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Abstract

Archaeologists have been reconstructing interactions amongst hunter-gatherer populations for a long time. These exchanges
are materialised in the movements of raw materials and symbolic objects which are found far from their original sources.
Social network, i.e. the structure constituted by these interactions, is a well-established concept in archaeology that is used
to address the connectivity of hunter-gatherer populations. The heuristic potential of formal network analysis, however,
has been scarcely exploited in prehistoric hunter-gatherer archaeology. Here, social network analysis is used to analyse the
interactions amongst hunter-gatherers on the Iberian Peninsula in the Early and Late Mesolithic (10,200 to 7600 cal BP). We
used ornaments to explore social interaction and constructed one network per phase of the Iberian Mesolithic. We applied a
three-steps analysis: First, we characterised the overall structure of the networks. Second, we performed centrality analysis
to uncover the most relevant nodes. Finally, we conducted an exploratory analysis of the networks’ spatial characteristics.
No significant differences were found between the overall network topology of the Early and Late Mesolithic. This suggests
that the interaction patterns amongst human groups did not change significantly at a peninsular scale. Moreover, the spatial
analysis showed that most interactions between human groups took place over distances under 300 km, but that specific
ornament types like Columbella rustica were distributed over more extensive distances. Our findings suggest that Iberian
Mesolithic social networks were maintained through a period of environmental, demographic and cultural transformation
and that interactions took place at different scales of social integration.
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Introduction

Archaeologists have been studying the interactions amongst
hunter-gatherer populations for a long time. Such exchanges
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are embodied in the movement of raw materials and sym-
bolic objects that have been found far away from their origi-
nal sources (Wobst 1974, 1976; Gamble 1998). A social net-
work, i.e. the structure that emerges from those interactions,
is a well-established concept in archaeology which allows to
estimate connectivity amongst hunter-gatherer populations.
The heuristic potential of formal network analysis, however,
has hitherto been scarcely exploited in prehistoric hunter-
gatherer archaeology. This paper presents a first approach to
the reconstruction and analysis of hunter-gatherer socio-spa-
tial patterns of interaction between the Early Mesolithic (ca.
10,200-8600 cal BP) and Late Mesolithic (8600-7600 cal
BP) as established by various periodisation models (Montes
et al. 2006; Marti Oliver 2009; Carvalho 2010; Aura et al.
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2011; Bicho and Haws 2012; Soto et al. 2015; Straus 2018).
Table S1 in the Supplementary information provides a
detailed chronology on the Iberian Peninsula. Hunter-gath-
erer (hereafter, H-G) social networks refer to the structure
resulting from inter- and intra-regional interactions within
and amongst H-G regional groups. The function of these
interactions, the resources used to maintain them, and their
spatial scale all depend on the level of social integration
in which they occur (Wobst 1974; Gamble 1998; Whallon
2006). Social interactions were embedded in the activities
of all H-G groups, and as such, material culture patterns in
the archaeological record are a direct result of these interac-
tions (Coward 2010).

The number of studies on past population social networks
has risen sharply in recent years (Peeples 2019), as is vis-
ible in the publication of specialised books (Knappett 2011),
edited volumes (Knappett 2013; Brughmans et al. 2016), or
journal special issues (Collar et al. 2015; Evans and Felder
2016). The potential of this methodological approach is
illustrated by the wide range of case studies, topics and
research questions to which network analysis has recently
been applied: the detection of communities at Catalhoyiik
(Mazzucato 2019); the emergence of inequality in Maya set-
tlements (Thompson et al. 2021); the structure of Clovis
social networks (Buchanan et al. 2019); the rates of adoption
and diffusion of innovation (Kandler and Caccioli 2016) or
social signalling at regional scale (Hart et al. 2017; Birch
and Hart 2018).

Nevertheless, the formal analysis of hunter-gatherer social
networks is still very limited (Gjesfjeld 2015; Romano et al.
2020). Only two detailed studies in European Prehistory
have been conducted. Riede (2014) modelled long-distance
interactions using exotic non-utilitarian objects as proxies,
such as ornament shells, amber and zoomorphic figurines
made with known raw material sources. He showed that
social network breakdowns could explain the reduction in
technological complexity observed in southern Scandinavia
after the Laacher See eruption (ca. 13,000 years ago). The
second case study focused on the reconstruction of Lower
Magdalenian social networks in the North of the Iberian
Peninsula. Similarities of figurative portable art representa-
tions were used as a proxy for social interaction (Gravel-
Miguel 2016). Here, the primary goal was to demonstrate
that archaeological social networks are better understood
when they are interpreted in relation to their geographical
and environmental contexts.

The challenge facing researchers who wish to study
hunter-gatherer social networks is that social interactions are
not directly preserved in the archaeological record: we thus
have to rely on different proxies to approach them. Based
on previous ethnographic and archaeological research, we
decided to use ornaments as proxies to reconstruct social
networks from evidences of shared cultural practises. In
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ethnographic studies on hunter-gatherer groups, ornaments
express group affiliation, personal identity and status; they
form a key part of the exchange systems between different
groups (Wiessner 1984). In the archaeological record, orna-
ments have been used as a proxy to reconstruct regional and
even linguistic groups on the basis of social identity arising
from shared cultural practices (Newell et al. 1990).

