

woody plants common to Rebun Island. 

Kafukai 2 is the earliest of the two settlements studied, having been occupied between 

approximately 100-500 calAD by the Susuya Culture (Oba and Ohyi, 1981; Kumaki et al., 

2017). The site is located up on a northward terrace that borders the alluvial plain of the 

Kafukai river in the north. The site is estimated to have had an area of 1,500 m2, though about 

half of it is destroyed by modern construction work. An area of 75 m2, however, was 

excavated in 1969, which resulted in the discovery of five pit-houses (Oba and Ohyi, 1981). 

Three of the dwellings discovered were identified as having been occupied by the Susuya 

Culture. The lithic assemblages found in each of the pit-houses characterise the Susuya as a 
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hunter-fisher-gatherer economy, suggesting subsistence at Kafukai 2 was most likely focused 

on aquatic resources. 

Kafukai 1 is a large village site estimated ca. 7,500 m2 in area and situated on a sand 

dune stretching about 150 m long and 50 m wide along the seashore, about 250 m distance 

from Kafukai 2. A series of excavations from 1968 to 1972 conducted by Hokkaido 

University (Oba and Ohyi, 1981) at the site uncovered an area of 260 m2, where six pit-

houses (four assigned to the Okhotsk, two assigned to the Satsumon Culture) were uncovered 

(Fig. 3). The site was initially settled by the Okhotsk Culture between ca. 400-1100 AD, 

followed by a short-lived occupation by Satsumon groups between ca. 1100-1200 AD. The 

documented Okhotsk pit-houses were occupied in succession, accompanied by six shell-

midden type “fishbone” layers – denominated from VI to I, where VI is the oldest – with 

each layer separated from the other by a thin intvervening horizon. 

 

 

Figure 3. Excavation area and the location of the documented pit-houses at the Kafukai 1 

site. 
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In addition, a gradual increase in the number of metal objects (Kikuchi, 1981) and 

domesticate animal remains through the Kafukai 1 stratigraphy were reported, suggesting 

that trading activities intensified after the initial occupation phase. However, the 

domesticated animals, dog and pig, as well as the bear, represent a negligible contribution to 

the subsistence (Nishimoto, 1978). In particular, bear was probably only ever consumed on 

an occasional basis, and played a central role in community rituals. Indeed, the bear 

mythology in particular was so central to the Okhotsk identity that houses were equipped 

with sacrificial bear skull altars located at the back of each house. This tradition was 

apparently celebrated at Kafukai 1 as well, where aDNA analysis of bear remains indicates 

that the Okhotsk ventured to northwest Hokkaido to hunt adult bears, while also acquiring 

live bear cubs in southwest Hokkaido through trading (Masuda et al. 2001). 

 

3. Materials and methods 

3.1. Materials and sampling 

To study the evolution of household container function at the Kafukai sites 1 and 2, sherds 

from 35 ceramic containers were selected from the Hokkaido University Museum collection 

for organic residue analysis. All containers were recovered from household floor layers in 

four pit-houses excavated by the Hokkaido University between 1968-1972 (Oba and Ohyi, 

1981). 

Sherds from 12 different containers were recovered from House No. 2 of the Susuya 

Culture at the Kafukai 2 site. The structure has a hexagonal ground plan with a hearth at its 

centre and an estimated floor area of 17-18 m2. The sampled containers had an average rim 

diameter and thickness of 253 mm and 6.9 mm, respectively. Up to three size categories are 

distinguished, with rim diameter and thickness ranging between 110-400 mm and 4-9 mm, 

respectively – suggesting that the containers may have had multiple functions. The pottery is 

grit-tempered, low-fired and thick-walled and probably used for cooking by those living in 

the house. 7 of the 12 sherds contained diagnostic decorative traits – cord marks – associated 

with Epi-Jōmon and Susuya type pottery styles. One of the samples (RKB-132H), however, 

was a small (110 mm in diameter) and thin-walled (4 mm) vessel of higher-quality that may 
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have had a different function than the rest of the containers. Furthermore, 16 lithic artifacts 

were recorded inside the pit-house: seven projectiles, six knives or scrapers, two polished 

axes or adzes and a small stone weight. 

A total of 9 sherds were collected from the earliest recorded Okhotsk occupation at 

Kafukai 1 (i.e. ~400-500 AD). The Early Okhotsk habitat has a rectangular ground plan with 

a floor area of 35.5 m2. The floor is paved with clay and a hearth was recorded at the centre 

of the habitat. There is also a cluster of five bear (Ursus arctos yesoensis) and two fur seal 

(Callorhinus ursinus) crania placed side-by-side in the innermost rear part of the house. 

While all Okhotsk houses in Kafukai 1 contain a cluster of bear skulls in the innermost part 

of the pit-house, House No. 2 is the only one to have both fur seal and bear skulls placed 

side-by-side. The pottery in fishbone layer V – which is contemporaneous to pit-house no. 2 

– is characterized as mainly consisting of Kokumon and Shitotsumon/Towada variants (Fig. 

4.). The vessels sampled have an average rim diameter and thickness of 186 mm and 6.3 mm, 

respectively. The rim diameter and wall thickness range from 130-270 mm and 4-8 mm, 

respectively. Only one sample – the only rim fragment among sherds from house no. 2 – 

contained diagnostic decorative marks (line-type decoration). 
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Figure 4. Example of the most common types of Okhotsk pottery at the Kafukai 1 site. The 

containers were recovered from the nearby Okhotsk site of Hamanaka 2 (Hirasawa & Kato, 

2019). Further illustrations of pottery from the study site are provided in online supplemental 

materials. 

 

A further 10 samples were collected from Pit-House No. 1a, the context 

corresponding to fishbone layer II of the Middle Okhotsk period (~600-700 AD).  The pit-

house has a hexagonal ground plan of 38.9 m2. The floor is partially paved with clay and 

there is a hearth at the centre of the house. Two bear skulls are found side-by-side in the 

innermost part of the house. The vessels sampled measured an average of 213 mm in diameter 

and 5.2 mm in wall thickness. Much like in the other Okhotsk and Susuya pit-houses, the 

vessels sampled from this house are distributed to two or three size categories, with the rim 

diameter and thickness ranging between 90-300 mm and 4-6 mm, respectively. Decorative 

marks were found in three sherds – two samples have Kokumon-style traits and one sample 

has cord impressions. The excavation report confirms that Early Okhotsk pottery styles were 

still being produced in Kafukai 1 – albeit in proportionally small numbers – during the Middle 

Okhotsk period (Oba and Ohyi, 1981). 

Sherds from four containers with Satsumon-type decoration were collected from Pit-

House No. 3. The pit-house has a square ground plan and a floor area of 12.25 m2. There is 

an oven placed in the middle of the south wall and also a hearth at the centre of the house. 

The house was found on top of an Okhotsk grave pit in the easternmost part of Kafukai 1 

site. The timing of the pit-house’s occupation is estimated, based on pottery typology, a 

posteriori to Pit-House No. 1a and the Okhotsk occupation in Kafukai 1, around the late 

Middle or early Late Satsumon period in the eleventh or twelfth century AD. The containers 

selected were similar in size, with rim diameter and thickness ranging between 210-240 mm 

and 5-6 mm, respectively. The pottery is sand-tempered, low-fired and soft compared to the 

Okhotsk and Susuya sherds. 

 

3.2. Methods 

Ceramic material for the analysis of absorbed lipids were recovered by drilling into the sherd 

interior, while charred crusts adhering to the wall surface were collected using a scalpel. Gas-
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chromatography mass-spectrometry-supported (GC–MS) molecular characterization was 

carried out for both absorbed and surface deposit residues using a one-step acid extraction 

and methylation protocol following a solvent treatment (Papakosta et al., 2015). Charred 

surface deposits were also analyzed for bulk isotope δ13C and δ15N composition using 

elemental analyzer isotopic-ratio mass-spectrometry (EA–IRMS). In addition, the 

methylated absorbed lipid extracts were further examined for single-compound δ13C isotope 

characteristics in n-alkanoic saturated fatty acids C16:0 and C18:0 using gas-chromatography 

combustion isotope ratio mass-spectrometry (GC–C–IRMS). A more detailed description of 

the analytical procedures is provided in the online supplemental material. 

 

4. Results 

4.1. Molecular characterization of absorbed and surface crust lipids 

Absorbed (n=35) and charred surface (n=16) residues from 35 cooking pots were selected 

for GC–MS -supported molecular characterization. In total, 31/35 absorbed residue samples 

(89%) examined surpassed the consensus lipid concentration threshold of 5 μg/g-1, while four 

absorbed lipid residue extracts did not produce interpretable results due to poor sample 

preservation and contamination. Since none of these four ceramic samples contained charred 

surface crust residues, they were hence omitted from further examination. The results from 

absorbed and surface residues are compiled in Table 1, along with single-compound and bulk 

isotope determinations. While the agreement between the absorbed and surface residues was 

consistent across the sample set, the absorbed residue extracts yielded a higher number of 

identifiable diagnostic biomarker compounds.  

That said, the measured lipid concentration ranged between 6–5,099 μg/g-1 for 

absorbed lipids, and 68–9,223 μg/g-1 for surface residues. Saturated fatty acids were detected 

in all 31 vessels examined, ranging between C9:0–C34:0, while monounsaturated fatty acids 

were detectable in 25/31 (81%) samples, ranging between C16:1–C24:1. Palmitic acid (C16:0) 

was the dominant fatty acid in 30/31 samples (97%) analyzed, while stearic acid (C18:0) was 

prevalent in one sample (3%). 

Cholesterol was found in trace amounts in 14/31 samples (45%), while its oxidation 

product, 3,5-Cholestadien-7-one, was detected in 9/31 samples (29%), confirming the 
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presence of animal fats. In addition, short-chain (C7–C12) dicarboxylic acids – generally 

linked with either aquatic or plant products (Regert et al., 1998) – were recorded in 25/31 

samples (81%). Even and uneven (C13:0–C18:0) branched-chain fatty acids, associated with 

plant, aquatic and ruminant animal food webs, were present in 28/31 (90%) samples. 

Evidence of plant use was rather limited in the sample set. Long-chain alkanols (C22–

C32) are commonly associated with epicuticular waxes and other plant products (Charters et 

al., 1997), and they were found in 4/31 samples (13%) analyzed. Phytosterols were not detected 

in any of the samples examined. In turn, dehydroabietic acid (DHA), a terpenoid derived from 

tree resin, was found in 11/31 samples (35%). Resin could have been used either as sealant, or it 

may have also been absorbed by the clay matrix through exposure to fumes from firewood during the 

firing of the vessel (Reber et al., 2018).  

By contrast, diagnostic biomarkers associated with the presence of aquatic lipids 

appear frequently across the sample set (Fig. 5). ω-(o-alkylphenyl)alkanoic acids (APAAs), 

a group of molecules formed during the heating of C16-C22 mono- and polyunsaturated fatty 

acids, were detected in 19/31 samples (61%). While APAAs can also be found in some 

terrestrial animal and plant organisms, a sample with the full range of C18-C22 APAAs is 

strictly associated with the processing of aquatic oils (Hansel et al., 2004). Isoprenoid acids 

(phytanic ac., pristanic ac. and 4,8,12-trimethyltridecanoic acid, i.e. TMTD) are known to 

appear in marine and ruminant animal tissues, with TMTD in particular associated with the 

presence of aquatic oils (Evershed et al., 2008). All three isoprenoids were detectable in 5/31 

samples (16%), with phytanic acid 29/31 (94%) appearing more frequently than pristanic 

acid 23/31 (74%) and TMTD 6/31 (19%). In addition, vicinal dihydroxy (C16-22) fatty acids 

(Hansel & Evershed, 2009) were detected in one sample (RKB-132J), supporting the 

presence of aquatic resources in this container. 
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Figure 5. Partial GC-MS chromatogram of a typical sample from the study sites. Major fatty 

acid components are indicated, including all three isoprenoids and dicarboxylic acids (KRA-

2788A). 

 

 

Besides aquatic species, the only known ruminant source of phytanic acid in 

prehistoric northern Hokkaido is the sika deer (Cervus nippon). To differentiate these two 

sources, the ratio of two diastereomers of phytanic acid (Lucquin et al., 2016) – 

3S,7R,11R,15-phytanic acid (SRR), and 3R,7R,11R,15-phytanic acid (RRR) – were 

measured in a sample exhibiting an isotopic signal consistent with terrestrial animal 

contribution. In addition, three samples with aquatic lipid profiles were also examined for 

SRR and RRR diastereomers. All four samples examined yielded SRR/RRR ratios above the 

75.5% threshold, indicating that the phytanic acid in each sample is sourced from the aquatic 

food web. 

 

4.2. Single-compound stable isotope analysis 

Single-compound δ13C isotope determinations for n-alkanoic saturated fatty acids C16:0 and 

C18:0 were successfully carried out in 29 of 31 samples (94%) with GC–C–IRMS. Distinct 

food web contributions were observed between samples in the Susuya and the Okhotsk 

settlements, with a nonparametric two-sample Kolmogorov-Smirnov inference test showing 

a significant enrichment in δ13C16:0 in the Early Okhotsk phase containers compared to those 

of the Susuya (P<0.029) and the Middle Okhotsk (P<0.003) periods. In total, 26 of the 29 
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samples (90%) analyzed yielded isotopic ranges expected for marine aquatic or anadromous 

organisms (Fig. 6). A total of 7/29 samples (24%) measured between -24.4 and -22.9‰ in 

δ13C16:0 and -23.5 and -22.3‰ in δ13C18:0, indicating marine aquatic food web contribution, 

while 5/29 samples (17%) measured between -26.6 and -25.4‰ in δ13C16:0 and -25.5 and -

24.8‰ in δ13C18:0, consistent with the anadromous food web. The remaining 14/29 samples 

(48%) had δ13C values between these two aquatic sources – -25.7 and -24.2‰ in δ13C16:0 and 

-24.9 and -23.3‰ in δ13C18:0 – which likely indicates a mixture between marine and 

anadromous or marine and lower trophic-level lipids, such as non-ruminant terrestrial animal 

and freshwater resources. The presence of lipids from aquatic organisms is corroborated by 

the consistent enrichment of δ13C18:0 relative to δ13C16:0 in most samples (Fig. 7-8), though 

this process is also associated with terrestrial non-ruminant lipids (Dudd et al., 1998; Copley 

et al., 2003). In turn, three samples (10%) were measured outside the ranges expected for 

marine aquatic and anadromous food webs, falling between -30.5 and -28.2‰ in δ13C16:0 and 

-29.4 and -27.1‰ in δ13C18:0, ranges associated with porcine lipids, as per the isotopic data 

and offset rates in Naito et al., (2010) and Fernandes et al., (2014), respectively. In addition, 

these values also approximate ranges expected for freshwater resources, though only one of 

the three samples (Susuya; RKB–132E) contained aquatic biomarkers. 

 

 



16 
 

Figure 6. Results of single-compound δ13C isotope determinations for n-alkanoic saturated 

fatty acids C16:0 and C18:0 in absorbed pottery residues (n=26). The results are visualized for 

each culture studied at the Kafukai sites. Triangle-shape point indicates the presence of 

aquatic biomarkers (see Table 1), and round-shaped points indicate absence of aquatic 

biomarkers. Reference ranges (1-σ) modeled with ancient and modern experimental data 

from Naito et al. (2010); Lucquin et al., (2016), and Fernandes et al., (2014). 

 

 

Figure 7. Results of single-compound δ13C isotope determinations for n-alkanoic saturated 

fatty acids C16:0 (white) and C18:0 (gray) in absorbed pottery residues (n=26) visualized as a 

box plot chart for each culture studied at the Kafukai sites. The interquartile range is 

expressed by the length of the box, and the median is indicated by the intersecting vertical 

line it. Outliers are expressed as dots and the full spread of the distribution – when outliers 

are excluded – is indicated by the box and its whiskers on both sides. 
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Figure 8. Plot of the Δ13C (δ13C18:0– δ13C16:0) values against the δ13C16:0 values for the single-

compound determinations from the Susuya, Early Okhotsk, Middle Okhotsk and Satsumon 

samples (see Dudd et al., 1998; Copley et al., 2003). 

 

 

4.3. Bulk stable isotope analysis of charred surface crusts 

In total, 17 of 18 samples analyzed using EA-IRMS yielded bulk isotope values within the 

ranges expected for the aquatic food web (Fig. 9; Craig et al., 2013). One surface crust sample 

from Susuya pit-house was more depleted in δ13C (-25.7‰) and δ15N (6.2‰) than the rest of 

the samples, and exhibited an isotopic composition indicative of a terrestrial food source. 

These results are consistent with the molecular and single-compound stable isotope evidence, 

indicating that the majority of the containers examined at the Kafukai 1 and Kafukai 2 sites 

were indeed used to process marine aquatic or anadromous resources. 
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Figure 9. Results of the bulk isotope δ13C and δ15N determinations for n=16 interior and n=2 

exterior surface crusts from the Kafukai sites. 

 

 



19 
 

Sample code Context Lipid 

yield µg– 

1 

Aquatic 

biomarkers 

Other diagnostic 

compounds 

δ13C16:0 (SD) 

(‰) 

δ13C18:0 (SD) 

(‰) 

Δ13C 

(‰) 

δ13C 

(‰) 

δ15N 

(‰) 

C/N 

Ratio 

Interpretation 

RKB-130 Susuya (H-2) 824 C16-22 APAA C7-12 DA, DHA – 25.7 (0.2) – 25.0 (0.1) 0.65 – 23.0 15.6 16.7 Aquatic (Salmon?) 

RKB-132A Susuya (H-2) 620 C16-22 APAA C8-12 DA., DHA – 25.4 (0.0) – 25.2 (0.1) 0.18 – 24.1 14.8 10.9 Aquatic (Salmon?) 

RKB-132C Susuya (H-2) 1124 C16-22 APAA C9-12 DA, SRR/RRR 

>75.5% 

– 25.3 (0.3) – 24.9 (0.6) 0.37 – 23.2 14.6 9.6 Aquatic (Salmon?) 

