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The Jomon period of ancient Japan, characterized by hunting and gathering,

lasted from 16,000 to 2,400 years cal BP. In this ~13,000-year period, the

geographical range of trade is known to have been extensive but may not

have always been constant. We conducted obsidian social network analyses on

a large dataset to explore the dynamics of trade networks and their tipping

points during the Jomon period. This study clustered sites by geographical

location and summarized obsidian artifacts in aggregate values by region to

increase regional representativeness. This improved the readability and

interpretability of the analysis results and decreased the distortion of results

owing to a small sample of sites. The results showed that, for sites adjacent to

one another, it is reasonable to group the total values by region and assess the

regional representativeness of the findings. Framing the provenance and

consumption areas as a bipartite graph and using network analyses among

consumption areas revealed that the obsidian trade network expanded

throughout the Kanto region in the middle Jomon period

(5,500–4,500 years cal BP) but regionalized in the late Jomon period

(4,500–3,200 years cal BP). These periods were extracted as tipping points in

the Jomon trade network. The timing of these tipping points possibly occurred

during a period of major climate change. Therefore, these tipping points of

obsidian trade networks may have resulted from population decline and

migration caused by shifting coastlines and living infrastructure owing to

climate change.
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1 Introduction

Shell and jade ornaments, as well as other objects, dating back to the Jomon period of

ancient Japan (16,000–2,400 cal BP, a period of hunting and gathering), have been

excavated in areas far from where they were produced. This suggests the existence of

trade over an extensive geographical area [1]. However, the Jomon period was extremely

long, lasting approximately 13,000 years, and cultural changes within this period have
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been recognized. We suspect that the Jomon trade range

cyclically expanded and shrank over time. To explore the

dynamics of trade networks and their tipping points during

the Jomon period, we conducted social network analyses of

obsidian artifacts. Obsidian is a type of volcanic glass that has

been used to make sharp stone tools and has other uses, including

the processing of food and wood [2]. In archaeology, similarities

and differences in artifacts are frequently used as indicators of the

frequency and intensity of contact and relationships between

groups [3]. As obsidian provenance is restricted to a few areas,

determining its origin is crucial for understanding trade networks

and resource procurement [3].

Obsidian provenance analysis of the Kanto region in the

eastern part of mainland Japan is considered one of the best in the

world in terms of quality and quantity [4]. Suzuki [5, 6] examined

the trends in obsidian provenance and timing. Warashina and

Higashimura [7] collected and organized the results of obsidian

and sanukite provenances. The number of obsidian provenance

analyses has also increased since the late 1980s owing to the

widespread use of X-ray fluorescence analyzers, with certain

studies focusing on archaeological issues in the broad region

of Kanto [8–11]. Sugihara and Kobayashi [12] and Tsutsumi [13]

also chronologically examined resource development and supply

in certain provenances from the Paleolithic to the middle Yayoi

period (–2,000 years cal BP).

The Japanese Archaeological Association compiled a

significant collection of previously published obsidian

provenance analyses in the Kanto region in 2011 [14].

Tsumura and Tateishi [4] used these compiled data and

statistical analysis methods to examine patterns of provenance

and consumption areas in the Kanto region during the Jomon

period. Their findings showed that the obsidian trade network

may have changed over time. Their study used quantitative

methods to analyze the relationship between obsidian

provenance and consumption areas. However, there are many

unknowns because changes in the dynamics of trade networks

among the consumption areas have not yet been examined.

Indeed, such large-scale data are difficult to visualize and

interpret using traditional methods; only very recently social

network analysis has become an established tool in archaeology.

Studies focusing on Mesoamerica have used social network

analysis in relation to trade networks among obsidian

consumption areas [15, 16]. For example, Golitko et al. [15]

assumed that the end of the classic period witnessed the collapse

of the inland land-based trade network and the development of

the coastal maritime trade network. Additionally, Golitko and

Feinman [16] demonstrated a propensity for the hierarchy and

size of networks to decline over time, which suggests that

Mesoamerican economies may not have been centralized. In

addition to the exchange and trade outlined earlier, other

obsidian social network studies have analyzed processes such

as procurement methods [17], interaction spheres, and social

affiliations [18, 19].