The study of personal ornaments to reconstruct the social
landscape of prehistoric populations is a well stablished
approach in palaeolithic archaeology. The geographical
reach of a certain group can be approximately delineated by
the geographical distribution of a certain type of ornament,
or a collection of ornaments, over specific chronological
periods, has been used to delineate the geographical reach of
these groups. This approach has been applied by Vanhaeren
and d’Errico (2006) to identify ethnolinguistic groups in
Aurignacian Europe. Similarity between the ornament
assemblages has also been interpreted as suggesting close
interaction/cultural bonds between the symbolic spheres of
the Levant and Europe during the same period (Tejero et al.
2021b) and then again between the Southern and North-
ern Caucasus (Tejero et al. 2021a) as previously observed
through techno-typological similarities in their lithic-tool
assemblages. Likewise, in the Cantabrian region of the
Iberian Peninsula, the use of similar shell beads between
the ornament assemblages of coastal and inland sites has
been interpreted as an indicator of shared cultural practices
between communities practicing different economical strate-
gies (Rigaud and Gutiérrez-Zugasti 2016)

Ornaments and other exotic raw materials are also con-
sidered a proxy for interaction between distant groups.
Concretely, when they are found far away from their raw
material source, they are interpreted as a proxy for trans-
port and exchange, associated with the establishment and
maintenance of social networks (Newell et al. 1990; Whal-
lon 2006). The transport of marine raw materials and shell
beads has been documented in several instances. It is the
case of the already cited work by Rigaud and Gutiérrez-
Zugasti (2016). However, the most notable example of
symbolic material transport is Columbela rustica during the
Mesolithic. This case, which has been extensively studied by
Alvarez Fernandez (2008a), at the European and peninsular
scale, and others like Boric and Cristiani (2016) in the Bal-
kans and Italy, documented the transport of this gastropod
from the Mediterranean shore to Europe’s inland over dis-
tances greater than 300 km all. The works reviewed above
highlight the importance of studying the patterns of distri-
bution of ornaments to approximate to the social geography
and networks of past populations.

Here, we focus on reconstructing and comparing social
networks in the Early and Late Mesolithic on the Iberian
Peninsula. This was a period of very significant trans-
formations at the climatic, environmental, demographic
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and technological levels. Chronologically, it unfolded
(ca.10,200-7600 cal BP) over the whole Early Holocene
Boreal and the onset of the Middle Holocene Atlantic chro-
nozones. These latter periods are characterised by a global
trend of stabilisation under warmer and wetter climatic con-
ditions (Cacho et al. 2001), interrupted by several cooling
events, the most notable being the 8.2 kya climatic event
(Lopez-Saez et al. 2007). These climatic changes had a
transformative effect on the environment with a sea level
rise (Peltier 2002) and the expansion of deciduous and ther-
mophilous forests (Carridn et al. 2010; Gomes et al. 2020).
With the onset of the Mesolithic came a shift in subsistence
strategies: hunted species diversified and the exploitation
of marine resources intensified (Aura et al. 2009; Alday and
Soto 2017). From a demographic perspective, according to
a logistic model of population growth (Fernandez-Loépez de
Pablo et al. 2019), the period under study was characterised
on the Iberian Peninsula by increasing population levels,
subject to different subregional variation patterns. One of
such subregional patterns, the Atlantic region of central and
southern Portugal, has been recently described (McLaughlin
et al. 2021): environmental carrying capacity shifts in estua-
rine areas were found to be closely linked to an increase in
relative population size and settlement nucleation during the
Late Mesolithic.

Culturally, the Iberian Peninsula Mesolithic is divided
into two major cultural phases corresponding to two different
technocomplexes. The first, the Early Mesolithic, also called
the Notched and Denticulated Mesolithic (ca. 10,200-8600
cal BP), is technologically characterised by expeditious flake
debitage strategies used to produce assemblages dominated
by notches, denticulates and scrapers, including macrolithic
tools (Alday 2006). During the second phase, the Late Mes-
olithic or the Geometric Mesolithic (ca. 8600-7600 cal BP),
debitage systems changed radically towards the production
of blades and bladelets, as well as projectiles with geometric
microliths, mainly trapezes and triangles, using the micro-
burin technique (Utrilla and Montes 2009).

The application of SNA to this chrono-spatial context
allows us to quantitatively assess whether all these demo-
graphic and cultural changes translated into significant mod-
ification of the Iberian socio-spatial structure. In this article,
we contribute to this study by analysing shared cultural prac-
tices represented in the ornaments’ archaeological record.

Data and methods
Data collection
A georeferenced database of ornament assemblages from

the Iberian Peninsula ascribed to either to the Early or Late
Mesolithic was elaborated using specialised publications

and grey literature. This database is part of a much more
extensive relational database drawn up for the ERC project
Paleodem. Table 1 summarises the information recorded
in the database (see Supplementary Tables 2 and 3 for
details). The original database contains a total of 106
assemblages from 62 archaeological sites. Considering
ornament assemblages by chrono-cultural period, we
have a higher number of Late Mesolithic sites compared
to Early Mesolithic sites.

Initially, each of the contexts was assigned to one of the
two phases of the Mesolithic based on the chrono-cultural
attribution of their material assemblage as it was speci-
fied by the researchers originally studying the materials.
In a second step, a data quality control protocol was set
up. Two criteria were established to rank archaeological
assemblages’ chrono-cultural reliability: (i) the integrity of
both, the stratigraphic context and the association between
radiocarbon dates and ornaments assemblages and (ii)
the accuracy of the radiocarbon measurements consider-
ing the radiocarbon method (conventional or AMS), the
laboratory error measurements and the inbuilt age of the
samples. According to these criteria, four reliability levels
were assigned (see Supplementary Materials, Tables S5
and S6):

— Level 1: Refers to the most reliable ornament assem-
blages that can be associated to undisturbed stratigraphic
context with well-characterised Mesolithic chrono-cul-
tural attribution, along with accurate radiocarbon dates.

— Level 2: Designates contexts with a clear cultural attribu-
tion but not directly associated with absolute radiocarbon
dates. These contexts can be framed using the radiocar-
bon dates from stratigraphically close contexts.