RKB-132D Susuya (H-2) 929 C16-22 APAA C8-11 DA – 24.7 (0.2) – 24.3 (0.2) 0.39 – 23.2 14.6 9.3 Aquatic 

RKB-132E Susuya (H-2) 1218 C16-22 APAA, 

TMTD 

C8-12 DA, SRR/RRR 

>75.5% 

– 28.2 (0.1) – 27.1 (0.0) 1.11    Aquatic, Terrestrial 

animal (Porcine?) 

RKB-132F Susuya (H-2) 2489 C16-22 APAA, 

TMTD 

C7-12 DA, DHA – 24.7 (0.1) – 23.9 (0.2) 0.82 – 23.8 14.8 9.2 Aquatic 

RKB-132G Susuya (H-2) 25 - LCAL - -  – 25.7 6.3 11.4 Aquatic/Plant? 

RKB-132H Susuya (H-2) 440 - C9-12 DA, DHA – 26.2 (0.1) – 25.5 (0.5) 0.76    Aquatic (Terrestrial 

animal?) 

RKB-132I Susuya (H-2) 344 - C8-12 DA, Chol. – 25.5 (0.2) – 24.2 (0.4) 1.33    Aquatic (Terrestrial 

animal?) 

RKB-132J Susuya (H-2) 1423 C16-22 DHFA C7-12 DA, Chol. – 26.5 (0.1) – 24.8 (0.4) 1.76     Aquatic (Salmon?) 

RKB-132K Susuya (H-2) 4140 C16-22 APAA C7-12 DA, Chol. – 25.6 (0.4) – 24.1 (0.1) 1.46 – 23.8 13.7 16.7 Aquatic 

RKA-13258 Okhotsk (H-

2) 

5099 C16-22 APAA C7-12 DA, Chol., 3,5-

Chol. 

– 24.9 (0.1) – 24.3 (0.5) 0.57 – 23.6 14.0 8.5 Aquatic 

RKA-14130 Okhotsk (H-

2) 

34 - C10-12 DA – 24.2 (0.1) – 24.2 (0.2) 0.03 – 22.2 15.9 11.7 Aquatic (Terrestrial 

animal?) 

RKA-22113 Okhotsk (H-

2) 

915 - C7-12 DA, Chol., 3,5-

Chol. 

– 23.9 (0.1) – 22.3 (0.0) 1.52    Marine (Terrestrial 

animal?) 

RKA-22142 Okhotsk (H-

2) 

4994 C16-22 APAA C7-12 DA, Chol., 3,5-

Chol. 

– 24.4 (0.2) – 22.4 (0.0) 1.99    Marine 

RKA-2987 Okhotsk (H-

2) 

895 C16-22 APAA C8-12 DA, DHA – 23.0 (0.1) – 22.4 (0.1) 0.56 – 20.9 14.4 6.6 Marine 

RKA-4909 Okhotsk (H-

2) 

2479 C16-22 APAA, 

TMTD 

C8-12 DA, LCAL, 

Chol., 3,5-Chol., 

DHA 

– 23.7 (0.1) – 23.5 (0.0) 0.18 – 22.4 16.1 9.6 Marine 

RKA-4923 Okhotsk (H-

2) 

809 C18-22 APAA, 

TMTD 

C8-12 DA, Chol., 3,5-

Chol. 

– 22.9 (0.1) – 22.3 (0.1) 0.63 – 24.3 12.4 11.2 Marine 

RKA-2788A Okhotsk (H-

2) 

4729 C16-22 APAA, 

TMTD 

C7-12 DA, Chol., 3,5-

Chol., SRR/RRR 

>75.5% 

– 25.3 (0.0) – 24.4 (0.2) 0.88 – 23.2 16.3 8.9 Aquatic 

RKA-2788B Okhotsk (H-

2) 

4313 C16-22 APAA, 

TMTD 

C7-12 DA, Chol., 

DHA, SRR/RRR 

>75.5% 

– 23.7 (0.1) – 22.7 (0.0) 1.06    Marine 

RKA-1969A Okhotsk (H-

1a) 

964 C16-22 APAA C8-12 DA, LCAL, 

Chol. 

– 24.7 (0.0) – 24.9 (0.0) – 0.21 – 23.6 14.6 8.1 Aquatic 

RKA-1969B Okhotsk (H-

1a) 

138 - LCAL, Chol., 3,5-

Chol., DHA 

– 29.1 (0.3) – 29.4 (0.1) – 0.26    Porcine 

RKA-3686A Okhotsk (H-

1a) 

67 - - - -  – 22.0 17.1 8.5 Aquatic (Terrestrial 

animal?) 
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RKA-3686B Okhotsk (H-

1a) 

163 C18-22 APAA C10-12 DA, DHA – 24.5 (0.1) – 23.4 (0.0) 1.15    Aquatic 

RKA-3961 Okhotsk (H-

1a) 

778 C16-22 APAA C7-12 DA – 24.9 (0.1) – 24.3 (0.0) 0.57 – 22.6 15.2 20.6 Aquatic 

RKA-4926 Okhotsk (H-

1a) 

2710 C16-22 APAA C8-12 DA – 26.6 (0.6) – 24.9 (0.1) 1.74 – 24.2 13.6 15.8 Aquatic 

RKA-4927 Okhotsk (H-

1a) 

1223 C16-22 APAA C7-12 DA, Chol., 3,5-

Chol., DHA 

– 25.3 (0.0) – 24.6 (0.1) 0.75 – 24.0 12.2 9.2 Aquatic 

RKA-4929B Okhotsk (H-

1a) 

225 - DHA – 25.3 (0.0) – 24.8 (0.0) 0.54    Aquatic (Terrestrial 

animal?) 

RKA-4929C Okhotsk (H-

1a) 

889 - C8-12 DA, Chol., 3,5-

Chol. 

– 24.1 (0.1) – 22.6 (0.2) 1.52    Marine (Terrestrial 

animal?) 

RKA-10357 Satsumon 

(H-3) 

932 - - – 30.5 (0.2) – 28.1 (0.7) 2.38    Non-ruminant 

(Porcine?) 

RKA-10363 Satsumon 

(H-3) 

25 - - – 25.7 (0.1) – 24.0 (0.4) 1.72    Aquatic (Terrestrial 

animal?) 

 

Table 1. Summary of molecular, compound-specific (δ13C16:0 and δ13C18:0) and bulk stable isotope (δ13C and δ15N) analyses of absorbed 

lipid and food crust samples. Abbreviations: DA (dicarboxylic acids), Chol. (cholesterol), 3,5-Chol. (3,5-Cholestadien-7-one), DHA 

(dehydroabietic acid) and LCAL (long-chain alkanols), SRR/RRR (diastereomer ratio). APAAs (ω-(o-alkylphenyl)alkanoic acids), 

vicinal dihydroxy fatty acids (DHFA) and (TMTD) 4,8,12-trimethyltridecanoic acid were considered the essential diagnostic compounds 

for aquatic lipids. 
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5. Discussion 

In the Late Holocene, the east coast of Rebun, including the Kafukai river mouth and 

surrounding areas, was settled consecutively by three cultures, each originating in different 

regions, and possessing distinct evolutionary trajectories and contrasting subsistence 

strategies. Organic residue analysis of household cooking pots was subsequently deployed to 

investigate how these different cultures inhabited Rebun Island, focusing on what kind of 

resources they were cooking, and the extent to which they adjusted their existing food 

practices to fit the local ecosystem. 

In the Susuya Culture household at Kafukai 2 (~100-500 AD), biomolecular evidence 

indicate that ceramic cooking pots were primarily used to process intermediate trophic-level 

anadromous resources, mixed sporadically with foods from the marine, terrestrial animal and 

plant food webs. By contrast, vessel use in the Early Okhotsk household at Kafukai 1 is 

characteristic of the processing of isotopically heavy sea mammal and marine fish resources. 

However, our evidence indicates that this practice shifted over the course of the Okhotsk 

occupation in Rebun, with the Middle Okhotsk (~600-700 AD) household appearing to have 

adopted a divergent strategy that spanned both anadromous and marine, as well as terrestrial 

animal (porcine), food webs. A similar pattern is discovered in the Satsumon phase at 

Kafukai 1 (~1100-1200 AD) – albeit inferred on the basis of only two samples – where 

household pottery is characterized by the presence of both aquatic and terrestrial animal 

lipids. These samples did not show any evidence of plant use. 

That said, lipids from the freshwater food web could not be distinguished in the 

sample set. It is suspected, however, that freshwater resources were sporadically exploited at 

the Kafukai sites, and were likely prepared, sporadically, in the same vessels with marine and 

anadromous foods. In addition, the contribution of terrestrial animal products may be 

underestimated in some of the vessels, as the distinction between lipids from aquatic 

organisms and non-ruminants with enriched isotopic signature – such as that of the dog, 

which appears to have been fed with marine fish (Tsutaya et al., 2014) – cannot be 

definitively demonstrated without the presence of diagnostic biomarkers. Therefore, in a total 

of nine samples (see Table 1) the combination of enriched δ13C values and the absence of 

compounds specific to the aquatic food web may indicate a contribution from terrestrial non-
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ruminant sources. More experimental work on both freshwater and terrestrial animal 

resources should be conducted on Rebun Island (and Hokkaido in general) to further assess 

their role in cuisine and household food consumption during the Late Holocene period. 

Evidence of plant use was somewhat limited in the dataset. While the taphonomic 

history – the samples were excavated in the 1960s and 1970s and kept in storage ever since 

– may have contributed to the elimination of some of the lighter, plant-derived components 

such as phytosterols, epicuticular waxes, sugars and miliacin (Heron et al., 2016), it is 

reasonable to conclude that plant processing was not the primary container function in any 

of the households studied. Notwithstanding, the presence of dehydroabietic acid in 11 

samples in the Susuya, Early Okhotsk and Middle Okhotsk containers suggests that tree resin 

may have been used as waterproofing agent on the vessel surfaces.  

In turn, no statistical significance was found between lipid residues and container 

size, suggesting that the vessels examined were likely used in daily cooking activities 

(Pearson correlation coefficient: rim diameter vs. δ13C16:0: r= –0.185, P=0.347; wall thickness 

vs. δ13C16:0: r= –0.024, P=0.902). This is supported by the presence of abundant visible 

charred surface deposits in 18 of the 35 containers sampled – likely generated through 

exposure to open fire over the course of multiple cooking events within the household space. 

Despite this, it was ancitipated on the basis of site location and tool kit inventories 

that the container function particularly in the Susuya and Okhotsk periods would reflect a 

high degree of reliance on aquatic resources, a pattern previously documented in other 

prehistoric periods in northeast Asia (Craig et al., 2013; Lucquin et al., 2016, 2018; Gibbs et 

al., 2017). However, while our data indicates the vessel function at Kafukai to have been 

primarily focused on the processing of aquatic organisms, a change of emphasis from 

anadromous to the marine food web was observed between cultural phases, revealing a more 

complex and dynamic picture of the local resource management strategies. 

Indeed, the Susuya exploitation of salmonids is akin to the deep-time pattern 

established for the Initial and Incipient Jōmon pottery in the Japanese archipelago, where the 

emergence and large-scale adoption of ceramic cooking pots appears to have been closely 

linked to the processing of aquatic resources (Craig et al., 2013; Lucquin et al., 2016; Lucquin 

et al., 2018). With projectiles such as harpoon heads representing >40% of lithic artefacts at 

Kafukai 2, a higher reliance to the marine food web was anticipated in the Susuya period.  
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However, while native to the Sakhalin Island, the culture’s apparent ties to the Jōmon 

tradition may also have influenced its resource exploitation strategies in Rebun. 

Conversely, Early Okhotsk pottery shows a pattern consistent with the container 

function adopted by Neolithic hunter-fisher-gatherer communities in Sakhalin Island ca. 

7500-5500 calBC (Gibbs et al., 2017). Similar marine-dependence is also reported in 

Okhotsk human bone collagen materials (Naito et al., 2010; Tsutaya et al., 2014) and in 

pottery residues (Kunikita et al., 2016; Junno et al., 2020). With the Middle Okhotsk 

household showing a more diverse pottery use strategy, a number of factors may explain the 

distinct container functions between these two periods.  

Firstly, the Early Okhotsk phase coincides with the culture’s earliest permanent 

occupation in Rebun ca. 400-500 AD, likely set up by a small contingent of pioneer marine 

hunters from Sakhalin who held close cultural ties with their homeland. Secondly, at this 

time Rebun may not have been fully incorporated into the regional exchange network and 

the local communities may have had to remain self-reliant throughout the Early Okhotsk 

period. Thirdly, adaptation to a new ecosystem may have proven costly for the first migrants, 

whose venture to Rebun Island coincides with the start of the Kofun cold period ca. fifth and 

sixth century AD (Sakaguchi, 1989), when resource conditions in the region may have 

deteriorated notably. 

The Early Okhotsk household is the only domestic unit at Kafukai 1 to have both fur 

seal and bear skulls placed side-by-side in the back of the house, suggesting that both land 

and sea mammals may have had a strong symbolic meaning for the dwelling’s inhabitants. 

Indeed, material record in the Early Okhotsk phase exhibits the highest proportion of marine 

fauna, and consequently the lowest proportion of wild and domesticated terrestrial animal 

remains and iron objects of any Okhotsk layer at Kafukai 1, pointing to a highly focused 

subsistence (Nishimoto, 1978; Kikuchi, 1981). Consequently, inhabitants in the Middle 

Okhotsk period ca. 600-700 AD likely had access to a wider range of resources through 

trading, including cultigens and domestic animals, operating in an increasingly favorable 

landscape they were fully adapted to, and interacting with other Okhotsk communities in a 

network that had expanded out across the eastern coast of Hokkaido and the Kuriles. In such 

circumstances, the function of pottery could reasonably be expected to become diversified 

away from the most critical resource and used in new kinds of cooking practices. However, 
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further work is required to assess whether Okhotsk pottery use extends to ritual practices, 

such as the processing of bear or dog meat as part of the celebration of animal sending rites 

(Utagawa, 1999; Junno et al., 2020). 

In mainland Hokkaido, the Satsumon Culture appears to have sucessfully combined 

sedentary farming with elements of more mobile hunter-gatherer lifeways, resulting in an 

evolutionary trajectroy that constrasts strongly with the more marine-orientated Susuya and 

Okhotsk Culture traditions. The island ecosystem of Rebun Island, however, differs 

significantly from the plains of central Hokkaido and may have been challenging for the 

Satsumon populations that arrived onto the remote island with subsistence practices that had 

been developed elsewhere. Based on a limited sample size we tentatively conclude that the 

Satsumon subsistence in Rebun was not reliant on crop cultivation, but was rather focused 

on exploiting local aquatic food webs, complemented by either wild or domestic animal 

products. This strategy may have been unable to support a longer-term occupation and 

evidence for the Satsumon presence disappears relatively quickly. 

 

6. Conclusions 

Situated at a cultural crossroads, Rebun Island provides an ideal opportunity for 

studying how the household food traditions of technologically and culturally different 

societies respond after arriving into an insular environment with a low biodiversity. Pottery 

lipid analysis was deployed to investigate changing patterns of household pottery use among 

three different cultures who occupied different phases of the Kafukai rivermouth during the 

Late Holocene. While the results point to a persistent association between pottery and the 

exploitation of aquatic food webs, the apparent shifts in vessel function across the three 

cultures suggest a more complex and dynamic picture. The Susuya and Early Okhotsk 

households appear to have exploited a narrower range of resources drawn from within the 

aquatic food spectrum, whereas the Middle Okhotsk and Satsumon appear to have attempted 

to practise a more diversified consumption strategy. On balance, these results suggest that 

the more limited diversity of the island’s ecosystem enabled only certain elements of 

imported subsistence strategies to be viable, effectively forcing all groups to rely heavinly 

on different combinations of riverine, coastal and offshore marine resources. Finally, further 
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research is needed to clarify these shifts in household consumption strategies, this study 

demonstrates that organic residue analysis of ancient pottery recovered from remote island 

settings can provide archaeologists with useful insights into how populations carrying 

different cultural traditions respond to new environmental settings, and the extent to which 

they are able to maintain or adjust their imported practices. 
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Online Supplemental Material 

Methods and materials 

Sampling 

Sample material was collected for analysis with the following steps; 0.5-1g of ceramic powder 

material was recovered from the interior sherd surface by drilling a surface area of 1-2cm2 at 

~6-7mm depth. The outer 1mm was disposed of to remove possible contaminants that the 

artefact may have accumulated during deposition and storing. Approximately 15mg of charred 

surface crust was recovered from the sherd by using a scalpel. The sample material was crushed 

mechanically and transferred quantitatively to sample tubes. 

 

Solvent extraction and acid-catalyzed extraction and methylation 

The molecular characterization of absorbed and charred surface residues was carried out using 

a gas-chromatography mass spectrometry (GC–MS) according to the extraction protocol 

outlined in (Papakosta et al., 2015). The general purpose of the solvent extraction was to wash 

the samples from contaminants prior to the acid extraction step (Papakosta & Pesonen, 2019). 

This way the degree of contamination in the acid extracts was minimized, compared to what 

the contamination would have been without the preparatory solvent wash. Given the level of 

contamination in these samples, this is also a critical step in ensuring that the single-compound 

stable isotope determinations are based on ancient n-alkanoic compounds rather than fatty acids 

sourced from modern contaminants.  

Moreover, GC–MS analysis of a total of 12 solvent extracts showed that contamination 

was proportionally higher in the solvent-treated lipid extracts compared to acid-treated and 

methylated lipid extracts, and that no notable bias was detected with respect to the 

representativity of less recalcitrant compounds in the sample set.  Therefore, the molecular 

characterizations here are based on the analysis of acid extracts using GC–MS.  