These studies used social network analysis of obsidian to

represent obsidian provenances and archaeological sites from

which obsidian was excavated as “nodes.” These “nodes” were

given attribute information such as the geographic location and

estimated age of the site, as well as the quantity and percentage of

obsidian in each provenance. Links established based on the

similarity of pairs of nodes (similarity in obsidian proportions)

reflected the relationship between nodes. Social network analysis

focuses on nodes and their relationships and views the system as

a combination of both [20].

In the present study, we employed social network analysis to

quantitatively assess whether and when trade expanded and

contracted during the Jomon period. We then compared

networks between production and consumption areas and

among the consumption areas for each of the five

subdivisions of the Jomon period and identified the tipping

points of the trade networks during this time. The social

network analysis conducted in this study used a larger dataset

compared with that used in the analysis conducted in studies on

other regions; it contains provenance data for approximately

21,000 obsidian pieces excavated from more than

270 archaeological sites. A regional clustering technique was

employed to enhance the readability and interpretability of this

large dataset and reduce distortion effects due to small sample

sizes.

2 Materials and methods

This study focuses on obsidian artifacts excavated from

Jomon-period sites in the Kanto region. The Kanto area is

located in the eastern part of the main island of Japan, facing

Tokyo Bay or Sagami Bay on the south side and the Pacific Ocean

on the southeast side, with the northern and northwestern sides

facing mountainous regions (Figure 1). The obsidian artifacts

brought into the southern Kanto region are known to have

originated from these mountainous areas and islands located

further south of Tokyo Bay as a result of the obsidian provenance

analysis described earlier. The locations of these major

provenance areas are shown in Figure 2. They include 1)

Takahara-yama, 2) Wada-toge, 3) Omegura, 4) Suwa, 5)

Tateshina, 6) Kozu-shima, 7) Hakone, and 8) Amagi. The

obsidian artifacts were brought to the consumption areas from

the islands via the maritime route [12] and from the

mountainous areas on the northwestern side via a circuitous

route to the north [21]. Notably, the Jomon period

(16,000–2,400 years cal BP) is considered a hunter-gatherer

society and not a highly complex state-level society, unlike in

the case of Mesoamerica, as shown in related studies [16].

Therefore, these obsidian deliveries are not the result of a

centralized logistics system but rather individual trade

between provenance and consumption areas. Climatic features

of the Jomon period include periods of major climatic and
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coastline changes. Immediately before the middle Jomon period

(5,500–4,500 years cal BP), average temperatures were 2°C higher

than today [22], and the so-called Jomon sea-level rise, which in

the Kanto region was on average 3 m higher than today, eroded

the coastline inland [23, 24]. In contrast, during the late Jomon

period (4,500–3,200 years cal BP), average temperatures were

lower, with sea level dropping to approximately the same level

as today [23, 24].

For the social network analysis of obsidian artifacts, this

study increased the regional representativeness by summarizing

obsidian numbers by region, which enhanced the readability and

interpretability of the analytic results when using a large dataset.

This was based on the assumption that geographically adjacent

archaeological sites interact and share information with each

other and have similar obsidian provenance composition ratios

[16]. Particularly, we clustered the geographic locations of

archaeological sites using the density-based spatial clustering

of applications with the noise (DBSCAN) approach [25].

Additionally, in the case of chemical analysis methods, such

as obsidian provenance analysis, all the excavated artifacts are

generally not considered owing to limitations in terms of the

excavation period and budget. The dataset for this study covers

archaeological sites where only a few artifacts were analyzed at

one site or, in extreme cases, only a single artifact was analyzed

[4]. A limited number of obsidian samples may skew the region

composition ratio and distort the results [16]. However, by

summarizing based on region, as described earlier, the sample

size can be increased and, consequently, the distortion reduced.

Following clustering, we conducted social network analyses

using the data for each regional unit, similar to what was done by

Ladefoged et al. [20]. The analyses used the cosine similarity of

the composition ratio of each obsidian provenance between

clusters as the connection strength.

Note that when data are divided into detailed time frames,

analysis and interpretation become challenging. Therefore, to

address this issue, we grouped the data into time periods

FIGURE 1
Map of this study within the main island of Japan (boxed area).
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frequently used in Japanese archaeology for comparison. The

Jomon period was specifically categorized into the following five

categories: Period 1, starting from the beginning of the Jomon

period to the earlier Jomon period (16,000–7,000 years cal BP);

Period 2, consisting of the early Jomon period

(7,000–5,500 years cal BP); Period 3, consisting of the middle

of the Jomon period (5,500–4,500 years cal BP); Period 4,

consisting of the late Jomon period (4,500–3,200 years cal BP);

and Period 5, consisting of the last Jomon period

(3,200–2,400 years cal BP). The absolute ages of each of these

periods are in accordance with Kobayashi [26].