— Level 3: This code was assigned to ornament assem-
blages from contexts with a reliable cultural attribution
that cannot be associated to any radiocarbon date nor
framed with any stratigraphically close contexts. Also,
those contexts with inconsistent radiocarbon dates were
coded with this value.

— Level 4: Those contexts with unreliable cultural attri-
bution and no radiocarbon dates available were labelled
with this code. The context assigned to this level was not
included in any analytical step.

Table 1 Summary of the information contained in the database

Sites/assemblages Sites/assemblages
(raw data) (curated/aggre-
gated)
Early Mesolithic 26/39 25/25
Late Mesolithic 36/67 35/35
Total 62/106 60/60
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Once the archaeological contexts of ornament assem-
blages’ provenance were ranked, we unified contexts of the
same site that were ascribed to the same Mesolithic phase,
either the Early or Late Mesolithic, i.e. absolute number of
ornaments from two or more levels of the same chronocul-
tural period were computed together.

Since our objective was to account for the differences
between the two units of the Iberian Mesolithic, we aggre-
gated the levels from the same site which chronologically
fell within the same unit. This is a common practice in the
analysis of archaeological networks (Peeples et al. 2016).
As aresult, the Early Mesolithic group contained 25 assem-
blages, and the Late Mesolithic contained 35 (the geographi-
cal distribution is illustrated in Fig. 1). Worthy of note, these
numbers preserve the original archaeological information
ratio, in which the Late Mesolithic presents more sites and
assemblages than the Early Mesolithic (Table 1). Next, we
transformed the raw data to verify the impact of sample
biases on ornament assemblages. We generated two file
formats: (i) relative frequencies by ornament type and (ii)
presence or absence of ornament type per assemblage (Sup-
plementary materials Tables S2 and S3).

Similarity matrices and network construction

The above-collected data were used to construct cultural
similarity matrices of ornament assemblages—a step that
is widely applied in the construction of archaeological net-
works (Peeples et al. 2016). To this end, we used a similar-
ity measure based on absence-presence (i.e. Jaccard index),
instead of the (also common in archaeological networks’
literature) Brainerd-Robinson frequency-based similarity

index. This decision was based on a two-fold reason. First,
the amount of ornaments recovered from a particular archae-
ological site might be strongly conditioned by the specific
site function and excavation techniques used (Rigaud et al.
2018). This fact discourages the application of frequency-
based similarity measures to multiple sites. Secondly, by
construction, Jaccard’s coefficient has been reported to be
more sensitive to the presence of the less widespread types
in the sample, whilst Brainerd-Robinson tends to highlight
the most common ones (Prignano et al. 2017). Given the
extensive presence of Columbella rustica in the Iberian
Mesolithic record (Alvarez Fernandez 2008a), the Brainerd-
Robinson coefficient was not appropriate for our dataset. Jac-
card indices were calculated using Past statistical software
(Hammer et al. 2001).

Similarity matrices were transformed into networks to
prepare them for social network analysis (SNA). In this
approach, social actors and their interactions are math-
ematically quantified and graphically represented as nodes
and links. SNA offers a rigorous conceptual framework to
describe the structure of networks together with methods
to analyse and interpret them (Mills 2017). Specifically, we
constructed a similarity network for each period of inter-
est on the assumption that ornament assemblage similari-
ties reflect shared cultural practises and, therefore, some
level of social interaction. In our networks, nodes repre-
sent ornament assemblages and links represent a similarity
amongst them. These links are undirected since similarity
is a non-directed phenomenon. Their weight (i.e. the value
quantifying their importance) corresponds to the similarity
index. When constructing archaeological networks based on
cultural similarity, it is quite common to erase links whose

EARLY MESQLITHIC

0 100
_____ SS——

200 km

LATE MESOLITHIC I

O Mediterranean

Fig. 1 Distribution of sites with ornament assemblages used to recon-
struct the archaeological networks. Sites are identified by their ID
number and the region they belong to. The correspondence between
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IDs and names is detailed in the Supplementary materials Tables S2
and S3. The figure was created using QGIS 3.2.3 (QGIS.org 2021)
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similarity value does not reach a minimum threshold. This is
an easy and intuitive way to reduce the overall density of the
resulting network (whilst keeping ‘important enough’ links)
and, hence, have a clearer perspective of the general struc-
ture of the network under study. In our case, the link density
of both networks kept rather low and the general structure
was already visible (see the ‘General structure characteris-
tics’ subsection within the ‘Results’ section). Consequently,
we decided not to impose any threshold to network links
between nodes. We used igraph R package (Csardi 2006) to
construct and analyse the networks.

As part of the process of network construction, we needed
to assess the impact of archaeological data reliability on the
network structures. To this end, we constructed and com-
pared several networks, capturing different levels of reliabil-
ity. First, we constructed one network for each period (the
Early Mesolithic and Late Mesolithic) using archaeological
contexts that reached the chrono-cultural reliability levels
1 and 2. A second pair of networks was then elaborated by
adding the assemblages from level 3 contexts. Assemblages
classified as level 4 were not used in any analytical step
due to their significant unreliability. Next, we calculated the
overall structure of our four networks using density, average
degree, weighted average degree, clustering coefficient and
average path length metrics (see S.Table 3 and S.Text 2 in
the Supplementary materials for further details). Following a
careful comparison of the global metrics of the networks for
each period, we concluded that the addition of less reliable
information (i.e. level 3) did not alter the overall network
topology but did contribute to network completeness. Conse-
quently, we decided that the final networks to be analysed in
depth would include all assemblages up to a chrono-cultural
reliability level 3, resulting in an Early Mesolithic network
of 25 assemblages and a Late Mesolithic of 35 assemblages.