Each sample was hence first washed with three rounds of solvent treatment; 1000𝜇l of 

dichloromethane (CH2Cl2) and 500𝜇l methanol (CH3OH) was added, after which the sample 

was shaken vigorously and placed in an ultrasonicator for 2×15min with a 15min pause in 

between. The sample was then placed in a centrifuge set for 30min at 3000rpm, after which the 

top phase containing the lipids was removed using a pipette. This process was repeated twice 

more without ultrasonication.  



Following solvent treatment the initial sample was subsequently extracted and 

transesterified using acidified methanol by adding 200𝜇l of concentrated sulphuric acid 

(H2SO4) as catalyst in 1000𝜇l CH3OH. Following a heating of 4h at 70°C 1000𝜇l n-hexane is 

added, the sample was shaken vigorously and centrifuged in 3000rpm for 5min. Once the fatty 

acid methyl esters are recovered in the top phase with a pipette, the process is repeated twice 

more and, finally, nitrogen gas is used to evaporate the suspension. 

The sample is then set up for GC–MS analysis by derivatizing the total lipid extract 

(TLE) in 100𝜇l of bis(trimethylsilyl)trifluoroacetamide (BSTFA) and chlorotrimethylsilane 

(TMCS, 10%). The suspension was heated at 70°C for 20min, and evaporated again with 

nitrogen gas, after which n-hexane was added ahead of the GC–MS analysis. 

 

GC-MS analysis 

Component separation and identification was done using a HP 6890 gas chromatograph fitted 

with a SGE–BPX5 fused-silica capillary column (30m x 220𝜇m x 0.25𝜇m), connected to a HP 

5973 mass selective quadrupole detector. The derivatized extract was subsequently injected in 

pulsed splitless mode (pulse pressure 26.1psi, 325°C). The column oven temperature was 

programmed to commence at 50°C for the first 2min, after which temperature was set to rise 

by 10°C per minute and reach 360°C, and kept at this temperature for another 15min. Helium 

was used as carrier gas, with a constant flow set at 2.0ml/min. The ion source was maintained 

at 230°C, with ionization and fragmentation accomplished through 70eV electron impact. The 

mass filter was configured to scan between m/z 50 and 700, at a rate of 2.29 scans per second. 

The resulting data were processed with the MSD Chemstation™ software. Quality of the 

preparatory and analytical work was tracked by analyzing several samples in duplicate. Lipids 

were quantified using an external calibration curve (r2 = 0.982) 

 

SRR/RRR diastereomer ratio 

SRR/RRR diastereomer ratios were examined using a polar HP–FFAP (polyethylenglycol-

TPA) capillary column (50m x 320μm x 0.52μm), with the oven started with 2min isothermal 

at 90°C, followed by temperature increases of 25°C per min up to 120°C, followed by 8°C 

increase per min up to 220°C, followed by 4°C increase per min up to 240°C, which was 

subsequently maintained for 5min. Interface, ion source and mass filter temperatures were 

unaltered, aside from the unit being run in SIM-mode (Selected Ion Monitoring) – i.e. scanning 



the characteristic ion fragments of phytanic acid methyl ester m/z 101 and 326, and the m/z 74 

for methylated fatty acids. 

 

Single-compound isotope analysis of C16:0 and C18:0 FAMEs 

Following the methylation, samples with a >2𝜇g/𝜇l -1 concentration of palmitic and stearic acids 

(C16:0 and C18:0 fatty acid methyl esters, i.e. FAMEs) qualified for single-compound isotope 

characterizations using gas-chromatography combustion isotope ratio mass spectrometry (GC–

C–IRMS). Toluene was used as the medium solvent. The analyses were carried out using a 

Trace GC supplied with a DB-5 capillary column (60m x 0.32mm x 0.25𝜇m), coupled with a 

Thermo Delta V mass spectrometer. 1μl of sample material was injected through a 

programmable temperature vaporisation (PTV) injector operated in splitless mode. The 

injection pressure was set at 70kPa and the initial temperature was set at 40°C. The splitless 

time was set to 1min; solvent vent temperature was maintained at 100°C and vent flow was set 

at 100ml/min. Evaporation pressure was maintained at 140kPa, while evaporation temperature 

was 40°C, evaporation rate 10°C/sec and evaporation time 0.16min. Transfer pressure was set 

at 210kPa, while transfer temperature was maintained at 300°C, and transfer rate was kept at 

12°C/sec. The cleaning temperature was set at 320°C, with cleaning rate 14.5°C/sec, cleaning 

time 20min and cleaning flow 100ml/min. The GC oven temperature was programmed with an 

initial isothermal of 2min at 120°C, followed by an increase of 20°C/min to 200°C, followed 

by another temperature increase of 5°C/min to 315°C, and a final temperature hold of 7min. 

The analysed FAMEs were converted to CO2 via an IsoLink reactor system, where pulses of 

reference CO2 gas are injected using a ConFlo IV unit.  

Samples were injected automatically, with each sample analyzed twice and the mean of 

both analyses taken as the value to reflect the isotopic composition of the sample. Instrument 

precision across the single-compound isotope analyses was recorded at 0.14‰ on repeated 

measurements. Moreover, a standard FAME sample with isotopic composition known was used 

to track the accuracy and performance of the instrument, which, over the course of the analyses, 

remained at ±0.4‰. 

The resulting determinations were compared with modern and ancient baseline data 

from the same region (Lucquin et al., 2016), and these evidence were complemented with local 

dietary information from bone collagen isotope analysis in Naito et al., (2010) using the 

framework for comparing lipid and bone collagen measurements established in Fernandes et 

al., (2014). 



 

Bulk stable isotope analysis of foodcrusts 

Surface crust deposits were also analyzed for a bulk isotope composition with an elemental 

analyzer isotopic ratio mass spectrometry (EA–IRMS), as in (Craig et al., 2013). Homogenized 

charred surface deposits (>1.5mg) were analysed by elemental analysis IRMS for 𝛅13C and 

𝛅15N characterization. 𝛅13C or 𝛅15N values are indicated as [(Rsample/Rstandard
-1)] x 1000, where 

R = 13C/12C or 15N/14N. The standard used for 𝛅13C is Vienna PeeDee Belemnite (V-PDB) and 

the standard used for 𝛅15N is air N2. All examined charred crust samples exceeded the quality 

criterion of >1‰ N. Instrument precision recorded on repeated measurements was ±0.23‰, 

while accuracy, based on measurements of two standard (modern reindeer and seal) collagen 

samples was ±0.24‰. 

 

Materials 

 

 

Figure A. Example of Susuya type pottery from Kafukai 2 (Oba & Ohyi, 1981). 



 

 

Figure B. Example of Early Okhotsk pottery (Shitotsumon and Kokumon styles) from 

Kafukai 1 (Oba & Ohyi, 1981). 

 

 



 

Figure C. Example of Kokumon-style pottery in Middle Okhotsk Pit-House No.1a at Kafukai 

1 (Oba & Ohyi, 1981). 

 

 



 

Figure D. Example of Satsumon-style pottery. Samples depicted recovered from the Kafukai 

1 Pit-House No.3 (Oba & Ohyi, 1981). 
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Abstract 

The Late Holocene in northern Hokkaido is a dynamic period marked by maritime forager 

cultures from various source origins. Archaeological research in this region, however, is 

challenged by complications in radiocarbon dating due to marine reservoir offsets and 

scarcity of materials with terrestrial carbon. Hence, several gaps remain in the region’s 

culture-historical timeline, which complicate the comparison of Hokkaido’s cultural 

trajectory with that of adjacent regions, as well as the impact of environmental and climate 

changes. Here, this issue is addressed with two separate techniques to directly date pottery 

at the Kafukai sites in Rebun Island. Age measurements were carried out on absorbed lipid 

residues – extracted and purified using a novel protocol, complemented by bulk surface 

crust datings on paired materials. The contribution of oceanic carbon was estimated with a 

mixing model, and the dates were calibrated using a simple chronological stratigraphic 

model. Though, some absorbed lipid samples proved inaccurate, likely due to the 

introduction of “dead carbon” from the solvent used, the approach resulted in improved 

dating precision and produced age-estimations in line with the previously established 

chronologies for the contexts studied. The approach should therefore prove useful for 

archaeologists looking to date ancient materials at coastal sites. These results also 

demonstrate the robustness of the bulk crust dating that should be regarded as a viable 

option when investment in high-precision techniques is not possible. 

 

1. Introduction 

The Late Holocene in northern Hokkaido is a period marked by diverse hunter-gatherer 

cultures from multiple source origins. The research into the relationship and interactions 

between these cultures, however, is hindered by limitations in chronological inference due 

to challenges in radiocarbon dating. Pottery typologies are therefore still widely used to 

infer the order of past events in the region. Absolute chronologies would be critical to 

investigating the timing and order of transcendent cultural events, such as the appearance 

and disappearance of cultural groups, or their fusion into new cultures. Moreover, accurate 

time-series data across the Late Holocene is required to understand the social and 
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ecological drivers of these transformations, and, for instance, the role of past climate 

change, which has been previously suggested to have significantly impacted on the region’s 

complex cultural trajectories (Abe et al., 2016). These processes in the 1st millennium AD 

ultimately play into another important culture-historical phenomenon, the formation of the 

Ainu Cultures in the 13th century, whose ethnogenesis also needs to be understood better. 

Archaeological 14C-dating, however, has proven challenging in this region, due to 

the presence of multiple marine reservoir effects (MRE) and a general scarcity of ancient 

materials with a terrestrial carbon source. Marine dietary contributions exhibit marked 

variation among aquatic organisms in the coastal areas in northeast Asia, that lead to high 

reservoir offsets and limited efficiency with the 14C-dating technique (Kuzmin et al., 2007; 

Miyata et al., 2016). Therefore, assessing the source of carbon dated is a highly critical 

aspect of radiocarbon dating in such conditions. Moreover, there are a number of plateaus 

on the IntCal13 atmospheric curve between the 1st millennium BC and 1st millennium AD 

that produce wide age distributions to calibrated dates, further increasing dating uncertainty 

(Reimer et al., 2013).  

To tackle these issues, we directly dated archaeological pottery at two Late 

Holocene settlement sites located at the Kafukai river mouth on the east coast of Rebun 

Island. Two independent techniques were employed to AMS-date (Accelerator Mass 

Spectrometry) both bulk crust as well as lipids absorbed in the crystalline matrix of six 

Susuya and Okhotsk Culture potsherds, collected from three household contexts in three 

different occupation phases. The presence of oceanic carbon from aquatic organisms in 

these cooking pots had been previously confirmed using GC–MS-supported (gas 

chromatography–mass spectrometry) molecular characterizations, as well as single-

compound (by GC–C–IRMS; gas chromatography combustion isotope ratio mass 

spectrometry) and bulk isotope measurements (by EA–IRMS; elemental analyzer isotope 

ratio mass spectrometry) (Junno et al. manuscript). 

To properly factor in the marine reservoir offset in the samples, the contribution of 

marine carbon was approximated using mixing models (Fernandes et al., 2014). A 

previously reported local aggregate ΔR value in archaeological ceramic food crust was 

consequently used to properly calibrate the dates (Miyata et al., 2016). In addition, a 

Bayesian chronological model was developed so that the samples dated could be ordered 
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temporally using prior archaeological and stratigraphic information. The objectives of the 

paper, therefore, were threefold.  

Firstly, our objective was to test whether pottery could be directly dated while 

carefully managing the different sources of uncertainty stemming from MRE. Secondly, the 

paper also aims to examine whether notable differences exist when two sources of food 

residues are dated in a ceramic vessel; pure lipids absorbed by the clay matrix, and adherent 

crust materials consisting of multiple macronutrients. And finally, we also aimed to provide 

an improved chronology for the Kafukai sites by targeting three household contexts from 

three distinct occupation phases across a period of up to 1,000 years. Based on previously 

reported typological and radiocarbon-supported chronological evidence, a timeline in the 

range of 1–500 cal AD was anticipated for the Susuya Culture context (Kumaki et al., 

2017). In turn, for the Early and Middle Okhotsk period contexts, chronologies in the range 

of 450–550 cal AD, and 550–650 cal AD, respectively, were expected (Amano 2003; 

Deryugin, 2008; Ono, 2008; Junno et al., submitted). 

 

 

Figure 1. Map of East Asia, showing the location of the Kafukai study site in Rebun Island. 

 

2. Research Context 
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2.1 Current Chronology of the Late Holocene Northern Hokkaido Cultures 

The Late Holocene in northern Hokkaido is a dynamic period marked by several important 

cultural transitions, including the end of the Jomon Culture tradition (350 BC), as well as 

the emergence of Okhotsk (c. 400–1100 AD) and Satsumon Cultures (c. 650–1250 AD) 

(Amano, 2003; Hudson, 2004; Ono & Amano, 2002; Weber et al., 2013). These cultures 

have different source origins, either from Honshu to the south (Epi-Jomon), or Sakhalin 

(Susuya) and the Lower Amur (Okhotsk) in Russia to the north. The maritime forager 

economies in this period are highly adapted to the local marine ecosystems (Okada, 1998; 

Takase, 2020). This is especially the case in Rebun Island which has attracted a number of 

different prehistoric cultures from both the north and south, given its abundant marine 

resources and a strategic location between the Sakhalin and Hokkaido islands in northeast 

Asia (Oba & Ohyi, 1981) 

The interactions of these cultures in coastal northern Hokkaido had a long-lasting 

impact on the region’s cultural trajectory that culminates in the appearance of the Ainu 

Cultures in the 13th century (Sato et al., 2009). The Ainu Cultures are thought to have 

developed out of the Tobinitai Culture in Hokkaido, who, in turn, are a result of the 

amalgamation of the Okhotsk and Satsumon Cultures c. 10th century (Onishi, 2003; 

Hudson, 2004). 

Our current understanding of the cultural interactions between these communities, 

as well as their temporal order, in northeast Asia, however, is largely built on research into 

pottery typologies. Indeed, pottery has been a key resource to archaeologists in the 

construction of relative chronologies and periodizations based on typological evidence 

independent of radiocarbon dating. Typological information, while efficient in establishing 

an order for past cultures and events, does not translate into calendar ages and absolute 

chronologies. As a result, important gaps exist in our knowledge of the interactions and 

relationships of the local Late Holocene cultures in northern Hokkaido. Therefore, absolute 

dating methods are still required to further improve our understanding of the local social 

dynamics, and to allow us to properly assess Hokkaido’s cultural trajectory with that of the 

adjacent regions. 

 

2.2 Dealing with Local Marine Reservoir Effects 
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Hokkaido is the northernmost main island of the Japanese archipelago, and it is 

surrounded by the Sea of Japan to the west, the Sea of Okhotsk to the north, and the Pacific 

Sea to the east (Fig. 1). These oceanic water systems are rich in marine resources, which 

contributed to the emergence of highly adapted maritime cultures in the past (Okada, 1998; 

Takase, 2020). To be sure, the Late Holocene communities in northern Hokkaido are all 

characterized as economies highly reliant on the marine ecosystem, a circumstance that 

forces archaeologists to radiocarbon date oceanic carbon instead of dating the more reliable 

terrestrial carbon. 

The marine reservoir effect occurs in radiocarbon dating when 14C-depleted oceanic 

carbon in a sample makes its age determination appear older than its true age (Yoneda et 

al., 2001). The northern Hokkaido region is known for its complex oceanic carbon cycle 

that creates multiple local marine reservoir effects of different scales, further complicating 

archaeological radiocarbon dating (Kuzmin et al, 2007; Miyata et al., 2016). Indeed, the 

interplay of several oceanic currents and the presence of multiple migrant marine fish and 

sea mammal species, such as the Pacific cod (Gadus macrocephalus) and the Pacific 

herring (Clupea pallasii), the Japanese sea lion (Zalophus californianus japonicus), and the 

fur seal (Callorhinus ursinus), contribute to increasing dating uncertainty, since the 

contribution and age offset of different carbon reservoirs on distinct species or individuals 

is largely unknown. Previously, this matter was tackled in Miyata et al. (2016), where a 

local marine reservoir correction (ΔR) of 172±39 was reported for the Soya Warm Current 

that flows adjacent to Rebun Island. In addition, ΔR values were reported for Alcidae (a 

family of seabirds) and the Japanese sea lion, which appeared higher, 289±45 and 389±45 

14C years, respectively. 

 

2.3 Direct Dating Pottery 

Pottery tends to preserve organic remains in both its clay matrix and adherent crust 

materials, informing of its past use and function (Evershed, 2008). Ceramic containers have 

been radiocarbon dated using various techniques, such as bulk AMS dating of surface 

crusts (Yoshida et al., 2013), and compound-specific approaches that identify and target 

certain compounds such as fatty acids in the ceramic material (Casanova et al., 2020). The 
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most challenging part in the direct dating of pottery, however, is ensuring that the carbon 

dated has been properly sourced to its food web. 

Indeed, prehistoric pottery was seldom used to process resources from one food 

group – that could be identified with minimum uncertainty. Rather, organic residues in 

pottery are often composed of multiple food sources that contain carbon from various 

carbon reservoirs (Smittenberg et al., 2002). According to previously published research 

into Late Holocene pottery use, container function in Hokkaido appears to have been 

diversified across several food webs (Horiuchi et al., 2015; Junno et al., 2020). Therefore, 

successful direct dating of these materials will have to both properly source the carbon 

dated, as well as approximate the offset (ΔR) of the reservoir(s) involved. In Miyata et al. 

(2016), an offset of 447±55 14C years was inferred in archaeological pottery crust at the 

Hamanaka 2 site in Rebun Island. The estimate was employed in the present study to 

approximate the intensity of the reservoir offset in pottery at the Kafukai sites. This was 

possible using the framework provided by a mixing model made available in the FRUITS 

software package (Fernandes et al., 2014). 

Recently, Bayesian mixing models have been employed to manage uncertainty in 

the dating of pottery (Fernandes et al., 2018). In cases where palaeodietary data is available 

from the samples examined, the technique allows for the carbon contribution across 

multiple food groups to be modeled, while also permitting the integration of prior expert 

information, such as archaeological and molecular evidence, into the mixing model 

(Fernandes et al., 2014; Lucquin et al., 2018). This should potentially lead to a more 

efficient management of reservoir effects and, consequently, a higher confidence in 

radiocarbon dates directly measured in pottery. 