2.1 Dataset on obsidian assemblages

The dataset for this study is based on the results of

provenance analyses of obsidian excavated from Jomon-period

sites in the Kanto region, compiled by the Executive Committee

of the 2011 Tochigi Congress of the Japanese Archaeological

Association [14]. Although this dataset was compiled in 2011, it

is enormous, and even with the presence of obsidian reported in

the years that followed, its analysis results are still considered

valuable. In this study, we narrowed down the provenance areas

to the following eight main areas: 1) Takahara-yama, 2) Wada-

toge, 3) Omegura, 4) Suwa, 5) Tateshina, 6) Kozu-shima, 7)

Hakone, and 8) Amagi. For convenience, Wada-toge, Omegura,

Suwa, and Tateshina are collectively referred to as the Shinshu

group, which belongs to the mountainous area called “Central

Highlands.” A few other provenances were excluded from the

analysis because they are associated with only a few artifacts.

Note that pottery style was used to estimate the obsidian’s

attribution period. Based on these attributional periods, this

study classified the artifacts into the five-period categories

listed earlier. It was assumed that attribution was performed

for each period category if the estimated attribution period fell

within more than one of them.

Because of the afore-mentioned process, the number of

samples used in this study was as follows: Period 1 had

FIGURE 2
Location of major obsidian provenance areas.
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1,444 artifacts from 52 archaeological sites; Period 2 had

3,479 artifacts from 62 sites; Period 3 had 13,340 artifacts

from 149 sites; Period 4 had 3,263 artifacts from 59 sites; and

Period 5 had 1,714 artifacts from 27 sites.

2.2 Clustering

As previously mentioned, we summarized the results as

aggregated values by region to improve their readability and

interpretability and reduce the distortion due to small samples.

The DBSCAN method [25] was applied to group the geographic

locations of the archaeological sites. Many other clustering

methods do not consider noise and assign every site to a

cluster; this can cause mutually inaccessible sites to be

clustered together. On the contrary, the DBSCAN method

determines a region as a cluster based on the number of

points (density) (minPts) within a certain radius (ε value).

The cluster expands as long as the density in the region

exceeds a certain threshold, but if there are no nearby points

within a certain radius, it is considered as noise. The ε value is
determined by the problem to be solved (such as physical

distance), and minPts is the optimum size of the smallest

cluster. In this study, the ε value was set to 10 km, which is

the commonly accepted activity range for the ancient Jomon

people [27, 28]. MinPts was set to a minimum of three. The

DBSCANmethod was used for each of the five-period categories.

Considering these clusters as one region, we summed the

aggregate values for each obsidian provenance in each region

and then calculated the composition ratio of obsidian provenance

in each cluster. The composition ratio (R) is defined by the

following equation:

Ri, j � Ni, j

Ti
,

where Ri,j denotes the composition ratio of provenance j in

cluster (or single site) i; Ti denotes the total number of

obsidian artifacts analyzed for provenance in i; and Ni,j

denotes the number of obsidian artifacts of provenance j in i.

A few obsidian samples can skew the regional composition

ratio and distort the results [16]. Therefore, clusters with less

than 30 obsidian artifacts from sites within the cluster were

excluded from the analysis in this study. Conversely, if a site did

not form a cluster because of its geographic location but had

more than 30 obsidian artifacts, the composition of obsidian

provenance was calculated in the same manner as clusters and

used as a single site in the analysis.

2.3 Social network analyses

The following analyses were conducted for each period

category.

2.3.1 Bipartite graphs between provenance and
consumption areas

A composition matrix between the provenance area and

consumption areas was created based on the number of

obsidian artifacts by provenance area for each cluster and

single site to determine the relationship between obsidian

provenance and consumption areas for each period category.

This led to the creation of bipartite graphs with the provenance

area and consumption area nodes. A bipartite graph allows

connections between nodes in different node groups but not

to nodes in the same node group. The links connecting these

nodes indicate obsidian that originated from a specific

provenance and then was found in a specific consumption

area. The thickness of each link was determined by the

composition ratio. The link is thicker if the ratio is high and

thinner if the ratio is low. The denominator of the composition

ratio is not the total number of obsidian artifacts in each period

category but the total number of obsidian artifacts in each cluster

and site.