Network analysis

Three complementary approaches were used to analyse the
networks. All network metrics involved in these three ana-
lytical approaches are defined in Table 2. First, we charac-
terised the general structure of both networks using density,
average degree, weighted average degree, average clustering
coefficient and average path length. Second, a node-level
analysis was performed to uncover the most relevant nodes
in each network (i.e. the most connected nodes or those
with the strongest connections). Finally, we evaluated the
networks using spatial characteristics. A summary of the
methods applied can be found in Table 2.

Specifically, we performed a series of analysis for the
spatial characterisation. First, we investigated whether
nodes ascribed to the same geographical unit showed con-
nection preference. To do so, we calculated the assortativ-
ity coefficient for both networks (Newman 2002). Second,

we explored the differences regarding the geographical
distances covered by the networks’ links for each period.
Figure 5 presents the frequency of links in relation to the
distance covered by the links. Although the links reflect a
shared cultural practice rather than direct contacts between
hunter-gatherer groups, we chose to take the topography
into account and adopted a human perspective regarding
the distance measurements. We produced a matrix of geo-
detic distances geodetic, i.e. the shortest distance between
each pair of nodes connected through a link, using the XY
To Line geoprocessing tool from ArcGIS (ESRI, 2017)
considering a 3 arc Digital Elevation Model of the Iberian
Peninsula (Instituto Geografico Nacional, ETRS89, UTM
zone 30). Lastly, we examined the relation between the
weight of the links and their covered distance using Spear-
man’s correlation test.

Results
Data variability and frequency distribution

We observed geographical and chronological patterns of
the taxa used for the elaboration of ornaments. Assem-
blages were ascribed to one of the five geographical units
(i.e. Cantabria, Atlantic, Mediterranean, Interior and Ebro
Valley) which are traditionally used by Iberian prehisto-
rians as units of analysis (e.g. Utrilla and Montes 2009;
Alvarez-Fernandez 2006). In Southern Portuguese sites,
the most common taxon was Theodoxus fluviatilis, a
freshwater snail widely distributed from Europe to Cen-
tral Asia. In the Cantabrian sites, the most numerous taxa
were Trivia sp., followed by Littorina obtussata of Atlan-
tic origin. The Mediterranean record is dominated by
Columbella rustica, an exclusively Mediterranean species.
Finally, in the Ebro Valley, we found a mixture of the orna-
ments documented in the Cantabrian and Mediterranean
geographical units.

This representation pattern coincides with the obser-
vations made by Alvarez-Fernandez (2010, 2011) regard-
ing the Cantabrian and Ebro Valley. Chronologically, we
observe that the same taxa were used to make ornaments
during both periods. However, we could observe changes in
the relative frequencies of some taxa (Fig. 2). For example,
although Columbella rustica dominates in ornament assem-
blages in both phases, it is more frequent in the Late Meso-
lithic. The same pattern can be observed with respect to
Trivia sp. Conversely, Nassarius reticulata is more frequent
in the Early Mesolithic than in the Late Mesolithic. Network
analysis allowed us to use such variability to explore cultural
patterns of interaction and potential changes throughout the
Iberian Mesolithic.
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Table 3 Characterisation of the overall network in the Early and Late
Mesolithic

Network metric Early Mesolithic ~ Late Mesolithic
Num. Nodes 25 35

Num. Links 129 268

Density 0.43 0.45

Average clustering coefficient  0.77 0.80

Average path length 1.69 1.57

General structure characteristics

The results of the general structure analysis for the two
periods are presented in Table 3. Both the Early and Late
Mesolithic networks presented density values below 0.5 (i.e.
less than half the connections they could have had). One can
observe only a slight difference between the average clus-
tering coefficient values and average path length between
both networks. A more relevant aspect, however, is the rela-
tionship between both metrics. Both networks yielded high-
average clustering coefficient values and low-average path
length ones. These results suggest that our two networks pre-
sent highly similar structures. In other words, no significant
changes could be observed between the Early Mesolithic and
the Late Mesolithic networks. This conclusion fits with the
visual inspection of Fig. 3. In both networks, we basically
observe two densely connected clusters of nodes, cross-
linked by rather weak connections (in terms of similarity).

Centrality metrics
Each node’s specific centrality values are listed in the Sup-

plementary material (Tables S8 and S9). Here, we show their
distribution on the Iberian Peninsula, and we refer to nodes

with the highest values (i.e. the quarter of the nodes with the
highest values for each specific metric).

The highest degree nodes in the Early Mesolithic (Fig. 4a)
represent the assemblages from sites located in Alicante,
Northern Catalonia and the upper Ebro Valley, including
the sites of Santa Maira, El Collado and Atxoste. In the Late
Mesolithic network, the nodes with the highest values in this
metric are concentrated within the Mediterranean geographi-
cal unit and the lower and upper Ebro River basin, three of
which are Fuente Hoz, Aizpea and Pontet, amongst others.
Conversely, the nodes with the lowest values are situated
in Portugal and the western half of the Cantabrian region
(Fig. 4d).

Interestingly, the nodes with the highest weighted degree
in the Early Mesolithic network (Fig. 4b) are different from
those with the highest value for this metric in the Late Meso-
lithic network (Fig. 4e). In the Early Mesolithic network,
these nodes represent sites located in Alicante and the lower
and upper Ebro valley, such as the sites of Angel 1, Arenal
de la Virgen, Costalena or Kanpanoste Goikoa. In turn, in
the Late Mesolithic (Fig. 4e), the nodes which yielded the
highest weighted degree values are located in Alicante, the
lower Ebro Valley and the western Pre-Pyrenees, including
El Esplugén, Costalena or Casa Corona. All these nodes,
in both networks, share a common feature: they represent
assemblages composed of a single ornament type: Colum-
bella rustica.

