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Abstract Archaeologists have regarded social networks as both the links through
which people transmitted information and goods as well as a form of social storage
creating relationships that could be drawn upon in times of subsistence shortfalls or
other deleterious environmental conditions. In this article, formal social network
analytical (SNA) methods are applied to archaeological data from the late pre-
Hispanic North American Southwest to look at what kinds of social networks charac-
terized those regions that were the most enduring versus those that were depopulated
over a 250-year period (A.D. 1200–1450). In that time, large areas of the Southwest
were no longer used for residential purposes, some of which corresponds with well-
documented region-wide drought. Past research has demonstrated that some population
levels could have been maintained in these regions, yet regional scale depopulation
occurred. We look at the degree to which the network level property of embeddedness,
along with population size, can help to explain why some regions were depopulated
and others were not. SNA can help archaeologists examine why emigration occurred in
some areas following an environmental crisis while other areas continued to be
inhabited and even received migrants. Moreover, we modify SNA techniques to take
full advantage of the time depth and spatial and demographic variability of our
archaeological data set. The results of this study should be of interest to those who
seek to understand human responses to past, present, and future worldwide catastrophes
since it is now widely recognized that responses to major human disasters, such as
hurricanes, were “likely to be shaped by pre-existing or new social networks” (as
reported by Suter et al. (Research and Policy Review 28:1–10, 2009)).
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Overview

Independence? That’s middle-class blasphemy. We are all dependent on one
another, every soul of us on earth. (Shaw 1988, Act V, par. 244)

An enduring archaeological problem is why some regions were depopulated while
inhabitants remained in other areas for centuries and even millennia. When depopula-
tion is sudden and arises at large spatial scales, it has often been called “collapse.” We
place this term in scare quotes because it has been interpreted to mean cultural
discontinuity—such as the Hohokam or Chaco “collapse” in the U.S. Southwest or
the “collapse” of the Maya in Central America—without considering continuities in
indigenous populations through processes such as migration and decentralized social
reorganizations (see also the many critiques of collapse, e.g., Hegmon et al. 1998;
McAnany and Yoffee 2010; Middleton 2012; Wilcox 2009). When an entire region is
depopulated, it frequently entails large-scale migrations. The underlying reasons for
these demographic shifts from one area to another have been central to understanding
human history across the globe (e.g., Anthony 1990; Cameron 2013).

Another way to approach the problem is to look at why and how people are able to
persist in some regions over long periods. What makes settlements in these regions
more successful than others? Persistence may also be associated with the concept of
resilience (Holling 1973; Holling and Gunderson 2002; Redman 2005) because
communities that endure have withstood threats to their ongoing sustainability.
However, in some situations, persistence may be maladaptive rather than adap-
tive. For example, generational residential mobility can enhance the resilience
of particular individuals and groups (Varien 1999). Staying in one place may not be
the best decision because of negative changes in local, social, or environmental
contexts. Nonetheless, migrations are expensive and disruptive to the existing
social order and often result in migrants having lower status than the groups
they join (Mills 2007).

In a recent review of archaeological approaches to “collapse” and resilience, Guy
Middleton (2012) suggests that too much emphasis has been placed on environmental
factors at the expense of social factors (e.g., Diamond 2005). Archaeologists working in
the US Southwest—where a high-resolution paleoclimatic record indicates long-term
periods of drought—have recognized that climatic downturns are not sufficient expla-
nations for depopulation and migration (Kohler 2010; Minnis 1985; Van West 1994;
Wright 2010). As Glowacki (2010, p. 200) pointed out “[c]omplete regional depopu-
lation is not a predestined outcome of drought and poor agricultural yield.” Van West
(1994; see also Ahlstrom et al. 1995 and Billman et al. 2000) demonstrated that,
despite the regional depopulation, yields could have sustained some of the population
in the Mesa Verde region during the drought of the last quarter of the thirteenth century,
albeit at lower levels. Other scholars have highlighted the increased incidence of
violence during periods of drought, especially during the early twelfth and late thir-
teenth centuries (e.g., Kuckelman et al. 2002; Kuckelman and Martin 2012). Kohler
(2010) suggested that the crosscutting social institutions that were created after the
eleventh century, which enabled the integration of segmentary groups with high
residential mobility, produced societies that could no longer easily fission when
mobility and social flexibility was required in later periods. These religious institutions
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would have facilitated intra-regional interaction while at the same time they may have
laid the ground work for future inter-regional conflict and factionalism (Glowacki
2010; Kaldahl et al. 2004).