2.3.2 Similarity
We calculated the cosine similarity following Ladefoged et al.

[20] to measure the degree of similarity in the obsidian

provenance composition between clusters, between each

cluster and a single site, and between sites within clusters. We

calculated the composition ratios of obsidian by provenance

using the total number of obsidians in each cluster and single

site and treated them as vectors. In other words, because there are

eight provenances in this study, they are represented as eight-

dimensional vectors. These eight-dimensional vectors were used

to calculate the cosine similarity between clusters, between

clusters and single sites, and between sites within clusters. The

cosine similarity (Sim) is expressed using the following equation:

SimA, B � cos θ � �a · �b
�a| || �b|

,

where SimA, B denotes the similarities between A and B (A and B

may be clusters or single sites; �a and �b are the vectors

corresponding to A and B, respectively; and | | denotes the

magnitude of a vector). The values range from 0 to 1. If the

obsidian provenance composition ratios of A and B are similar,

the directions of the vectors �a and �b are close, meaning the cosθ

value approaches 1. Conversely, if they are not similar, the value

approaches 0.

2.3.3 Network analysis among consumption
areas

Undirected networks were created between clusters and

between clusters and single sites based on the respective

cosine similarity among them to determine the relationship

between consumption areas for each period category. Each

cluster or single site serves as a node, and links are created
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TABLE 1 Cosine similarity within each cluster and between sites not belonging to a cluster in each period category.

Period 1 Period 2 Period 3 Period 4 Period 5

The beginning and
earlier Jomon

The early Jomon The middle Jomon The late Jomon The last Jomon

Average of cosine
similarity between sites
not belonging to a
cluster (no cluster)

0.280 Average of cosine
similarity between sites
not belonging to a
cluster (no cluster)

0.402 Average of cosine
similarity between sites
not belonging to a
cluster (no cluster)

0.538 Average of cosine
similarity between sites
not belonging to a
cluster (no cluster)

0.447 Average of cosine
similarity between sites
not belonging to a
cluster (no cluster)

0.644

B1 0.760 E1 0.670 M1 0.421 L1 0.872 T1 0.983

B2 0.717 E2 0.752 M2 0.737 L2 0.800 T2 0.987

B4 0.552 E3 0.672 M3 0.892 L3 0.503 T3 0.984

B5 0.472 E5 0.576 M4 0.835 L4 0.495 — —

— — E6 0.714 M5 0.644 L5 0.682 — —

— — E7 0.767 M6 0.904 L6 0.483 — —

— — — — M7 0.884 L7 0.650 — —

FIGURE 3
Bipartite graphs between provenance and consumption areas in Period 1, the beginning Jomon period, and the earlier Jomon period
(16,000–7,000 years cal BP). Clusters are represented by uppercase characters and single sites by lowercase characters. The thickness of the links
corresponds to the composition ratio of each production area in each cluster (B1, 2, 4, and 5) and each single site (b7–12).
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when the cosine similarity between nodes exceeds 0.9. Network

densities were also calculated for these networks for each period

category. Network density (D) is the ratio of existing links to all

links that can be created in the network. It is expressed using the

following equation:

D � 2m
n n − 1( ),

where n denotes the number of nodes andm denotes the number

of links in the network. The values range from 0 to 1. A value

closer to 1 indicates a higher network density, with a lower limit

of 0 representing a network with no relationships and an upper

limit of 1 representing a network with all possible relationships.

Note that the density is identical to the average of the cosine

similarity of the pairings connecting each node when there is no

threshold for cosine similarity greater than 0.9.

We also detected communities from the network using the

spin-glass model [29] using a similarity matrix with no threshold

for cosine similarity greater than 0.9 because Fortunato [30]

found that this model was more effective at determining the

proper module compared with several community detection

methods in terms of computation time and detection

accuracy. The spin-glass model uses the simulated

annealing method (which searches for the optimal

solution by iteratively seeking solutions in a random

neighborhood of the current solution) to maximize the

modularity (a measure of edge density within

communities in relation to the number of edges between

communities) [31]. The number of communities detected

was normalized by dividing it by the number of nodes. Many

communities indicated that the trade network was

subdivided into small modules.