Lastly, the nodes presenting the highest betweenness in
the Early Mesolithic (Fig. 4c) are located at four different
ends of the peninsula: southern Portugal, the Cantabrian
strip, the Lower Ebro Valley and Alicante. Some of these
nodes represent the assemblages from Barranco das Quebra-
das, Santa Maira, Balma Margineda or Atxoste. In turn, in
the Late Mesolithic network (Fig. 4f), nodes with the highest
values in this metric are in the Cantabrian strip, the Upper
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Fig.3 Graphical representation of networks corresponding to the
Early Mesolithic (left) and to the Late Mesolithic (right). Sites are
identified by their ID number and the region they belong to (yellow:
Mediterranean; green: Ebro Valley; red: Cantabrian; blue: Atlantic).

and Lower Ebro Valley and central Valencian Region. These
nodes correspond to sites such as Benamer, Los Baifios,
Aizpea and la Brafia. Contrary to what we observed in the
case of nodes with a high weighted degree, those with a
high betweenness represent assemblages composed of vari-
ous types of ornament.

Beyond the analysis of centrality metrics, the spatial per-
spective of Fig. 4 nicely complements the rather abstract
network representation in Fig. 3. By comparing both figures,
one can easily notice the interesting result that, despite the
several changes on node position at the local scale, the gen-
eral structure of the network keeps very similar. In order
to further explore this spatial perspective, we conducted a
number of analysis to assess the geographical characteristics
of the obtained networks.

Spatial analysis

First, we applied assortativity measurement to quantita-
tively assess regionalisation and its change across the two
snapshots in a simple way. Assortativity is a metric used in
network analysis to measure to what extend links are pref-
erentially established amongst nodes sharing some sort of
attribute (more details can be found in Table 2). In our case,
the attribute was the geographical unit nodes belonged to.
Consequently, higher (more positive) values of assortativ-
ity corresponded to scenarios where links were more often
established within the geographical unit. The value for the
early Mesolithic network was 0.0836, whilst for the Late
Mesolithic, it was 0.143. The values indicate that for both

@ Springer

Link’s width is proportional to their similarity values. The graphical
representation was based on the Fruchterman-Reingold layout algo-
rithm (Fruchterman and Reingold 1991) and created using Visone
2.20 (Brandes and Wagner 2004)

periods, there is a weak tendency for any node to preferably
connect with other nodes of the same geographical unit.

We were particularly interested in the distances covered
by the links of our networks. Figure 5 shows the frequency
distributions of geographic distances covered by links in
each network. In both cases, the number of links was found
to decrease as the covered distances increased. This find-
ing was quantitatively supported by the results of Spear-
man’s correlation tests, showing a moderate negative cor-
relation for both the Early Mesolithic (Rho = —0.3304, p =
5.2442E-05) and Late Mesolithic (Rho = —0.29854, p =
1.461E—06) networks. Moreover, both histograms presented
a drop in link counts for distances greater than 300 km. In
the Early Mesolithic network, links covering distances below
300 km accounted for 55.56% of the total, and in the Late
Mesolithic network, the percentage rises to 66.93%. These
results agree with the regionalisation observed above and
provide a more precise view on its progress.

Histograms in Fig. 5 also allow us to assess the maximum
range of the interactions according to the type of ornament.
Specifically, we were interested in the distribution of orna-
ments made with Cantabrian or Mediterranean endemic
species outside their areas of origin, and whose occur-
rence could be interpreted as the result of the interaction
and exchange between distant groups (Newell et al. 1990;
Whallon 2006; Riede 2014). The interactions between the
Mediterranean and the rest of the Iberian Peninsula involv-
ing Columbella rustica (Fig. 5, in red) ranged from 100 to
500 km during the Early Mesolithic, and from 100 to 550
km during the Late Mesolithic. For their part, the inter-
actions involving Cantabrian taxa (i.e. Littorina obtusata
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and Trivia sp.) suggest a smaller range. More concretely,
the maximum range of distribution of Litforina in the Late
Mesolithic is a little over 170 km connecting the Cantabrian
to the upper Ebro Valley. The maximum range of interaction
involving Trivia would be almost 500 km, from Asturias
to Zaragoza. This does not imply that a specific ornament
travelled those distances during a single ‘interaction event’.
Specifically, it means that within this range, interactions
and exchanges took place in which these ornaments had a
symbolic meaning. Lastly, the Spearman’s correlation test
used to analyse the correlation between the weight of the
links and the distance they covered showed a moderate nega-
tive correlation for both the Early Mesolithic (p = —0.3304
p = 5.2442E—-05) and Late Mesolithic (p = —0.29854, p
= 1.461E—06) networks. Finally, to further explore these
spatial observations, we divided the links into three groups
according to their weight (i.e. the similarity value provided
by the Jaccard index): low weighted links (values up to
0.39), middle weight (from 0.4 to 0.69) and high weight
(from 0.7 to 1). The distribution of the distances covered by
the links in each group is illustrated in Fig. 6. The boxplots
corresponding to the Early Mesolithic links show a pattern
in line with our general expectations: links with a low weight
cover greater distances than those with a high weight, which
thus cover the shorter distances. Results corresponding to
Late Mesolithic present a deviation from such expectations.
Specifically, links presenting both medium and low similar-
ity are shorter than their equivalent at the Early Mesolithic.
Notice that this finding is compatible with the increase of
regionalisation identified above.