 

3. Materials and Methods  

3.1 Materials 

In order to test whether pottery could be directly dated to build a reliable absolute 

chronology in the coastal northern Hokkaido environment, a total of six ancient potsherds 

with known molecular and isotopic composition (Junno et al. manuscript) were selected for 

14C-dating. The ceramic samples were obtained from two adjacent maritime forager sites in 
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the Kafukai river mouth, on the eastern coast of Rebun Island (Fig. 2). Rebun Island is 

located in the Sea of Japan, 50 km west of Cape Nosappu, the northernmost tip of 

Hokkaido, and 90 km of Sakhalin Island to the north. Rebun is a wedge-shaped island with 

a maximum length and width of 20 km and 6 km, respectively, and a land area of 

approximately 80 km2. 

 

 

Figure 2. Location of the study site Kafukai 1 and 2 at the Kafukai river mouth on the 

eastern coast of Rebun Island (Oba & Ohyi, 1981) 

 

The samples were recovered during excavations at the Kafukai river mouth 

conducted by Hokkaido University in 1968–1972 (Oba & Ohyi, 1981). Two of the samples 

were recovered from Pit-House No. 2 at the Susuya Culture site of Kafukai 2. Another four 

samples were recovered from the Okhotsk Culture site of Kafukai 1, with three of them 

collected from Pit-House No. 2, and one sherd was collected from Pit-House No. 1a. 

Importantly, the samples were recovered from the floor layer of each pit-house, ensuring 

that the sherds are strictly associated with activities related to the corresponding household. 
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The pottery is characterized as thick-walled, grit-tempered and low-fired, with each of the 

sherds containing visible surface encrustations.  

Previously, all six samples had been analyzed for molecular and isotopic 

composition through organic residue analysis (Table 1). GC–MS-supported molecular 

characterization had been carried out for both absorbed and surface deposit residues. 

Charred surface deposits were also analyzed for bulk isotope δ13C and δ15N composition 

using EA–IRMS (Fig. 3). In addition, the methylated absorbed lipid extracts were further 

examined for single-compound δ13C isotope characteristics in n-alkanoic saturated fatty 

acids C16:0 and C18:0 with GC–C–IRMS (Fig. 4). The identification of aquatic biomarkers 

such as isoprenoids and APAAs (ω-(o-alkylphenyl)alkanoic acids), as well as enriched 

single-compound and bulk δ13C isotope values confirm the presence oceanic carbon in 

these samples, indicating that the containers were likely used in the processing of marine 

and anadromous organisms (Junno et al. manuscript). 

 

Figure 3. Results of the bulk isotope δ13C and δ15N determinations (left), C/N isotopic 

ratios (right) for n=6 interior surface crusts from the Kafukai sites. 
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Figure 4. Summary of single-compound δ13C isotope determinations for n-alkanoic fatty 

acids C16:0 and C18:0 in absorbed and charred crust residues (n=12). The reference ranges (1-

σ) are derived from ancient and modern experimental data from Naito et al. (2010); 

Lucquin et al., (2018), and Fernandes et al., (2014). 
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Sample ID Domestic Unit Material Concentration 

(µg– 1) 

δ13C16:0 (SD) 

(‰) 

δ13C16:0 (SD) 

(‰) 

Δ13C 

(‰) 

δ13C 

(‰) 

δ15N 

(‰) 

Molecular evidence 

208 RKB-132D Susuya, No.2 Lipid 929 – 24.7 (0.2) – 24.3 (0.2) 0.40   C12-26 SFA, C16-22 MUFA, C13-18 Br FA,  C16-22 

APAA, C8-11 DA, Phyt. 

208 RKB-132D Susuya, No.2 Crust 366    – 23.2 14.6 C14-20 SFA, Phyt. 

235 RKB-130 Susuya, No.2 Lipid 824 – 25.7 (0.2) – 25.0 (0.1) 0.65   C12-26 SFA, C16-22 MUFA, C15-18 Br FA,  C16-22 

APAA, C7-12 DA, DHA, Phyt., Prist. 

235 RKB-130 Susuya, No.2 Crust 349 – 25.7 (0.2) – 25.2 (0.2) 0.48 – 23.0 15.6 C14-22 SFA, C18-22 MUFA, C18 APAA, Phyt. 

203 RKA-4923 Okhotsk, No. 2 Lipid 809 – 22.9 (0.1) – 22.3 (0.1) 0.64   C12-26 SFA, C16-22 MUFA, C13-18 Br FA, C18-22 

APAA, Phyt., Prist., TMTD, C8-12 DA, Chol. 

203 RKA-4923 Okhotsk, No. 2 Crust 3549 – 23.9 (0.1) – 22.7 (0.1) 1.13 – 24.3 12.4 C14-24 SFA, C16-24 MUFA, C15-17 Br FA, C9-12 

DA, Chol., Phyt. 

200 RKA-2788A Okhotsk, No. 2 Lipid 4729 – 25.3 (0.1) – 24.4 (0.2) 0.89   C10-26 SFA, C16-22 MUFA, C13-18 Br FA, C16-22 

APAA, Phyt., Prist., TMTD, C7-12 DA, Chol. 

200 RKA-2788A Okhotsk, No. 2 Crust 6165 – 25.5 (0.2) – 24.6 (0.1) 0.88 – 23.2 16.3 C12-26 SFA, C16-22 MUFA, C13-18 Br FA, C16-22 

APAA, Phyt., Prist., TMTD, C9-12 DA, Chol. 

229 RKA-14130 Okhotsk, No. 2 Lipid 34 – 24.2 (0.1) – 24.2 (0.2) 0.03   C14-22 SFA, C15-17 Br FA, C10-12 DA, C16-20 

APAA, Phyt. 

229 RKA-14130 Okhotsk, No. 2 Crust 2925 – 23.2 (0.4) – 22.0 (0.3) 1.19 – 22.2 16.0 C14-24 SFA, C16-22 MUFA, C15-18 Br FA, C10-12 

DA, C16-22 APAA, Phyt., Prist. 

222 RKA-4927 Okhotsk, No. 1a Lipid 1223 – 25.3 (0.1) – 24.6 (0.1) 0.75   C11-26 SFA, C16-24 MUFA, C15-18 Br FA, C16-22 

APAA, Phyt., Prist., C7-12 DA, Chol., DHA 

222 RKA-4927 Okhotsk, No. 1a Crust 2271 – 24.5 (0.2) – 23.0 (0.3) 1.43 – 24.0 12.2 C14-18 SFA, C18 APAA, Phyt., DHA 

 

Table 1. Summary of molecular, compound-specific (δ13C16:0 and δ13C18:0) and bulk stable isotope (δ13C and δ15N) analyses of 

absorbed lipid and food crust samples in Junno et al. (manuscript). Abbreviations: APAAs (ω-(o-alkylphenyl)alkanoic acids), Br FA 

(Branched-chain fatty acid), Chol. (cholesterol), DA (dicarboxylic acids), DHA (dehydroabietic acid), LCAL (long-chain alkanols), 

MUFA (Monounsaturated fatty acid), Phyt. (Phytanic acid); Prist. (Pristanic acid.), SFA (Saturated fatty acid), and TMTD (4,8,12-

trimethyltridecanoic acid). Cxx denotes carbon chain length of the compound. 
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3.2 Methods 

The six ceramic samples were AMS-dated using two separate techniques. The adherent 

crust materials were removed from the sample surface of each sherd using a sterile scalpel. 

The samples were then measured, placed in tin capsules and 14C-dated in bulk (Yoshida et 

al., 2013). In turn, following the pulverization of c. 1 g of ceramic material, lipids absorbed 

in the clay matrix of each sample were chemically extracted and purified ahead of the 14C-

dating (Llewellin et al. article in preparation).  

 More specifically, the technique employed is a modified version of the Folch’s 

(Folch et al., 1957; Eggers et al., 2016) method, adapted for the isolation of lipid residues 

from the clay matrix of potsherds and their simultaneous purification from exogenous 

contaminations. In short, ceramic powder was homogenized through sonication in a 

mixture of chloroform and methanol (2:1, v:v). The non-extractable residue and the liquid 

phase were separated through centrifugation (3000 rpm, 30 min.) and the liquid phase was 

collected. 

This process was repeated three times and the extracts were combined. This liquid 

phase contains a large range of organic compound classes, both apolar compounds (e.g., 

lipids, terpenes, etc.) and polar components (e.g., sugars, dicarboxylic acids, etc.) (cf. 

Medeiros & Simoneit, 2007). The usage of methanol as a polar component in the extraction 

mixture is important for the efficiency of this method as it improve the solubilization of 

lipid molecules (Eggers et al., 2016:2) but has the obvious drawback that it also extracts 

polar components that are exclusively of environmental origin (cf. Medeiros & Simoneit, 

2007). The exchange of apolar lipids between the burial environment and buried potsherd 

has been shown to be negligible (Heron et al., 1991) but polar components can be 

transported through the percolation of groundwater. 

To purify the lipid residues deionized water was added to the chloroform/methanol 

mixture, shaken vigorously. Allowed to settle, a new aqueous phase was formed. In this 

upper water and methanol phase hydrophilic components and salts are enriched, while the 

lower chloroform phase retains the lipids (Eggers et al., 2016:2). The aqueous phase was 

discarded and the washing was repeated two more times with new pure water. The purified 

lipid extracts were blown down to a few hundred microliters under a gentle stream of 
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nitrogen gas, they were then pipetted directly into weighed foil capsules and carefully 

blown down to dryness. 

The potential problems resulting from the incomplete removal of carbon containing 

organic solvents prior to radiocarbon analysis has been recognized for applications of 

compound specific radiocarbon dating (Casanova et al., 2018) and is equally relevant for 

this approach.  In order to reduce this problem and maximize the removal of solvents the 

foil capsules were heated to 70 °C, i.e. c. 10 °C above the boiling point of chloroform, for 

one hour. The foil capsules were then weighed to ensure good enough lipid residue yields 

before being sent to radiocarbon analysis. 

The δ13C-value of the extracted lipids should be in accordance with the molecular 

and single compound stable carbon analyses of the lipid residue and the carbon content 

should not deviate considerably from the theoretical carbon content range of lipids of c. 72-

79 %C1 (cf. Llewellin et al. article in preparation). The purified lipid extract approach can 

be used on potsherd with high lipid yields, preferably from singular biospheres (i.e. 

atmospheric or aquatic), and with a minimum post-excavational contamination. In other 

circumstances the single compound radiocarbon dating approach is to be preferred 

(Casanova et al., 2018, 2020). However, since the purified lipid extract approach do not 

involve any derivatization of the lipids no mass-balance correction for the methyl group 

added in the derivatization of fatty acids is needed, as is the case with the compound 

specific approach. Also, the problems of contamination from column bleed during the 

preparative Gas Chromatography applied in the compound specific approach do not apply 

for the purified lipid extract approach. 

 

4. Results 

4.1 Radiocarbon dating 

The timing of the three household contexts examined at the Kafukai sites were estimated by 

directly radiocarbon dating absorbed lipid and bulk crust samples in each of six ceramic 

                                                             
1 Theoretical carbon content based on chemical formula; Di- and triterpenoids c. 79-85 %C; Lipids c. 72-79 

%C; Lignin, cutin & suberin c. 62-72 %C; Proteins, peptides and amino acids c. 30-64 %C; Carbohydrates 

40-44 %C. Carbon content measurements of Humus report c. 60 %C. Chloroform has a carbon content of 

10.1 %C and methanol 37.5 %C. 
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cooking containers (Table 2). While all six surface crusts were successfully dated, one 

absorbed lipid extract (sample 235) did not produce a reliable dating due to suboptimal 

sample size. Therefore, this date was omitted from further analysis and the chronological 

study was conducted using a total of six bulk and five absorbed lipid age determinations. 

The measured proportion of carbon in these eleven samples was high and ranged from 41.5 

to 83.1%. Absorbed lipid extracts showed higher variation and slightly higher mean 

proportion of carbon (65.2%) compared to the bulk samples (60.6%). In turn, measurement 

error (1-σ) remained small across the sample set, between 22 and 40 radiocarbon years – 

giving the dates a range from 3171 to 1785 uncalibrated radiocarbon years BP (before 

present, i.e. 1950 AD). 

 

 

Figure 5. Estimated percentage contributions of lipids from absorbed lipid sample 208 (A) 

and 222 (B), based on five most common and likeliest food sources at the site (Fernandes et 

al., 2014; Lucquin et al., 2018) 

 

4.2 Calibration 

To properly calibrate the dates, the contribution of marine carbon in each individual sample 

was estimated based on prior molecular and isotopic evidence using a mixing model 

(FRUITS 3.0 beta; Fernandes et al., 2014). For the absorbed lipid samples a concentration-

dependent model was developed (Fernandes et al., 2018), where δ13C contribution was 

modeled in marine, salmonid, freshwater, porcine and ruminant organisms in n-alkanoic 
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C16:0 and C18:0 fatty acids using baseline data from Lucquin et al. (2018) (Fig. 5). For the 

adherent crust samples, a standard mixing model in 13C and 15N enrichment was employed 

with modern and ancient reference values from marine, salmonid, freshwater, C3-

plant/terrestrial animal and C4-plant food webs as reported in Yoneda et al. (2004) and 

Yoshida et al. (2013).  

The marine food group was assumed to have a 100% contribution from oceanic 

carbon, with salmon contribution assumed at 75% marine and 25% terrestrial, and 

terrestrial sources assumed to have 100% terrestrial carbon source. In the case of the 

freshwater food group, a 100% contribution from atmospheric carbon was assumed, given 

that no freshwater reservoir effect is reported in the dating of Lake Kushu sediment 

succession (Leipe et al. 2018), and since there is no evidence to suggest that dissolved 

inorganic carbon would be present in notable quantities in the Rebun Island freshwater 

system. All dates were calibrated using the OxCal calibration program, version 4.3 (Bronk 

Ramsey, 2017) and the IntCal13 and Marine13 calibration curves (Reimer et al., 2013). In 

addition, an estimate of 447±55 was used to approximate the local marine reservoir offset 

in archaeological ceramic foodcrust, as reported in Miyata et al. (2016) at the Hamanaka 2 

site, Rebun Island. 

 

4.2.1 Dating Susuya Type Pottery from Pit-House No.2 

Two adherent crust and one absorbed lipid date were used to date the Susuya Pit-House No. 

2 at the Kafukai 2 site. The estimated marine contribution in these samples ranged between 

38 and 89.7%, which indicates the presence of a notable MRE. Both bulk crust dates were 

consistent with the expected 1–500 AD range for this occupation (Kumaki et al., 2017), 

with their unmodeled mean dates – 45 cal BC for sample 235, and 89 cal AD for sample 

208 – indicating an age closer to the lower boundary estimate. However, the radiocarbon 

date derived from the absorbed lipid extract 208 appeared considerably older than these two 

charred crust dates with an unmodeled mean date of 510 cal BC, which is also inconsistent 

with the Susuya Culture chronology in Hokkaido. 

 

4.2.2 Dating Okhotsk Type Pottery from Pit-House No.2 
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Three bulk crust and three absorbed lipid samples were utilized in the dating of the Okhotsk 

Pit-House No. 2 at the Kafukai 1 site. Marine contribution was estimated between 36.2 and 

100.0%, indicating a marine reservoir effect similar to that modeled in the Susuya samples. 

All three bulk crust samples were dated fairly consistently within the expected 450–550 AD 

range for the earliest Okhotsk occupation in Rebun Island (Amano, 2003; Junno et al., 

2020), with mean dates of 413 cal AD (sample 229), 508 cal AD (sample 200) and 709 cal 

AD (sample 203). However, two of the three dated total lipid extracts yielded ages 

considerably older than this, with their mean dates of 791 cal BC (sample 200) and 623 cal 

BC (sample 229) appearing over 1000 calendar years more ancient than either the bulk 

dates or the archaeological estimate. The dating of the lipid extract from sample 203 

appeared older, too, than its corresponding bulk crust date, however the upper 1-sigma 

range of this date (40–526 cal AD) is within the age range expected for this context. 

 

4.2.3 Dating Okhotsk Type Pottery from Pit-House No.1a 

One bulk crust and one absorbed lipid sample were used to date a ceramic container 

(sample 222) in Okhotsk Pit-House No. 1a at the Kafukai 1 site. Marine contribution was 

estimated in the range of 36.2 and 95% for these two samples, again, indicating a notable 

presence of oceanic carbon. Similarly to the Susuya and earlier Okhotsk materials, the 

absorbed lipid sample appeared in general older than the bulk crust date. Both samples’ 

dating overlaps with the expected age range of 550–650 calAD for this context. However, 

the absorbed lipid date’s 1-σ range covers this time-range partly (80–591 calAD), while the 

bulk date’s 1-σ range covers it completely (434–884 calAD). In principle, still, both dates 

can be considered consistent with the previously established chronology for this phase. 
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Figure 6. Profile picture indicating the stratigraphic sequence of the Kafukai 1 site (Oba & 

Ohyi, 1981). 