FIGURE 4
Bipartite graphs between provenance and consumption areas in Period 2, the early Jomon period (7,000–5,500 years cal BP). Clusters are
represented by uppercase characters and single sites by lowercase characters. The thickness of the links corresponds to the composition ratio of
each production area in each cluster (E1–3, 5–7) and each single site (b8–12).
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3 Results and discussion

3.1 Clustering

The number of clusters and single sites in each period

category and the total number and composition of obsidian

by provenance in the clustering using the DBSCAN method

are listed in the Supplementary Table. However, Clusters B3 and

B6 of Period 1, Cluster E4 of Period 2, and Cluster T4 of Period

5 were excluded from the analysis because the total number of

obsidian artifacts in each cluster was less than 30.

Table 1 shows the cosine similarity within each cluster and

between sites not belonging to a cluster in each period category to

verify whether clustering using the DBSCAN method ensures

regional representation. The results demonstrate that the average

within-cluster cosine similarity for each cluster in any period

category was higher than that between sites that did not belong to

a cluster. For example, in Period 1, the average cosine similarity

between sites not belonging to a cluster (no cluster) is 0.280,

which is lower than the values of B1, B2, B4, and B5. Based on

these results, it is reasonable to summarize the aggregate values

among nearby sites by region and analyze them in terms of

regional representativeness.

3.2 Bipartite graphs between provenance
and consumption areas

Figures 3–7 show the outcome of the bipartite graphs

between provenance and consumption areas for each period

category in terms of the relationship between obsidian

provenance and consumption areas. The coastlines shown on

themaps for Period 1 (Figure 3), Period 2 (Figure 4), and Period 3

(Figure 5) are, for convenience’s sake, the coastlines of the warm

FIGURE 5
Bipartite graphs between provenance and consumption areas in Period 3, the middle Jomon period (5,500–4,500 years cal BP). Clusters are
represented by uppercase characters and single sites by lowercase characters. The thickness of the links corresponds to the composition ratio of
each production area in each cluster (M1–7) and each single site (b8–17).
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period of the early Jomon period. However, those for Period 4

(Figure 6) and Period 5 (Figure 7) use the late Jomon period cold-

weather coastline for the same reason. The former represents a

sea advance, whereas the latter denotes a sea retreat.

These bipartite graphs show that up to Period 2, a significant

portion of the obsidian in each cluster originated from the

provenance area within a relatively short geographical distance

from the cluster. However, in Period 3, obsidian of island

provenance crossed the sea and was widely dispersed across

the Kanto region, and it was also widely distributed in the Kanto

region. Particularly, in Period 1 (Figure 3, Supplementary Table

S1), Kozu-shima had a high frequency only in coastal clusters and

single sites across the sea (except for b12). However, B4 and

b10 in the inland region had a high frequency of obsidian from

Wada-toge, Suwa, and Tateshina, which are relatively close to

each other. Additionally, B5, located in the center, was not

concentrated in one particular locality, and obsidian from

various provenances was observed. In Period 2 (Figure 4,

Supplementary Table S1), the trend seen in Period 1 became

more pronounced, whereas Kozu-shima had a high frequency

only in certain coastal clusters and single sites, and the Shinshu

group of Wada-toge, Omegura, Suwa, and Tateshina had high

frequency in E6, e9, and e12 in the inner bay. However, in Period

3 (Figure 5, Supplementary Table S1), Kozu-shima had a high

frequency not only in coastal clusters and single sites but also in

most clusters and single sites, except for M3 and m16. The

Shinshu group was also found in most clusters and single sites,

with a frequency similar to that of Kozu-shima. According to

Tsutsumi [13], the demand for obsidian owing to the rapid

population growth in the Central Highlands during the

middle Jomon period stopped the distribution of the Shinshu

group obsidian to other regions and caused obsidian from Kozu-

shima to be the main provenance in other regions. However, a

portion of obsidian from the Shinshu group was still spread

FIGURE 6
Bipartite graphs between provenance and consumption areas in Period 4, the late Jomon period (4,500–3,200 years cal BP). Clusters are
represented by uppercase characters and single sites by lowercase characters. The thickness of the links corresponds to the composition ratio of
each production area in each cluster (L1–7) and each single site (l8–l15).
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throughout the southern Kanto region during the middle Jomon

period.

After Period 4, the distribution of island-produced obsidian

shrinks to a small number of coastal areas and islands that are

closer in distance. Instead, obsidian of inland provenance with

close geographic distance is found in each cluster or single site.