Discussion

Evaluation of the method

against the representativeness of the Iberian
Mesolithic record: problems and corrective
strategies

The present study aimed at characterising and comparing
the patterns of interaction amongst human groups during
both phases of the Iberian Mesolithic. Because the use of
SNA is still incipient in prehistoric archaeology, it was nec-
essary, first, to evaluate the potential and the limitations
of this methodological approach to understand Mesolithic
social networks. Recent studies have discussed the poten-
tial problems of applying SNA to the H-G archaeological
record, including (i) the impact of taphonomic processes
on the preservation of the material record—especially con-
sidering the sort of activity residues and the palimpsest
nature of most archaeological deposits (Gravel-Miguel and
Coward 2021)—(ii) the so-called fragmentation problem
(Gjesfjeld 2015)—concerning the representativeness of the

archaeological record regarding different types of sites and
research biases; (iii) the multi-scalar nature of social net-
work structures (Hamilton et al. 2007) and its translation
into specific network boundaries and (iv) the difficulty of
assessing contemporaneity amongst different archaeologi-
cal contexts in the reconstructed networks (Gjesfjeld 2015).

As regards point (i), issues of site taphonomy regarding
the preservation of material culture are indeed ubiquitous in
the archaeological record. Their impact in the present study,
however, was minimised due to the extensive use of all the
available information on ornament assemblages, including
different site types (open-air, caves and rock shelters) from a
period that has in fact been intensively investigated over the
past two decades (Alday and Cava Almuzara 2006; Utrilla
and Montes 2009). In terms of the data’s geographic rep-
resentativeness (problem ii), the distribution maps of the
analysed assemblages (Figs. 1 and 4) reflect an evident lack
of ornament assemblages from Andalusia and the Iberian
interior. In Andalusia, the long stratigraphic sequences of
Nerja and Bajondillo caves, on the Malaga coast, and Cueva
del Nacimiento, in Jaén, were the only sites to yield a very
limited lithic industrial evidence of trapezes dated to the
Late Mesolithic (Cortés Sanchez 2007; Aura Tortosa et al.
2009). No ornament assemblages, however, have been pub-
lished for those sites. With respect to the Iberian interior
(referring to the North and South Iberian Plateaux), the lack
of ornament assemblages is more clearly associated with an
almost total absence of Mesolithic sites. Over the past two
decades, Iberian prehistorians have discussed whether this
pattern of ‘Mesolithic emptiness’ reflects a reorganisation
of the settlement distribution in favour of coastal regions,
forced by a carrying capacity reduction due to the very
dense development of thermophilus forests (Zilhdo 2001;
Fernandez-Lo6pez de Pablo and Gémez-Puche 2009), or,
on the contrary, whether it results from chronological and
research biases (Arias Cabal and Fano 2009). Whilst such a
discussion is beyond the scope of this study, we believe that
the archaeological patterns observed in the Iberian interior
reflect a significantly lower and chronologically discontinu-
ous settlement density during the Early Mesolithic and an
absence of reliable Late Mesolithic sites. In this respect,
it is worth noting that commercial archaeology operations
have been taking place on major motorway and wind farm
infrastructure sites for over three decades. They suppos-
edly provide chronologically unbiased evidence. Yet the
documentation of open-air Mesolithic sites, such as Parque
Darwin in Madrid (Escobar Requena 2010), remains an
exception compared to both older (Cacho et al. 2010) and
more recent prehistoric periods (Balsera et al. 2015). Thus,
whilst the influence of research intensity and site preser-
vation bias might be different for each regional unit and,
therefore, difficult to quantify, our results are in line with
previous studies and interpretations at regional scales. The
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Early Mesolithic 10200 - 8600 cal BP

Late Mesolithic 8600 - 7600 cal BP
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methodological approach presented here allows the addition
of new evidence, so the networks can be easily actualised
and our conclusions re-evaluated.

Concerning the contemporaneity problem of the assem-
blages included in each network, we opted for chronologi-
cal aggregation in two broads, but taxonomically relevant
time slices of 1600 and 1100 years each. Such a chronologi-
cal scale allows capturing the aggregated record resulting
from persistent patterns of shared cultural practises within

@ Springer

the two major and successive Mesolithic taxonomic units
derived from lithic typology. In addition, these chrono-
logical aggregation intervals are comparable to other SNAs
recently applied to the Palaeolithic archaeological record,
with 1000-3000-year ranges (Gravel-Miguel and Coward,
Coward 2010; Rivero and Sauvet 2014).

Finally, regarding the problem of translating network
boundaries into the geographic space (problem iii), in this
case study, we decided to set the whole Iberian Peninsula
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«Fig. 4 Network layout representing nodes/assemblages located
according to their site coordinates. The colour represents the degree
of each node: the darkest the colour, the higher its value. Each node
is identified by its ID; see Tables 1 and 2 for the ID’s correspond-
ing names. The existence of a link between two nodes indicates
some degree of assemblage similarity. a Early Mesolithic network
node colour according to their degree; b Early Mesolithic network
node colour according to their weighted degree; ¢ Early Mesolithic
network node colour according their betweenness centrality; d Late
Mesolithic network node colour according to their degree; e Late
Mesolithic network node colour according to their weighted degree;
f Late Mesolithic network node colour according their betweenness
centrality. The figures were elaborated using Visone 2.20 (Brandes
and Wagner 2004). 11.Buraca Grande; 26.Atxoste; 36.Legunova;
39.Mendandia; 42.Pena 14; 48.La Cativera; 54.Cova Fosca; 64.Santa
Maira; 69.La Brafia; 70.El Espertin; 80.La Garma; 89.El Mazo;
95.Los Canes; 107.Cueva del Mar; 124.El Collado; 125.Casa Corona;
127.Cabeco da Arruda; 128.Cabeco da Amoreira; 129.Moita do
Sebastiao; 135.Font del Ros; 136.Cueva de la Cocina; 137.Falguera;
138.Mas Cremat; 141.Casal Papagaio; 145.Barranco das Quebra-
das; 147.Toledo; 151.Vale de Frade; 156.Vale Fonte Moga I; 173.
El Esplugon; 174.Kanpanoste Goikoa; 176.Fuente Hoz; 177.Aizpea;
179.Sota Palou; 189.Forcas 2; 194.Lagrimal; 196.El Toral III; 202.
Arenaza; 210.Arenal de la Virgen; 211.Benamer; 212.Kanpanoste;
213.Angel 1; 214.Angel 2; 215.Botiqueria dels Moros; 216.Cabezo
de la Cruz; 217.Los Bafios; 218.Pontet; 219.Balma Margineda; 223.
Espantalobos; 235.Cueto de la Mina; 237.La Poza I'Egua; 258.Costal-
ena; 405.Padre Areso; 450.Fonte de Moga II