4.3 OxCal modeling with prior chronological information 

To further improve dating precision of the samples examined, dates from the three 

household contexts were calibrated using the OxCal calibration program by ordering them 

chronologically based on prior stratigraphic and archaeological information (Bronk 

Ramsey, 1995; Buck et al., 1996; Bronk Ramsey, 2009; Benz et al., 2012). Absorbed lipid 

dates 200, 208 and 229 were excluded from this model given that their age ranges were 

considerably older than expected,, i.e. deviated from the expected age of this cultural 

context on a scale that they exclusion was archaeologically justified. In the model 

developed, the Susuya phase (Sequence 1) was assumed to have predated both Okhotsk 

phases at the Kafukai rivermouth sites, as these cultures are not considered to overlap in 

Hokkaido. In addition, dates from Okhotsk Pit-house No. 2 (Sequence 2) must predate the 

dates from Okhotsk Pit-house no. 1a (Sequence 3), provided that in the Kafukai 1 

stratigraphic succession (Fig. 6) Pit-house No. 2 appears before Pit-house No. 1a. No prior 

chronological order is applied to dates within a sequence, with the statistical weight of each 

date within a sequence contributing to the model equally. The results of the age modeling 

are presented in Fig. 7.  
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Sample Domestic Unit Material Marine (%) Salmonid (%) C% MRE% (Error) BP Age (Error) Unmodelled Range (1-σ) Mean Date 

208 Susuya, No.2 Lipid 39.0 26.3 73.8 65.4 ± 27.4 2919 ± 26 797–235 cal BC 510 cal BC 

208 Susuya, No.2 Crust 52.0 18.1 62.8 70.1 ± 19.2 2455 ± 40 108 cal BC–313 cal AD 89 cal AD 

235 Susuya, No.2 Crust 55.3 16.6 62.3 71.9 ± 17.8 2580 ± 24 228 cal BC–142 cal AD 45 cal BC 

203 Okhotsk, No. 2 Lipid 54.8 21.7 41.5 76.5 ± 29.6 2387 ± 27 40 cal BC–526 cal AD 66 cal AD 

203 Okhotsk, No. 2 Crust 37.0 23.8 64.1 60.8 ± 24.6 1815 ± 30 473–944 cal AD 709 cal AD 

200 Okhotsk, No. 2 Lipid 39.7 25.3 62.7 65.0 ± 27.9 3145 ± 26 1067–489 cal BC 791 cal BC 

200 Okhotsk, No. 2 Crust 58.9 14.3 61.9 73.2 ± 17.0 2101 ± 24 374–666 cal AD 508 cal AD 

229 Okhotsk, No. 2 Lipid 36.5 30.7 83.1 67.2 ± 29.2 3030 ± 35 929–355 cal BC 623 cal BC 

229 Okhotsk, No. 2 Crust 57.6 16.0 55.3 73.5 ± 17.7 2195 ± 24 258–587 cal AD 413 cal AD 

222 Okhotsk, No. 1a Lipid 39.6 26.7 65.1 66.3 ± 28.7 2212 ± 29 80–591 cal AD 320 cal AD 

222 Okhotsk, No. 1a Crust 34.8 27.3 57.2 62.1 ± 25.9 1863 ± 22 434–884 cal AD 667 cal AD 

 

Table 2. Summary of the dating and calibration (unmodeled) of the samples studied. MRE denotes marine reservoir effect, and BP age 

is the before present (i.e. 1950 AD) age of the sample in radiocarbon years, reported with instrumental error expressed as a standard 

deviation (1-σ). 
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Figure 7. Result of calibration of each individual selected, age-modeled using prior 

stratigraphic and archaeological information. Sequence 1=Susuya Pit-house No.2; 

Sequence 2=Okhotsk Pit-house No.2; Sequence 3=Okhotsk Pit-house No. 1a. Green 

color=Bulk crust date; Blue color=Lipid date. Dark color represents the modeled age 

density distribution, and light color indicates the unmodeled age density distribution. Figure 

produced with OxCal 4.3 (Bronk Ramsey, 2017). 

 

5. Discussion 

The chronological modelling of six charred crust samples and two absorbed lipid extracts 

from household pottery at the Kafukai sites notably improved the dating accuracy of the 

sites’ three phases and provided a means to manage the uncertainty related to MRE. With 

lipid biomarker, as well as single-compound and bulk isotope, evidence confirming the 

presence of oceanic carbon in all the samples dated, a marine reservoir offset of 447±55 

(Miyata et al., 2016) was used in the calibration of the 14C dates, where the proportion of 
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marine carbon was computed using a Bayesian mixing model (Fernandes et al., 2014). 

Provided that food sources within the marine food web cannot be distinguished in a ceramic 

sample, an aggregate contribution from multiple marine species – including high-trophic 

level marine fish and sea mammal food groups depleted 14C profiles due to dietary 

exposure to the deep ocean carbon cycle – was employed. This improves the timing of the 

Susuya and Okhotsk occupations with better precision and much higher confidence than 

before. 

Bulk crust samples 208 and 235 from two ceramic containers in Susuya Pit-house 

No. 2 had modelled (1-σ) age ranges of 37 BC–227 cal AD and 6 BC–246 cal AD, 

respectively, which are consistent with a previously reported radiocarbon date range of 1–

500 AD for the culture in Hokkaido (Kumaki et al., 2017). Therefore, we conclude that 

prior to the Okhotsk settlement phase, the Kafukai river mouth had been inhabited by the 

Susuya Culture during the first half of the 1st millennium, likely between the 1st and 4th 

centuries. However, since the chronological order of the three Susuya Culture pit-houses at 

Kafukai 2 is unknown, the place of the dated Pit-House No. 2 in the site’s occupation 

sequence cannot be confirmed. 

The timing of Okhotsk Pit-house No. 2 – the earliest structure in the Kafukai 1 

sequence – was reconstructed using a total of four dates from three ceramic vessels. The 

modeled (1-σ) age ranges for the three bulk crust dates were 256–439 cal AD (sample 203), 

319–479 cal AD (sample 200) and 333–496 cal AD (sample 229). In addition, the dated 

absorbed lipid extract from sample 203 produced a modeled (1-σ) age range of 274–449 cal 

AD. Although these age estimates appear slightly older than the expected 450–550 cal AD 

interval for this context, the upper boundaries of the 2-σ  ranges of all four dates overlap 

with this time frame.  

The most recent context examined, the Okhotsk Pit-house No. 1a, was age-

estimated by modeling both bulk crust as well as absorbed lipid dates derived from a single 

ceramic container (sample 222), producing modeled (1-σ) age ranges of 433–609 cal AD 

and 462–641 cal AD, respectively. These age estimates appear to confirm the previously 

reported 550–650 AD timing for the dwelling structure assigned to the Middle Okhotsk 

period, which generally coincides with the 536–660 AD cooling of the Northern 

Hemisphere (Büntgen et al., 2016). It has been suggested that a cold climate period may 
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have favored the marine-adapted Okhotsk Culture (Abe et al., 2016), and therefore this 

matter should be investigated further once the timing of the Okhotsk appearance in 

Hokkaido has been established with sufficient precision. 

In turn, by using a Bayesian chronological model that factors in both archaeological 

as well stratigraphic information, the effects of the calibration plateau in the atmospheric 

curve could be minimized c. 450–550 cal AD, and the dates corresponding to this interval 

did not have disproportionately wide age distributions. This had an especially favourable 

effect on the timing of the Okhotsk Culture phases at Kafukai 1. Indeed, in light of these 

results we estimate that the earliest Okhotsk pit-house at Kafukai 1 was established at some 

point in the 5th century. This age estimate aligns well with a deforestation trend in Rebun 

Island, inferred in the lake pollen record of Late Kushu from c. 500 to 800 cal AD, and 

associated with the presence of the Okhotsk on the island (Leipe et al., 2018). 

In turn, based on our dating of pottery in Okhotsk Pit-house No. 1a, the earliest 

Okhotsk occupation at Kafukai 1 is followed by another occupation in the 6th-7th century. 

This age estimate slightly pre-dates the age ranges of 579–1107 cal AD that had been 

reported previously for three separate burials of Okhotsk sub-adults with a heavy marine 

dietary contribution (80–90%) at Kafukai 1 (Naito et al., 2010). The reported age estimates 

are consistent with our results, since, based on their position in the site stratigraphy, the 

three burials are either contemporaneous with, or post-date, the Okhotsk Pit-house No. 1a. 

That being said, three ceramic lipid extract dates were omitted from the 

chronological model as their calibrated age ranges were considerably older than the bulk 

crust dates measured from the same vessels. Though lipids absorbed in the crystalline 

matrix of pottery are not directly comparable to adherent crust materials – they may not 

result from identical resource processing activities and are better protected against 

diagenetic agents in the burial environment – the observed difference of >1,000 calendar 

years between two sources of carbon in a single potsherd is highly unlikely to have resulted 

from the ancient use of the vessels. Therefore, we find the likeliest explanation for these 

age offsets between bulk crust and absorbed lipid dates in samples 200, 208 and 222 to 

have been generated by the retention of 14C-depleted carbon in the chloroform-methanol 

based solvent, used to extract and purify the lipid samples. More specifically, unsuccessful 

post-extraction removal of solvent from three lipid samples resulted in the introduction of 
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chloroform-derived “dead carbon” that diluted the samples’ radiocarbon concentration, 

making them appear considerably older that their true age. Plastic packaging materials are 

another potential source of  dead carbon in these samples. However, since in that case this 

type of contamination should have affected the charred crust dates as well, we find 

packaging materials as an unlikely source of dead carbon in the absorbed lipid extracts. 

This corroborates the retained chloroform as the source; and the need for improvement of 

the purification technique. 

Finally, the performance of the bulk dating technique should be highlighted, given 

that all six adherent crust materials produced a reliable age measurement for the ceramic 

samples in an environment with high marine offsets and potential for post-excavation 

contamination. Initially, the bulk crust dates were carried out to test the performance of the 

total lipid extract dating technique. However, the bulk dating approach proved robust 

enough for producing an accurate chronology for the contexts examined. This result would 

therefore seem to indicate that the bulk dating approach should remain a viable option 

going forward, especially in cases where a reliable age measurement is needed, but more 

expensive and time-consuming high-performance techniques are not available. 

 

6. Conclusions 

This paper has aimed to resolve a general issue in coastal archaeology – how to accurately 

date marine-adapted cultural sequences. Coastal northern Hokkaido is a particularly 

challenging environment for archaeological radiocarbon dating, given the high reliance of 

almost all cultural groups on marine resources. This unresolved challenge has forced 

archaeologists to still rely heavily on chronologies constructed on the basis of pottery 

typologies. Therefore, the aim of this contribution was to directly date pottery sequences, 

which involved the development of a novel technique that was suitable for application to 

maritime-adapted cultures. To overcome issues with the marine reservoir effect, we opted 

to age-estimate a series of targeted contexts with materials where the samples’ food source 

had previously been studied with organic residue analysis. Two independent dating 

techniques were employed, allowing us to track the performance of a recently developed 

approach where lipids from the crystalline matrix in pottery are extracted, purified and 
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dated using AMS. The contribution of oceanic carbon in all samples dated was 

subsequently approximated using a mixing model, followed by the development of a 

Bayesian chronological model. While a number of the dated lipid samples were found to 

have likely absorbed 14C-depleted carbon from the solvent used in their extraction and 

purification, the resulting chronological model was successfully generated using six bulk 

crust and two lipid extract dates from three separate cultural phases. These age-ranges were 

consistent with the existing chronological evidence at the Kafukai sites, and Rebun Island 

in general, which, in particular highlights the robustness of the bulk dating technique in 

archaeology.  

Further work, however, is required to fully date the Susuya and Okhotsk 

occupations at the Kafukai river mouth, and more experimental work with local aquatic 

samples is called for to further improve our understanding of the complex carbon cycle 

between different marine organisms in the northern Pacific oceanic systems. More 

generally, the approach developed here has the potential to have much wider international 

relevance to archaeologists working in diverse coastal environments. It may make an 

especially important contribution to research in the Circumpolar North, since a large 

number of Arctic cultures have tended to rely heavily – and in many cases almost 

exclusively – on coastal and maritime resources, especially in Fennoscandia, Northeast 

Asia, the North American Arctic, and Greenland. In addition, a large number of these 

cultures also made at least some use of pottery as well as other durable cooking containers, 

such as soapstone bowls. However, while the dating of extracted lipids offers a promising 

approach to directly dating pottery and potentially other kinds of cooking vessel, more 

work is still needed to find ways to ensure that exogenous carbon can effectively be 

removed from the extracts. 
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Appendix 

Bayesian mixing model and reference isotope values 

Modelling of the source of carbon in the pottery lipid and charred crust samples was carried 

out using the 3.0 Beta version (http://sourceforge.net/projects/fruits/) of the Bayesian mixing 

model FRUITS (Fernandes et al., 2014). Two models were developed using i) δ13C16:0 and 

δ13C18:0 values for the single-compound determinations from authentic modern fats and 

ancient samples in Lucquin et al. (2018), as well as ii) δ13C and δ15N values for the bulk 

isotope determinations in Yoneda et al. (2004) and Yoshida et al. (2013). In both models, 

five food groups were selected as potential sources of organic residues. For single-compound 

data, freshwater, salmonid, marine, porcine and ruminant food webs were considered. For 

bulk isotope data, the following five food webs were selected; marine, salmonid, freshwater, 

C3-plant/terrestrial animal and C4-plant. No archaeological or molecular priors were used, 

and each analysis comprised 10,000 Markov chain steps. Estimated concentrations of C16:0 

and C18:0 in target sources were based on the USDA Food Composition Databases 

(https://ndb.nal.usda.gov/ndb/). 

 

Bulk isotope analysis of charred crusts 

Adherent crust deposits were also investigated for bulk isotope composition with elemental 

analyzer isotope ratio mass spectrometry (EA–IRMS), as reported in (Craig et al., 2013). The 

charred surface deposits (>1.5 mg) were homogenized and analyzed for 𝛅13C and 𝛅15N 

characterization. 𝛅13C or 𝛅15N values are expressed as [(Rsample/Rstandard
-1)] x 1,000, where R 

= 13C/12C or 15N/14N. The standard used for 𝛅13C was Vienna PeeDee Belemnite (V-PDB) 

and the standard used for 𝛅15N was air N2. All charred crust samples examined surpassed the 

quality criterion of >1‰ N. Instrument precision on repeated measurements was ±0.23‰. 

Accuracy of the measurements, based on measurements of two standard (modern reindeer 

and seal) collagen samples was ±0.24‰. 

 

Compound-specific isotope analysis of C16:0 and C18:0 FAMEs 

https://ndb.nal.usda.gov/ndb/


After methylation, single-compound isotope (δ13C) measurements were carried out for C16:0 

and C18:0 fatty acid methyl esters (FAMEs) in the absorbed and surface lipid samples using 

gas-chromatography combustion isotope ratio mass spectrometry (GC–C–IRMS). The 

analyses were carried out using a Trace GC supplied with a DB-5 capillary column (60 m x 

0.32 mm x 0.25 𝜇m), equipped with a Thermo Delta V mass spectrometer. To examine the 

isotopic composition of each sample, 1 μl of sample material was injected through a 

programmable temperature vaporisation (PTV) injector that was operating in splitless mode. 

The injection pressure was configured at 70 kPa and the initial temperature was set at 40 °C. 

The splitless time was adjusted to 1 min; solvent vent temperature was kept at 100 °C and 

vent flow was set at 100 ml/min. Evaporation pressure was kept at 140 kPa, while evaporation 

temperature was kept at 40 °C, with evaporation rate set at 10 °C/sec and evaporation time 

was 0.16 min. Transfer pressure was adjusted at 210 kPa, while transfer temperature was 

kept at 300 °C, and transfer rate was maintained at 12 °C/sec. The cleaning temperature was 

configured for 320 °C, with cleaning rate 14.5 °C/sec, cleaning time set at 20 min and 

cleaning flow set at 100 ml/min. The GC oven temperature was configured with an initial 

isothermal of 2 min at 120 °C, followed by an increase of 20 °C/ min to 200 °C, followed by 

another temperature increase of 5 °C/min to 315 °C, and a final temperature hold of 7 min. 

The analysed fatty acid methyl esters were converted to CO2 via an IsoLink reactor system, 

where pulses of reference CO2 gas were injected employing a ConFlo IV unit.  

The lipid samples were injected automatically, with the analysis of each sample 

confucted twice, with the mean of each analyses considered the value to inform of the 

isotopic composition of the sample. Instrument precision throughout the single-compound 

isotope analyses was recorded at 0.2‰ on repeated measurements. Moreover, a standard 

FAME sample with isotopic composition known was used to track the accuracy and 

performance of the instrument, which, over the course of the analyses, was recorded at 

±0.4‰. 

 

Molecular analyses of absorbed and surface residues 

The molecular characterization of absorbed and charred surface residues was conducted 

using gas-chromatography mass spectrometry (GC–MS; Junno et al. manuscript) according 

to the protocol described in Papakosta et al. (2015). The solvent extraction was utilized to 



wash the samples from contaminants prior to the acid extraction step. Molecular analysis of 

a total of 12 solvent extracts showed that contamination was higher in the solvent-treated 

lipid extracts compared to acid-extracted and methylated lipids, and that no diagnostically 

relevant biases were detected with respect to the representativity of less recalcitrant 

compounds in the sample set. 

The sample was first washed with three rounds of solvent treatment; 1,000 𝜇l of 

dichloromethane (CH2Cl2) and 500 𝜇l methanol (CH3OH) was added, after which the sample 

was shaken and placed in an ultrasonicator for 2×15 min with a 15 min pause in between. 

After that, the sample was placed in a centrifuge for 30 min, which was set at 3,000 rpm. 

After this step, the top phase containing the lipids was collected using a pipette. This was 

repeated twice more without ultrasonicating.  

After solvent treatment the lipid sample was extracted and transesterified using 

acidified methanol by adding 200 𝜇l of concentrated sulphuric acid (H2SO4) as catalyst in 

1,000 𝜇l CH3OH. Subsequent to a heating of 4 h at 70 °C 1,000 𝜇l n-hexane was added, the 

sample was shaken and centrifuged in 3,000 rpm during 5 min. The fatty acid methyl esters 

were recovered in the top phase using a pipette, and this was repeated twice more and, finally, 

nitrogen gas was used to evaporate the suspension. 

Following this, the sample was set up for GC–MS analysis by derivatizing the total 

lipid extract (TLE) in 100 𝜇l of bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 

chlorotrimethylsilane (TMCS, 10%). The suspension was heated at 70 °C for 20 min, and 

nitrogen gas was used to evaporate it. Then n-hexane was added ahead of the GC–MS 

analysis. 