Particularly, in Period 4 (Figure 6, Supplementary Table S1), the

frequency of Kozu-shima decreased with geographic distance,

whereas the Shinshu group of Wada-toge, Omegura, Suwa, and

Tateshina, as well as Takahara-yama, had a high frequency in

clusters or single sites at relatively close geographic distances. The

trend observed in Period 4 became more pronounced in Period 5

(Figure 7, Supplementary Table S1). The Shinshu group and

Takahara-yama became highly frequent in clusters and single

sites with relatively close geographical distances.

In summary, the relationship between provenance and

consumption areas can be divided into three stages.

Stage 1: until Period 2, obsidian in each cluster or single site,

with some exceptions, had a high frequency in provenance areas

of relatively close geographical distance.

Stage 2: in Period 3, distant island and inland provenances

were widely distributed throughout the Kanto region.

Stage 3: after Period 4, the condition returned to that of

Period 2. Obsidian in each cluster or single site had a high

frequency in provenance areas of relatively close geographical

distance.

Regarding the distance between the provenance and

consumption areas, for example, Negash et al. [32] believed

that “some kind of exchange” occurred because the artifacts

were distributed hundreds of kilometers away from the

provenance. The present study also showed that the

consumption areas did not necessarily select the

geographically shortest provenance area, and obsidian from

Kozu-shima had a high frequency in inland areas more than

FIGURE 7
Bipartite graphs between provenance and consumption areas in Period 5, the last Jomon period (3,200–2,400 years cal BP). Clusters are
represented by uppercase characters and single sites by lowercase characters. The thickness of the links corresponds to the composition ratio of
each production area in each cluster (T1–3) and each single site (t4–t13).
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200 km from the consumption sites. The fact that obsidian from

Kozu-shima was excavated far inland indicates that obsidian may

have been obtained through trade rather than the direct

collection at the source. Tateishi [21] also evaluated a travel

cost model using a digital elevation model on a geographic

information system (GIS). The results showed that Takahara-

yama could be easily accessed from southern Kanto, whereas

access to the Shinshu group is difficult. Furthermore, it was easier

to access the Shinshu group via a circuitous route compared to

the shortest route from southern Kanto. Considering the afore-

mentioned, the expansion of the distribution of the Shinshu

group to the southeast, which was difficult to access from the

provenance areas, after Period 2, suggests that obsidian was

obtained through trade rather than direct extraction.

Tsumura and Tateishi [4] examined patterns of obsidian

provenance and consumption in the Kanto region and found that

1) coastal obsidian provenances had relatively narrower supply

zones than inland provenances, such as the Shinshu group and

Takahara-yama throughout the period, 2) the Shinshu group had

greater temporal variation than Takahara-yama, and 3) the

distribution trends of obsidian in each region showed major

demarcation periods during the middle Jomon and late Jomon

periods.

The results of this study seem to differ in part from these

findings: in particular, in contrast to finding 1, the obsidian of

Kozu-shima, a coastal island, was found to be widely distributed

in this study. This discrepancy may be attributed to the fact that

their study considered and interpreted a very small sample in the

dataset. On the contrary, the present study evaluated a higher

proportion of provenance composition ratio to provide a wider

interpretation. However, the present results support findings

2 and 3 with the bipartite graphs plotted on maps providing

further detail. Thus, the results of this study show that the

distribution of the obsidian of the Shinshu group, together

FIGURE 8
Network among consumption areas in Period 1, the beginning Jomon period and the earlier Jomon period (16,000–7,000 years cal BP).
Clusters are represented by uppercase characters and single sites by lowercase characters. Pairs with a cosine similarity of more than 0.9 in the
composition ratio of each provenance area are linked.
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with that of Kozu-shima, expanded widely in the Kanto region in

the middle Jomon period but shrank in the following period.

The next section reports the results of the network analysis

among the obsidian consumption areas from the perspective of

trade among them.

3.3 Network analysis among consumption
areas

From the perspective of consumption areas, the networks

among consumption areas for each period category are plotted

on the maps in Figures 8–12, and their network densities are

shown inTable 2. The coastlines in these maps are the same as

those in Figures 3–7.