as an analytical unit. The Iberian Peninsula has very well
defined physical geographic boundaries and a cul-de-sac
position at the southwestern tip of the Eurasian continent. In
addition, from a biogeographic perspective, a major divide
between the Euro-Siberian and Mediterranean regions can
be recognised. In conjunction with geographic physical
barriers, the divide allows us to explore some regional and
subregional variation patterns in the archaeological record
in terms of shared cultural practises.

Main findings and prospective research

Our study focused on ornament assemblage similarities to
reconstruct socio-spatial patterns. Using this archaeological
proxy, we assumed that ornament assemblage similarities
would correspond to different social groups sharing similar
cultural practices. The reconstructed social networks were
thus analysed and compared following a three-fold investiga-
tion: general structural characteristics, nodes centrality and
spatial distribution.

As far as social networks based on ornament assemblage
similarity were concerned, our general structure analysis did
not reveal significant differences between both networks at a
global scale. One exception was the higher number of nodes
and links for in the Late Mesolithic compared to the Early
Mesolithic. This absence of difference suggests that popula-
tions interacted creating the same global patterns. This is a
relevant finding considering the notable differences in lithic
technology between the Early and Late Mesolithic. The

stability of personal ornament practices compared to other
cultural markers (i.e. lithic industries) has been documented
by previous research works in other Upper Palaeolithic and
Mesolithic contexts in Eurasia (Vanhaeren and d’Errico
2006; Perlés 2013, 2019; Stiner 2014; Rigaud et al. 2015,
2018). From an Iberian Peninsula perspective, the continuity
observed between the Early and Late Mesolithic ornament
assemblage networks has also been recognised in other cul-
tural domains such as settlement patterns, funerary practices
based on individual burials (Gibaja et al. 2015) and from a
circulation network perspective (Alvarez Fernandez 2001).

The greater number of nodes and links observed during
the Late Mesolithic may reflect an increase in population
densities regarding the previous Early Mesolithic, a pattern
that has been consistently documented at both Iberian and
subregional scales (Barton et al. 2018; Fernandez-Lépez
de Pablo et al. 2019; McLaughlin et al. 2021). Our study
was able to capture this overall trend. It lacked, however,
the chronological resolution required to address the socio-
ecological impacts on social networks of the Early Holocene
episodes of rapid climatic change, such as the 10.2, 9.2, the
8.6 and the 8.2 kya climatic events (Gonzalez-Sampériz
et al. 2009; Fernandez-Lopez de Pablo and Jochim 2010;
Bicho and Haws 2012; Garcia-Martinez de Lagrin et al.
2014).

The analysis of the spatial properties of both networks led
to some interesting observations. First, the assortativity coef-
ficient showed that interactions amongst nodes were slightly
more frequent within each regional unit than between nodes
in different regions. This metric might reflect the sort of
nested social organisation in which these connectivity pat-
terns were embedded: interactions amongst individuals,
families and bands from the same regional group were more
common than amongst those from different regions (New-
ell et al. 1990). This finding leaves room for future studies
to focus on identifying regional groups using multi-proxy
evidence and other network methods (e.g. modularity, com-
munity detection).

Second, the comparison of the frequency distributions
of the link distances between the Early and Late Mesolithic
networks reveals different spatial scales of social interaction.
As presented earlier, in order to explore the spatial exten-
sion, i.e. the whole range of possible interactions within
each network, we did not establish any threshold in terms
of distances or similarity between ornament assemblages.
The resulting frequency distributions of link distances that
we observe in these unconstrained networks ranged from 0
up to a maximum of 900 km in the Early Mesolithic, and to
800 km in the Late Mesolithic. In both networks, the high-
est frequency distributions were clearly below 300 km with
a progressive decrease for longer distances, i.e. in those
ranging from 300 to 900 km. Visualisation of the frequency
distribution densities of the Columbella rustica ornament
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provided a more robust proxy for the spatial scales of social
interactions. As seen in Fig. 5 (in red), the maximum dis-
tribution range was 0-500 km in the Early Mesolithic, and
0-600 km in the Late Mesolithic, with the highest distri-
bution densities below 300 km. As from 300 km onwards,
there is an evident decline in the distribution frequencies.
In addition, the decline seems more pronounced in the Late
Mesolithic network than in the Early Mesolithic network,
where the density is more sustained. Such differences might
reflect different scales of interaction within and amongst dif-
ferent social integration units.