The separation and identification of components was achieved using a HP 6890 gas 

chromatograph fitted with a SGE BPX5 fused-silica capillary column (30m x 220 𝜇m x 0.25 

𝜇m), connected to a HP 5973 mass selective quadrupole detector. The derivatized extract was 

injected using a pulsed splitless mode (pulse pressure 26.1 psi, 325 °C). Helium was utilized 

as carrier gas, with a constant flow set at 2.0 ml/min. The column oven temperature was set 

to start at 50 °C for the first 2 min, after which temperature was set to increase by 10 °C per 

minute and reach 360 °C, and maintained at this temperature for a further 15 min. The mass 

filter was set to scan between m/z 50 and 700, at a rate of 2.29 scans per second, and the ion 

source was kept at 230 °C, with ionization and fragmentation achieved through 70 eV 



electron impact. The resulting data were analyzed with the MSD Chemstation™ software. 

Lipids were quantified using an external calibration curve (r2 = 0.982). 
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Abstract 

Many ethnographic accounts highlight that the cosmology of Circumpolar cultures is defined 

by a particular complex of ideas and practices that inform appropriate human-animal 

interactions. Previously, archaeological research into these traditions has focused on the 

treatment and deposition of animal bones, rock art or on portable material culture. Here, a 

different approach is employed to investigate cuisine and examine how cosmology ties to the 

“micro-scale” treatment and processing of animal remains in a hunter-gatherer household. 

Ceramic containers were recovered for organic residue analysis from an Okhotsk Culture 

pit-house (7-8th century) in Hokkaido to examine whether a spatial pattern in container 

function could be reconstructed. Our results point to an equal sharing of resources, where a 

cognitive distinction was made between marine and terrestrial products. The resources were 

cooked in separate vessels and kept in specific areas of the pit-house. Integration of these 

insights with the wider archaeological record enable us to reconstruct the important 

symbolic role played by the Okhotsk household in the receiving, consumption and ‘sending’ 

of animals. These traditions appear to anticipate key elements of the ethnographically 

documented iyomante rituals among the region’s Ainu peoples. 

 

 

1. Introduction  

Ethnographies of Circumpolar peoples highlight the centrality of human-animal interactions 

in northern cosmologies (Hallowell, 1926; Jordan, 2008; Hill, 2011). Typically – for both 

terrestrial and marine hunters – this involves an extended process of “inviting” particular 

animals from their domain in the forest or tundra, or the waters of the ocean, lakes or rivers, 

and then bringing them into the human world of the camp site or house, and hosting them as 

divine guests. This often involves animals that have already been killed, and in some cases 

skinned, though in certain parts of northeast Asia, as is the case among the Okhotsk and the 

Ainu Cultures, live bear cubs (Ursus arctos) are brought back to the human camp – to be 

sacrificed and consumed after being reared for a year or two (Akino, 1999; Masuda et al., 

2001; Sato, 2019). Here, a ritual is understood as a set of activities or actions performed at a 

certain location or social space, possibly using specific objects and wearing specific 
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garments, according to a system of beliefs and cosmology that are shared by a group of 

people. 

Two themes unify these ritual animal practices. The first is the expression of respect, 

and the lavish treatment and careful processing and consumption of the sacred guest. The 

second are the “departure” rituals that “send” the visitor back home to the forest or oceans, 

from where they can revive or tell other game that generous human treatments await if they 

give themselves up to the next hunter. Consequently, the animal is killed and consumed, and 

prepared for a journey back to the spiritual world as part of highly ritualized proceedings, 

ensuring its eventual return by sending it home with the message that humans are good hosts 

(Akino, 1999; Ohnuki-Tierney, 1999).  

These traditions are most highly developed for larger land animals like the bear, or 

for sea mammals like the walrus and whale. These animals are often regarded as having their 

own unique character or personality, and in disguise, they act as emissaries of the spirit world, 

or even as human ancestors who have returned from the other side and are reincarnated in 

animal form. Similar beliefs inform treatment of other resources and game, which are treated 

with respect and ritually returned to their home domain after human use (Akino, 1999).  

For the larger animals, “hosting” ceremonies are typically celebrated by organizing 

community-wide banquets, where veneration of the sacred guest, serving of prestige foods 

along with gift-exchange, dances and other activities presents scope for negotiating and 

expressing social status and power (Ohnuki-Tierney, 1999; Hayden, 2009). While such 

practices have been extensively documented in northern ethnographies, less work has been 

done by archaeologists to further examine these traditions in ancient assemblages to 

understand whether they have remained fixed or undergone transformation in the past. 

Indeed, archaeologists have generally focused on material assemblages only, and studying 

the structured deposition of bone remains as expressions of human respect, or other human-

animal interactions in the form of rock art and the iconography of material culture. However, 

such transcendent events, and the social hierarchies they bring about, tend to remain largely 

invisible in prehistoric material records (Jordan, 2008) as their identification often requires 

the integration of multiple lines of archaeological evidence, including a detailed description 

of social contexts and the construction of artefact biographies (for instance, see Frei et al., 

2015; Oras et al., 2018; Pecci et al., 2018).  
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Indeed, new methodological avenues should be pursued in order to understand the 

circumstances and social situations in which animals are hosted (and consumed). Therefore, 

in this paper we investigate whether different animal products and other foods can be 

identified in ceramic cooking pots, and whether these inform of the role of cuisine and 

human-animal interactions within the intimate social and symbolic spaces of a single pit-

house (Isaksson, 2009). In the present study, cuisine is considered to comprise a series of 

conscious choices and attitudes about the selection, preparation and consumption of foods, 

shared by a group of people (Farb and Armelagos 1980; Mintz 1996). To that end, lipid 

residue analysis is deployed to study patterning in the function of pottery at an Okhotsk 

Culture pit-house at the site of Menashidomari in northwestern Hokkaido, dating to around 

8th century CE (Sato, 1994). The ceramic matrix tends to absorb and preserve organic remains 

such as lipids for long periods of time, ensuring degraded residues of food and other organic 

products, together with contextual evidence, are informative of the ancient patterns of use of 

the vessel (Evershed, 2008), thus allowing archaeologists to establish plausible connections 

between organic residues and social activities and traditions that produced them. Hence, 

integrating both spatial and artefactual evidence from the household context studied has the 

potential to tell us a great deal about how social and symbolic webs dictate peoples’ 

interactions – and how structuring of personal, community and sacred areas of the pit-house 

guide the household’s group identity and cosmology, and the organization of labor.  

More specifically, the present paper is concerned with how people prepare (and 

consume) resources and whether a conscious choice is made to process and serve certain 

foods in ceramic containers (Isaksson et al., 2019), and whether appropriate mixing or 

segregation of elements, and their sharing among different members of the household or 

community, expresses deeper symbolic and social codes. The Okhotsk (5th-11th century CE) 

provide a unique opportunity for such an approach, given that human-animal interactions 

among the communities of this culture are elaborate (Amano, 2003; Masuda et al., 2001). 

The Okhotsk household was likely shared by multiple families where the elder members with 

a higher social status may have had access to prestige foods, perhaps during the celebration 

of animal rituals. Indeed, abundant archaeological evidence exists to suggest Okhotsk houses, 

in fact, were regarded as ‘dwelling temples’ dedicated to the worship of animal deities (Oba 
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& Ohyi, 1981; Amano, 2003), though it has not yet been demonstrated whether pottery held 

a role in these processes.  

 

 

Figure 1. Map of northeast Asia showing the location of the study site on the Okhotsk Sea 

coast in northwest Hokkaido (Japan). 

 

2. The Okhotsk Sea coast in Hokkaido 

Hokkaido is the northernmost island in the Japanese archipelago, situated in the midlatitude 

North Pacific region (Fig. 1). The island is found on the eastern edge of northeast Asia, in a 

transitional zone dominated by mixed cool-temperate boreal and broad-leaved forests. The 

climate in Hokkaido is primarily conditioned by the East Asian Monsoon System, and is 

marked by strong seasonal cycles and maritime-type conditions in the coastal areas. 

Hokkaido comprises five micro-climates, each marked by distinct ecological conditions 

created by the presence of the Sea of Japan, the Okhotsk Sea and the Pacific, and the 

numerous warm and cold currents that surround its coasts (Igarashi, 2013).  



6 
 

The study site is located on a bay on the Okhotsk Sea coast – one of the five micro-

climate regions – in northwest Hokkaido, some 10 km north of Esashi city and 60 km south 

of Wakkanai city. The local climate around the area is controlled by the Soya Warm Current, 

flowing in the southeast direction along the Okhotsk Sea coast. While the summers are 

temperate and dry, the winters on the Okhotsk Sea coast tend to be humid and stormy, with 

the interplay of the East Asian Winter Monsoon (EAWM) circulation and the Tsushima warm 

current producing heavy snowfall (Kuroyanagi et al., 2006). In winter, the Okhotsk Sea 

receives drift ice transported with the Amur River water, creating ice fields in the sea along 

the eastern coast of Hokkaido. The drift ice tends to remain in the Okhotsk Sea until May, 

causing the seawater to be relatively cold in the summer, while also producing sea fog and 

complicating fishing – an important part of the local economy even today – late into the 

spring (Igarashi, 2013). 

 

 

Figure 2. Adult bear cranium with parietal bone perforated as part of an Okhotsk animal 

ritual ceremony (6-7th century cal CE) at the Hamanaka 2 site, Rebun Island (Hirasawa & 

Kato, 2019). 

 

3. The Okhotsk Cultures 

The Okhotsk were maritime foragers with cultural and genetic ties shared with communities 

native to the Sakhalin and the Lower Amur region (Amano 2003; Sato et al., 2009). The 
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Okhotsk settled in northern Hokkaido in the 6th century CE, and expanded out to eastern 

Hokkaido and the Kuriles between the 7th and 8th centuries CE, before their fusion with the 

Satsumon Culture to form the Tobinitai Culture in the 10th century CE (Onishi, 2003). The 

Okhotsk inhabited permanent coastal villages comprising hexagonal and pentagonal shape 

unicellular multi-family long-houses, showing high to moderate social hierarchy between 

group members (Ono, 2008; Weber et al., 2013). The Okhotsk hunted for marine mammals 

at sea and also practiced offshore fishing, with their subsistence mainly focused on the 

exploitation of aquatic resources (Amano, 2003; Naito et al., 2010). The Okhotsk hunted land 

mammals such as deer (Cervus nippon) and the brown bear, and kept domestic dogs (Canis 

domesticus), while in northern Hokkaido, they engaged in small-scale pig (Sus scrofa inoi) 

domestication (Watanobe et al., 2001). The dietary contribution of terrestrial animals, 

however, was, in general, minor in the Okhotsk diet (Nishimoto, 1978; Tsutaya et al., 2014).  

The Okhotsk also practiced horticulture and used domestic plants such as barley and 

millet (Crawford, 2011; Leipe et al., 2017), and produced pottery to process a range of 

resources, including aquatic, terrestrial animal and plants (Kunikita 2016; Junno et al., 2020). 

They also obtained metal artefacts by engaging in trading activities with other cultures in the 

region, including the Epi-Jomon and Satsumon (Oba & Ohyi, 1981). 

Similar to other Circumpolar peoples, the practice of animal rituals, and especially 

the Cult of the Bear, appear to have been an integral part of Okhotsk cosmology. The animal 

cosmology was present in all aspects of the society, including the household, where these 

activities have an increased archaeological visibility (Oba & Ohyi, 1981; Amano, 2003). 

Indeed, material evidence indicates adult bears were hunted in the spring and transported 

alive to villages, where elaborate ceremonies could be held as part of seasonal 

intercommunity celebrations that likely included gift-exchange and banquets (Masuda et al., 

2001; Hudson, 2004; Hirasawa & Kato, 2019; Ono, 2008). These events probably emerged 

as a means to strengthen local group identities and hierarchies, and to establish communal 

ties and alliances between settlements (Boyd et al., 2019), and were later adopted in similar 

fashion by the Ainu Cultures in the 2nd millennium. Indeed, similarities in human-animal 

interactions and ritual traditions are observed between Okhotsk material culture and the 

archaeologically and ethnographically documented Ainu (Sato, 2019). This includes the 

iyomante ritual, the Ainu animal sending rite, where an animal is caught in nature, brought 
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back to the village or the house, and subsequently sent back to the spiritual world as part of 

highly ritualized and elaborate proceedings (Utagawa, 1999) (Fig. 2). 

 

 

Figure 3. Map showing the location of the excavated and documented pit-houses and grave 

pits comprising the Okhotsk settlement at the Menashidomari site. Figure adjusted based on 

the original version in Eda et al. (2016). 

 

4. The Study site 

Archaeological excavations at the study site were commenced in 1967, when an ancient 

settlement associated with the Okhotsk Culture was discovered at Menashidomari (Fig. 3). 

Since then various field seasons have taken place at the site, resulting in the unearthing of 10 

pit-houses and 48 tombs (Sato, 1994; Takabatake, 2004; Eda et al., 2016). The household 

and burial contexts are accompanied by thousands of artefacts such as ceramics, fauna and 

refuse materials, metal objects such as belt buckles, knives and swords, lithics, bone tools 

and marine hunting gear, as well as figurines and ritually treated osseous land and sea 

mammal remains. The total estimated area of the settlement is 16,000 m2, of which 

approximately 50% is excavated (Takabatake, 2004).  
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Figure 4. Approximate location of the study site at Menashidomari indicated from a bird’s 

view out at sea. 

 

The site is located on a terrace at 20 m above sea level, on the coast in the 

Menashidomari Bay (Fig. 4). The bay is marked at its northern end by Cape Kamui, a 

mountain and a geographic landmark with a characteristic conical shape that extends on a 

declining slope from the inland to the coast, where it provides the settlement some protection 

against northerly winds and acts as a point of reference from out on the sea. The site also has 

access to abundant offshore maritime resources, including marine fish such as herring 

(Clupea pallasii) and atka mackerel (Pleurogrammus monopterygius), and sea mammals 

such as the fur seal (Callorhinus ursinus) and the Japanese sea lion (Zalophus californianus 

japonicus). In addition, albatrosses (Diomedeidae) were also occasionally hunted for by the 

site inhabitants (Eda & Hiroyoshi, 2004). 

Based on the high proportion (>90%) of fish remains in the site’s zooarchaeological 

record, the sea ice was not disruptive to marine fishing in the region in winter, unlike in 

eastern Hokkaido where sea mammal hunting was the main source of food during the winter 

months (Ono, 2008; Tsutaya et al., 2014). In turn, anadromous fish were available in the 

area’s riverine network, and therefore trout and salmon were likely important resources for 

the locals throughout the spring, summer and autumn. 
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Figure 5. A photograph (east-west direction) of Pit-House No. E-4 at Menashidomari taken 

during excavations (Sato, 1994). 

 

Pit-House No. E-4 lies on a terrace near the northern slope in a concentration of 

archaeological materials and burials, at 20 m above sea level and c. 500 m to the east of Cape 

Kamui (Fig. 5). It is a large-scale house unit, pentagonal in shape and measuring 11.70 m in 

long axis and 9.34 m in short axis. In the central part of the floor there is a stone hearth with 

a width of 1.20 × 1.00 m. On the pit-house floor there is a grayish soil containing charcoal 

deposits. Several layers are identified, ranging from black to brown soil layers – though no 

(clay) floor is found. In addition, three wide ditches go around the interior side of the house 

wall. These three ditches are the basic features associated with the expansion of the house. 

That being said, it is not possible to say how the ditches relate to each other, or specify their 

chronological order. However, they appear to serve as dividing lines between social spaces 

during the latest occupation phase. Moreover, a waste trench is found in the north-west corner 

of the house – primarily used to discard food waste. The area around this waste ditch was 

likely – in stark contrast with the sacred space in the back of the house – the least regarded 

area of the household (Douglas, 2003:45-46) and occupied by the lowest-ranking members 

of the household (for instance, see Takeda (1996)). 
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 The expansion of the housing base is considered to have been conducted 

continuously around the hearth, with three occupation phases distinguished: the last 

occupation phase, to which the sampled materials pertain to, covered a floor area of 87 m2. 

Increase in household floor area is common during this period and is generally associated 

with increasing demographics and family size during the Middle Okhotsk period (Amano, 

2003). The estimated number of inhabitants at the pit-house range between 6-12 people or 

more, which likely means that it was shared by more than one family unit (Sato, 1994). 

 

Figure 6. Division of space reconstructed for the last occupation phase of Pit-House No. E-

4 at the study site, figure initially published in Sato (1994). P = Personal space; C = 

Community space; S = Sacred space. 

 

The pit-house floor has a total of 287 post holes whose distribution, among other 

things, is used to distinguish the living and community spaces in the pit-house (Fig. 6). 

Similar to other Okhotsk houses, the studied pit-house has a bone mound at the back of the 

house, serving as a sacred place where animal rituals and sending rites could be performed. 

However, several clusters of bear, as well as sea mammal, bones are found outside the 
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settlement’s pit-houses, showing signs of post-mortem processing and burning – in some 

cases intense exposure to heat – that, when considered together with their unusual 

configuration, may indicate that some of the animal-related traditions were practiced outside 

of the habitats. 

 Besides pottery, other artefact remains found in the pit-house include stone dishes 

and lithic tools, glassware, bone artefacts and ironware, as well as wild and domesticated 

plant seeds of millet (Panicum miliaceum) and barley (Hordeum vulgare). Distribution of 

artifacts excavated from the floor surface is concentrated between the inner ditch and the wall 

(i.e. on the sides of the pit-house, considered personal space), with almost no artifacts in the 

inner, community space. In addition, a large amount of stone flakes is recorded, which seem 

to be related to the manufacture and processing of lithic tools. 