Contrary to Periods 1 and 2, when the networks among

consumption areas were limited to certain regions (Figure 8) or

fragmented (Figure 9), the network among consumption areas in

Period 3 extended over the entire region (Figure 10). The

networks among consumption areas in Periods 4 and 5

(Figures 11, 12, respectively) were fragmented. Particularly, in

Period 1 (Figure 8), there was only one partial network consisting

of B1, B2, and some other sites, whereas B4 and B5 were excluded

from the partial network. This was the network in which Kozu-

shima had a high frequency. In Period 2 (Figure 9), there was a

partial network consisting of E5, E7, and island single sites (not

shown); a partial network consisting of E1 and E3; and a partial

network consisting of E2, E6, and certain other single sites. These

were networks in which Kozu-shima and the Shinshu group of

Wada-toge, Omegura, Suwa, and Tateshina had high frequency.

However, in Period 3 (Figure 10), a large network included most

clusters and single sites, such as M1, M2, and M4–M7. This

network is a mixture of Kozu-shima and the Shinshu

group. However, in Period 4 (Figure 11), there were certain

FIGURE 9
Network among consumption areas in Period 2, the early Jomon period (7,000–5,500 years cal BP). Clusters are represented by uppercase
characters and single sites by lowercase characters. Pairs with a cosine similarity of more than 0.9 in the composition ratio of each provenance area
are linked.

Frontiers in Physics frontiersin.org12

Sakahira and Tsumura 10.3389/fphy.2022.1015870

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1015870


partial networks, such as a partial network consisting of L1, L3,

L5, and L6; a partial network consisting of L4 and some single

sites; and a partial network consisting of L7 and some single sites.

In Period 5 (Figure 12), in addition to a partial network that

included T1, T2, and T3, two partial networks included certain

single sites. These were the networks with high frequencies of

Kozu-shima, the Shinshu group, and Takahara-yama.

Comparedwith these network densities (Table 2), the density of

Period 3 (0.405) was higher than those of Period 2 (0.200), Period 4

(0.143), and Period 5 (0.256). Particularly, Period 3 had a value

more than twice that of Period 4. The network density, when not

cut off by the 0.9 cosine similarity threshold, corresponds to the

average cosine similarity among clusters and single sites. These

values are higher in Period 3 (0.716) than in Period 1 (0.623), Period

2 (0.411), Period 4 (0.535), and Period 5 (0.508), as shown in

Table 2. This trend was also observed between clusters and single

sites in Table 2. The cosine similarity value within a cluster of

Period 3 (0.760) was higher than those of Period 1 (0.500), Period 2

(0.692), and Period 4 (0.641).

The number of communities was lower in Period 3 (0.111)

than in Period 1 (0.200), Period 2 (0.182), Period 4 (0.200), and

Period 5 (0.231), as shown in Table 2. The small value indicates

that the trade network expanded throughout the region and was

concentrated into one network. Thus, Period 3 indicates that the

trade network was expanding.

The results of these network analyses of consumption areas,

when combined with those from the bipartite graph of

provenance and consumption areas in the previous section,

suggest the following three stages:

Stage 1: Until Period 2, Kozu-shima and the Shinshu group of

Wada-toge, Omegura, Suwa, and Tateshina were directly

collected or exchanged within a narrow regional network of

consumption areas within a relatively close geographical

distance.

FIGURE 10
Network among consumption areas in Period 3, the middle Jomon period (5,500–4,500 years cal BP). Clusters are represented by uppercase
characters and single sites by lowercase characters. Pairs with a cosine similarity of more than 0.9 in the composition ratio of each provenance area
are linked.
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Stage 2: In Period 3, a wide-area trade network was

developed, with the distribution of Kozu-shima and the

Shinshu group overlapping in most regions.

Stage 3: After Period 4, Kozu-shima, the Shinshu group, and

Takahara-yama returned to a state of direct collection or

exchange in a small regional network among consumption

areas within a relatively close geographical distance.