Other Mesolithic case studies have used shell ornaments
as a proxy for social interaction. They provide a frame of
reference to interpret the results of our own analysis even
though these works did not apply the same methodology.
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In Southwestern Germany, according to the heuristic model
proposed by Whallon (2006), decorative shells over dis-
tances ranging from 150 to 250 km became very common
during the Early Mesolithic, reflecting interactions within
the same maximal band. In contrast, shell ornaments found
between 250 to 400 km would correspond to social inter-
actions between adjacent maximal bands, and those over
600 km beyond adjacent maximal bands. In the Balkans,
Columbella rustica shells have been documented over dis-
tances up to 100 km away from the shorelines during the
Mesolithic (Boric and Cristiani 2016), and the same range
is documented for the Columbella rustica in the Dolomites
(Italy) (Alvarez Fernandez 2008a). In the Iberian Penin-
sula, this marine gastropod is transported from the Medi-
terranean shores through the Ebro Valley until reaching
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the South Western Pyrenees, specifically at the site of Ber-
roberria (Alvarez Fernandez 2008b) and the South East-
ern Pyrenees where it is documented in Balma Guilanya
(Martinez-Moreno et al. 2010). Our results fall within the
variability range of the cited examples, which, adopting
Whallon’s model, would correspond to interactions taking
place within minimal bands (distances up to 28 km), within
maximal bands (up to distances of 123 km) and, to a lesser
extent, between different maximal bands (up to 325 km).
The extent to which links above 325 km do represent interac-
tions beyond adjacent maximal bands remains to be further
investigated, using additional and more accurately traceable
raw material evidence.

The centrality analysis of our networks allowed us to
relate assemblage composition to the interaction structures.
In particular, assemblages sharing a very similar composi-
tion with several other assemblages in the network present
simultaneously higher degree and weighted degree centrali-
ties. Conversely, nodes with high betweenness corresponded
to assemblages including uncommon ornament combina-
tions, thus becoming the bridges amongst assemblages with
complementary compositions.

Specifically, we found that in the Late Mesolithic net-
work, the nodes with the highest betweenness drew an arc
connecting the Mediterranean sites, through the Ebro Val-
ley to the Cantabrian sites. This suggests that sites in the
Ebro Valley may have bridged indirect interactions between
Mediterranean and Cantabrian groups, in agreement with
a common conception of the Ebro Valley as a communi-
cation route between these two regions (Alday 2002; Cava
2004; Alday 2006; Alvarez Fernindez 2008a; Alday and
Cava Almuzara 2009; Alvarez Fernandez 2014). Despite of
the archaeological evidence that suggests the Ebro Valley
was part of a network that connected groups from distant
regions in the Iberian Peninsula, the interpretation of our
results (i.e. the betweenness values) should be treated with
caution. Centrality measures generally (and betweenness, in
particular) are known to be affected by record incomplete-
ness (Peeples et al. 2016). Indeed, the fact that in the Early
Mesolithic network the betweenness values do not suggest
that the Ebro Valley played an important role in the circula-
tion of ornaments may be related to the sensibility of the
betweenness metric.

Researchers in archaeology are aware of the limitations
of the application of SNA to archaeological studies. Differ-
ent approaches have been designed to overcome them. Most
of these approaches are devoted to quantifying the extent
to which missing data affects the network analysis (e.g.
Gjesfjeld 2015), or to designing procedures that may help
identify missing links within networks (Tsirogiannis and
Tsirogiannis 2016). To our mind, the best course of action
to pursue the line of investigation inaugurated in the pre-
sent work is to incorporate geographical and environmental

information into the network analysis. More concretely, the
approach applied by Gravel-Miguel (2016), which integrates
biome reconstructions with social network analyses during
the Magdalenian in the Cantabrian region, lead to a more
accurate appreciation of human mobility, intra-regional and
interregional interaction patterns against the environmental
changes of the Last Glacial Maximum.

Conclusions

Our primary objective was to reconstruct and analyse the
interaction patterns amongst groups in the Iberian Meso-
lithic. For this, we constructed and analysed socio-spatial
networks using ornaments as a proxy for human interactions.
Moreover, this case study was an opportunity to evaluate
the potential of SNA in prehistoric hunter-gatherer research.

Our findings suggest that despite climatic, cultural and
population transformations, general patterns of human inter-
actions remained unaltered between the two culturally differ-
ent phases of the Iberian Mesolithic. We also observed the
emergence of spatial patterns of interaction, in which most
interactions potentially took place within a radius of 300 km.
Based on Whallon’s (2006) heuristic model of the spatial
organisation of band-level foraging groups, we believe that
these findings have captured the interactions that took place
mainly within maximum bands, and between groups belong-
ing to different maximum bands.

These analyses have required the introduction of two
methodological contributions that are novel to the applica-
tion of SNA in prehistoric archaeology. First, in order to
incorporate as much reliable archaeological data as possi-
ble, we developed a procedure that classifies the information
according to its chrono-cultural reliability (see ‘Data Col-
lection’ subsection within the ‘Data and Methods’ section).
It is common practice amongst scholars using archaeologi-
cal data to construct networks, to accept its chrono-cultural
reliability as stated by the original researchers. However,
when the corpus of data is the results of a long research
tradition and has been produced by different teams (as it is
our case in this article), one cannot assume a homogeneous
level of accuracy across the dataset. This evidences the need
for a protocol, such as the one presented here. The second
innovative contribution was to apply assortativity to quanti-
tatively measure regionalization in our networks. The usage
of this homophily metric (quite common in SNA applica-
tion outside archaeology) allowed us to compare regionalisa-
tion across the two periods beyond visual inspection of the
obtained networks.

We also encountered a few limitations to the research
approach applied, which are not exclusive to our case study.
Indeed, they derive from the specific nature of the Palaeolithic
archaeological record, which is fragmentary and biassed in
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its nature. This poses a challenge to archaeologists. As many
aspects of prehistoric human life, socio-spatial structure can
only be well understood by considering multiple lines of evi-
dence. Although the research presented in this paper is highly
informative, the addition of different archaeological proxies and
environmental information could build upon the present case
study and further increase our knowledge of Mesolithic hunter-
gatherer societies. The present case study not only demonstrates
the potential of applying SNA to the interaction patterns of Ibe-
rian Mesolithic human groups, but it also indicates the direction
to follow within this line of research.
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