 

5. Materials and Methods 

5.1. Sampling Strategy 

Pit-House No. E-4 was deemed most suitable for the present study as it is a large and fully 

excavated pit-house at a well-known site with a good preservation of diverse types of 

materials. Also, when considering the presence of the cluster of bear crania and decorated 

animal bones, as well as the Okhotsk Culture’s human-animal interactions in general, ritual 

practices were likely performed at the study site (Masuda et al., 2001; Amano, 2003). The 

samples examined in the present paper are held in the collection of the Esashi Archaeological 

Museum, originally recovered from the pit-house during the field season of 1991 (Sato, 

1994). In total, sherds were collected from 27 different ceramic containers from across the 

pit-house floor area, distinguished based on decorative traits and paste type. Of the sherds 

selected, a total of 20 had visible charred crust deposits. Though more samples were available 

from this pit-house context, samples specifically from the house floor area were targeted, 

prioritizing samples with their location in the pit-house recorded. This narrowed down the 

number of samples available but ensured that samples from other layers not necessarily 

associated with this specific pit-house were avoided. The area covering the habitat is 

distributed into 92 grids of 1.00 × 1.00 m each. The location of 23 of the 27 samples within 

the grid system was recorded and, in order to investigate potential spatial patterning in 
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container function, was used to divide the sample set into four separate sectors within the 

habitat’s floor area. 

This division was made since all the sherds in the living floor layer were located on 

the sides of the pit-house, and therefore a sampling across different social spaces could not 

be carried out. Instead, the pit-house was divided into four sections by cardinal directions, 

which is known to have played an important role in the careful spatial arrangement of the 

Ainu household (chise), where north or the northeast side of the dwelling was commonly 

viewed as the most prestigious area (Nomoto, 1999). 

 

5.2. Materials 

The ceramic samples were typologically identified as Haritsukemon type pottery of eastern 

Hokkaido (Fig. 7), dating to around 8th century CE, which is also the chronology for the 

settlement. As is common to Okhotsk Culture pottery, the vessels at Menashidomari have a 

flat bottom and a plain body. Haritsukemon pottery is decorated with cords and wavy lines 

around the rim, showing notable differences between Okhotsk pottery styles of northern 

Hokkaido (Ono, 2008). The sampled pottery is well-fired, with sand and some quartz used 

as temper, showing use-wear marks and often abundant charred encrustations.  
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Figure 7. Drawings (1-15) and photographs (16-25) of ceramics recovered at the study site, 

with rim decoration consistent with the Haritsukemon tradition. Illustrations adapted from 

Sato (1994). 

 

The sampled sherds had a mean inferred rim diameter and wall thickness of 19.8 cm 

and 6.5 mm, respectively. The sample set comprises three size classes based on measured 

rim diameter, with wall thickness showing some variation: i) small (8-14 cm diameter, 5.3 

mm average thickness), ii) medium (15-25 cm diameter, 7 mm average thickness) and iii) 

large size (30-33 cm diameter, 5.5 mm average thickness). It is increasingly likely that vessels 

of different size were used for different purposes, i.e. preparation, consumption and storing 

of food resources, as well as for performing rituals. Indeed, all three large containers analyzed 

were found on the south side of the household, which may have been the area used to store 

prestigious foodstuffs, for instance plant seeds that were likely acquired through trading 

(Sato, 1994).  
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5.3. Methods 

Household container function at the study site was reconstructed through analysis of residues 

in ceramic cooking ware (Evershed, 2008). Lipid residues absorbed in vessel walls were 

recovered by drilling into the sherd interior, while charred crust material, whenever visible, 

was collected using a sterilized scalpel. Molecular characterization was carried out for 

absorbed and surface crust residues using gas chromatography–mass spectrometry (GC–MS) 

and a one-step acid extraction and methylation protocol following a solvent treatment 

(Papakosta et al., 2015). Following methylation, absorbed lipid extracts were further 

analyzed for single-compound δ13C isotope composition in the C16:0 and C18:0 fatty acids using 

gas-chromatography combustion isotope ratio mass-spectrometry (GC-C-IRMS) (Evershed 

et al., 1994). In addition, bulk isotope analysis of δ13C and δ15N was carried out for charred 

surface deposits using elemental analyzer isotopic-ratio mass-spectrometry (EA-IRMS) 

(Craig et al., 2013). Full description of the analytical procedures is provided in the online 

supplemental information. 
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Sample ID House No. 

(Grid) 

Rim 

diameter 

(cm) 

Sample 

material 

Lipid 

yield 

µg– 1 

Aquatic 

biomarkers 

Other diagnostic 

compounds 

δ13C16:0 (SD) 

(‰) 

δ13C18:0 (SD) 

(‰) 

Δ13C 

(‰) 

δ13C 

(‰) 

δ15N 

(‰) 

Interpretation 

MN-E4-1 No. 4 (no 

grid) 

16 Absorbed 

lipids 

5343 Phyt., Pristan. C8-12 DA  – 25.4 (0.1) – 24.0 (0.1) 1.41   Salmon 

MN-E4-2 No. 4 (no 

grid) 

15 Absorbed 

lipids, crust 

250 Phyt. - – 26.7 (0.1) – 26.0 (0.1) 0.70 – 25.1 12.4 Aquatic/Non-

ruminant? 

MN-E4-3 No. 4 (no 

grid) 

NA Absorbed 

lipids, crust 

1598 Phyt., Pristan. C7-12 DA  – 24.4 (0.1) – 21.9 (0.1) 2.45 – 24.0 13.8 Marine 

MN-E4-4 No. 4 (no 

grid) 

NA Absorbed 

lipids, crust 

1672 Phyt., Pristan. C8-12 DA  – 25.9 (0.1) – 23.3 (0.1) 2.62 – 21.1 15.4 Salmon/ Marine 

MN-E4-5 No. 4 (24) 15 Absorbed 

lipids, crust 

1122 C16-20 APAA, 

Phyt. 

C8-12 DA, DHA – 23.4 (0.1) – 23.5 (0.3) 0.08 – 23.0 13.3 Marine 

MN-E4-6 No. 4 (66) 25 Absorbed 

lipids, crust 

852 C16-22 APAA, 

Phyt., Pristan. 

C8-12 DA  – 23.5 (0.1) – 22.7 (0.1) 0.80 – 22.1 14.2 Marine 

MN-E4-7 No. 4 (41) 12 Absorbed 

lipids, crust 

680 - C7-12 DA – 24.3 (0.5) – 23.1 (0.5) 1.25 – 24.2 12.8 Marine 

MN-E4-8 No. 4 (81) 20 Absorbed 

lipids, crust 

6991 C16-20 APAA, 

Phyt., Pristan. 

C7-12 DA  – 24.2 (0.1) – 22.9 (0.2) 1.23 – 24.3 13.3 Marine 

MN-E4-9 No. 4 (81) 22 Absorbed 

lipids 

16682 Phyt., Pristan., 

TMTD 

C7-12 DA, Chol., 

3,5-Chol 

– 24.7 (0.1) – 23.6 (0.1) 0.99   Salmon 

MN-E4-10 No. 4 (59) 22 Absorbed 

lipids, crust 

6228 C16-20 APAA, 

Phyt., Pristan. 

C7-12 DA – 24.9 (0.1) – 24.5 (0.1) 0.49 – 21.5 13.7 Salmon/ Marine 

MN-E4-11 No. 4 (18) 18 Absorbed 

lipids, crust 

121 Phyt., Pristan. . – 23.0 (0.1) – 21.7 (0.2) 1.32 – 22.1 16.6 Marine 

MN-E4-12 No. 4 (67) 20 Absorbed 

lipids, crust 

1204 C16-20 APAA, 

Phyt., Pristan. 

C7-12 DA  – 25.0 (0.1) – 23.2 (0.4) 1.85 – 23.8 13.0 Salmon/ Marine 

MN-E4-13 No. 4 (9) 30 Absorbed 

lipids 

21 - - – 25.7 (0.1) – 24.1 (0.2) 1.66   Mixture/ Non-

ruminant? 

MN-E4-14 No. 4 (50) 17 Absorbed 

lipids, crust 

449 C16-20 APAA, 

Phyt., Pristan. 

C8-12 DA, DHA – 25.2 (0.1) – 24.3 (0.1) 0.89 – 22.0 14.1 Salmon 
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MN-E4-15 No. 4 (50) 18 Absorbed 

lipids 

27 - Phyt. – 25.7 (0.1) – 25.8 (0.3) – 0.13   Mixture/ Non-

ruminant? 

MN-E4-16 No. 4 (22) 14 Absorbed 

lipids, crust 

4772 C16-20 APAA, 

Phyt., Pristan. 

C8-12 DA – 24.3 (0.1) – 21.8 (0.1) 2.45 – 24.0 15.2 Marine 

MN-E4-17 No. 4 (17) 13 Absorbed 

lipids 

119 - - – 25.0 (0.1) – 24.3 (0.1) 0.74   Salmon/ Marine 

MN-E4-18 No. 4 (25) 20 Absorbed 

lipids, crust 

5414 Phyt., Pristan. C7-12 DA  – 23.4 (0.1) – 22.2 (0.1) 1.24 – 22.2 13.8 Marine 

MN-E4-19 No. 4 (80) 24 Absorbed 

lipids, crust 

22 - - – 24.6 (1.1) – 24.6 (0.9) 0.00 – 23.9 13.2 Salmon/ Marine 

MN-E4-20 No. 4 (42) 17 Absorbed 

lipids, crust 

17442 Phyt., Pristan. C7-12 DA, Chol., 

3,5-Chol 

– 23.6 (0.1) – 24.8 (0.1) – 1.17 – 25.0 15.0 Salmon/ Marine 

MN-E4-21 No. 4 (79) 8 Absorbed 

lipids, crust 

4568 Phyt. C7-12 DA  – 25.0 (0.1) – 23.0 (0.2) 2.07 – 24.9 12.2 Salmon/ Marine 

MN-E4-22 No. 4 (52) 16 Absorbed 

lipids, crust 

1961 Phyt., Pristan. C8-12 DA  – 23.9 (0.1) – 23.1 (0.1) 0.77 – 24.1 12.1 Marine 

MN-E4-23 No. 4 (70) 19 Absorbed 

lipids, crust 

3371 C16-20 APAA, 

Phyt., Pristan. 

C8-12 DA, Chol. – 24.5 (0.1) – 22.4 (0.1) 2.04 – 24.6 14.6 Marine 

MN-E4-24 No. 4 (53) 33 Absorbed 

lipids 

6 - - – 28.7 (0.1) – 29.1 (0.1) – 0.45   Non-ruminant 

MN-E4-25 No. 4 (80) 20 Absorbed 

lipids, crust 

11297 C18-20 APAA, 

Phyt., Pristan. 

C7-12 DA – 23.5 (0.1) – 24.6 (0.2) – 1.07 – 21.4 14.2 Marine 

MN-E4-26 No. 4 (53) 23 Absorbed 

lipids 

10 - - – 28.1 (0.1) – 26.9 (0.2) 1.24   Non-ruminant 

MN-E4-27 No. 4 (80) 30 Absorbed 

lipids 

374 Phyt., Pristan. C8-12 DA – 23.3 (0.1) – 23.7 (0.1) – 0.32 – 23.2 11.2 Marine 

 

Table 1. Sample-by-sample summary of molecular, compound-specific (δ13C16:0 and δ13C18:0) and bulk stable isotope (δ13C and δ15N) 

analyses of both absorbed lipid and food crust samples. Abbreviations: APAAs (ω-(o-alkylphenyl)alkanoic acids), Chol. (cholesterol), 

3,5-Chol. (3,5-cholestadien-7-one), DA (dicarboxylic acids), DHA (dehydroabietic acid), Phytanic acid (Phyt.), Pristanic acid (Prist.), 

TMTD (4,8,12-trimethyltridecanoic acid). 
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6. Results 

 

 

Figure 8. Representation of the Pit-House No. E-4 floor area with the excavation grid system 

(Sato, 1994) and sampled grids (colored) indicated. The floor area was divided into four 

sectors whose isotopic signals were combined and compared by using a Bayesian mixing 

model (Fernandes et al., 2014). Based on molecular and isotopic data, samples in the blue 

grids indicate the presence of lipids from aquatic animal organisms in the corresponding 

samples; yellow color indicates terrestrial animal resources; and green color is indicative of 

the processing of both aquatic and terrestrial animal commodities. 
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A total of 27 ceramic cooking pots from the Menashidomari site Pit-House No. E-4 were 

analyzed for lipid residues using GC–MS (Fig. 8). Absorbed lipids in the vessel wall were 

recovered from each container, and visible surface crust deposits, whenever available, were 

analyzed in a total of 20 containers. All absorbed and surface crust samples analyzed 

produced interpretable results, surpassing the lipid concentration threshold of 5 μg/g-1, with 

yields across the sample set showing high variability and ranging between 6–17,442 μg/g-1 

(Table 1).  

 

 

Figure 9. Partial chromatogram of sample MN-E4-23 with all archaeological compounds 

identified, including APAAs and isoprenoids that indicate the presence of degraded aquatic 

oils, likely from organisms in the marine food web. 

 

Saturated fatty acids (C9:0–C34:0) were detectable in all 27 samples, while 

monounsaturated fatty acids (C16:1–C24:1) were recorded in 17/27 (63%) samples. Palmitic 

acid (C16:0) was the dominant fatty acid in all 27 samples analyzed. In turn, cholesterol was 

present in trace quantities in three samples (11%), accompanied by its oxidative product 3,5-

Cholestadien-7-one in two samples (7%), confirming the presence of animal-derived fats. 
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Short-chain (C7–C12) dicarboxylic acids – indicative of either aquatic or plant products 

(Regert et al., 1998) – were detected in 19/27 samples (70%). Uneven and even (C13:0–C18:0) 

branched-chain fatty acids, present in plant, ruminant animal and aquatic organisms, were 

recorded in 14/27 (52%) samples. Evidence of plant use in the samples analyzed was very 

limited, with dehydroabietic acid (DHA) – detectable in two samples (7%) – the only strictly 

plant-derived compound recorded. DHA is a terpenoid derived from tree resin, which could 

have been introduced to the clay matrix when the container was fired (Reber et al., 2018). 

Alternatively, resin may have been used as a waterproofing agent on the surface of the vessel. 

Diagnostic biomarkers associated with the presence of aquatic organisms were 

recorded frequently in the sample set (Fig. 9). C18-C22 ω-(o-alkylphenyl)alkanoic acids 

(APAAs), a molecule group formed during the heating of mono- and polyunsaturated fatty 

acids, were found in 9/27 samples (33%). Though APAAs can also be derived from terrestrial 

animal and plant food webs, the full range of C18-C22 APAAs is strictly linked with aquatic 

organisms (Hansel et al., 2004). Among the nine samples with APAAs detected, one sample 

presented the full distribution of C18-C22, while the remaining eight showed C18-C20 APAAs. 

In turn, isoprenoid acids (phytanic ac., pristanic ac. and 4,8,12-trimethyltridecanoic acid, i.e. 

TMTD) are compounds also associated with aquatic and ruminant animal food webs (Hansel 

et al., 2004; Evershed et al., 2008). Though TMTD was detectable in only one sample 

analyzed, both phytanic and pristanic acids were present in 21/27 (78%) and 17/27 (63%) 

samples, respectively, indicating the presence of aquatic commodities. 
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Figure 10. A: Bulk stable isotope definitions for n=20 interior surface crusts. B: C/N 

atomic ratios of bulk stable isotope definitions. 

 

Bulk isotope measurements on 20 charred surface deposits were investigated using 

EA–IRMS (Fig. 10). The measured δ13C and δ15N values ranged between -25.1‰ and -

21.1‰, and 11.1‰ and 16.6‰, respectively, which are attributed to the marine rather than 

anadromous or freshwater food webs (Craig et al., 2013; Lucquin et al., 2016). Three charred 

crust samples show high C/N atomic ratios combined with high trophic levels, likely 

indicating the presence of carbon-rich sea mammal-derived oils in said vessels. Therefore, 

these results suggest that the vessels studied were primarily used to process resources from 

the marine food web. 

To further characterize container function in the pit-house studied, single-compound 

δ13C isotope measurements in saturated n-alkanoic acids C16:0 and C18:0 were carried out in 

all 27 absorbed lipids samples using GC–C–IRMS. Single-compound definition of sample 

E4-22 was not sufficiently accurate on multiple measurements. Instead, the C16:0 and C18:0 

composition of said sample was measured from the corresponding sherd’s charred surface 

crust. In total, 25 of 27 samples (93%) measured had isotopic ranges attributed to marine 

aquatic or anadromous organisms (Fig. 11). A total of 12/27 samples (44%) measured 

between -24.4‰ and -23.0‰ in δ13C16:0 and -24.6‰ and -21.7‰ in δ13C18:0, indicating 

marine aquatic food web contribution. A further five samples (19%) measured isotopic values 

between -25.7‰ and -25.0‰ in δ13C16:0 and -25.8‰ and -24.0‰ in δ13C18:0, consistent with 

the anadromous food web. 
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Figure 11. Measured δ13C values of C16:0 and C18:0 fatty acids from absorbed lipid residues 

at the Menashidomari site, pit-house E-4 (n=27), compared against reference ranges (1-σ 

confidence interval) from modern tissue and archaeological bone collagen (Naito et al., 2010; 

Fernandes et al., 2015; Lucquin et al., 2018). 

 

In turn, a total of seven samples had isotopic values between these ranges and could 

not be assigned to either the marine or the anadromous food web. These samples measured 

between -25.0‰ and -23.6‰ in δ13C16:0 and -24.8‰ and -23.0‰ in δ13C18:0, likely indicating 

a mixture of the two primary aquatic components – or the presence of lipids from non-

ruminant terrestrial animals that were fed with high-trophic level aquatic resources (Naito et 

al., 2010; Tsutaya et al., 2014). Consequently, two samples (7%) measured isotopic values 

outside the boundaries established for marine aquatic and anadromous food webs, ranging 

between -28.7‰ and -28.1‰ in δ13C16:0, and -29.1‰ and -26.7‰ in δ13C18:0. These ranges 

are associated with wild non-ruminant terrestrial animal products, and, consequently, no 

biomarkers associated with aquatic organisms were found in these samples (Naito et al., 

2010; Lucquin et al., 2018). In addition, one sample had an isotopic composition indicating 

a mixture between aquatic and terrestrial animal food webs, with δ13C values measured at -

26.8‰ in δ13C16:0 and -26.1‰ in δ13C18:0. 
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Figure 12. Box plot charts summarizing the outcome of mixing modeling conducted for 

samples in four areas of pit-house E-4, based on five most common and likeliest food sources 

at the site (Fernandes et al., 2014; Lucquin et al., 2018). The interquartile boundaries are 

indicated by the length of the box, and the median is expressed by the vertical line it. Outliers 

are indicated as dots and the full spread of the distribution – with outliers are excluded – is 

expressed by the box and the whiskers on each side. 