3.4 Tipping points of the obsidian trade
network

The afore-mentioned results confirm the possibility of the

existence of tipping points with respect to trade networks among

consumption areas, where trade networks became extensive in the

middle Jomon period (5,500–4,500 years cal BP) and regionalized in

the late Jomon period (4,500–3,200 years cal BP). Immediately before

the middle Jomon period, the average temperature and sea level were

2°C and 3m, respectively, higher than those of today because of the so-

called Jomon sea advance [22–24], which made marine resources

more readily available. However, in the late Jomon period, when trade

networks regionalized, the temperatures began to cool, sea levels

dropped to the same levels as today [23, 24], and marine resources

becamemore difficult to obtain.According to Sugihara andKobayashi

[12], the expansion of the distribution of obsidian fromKozu-shima in

the middle Jomon period and the subsequent contraction of Kozu-

shima in the late Jomon and the last Jomon periods

(3,200–2,400 years cal BP) are related to the formation and

contraction of the sea bay caused by sea advance and sea retreat,

respectively. From the perspective of paleo-population, Yano [33],

focusing mainly on western Japan, stated that population movements

were repeated until the first half of the Jomon period owing to the low

total population; however, in the latter half of the Jomon period, the

population density in each region was averaged out to form a wide-

area network that made population movement unnecessary. In the

Kanto region, the population increased in the middle Jomon period

FIGURE 11
Network among consumption areas in Period 4, the late Jomon period (4,500–3,200 years cal BP). Clusters are represented by uppercase
characters and single sites by lowercase characters. Pairs with a cosine similarity of more than 0.9 in the composition ratio of each provenance area
are linked.
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FIGURE 12
Network among consumption areas in Period 5, the last Jomon period (3,200–2,400 years cal BP). Clusters are represented by uppercase
characters and single sites by lowercase characters. Pairs with a cosine similarity of more than 0.9 in the composition ratio of each provenance area
are linked.

TABLE 2 Indicators of network analysis and sea level in each period category.

Period category Period 1,
the beginning
and earlier
Jomon

Period 2,
the early
Jomon

Period 3,
the middle
Jomon

Period 4,
the late
Jomon

Period 5,
the last
Jomon

Absolute ages 16,000–7,000 years cal BP 7,000–5,500 years cal BP 5,500–4,500 years cal BP 4,500–3,200 years cal BP 3,200–2,400 years cal BP

Network density 0.444 0.200 0.405 0.143 0.256

Number of communities 0.200 0.182 0.111 0.200 0.231

Average of cosine similarity
between clusters and single
sites

0.623 0.411 0.716 0.535 0.508

Average of cosine similarity
within a cluster

0.500 0.692 0.760 0.641 0.987

Sea level (compared to the
present day)

Under −40 m to 0 m 0 m to +3 m +3 m to +1 m +1 m to 0 m +0 m to −1 m
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and then decreased in the late Jomon period [34]. Therefore,

population growth, decline, and migration owing to changes in the

coastline and living infrastructure caused by climate change may have

represented the tipping points of the trade network.

4 Conclusion and future work

The trade networks in the Jomon period were not always

constant. In this study, their dynamics and tipping points were

explored via the social network analyses of a large-scale obsidian-

artifact provenance dataset.

Consequently, the following conclusions were drawn:

1) For analyzing the large provenance dataset, the DBSCAN

method was used to improve the readability and interpretability

of the results and reduce any distortion among them owing to the

small sample sizes used in this study. This study clustered the

sites by geographic location and summarized them in aggregate

values by region to increase the representativeness of the regions.

It was found that it is reasonable to summarize the aggregate

values by region for sites close to each other and to analyze them

in terms of regional representativeness.

2) The results of the bipartite graph of provenance and

consumption areas and the network analysis among

consumption areas indicated that the obsidian trade network

was extensive throughout the Kanto region in the middle Jomon

period. However, it may have later regionalized in the late Jomon

period. These were extracted as tipping points of the ancient

Japanese Jomon hunter-gatherer trade network.

3) The timing of these tipping points potentially occurred

during a period of significant climate change, suggesting that the

tipping points have been represented by population growth,

decline, and migration owing to changes in the coastline and

living infrastructure caused by climate change.

When considering the ε value as a DBSCAN parameter and

the geographical distance between provenance and consumption

areas, a straight-line distance was assumed in this study for

convenience. However, when considering access to the provenance

area and other sites of the residents, the shortest distance or route

should differ depending on the geographical features, such as elevation

difference, slope, and sea. In the future, we believe that by using

ancient digital elevation data in a GIS, it will be possible to extract

more precise regional clusters and calculate the shortest travel costs

between provenance and consumption areas using hiking functions

[20,35]. In addition to the obsidian, a social network analysis of other

artifacts can be conducted (such as pottery) based on their similarities

and differences, as reported by Mills et al. [36] for the southwestern

United States in the late prehispanic period or a social network

analysis of the obsidian can be performed along with a social network

analysis of pottery. Based on the results of this study, we hope to have

described the dynamics of trade networks and their tipping points in

the hunter-gatherer period from a more multifaceted perspective.
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