 

Contribution of distinct food sources in the sample set was further investigated by 

comparing the single-compound isotope data with ancient and modern reference values 

(Lucquin et al., 2018) using a Bayesian mixing model of the FRUITS software package 

(Fernandes et al., 2014). To test whether any spatial pattern could be detected in the dataset, 

samples were analyzed as four separate groups based on their recorded location across the 

floor area of Pit-House No. E-4 (Fig. 8). The modeled contributions exhibited little variation 

among the groups with marine and anadromous sources appearing as dominant in each of the 

four sectors of the pit-house (Fig. 12). While minor (10-20%) contributions were sourced to 
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the freshwater and non-ruminant animal food webs in each of the four sectors of the pit-

house, the ruminant component remained limited (<10%) across the household space.  

 

7. Discussion 

Our results indicate that most of the vessels examined appear to have been used to process 

high and intermediate trophic level marine aquatic and anadromous organisms – similarly to 

other maritime forager communities in northeast Asia (Gibbs et al., 2017; Shoda et al., 2017; 

Lucquin et al., 2018; Junno et al., 2020). Indeed, the analysis of small and medium-size 

containers (rim diameter 8-25 cm) shows lipid profiles and abundant surface encrustations, 

indicating the presence of degraded marine and anadromous oils with signs of repetitive heat 

exposure. Therefore, the vessels were likely used on a daily basis as part of food preparation 

and consumption of salmonid, sea mammal and marine fish products within the pit-house. 

Marine oils may have been burned in containers inside the pit-house for other purposes, too, 

for instance to generate heat or light. 

By contrast, five of the vessels analyzed do not meet these criteria, and rather indicate 

the presence of lipids from terrestrial non-ruminant animal products. Three of these samples 

are derived from large containers (+30 cm rim diameter), found in the more prestigious south 

side of the pit-house. Two of the large vessels are recorded in close proximity to the ‘bear 

altar’ at the back of the house. Low lipid concentrations and an absence of food crust suggest 

these vessels were used differently – less intensively – than the other, smaller containers in 

the household, which may indicate storing of food resources, or their serving as part of a 

celebration of animal-related rituals. The isotopic data indicate that these lipid profiles may 

have resulted from the processing of dog, bear or pig/wild boar meat. Each of said three 

species is associated with animal mythology and ritual behaviour in the Okhotsk Culture 

(Watanobe et al., 2001; Amano, 2003; Sato, 2019; Hirasawa & Kato, 2019). 

Therefore, these differences suggest that a cognitive distinction was being made 

between marine and terrestrial resources, and that these were brought home and cooked in 

separate vessels, in some cases kept in specific parts of the household in containers of 

particular size. That said, the pottery in the pit-house is concentrated on its edges, which are 

areas considered as personal space (Sato, 1994). Some variation in container function was 

therefore expected given how a wide range of activities and tasks appear to have been 
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performed in the house, while also considering the complexity of the Okhotsk Culture 

human-animal interactions. In addition, spatial variance was also expected in the distribution 

of resources within the pit-house, given previous reports in relation to Okhotsk social 

dynamics and hierarchies between different group members at the Tokoro River Mouth site 

(Takeda, 1996), as well as the unequal distribution of burial artefacts in grave pits at 

Menashidomari.  

However, no difference in container function was found when pottery residues were 

analyzed and compared between the four areas of the household. Also, no differences were 

detectable in lipid profiles of small and mid-size containers located next to the waste trench 

in the northeast corner of the house and the opposite corner next to the sacred area, likely 

occupied by the highest ranking and most senior inhabitants. Therefore, our evidence does 

not support a hypothesis of particularly hierarchical household interactions among the 

Okhotsk – instead, the pottery associated with daily cooking and food consumption activities 

at Pit-House E-4 characterize a household with members having an equal access to food 

resources. 

Consequently, some consideration should be paid to a number of factors that may 

challenge these observations. Firstly, the Okhotsk may have had a very normative culinary 

practice when it came to the use of ceramic vessel technology within the house, e.g. for 

everyday food preparation. Food may be prepared without the use of pottery, and further 

information of these practices cannot be unlocked using the approach employed here. 

Secondly, the artefact distribution may not fully capture a snapshot type of picture of 

the social dynamics in the pit-house studied, as the location and placement of pottery may 

have changed either before or after the habitat was abandoned. Given the location of the 

ceramic materials, though, we find it likely that the sherds were deposited on the pit-house 

floor by inhabitants of the last occupation phase, prior to the abandonment of the habitat, and 

that their distribution around distinct household activity zones is not random. 

Moreover, species-specific distinctions in pottery lipids could not be made on the 

basis of these results. The presence of terrestrial animal lipids is based on the samples’ 

isotopic signature rather than on molecular biomarker evidence – compared with modern and 

ancient baseline data – and further studied using mixing models. However, compounds such 

aquatic biomarkers may have been eliminated in some of the samples in the burial 
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environment, and, during the post-excavation storing of the artefact, and their frequency in 

the sample set may be underrepresented (Olsson & Isaksson, 2008). 

That being said, these results are consistent with the site material record showing a 

local subsistence focused on the marine aquatic food web, as well as a tradition in the ritual 

treatment of terrestrial animals. Indeed, several clusters of osseous remains of bear 

individuals – recorded outside the pit-houses at the Menashidomari site – exhibit signs of 

exposure to intense heat through burning, as well as cut marks and perforations. While in 

some cases the animal remains were brought into the house – as indicated by the bone mound 

in the back of the house – such resources may also have been served from large vessels, 

producing lipid profiles similar to the large containers found in Pit-House E-4.  

Okhotsk container function was previously studied at a ritual site of Hamanaka 2 in 

Rebun Island, northern Hokkaido (Hirasawa & Kato, 2019), where pottery was found to have 

been used in different social contexts – such as those with ritual connotations – where a wide 

range of resources, including marine aquatic, anadromous, terrestrial animal and plants such 

as millet, were processed (Junno et al., 2020). At the Menashidomari site, terrestrial animals 

such as dog, pig/wild boar and bear, did not have a notable dietary role but similar to 

Hamanaka 2, were likely treated as prestige foods, served during banquets and festivities, 

and as part of celebrations of animal sending rites and rituals. 

We conclude that the integration of these insights with the wider archaeological 

record allow us to unlock clues in the important symbolic role played by the Okhotsk 

household spaces in the receiving, consumption and eventual ‘sending’ of animals. Many of 

these concepts and practices appear to anticipate key elements of the iyomante rituals that 

have been ethnographically documented among the (descendant) Ainu peoples of the region 

(Akino, 1999; Ohnuki-Tierney, 1999; Utagawa, 1999; Sato, 2019). The evidence presented 

here suggests that pottery may have been involved in these practices, though more work is 

required to identify which land animal species were cooked or served in containers and how 

these resources were prepared and consumed. 

Noteworthy is also that food resources appear to have been shared equally among 

different members of the habitat, which may have consisted of multiple households. Indeed, 

while prior research into Ainu Culture household dynamics, division of labor and social 

status does identify certain hierarchies and mechanisms through which a person may 
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accumulate prestige and signal status in the community (Ohnuki-Tierney, 1999; Hudson, 

1999; 2004), food sharing and cooperation between family units – and, to some extent, 

households – was indeed practiced (Watanabe, 1973; Keira and Keira, 1999; Nomoto, 1999). 

This is likely in part a strategy to mitigate risks associated with a maritime subsistence model 

that requires cooperation and a diversification of returns at a community-level (Fujimoto, 

1986; Hudson 2004). This may well have been the case with the Okhotsk, who show a 

tendency to share resources and cooperate during times of distress (Fitzhugh et al., 2016). 

Indeed, these questions should be tackled with the analysis of further ceramic samples 

and experimental work. Analysis of samples from recently excavated household contexts, 

where the preservation of biomarkers and low atomic-weight compounds would allow the 

identification of an increased number of resources in pottery, including plants and terrestrial 

animal products. Moreover, embedding techniques in the field of proteomics should allow 

for the identification of species in pottery residues and encrustations (Hendy et al., 2018) and 

provide more insight into Okhotsk food consumption and cuisine. Combined with high-

resolution artefact and contextual data, evidence from organic residues in pottery has the 

potential to provide a host of new information and further characterize social dynamics and 

activities within the household space at an unprecedented level of detail. 

 

8. Conclusions 

Archaeological research into the antiquity of animal ritualism focuses on the treatment and 

deposition of animal bones, carved imagery in rock art or on portable material culture, while 

pottery residue studies tend to explore broad themes over multiple sites and contexts over 

extended periods of time. In this paper our aim was to test whether the technique could be 

applied in a more restricted context by reconstructing container function and cuisine at a 

single household scale. Subsequently, lipid residue analysis proved suitable in capturing 

variation and characterizing container use patterns across the household space, providing 

previously unknown details concerning Okhotsk Culture human-animal interactions and 

social structures. Our evidence suggests that while diverse food resources from the aquatic 

food web were brought home and shared equally between members of different status within 

the Okhotsk household, large containers in particular were used in the serving or storing of 

terrestrial animal products – possibly as part of the celebration of animal ceremonies, while 
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smaller pots were used primarily to process aquatic commodities, perhaps as part of daily 

food consumption. Integration of these insights reveal the important symbolic role played by 

the Okhotsk households in the treatment and eventual ‘sending’ of animals. These patterns 

appear to anticipate key elements of the ‘iyomante’ rituals that have been ethnographically 

documented among the (descendant) Ainu Cultures, suggesting that pottery may have been 

involved when these practices were first adopted. However, more work is required to 

overcome some of the challenges associated with pottery lipid analysis, for instance, in the 

identification of species and further describing the ways containers were used in the 

preparation and consumption of prestige foods. 
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Appendix 

 

Sampling 

Ceramic powder and charred surface crust material was recovered for organic residue analysis 

with as follows; 0.5-1 g of ceramic powder was collected from the clay material by drilling a 

surface area of 1-2 cm2 on the inner wall of the vessel. The drill head used was washed with 

dichloromethane using an ultrasonicator for 15 min and left to dry in fume cupboards before 

another extraction. The outer 1-2 mm was disposed of in order to avoid contamination from 

the burial environment or handling of the sherd. In addition, >15 mg of charred crust material 

adhering to the inner wall of the sherd were extracted with a sterilized scalpel and crushed 

mechanically. The resulting sample material was then transferred quantitatively to clean tubes 

for lipid extraction. The glassware had been washed with dichloromethane (CH2Cl2) and 

allowed to dry in fume cupboards. 

 

Molecular analyses 

Absorbed pottery residues and surface crusts were analyzed using a gas-chromatography mass 

spectrometry (GC–MS) according to the extraction protocol in (Papakosta et al., 2015). The 

purpose of the solvent extraction was to wash the samples from contaminants prior to the acid 

extraction step. This measure was opted for given the taphonomic history of the samples, and 

the need to avoid introducing exogenous fatty acids to the methylated extracts, to be measured 

for single-compound isotopic composition. A total of 11 solvent extracts were analyzed using 

GC–MS and no diagnostically relevant differences in lipid profiles were found between the 

two extraction techniques, as no triacylglycerols, alkanols or fatty acyl wax esters were 

detectable in the solvent-treated extracts analyzed.  

The collected sample materials were washed with three rounds of solvent extraction; 

1,000 𝜇l of dichloromethane (CH2Cl2) and 500 𝜇l methanol (CH2OH) was added, the sample 

was shaken vigorously and placed in an ultrasonicator for 2x15 min with a 15 min pause in 

between to avoid excessive thermal exposure. Following ultrasonication, the sample was 

centrifuged for 30 min at 3,000 rpm, after which the clear phase containing the lipids was 

recovered with a pipette and transferred to another tube. This process was repeated twice 

more without ultrasonication, after which the phase obtained was evaporated under a stream 

of nitrogen gas. Following solvent treatment the sample was extracted and transesterified with 



acidified methanol by adding 200 𝜇l of concentrated sulphuric acid (H2SO4) as catalyst in 

1,000 𝜇l CH3OH and heated in 4 h at 70 °C. After heating the sample was allowed to cool 

down for 5 min, after which 1,000 𝜇l n-hexane is added, the sample is shaken vigorously and 

centrifuged in 3,000 rpm for 5 min. After the fatty acid methyl esters are recovered in the top-

most phase, this process is repeated twice more and the combined suspension is evaporated 

under a stream of nitrogen gas. Finally, the sample is prepared for GC–MS analysis by 

derivatizing the total lipid extract (TLE) in 100 𝜇l of bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) and chlorotrimethylsilane (TMCS, 10%). The suspension was heated at 70 °C for 

20 min, evaporated again under a stream of nitrogen gas and, finally, n-hexane was added 

ahead of the GC–MS analysis.  

The compounds were identified and separated using a HP 6890 gas chromatograph 

unit, fitted with a SGE BPX5 fused-silica capillary column (30m x 220 𝜇m x 0.25 𝜇m), and 

coupled with a HP 5973 mass selective quadrupole detector. Each derivatized extract was 

injected in pulsed splitless mode (pulse pressure 26.1 psi, 325 °C). The column oven 

temperature was initiated with a temperature of 50 °C for first 2 min, after which temperature 

was programmed to rise by 10 °C each minute and reach 360 °C and maintained at this 

temperature for the remaining 15 min. Helium was used as carrier gas, with a constant flow 

kept at 2.0 ml/min. The ion source was maintained at a temperature of 230 °C, with ionization 

and fragmentation achieved through 70 eV electron impact. The mass filter was set to scan 

between m/z 50 and 700, at a rate of 2.29 scans/second. The data were handled using the 

MSD Chemstation™ software. 

 

Bulk isotope analysis 

Surface crust samples were analyzed for bulk stable carbon and nitrogen isotopic 

composition using an elemental analyzer isotope ratio mass spectrometry (EA–IRMS), as 

reported in Craig et al., (2013). Homogenized charred surface deposits (>1.5 mg) were 

analysed by elemental analysis IRMS for 𝛅13C and 𝛅15N characteristics. 𝛅13C or 𝛅15N 

definitions are indicated as [(Rsample/Rstandard
-1)] x 1,000, where R = 13C/12C, 15N/14N. The 

standard used with 𝛅13C is the Vienna PeeDee Belemnite (V-PDB) and the standard used with 

𝛅15N is N2 in air.  All 20 charred surface samples analyzed surpassed the quality criterion of 

>1‰ N. Instrument precision, based on measurements of two standard (modern reindeer and 

seal) collagen samples was ±0.38‰. 

 



Single-compound analysis 

Following methylation palmitic and stearic acid (C16:0 and C18:0 fatty acid methyl esters, i.e. 

FAMEs) with >2 𝜇g/𝜇l -1 in each sample were measured for 𝛅13C composition using gas-

chromatography combustion isotope ratio mass spectrometry (GC–C–IRMS). Toluene, which 

is less volatile than n-hexane, was used as the medium solvent. The analyses were carried out 

using a Trace GC equipped with a DB-5 capillary column (60 m x 0.32 mm x 0.25 𝜇m) and 

coupled with a Thermo Delta V mass spectrometer. Sample volumes of 1 μl were injected 

using automatic injection through a programmable temperature vaporisation (PTV) injector, 

managed in solvent splitless mode. The injection pressure was 70 kPa and the initial 

temperature was programmed at 40 °C. The splitless time was configured at 1 min; solvent 

vent temperature was 100 °C and vent flow 100 ml/min. Evaporation pressure was 

programmed for 140 kPa, evaporation temperature was 40 °C, with the evaporation rate 10 

°C/sec and evaporation time 0.16 min. The GC oven temperature was set with an initial 

isothermal of 2 min at 120 °C, followed by an increase of 20 °C/ min to 200 °C, followed by 

another temperature ramp of 5 °C/min to 315 °C, and a final temperature hold of 7 min. The 

transfer pressure was 210 kPa, at a transfer rate of 12 °C/sec and transfer temperature 300 °C. 

The cleaning rate was 14.5 °C/sec, and the cleaning temperature was 320 °C, and cleaning 

time and cleaning flow were 20 min and 100 ml/min, respectively. The FAMEs were 

converted to CO2 via an IsoLink reactor system. The pulses of reference CO2 gas were 

injected using a ConFlo IV unit. Each sample was analyzed twice, with isotopic composition 

of the sample taken from the mean of both analyses. Instrument precision was 0.23‰ on 

repeated measurements. In addition, a standard FAME sample with a known isotopic 

composition was used to track the accuracy of the instrument, which, over the course of the 

analyses, remained at ±0.4‰. 

 

Bayesian mixing model 

Modelling was conducted using the 3.0 Beta version (http://sourceforge.net/projects/fruits/) of 

the Bayesian mixing model FRUITS (Fernandes et al., 2014). The model was applied using 

δ13C16:0 and δ13C18:0 values without priors derived from archaeological or molecular 

biomarker data. In total, five food groups were chosen as potential sources (freshwater, 

salmonidae, marine, non-ruminant and ruminant), based on authentic modern reference data 

from Japan in Lucquin et al. (2016). The output data are visualized as box-plot charts where 

http://sourceforge.net/projects/fruits/


uncertainty expressed is a function of the sample group’s summed total variance resulting 

from 10,000 Markov chain steps (simulations). Estimated concentrations of C16:0 and C18:0 in 

target sources are based on the USDA Food Composition Databases 

(https://ndb.nal.usda.gov/ndb/). 
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