What the above Southwestern examples share is an emphasis on the formation,
transformation, and/or dissolution of different kinds of social networks. They also
largely focus on specific regions. Another way of incorporating social factors into
models of regional depopulation is to understand these areas in the context of inter-
regional networks (Mills et al. 2013a, b, c). As Hill and his colleagues (2010) pointed
out regarding the depopulation of the Mesa Verde area, this region can only be
understood by looking at population changes at much larger scales (see also Duff
1998). Several previous examples from the northern Southwest illustrate the value of
looking at migration across regional boundaries and tie these, either explicitly or
implicitly, to large-scale social networks. The intensity and extent of social networks
has been widely acknowledged in the anthropological literature as providing access to
information and resources to minimize risk and uncertainty (Colson 1979; Dyson-
Hudson and Smith 1978; Halstead and O’Shea 1989; Wiessner 1977). This is partic-
ularly the case in the literature on foragers but it also pertains to agriculturalists in a
setting of high environmental variation, such as is found in many periods in the North
American Southwest. These authors argue that access to information and resources
from diverse environments can help populations deal with unpredictability.
Cordell and colleagues (2007) and Rautman (1993) suggest that the distance
and direction of such external connections are key to understanding how social
networks were used to integrate diverse groups. This prior work also shows the
importance of inter-regional social networks in creating pathways for future
migration.

In this paper, we investigate several aspects of Southwest regions to better under-
stand the social factors that, during A.D. 1200–1450, led to regional depopulation on
the one hand and regional persistence on the other. We argue that the application of
social network analysis (SNA) to archaeological data provides insights into the ways in
which interaction (or lack thereof) at multiple scales can explain regional depopulation
or persistence. We use SNA to look at both internal and external ties to understand the
social component of regional depopulations as well as to examine how long-distance
ties created viable alternatives to staying in place. We argue that regions with relatively
low population sizes and relatively closed social networks were especially vulnerable to
depopulation. Those regions with comparatively open social networks, or closed
networks and large population sizes, were more successful through time.

Social Networks and Regional Depopulation

SNA refers to a broad range of methods and models, originally derived from the
mathematical field of graph theory, for formally exploring the structure of relations
among some set of social actors (Wasserman and Faust 1994). The most common
means for analyzing and visualizing social networks involves producing network
graphs where actors (which can be individuals or larger groups/organizations) are
depicted as nodes and the social relationships among these actors are depicted as lines
(also known as ties or edges). SNA is particularly useful for understanding the structure

Are Social Networks Survival Networks? 35



or topology of a network (e.g., its size or density), to understand differences among
nodes (e.g., their centrality), and to look at the dynamics of networks over time
(Carrington et al. 2005; Newman 2009; Newman et al. 2006; Scott 2000; Wasserman
and Faust 1994). The applications of SNA in the social sciences are quite diverse, but
are linked through a general relational approach in which the nature and structure of
interactions among a set of actors is essential to understanding the outcomes for those
actors and the distribution of resources (social or other forms of capital) across a
network (e.g., Saunders 2007; Somers 1994).

Our article uses data from the western US Southwest during the late prehispanic
period (A.D. 1200–1450). This is a broad region incorporating a number of archaeo-
logically documented areas including those attributed to Ancestral Pueblo in the north
and Hohokam in the south. The period is characterized by increasing aggregation over
time, the depopulation of many areas, and concomitant large-scale migrations (Hill
et al. 2004). Another important feature of the period is a major drought from A.D. 1276
to 1299 that is often cited as one of the causes for the depopulation of the northern Four
Corners. However, the extent to which this drought explains the depopulation has been
debated (Kohler 2010; Minnis 1985; Van West 1994; Wright 2010). Current research
suggests that there may have been migrations out of the Four Corners beginning at least
two decades before the drought and that this process likely continued through the last
half of the thirteenth century (e.g., Wright 2010).

In this article, we explore one particular aspect of network structure known as
embeddedness. Specifically, we examine how the degree of embeddedness of network
actors (defined as individual archaeological settlements) and population size correlate
with population stability (persistence) and instability (depopulation and emigration).
Recent research demonstrates that one way that people are able to cope with disasters is
by using their social networks to access external help and resources (McMahan 2013;
Suter et al. 2009). We use SNA to look at the relational characteristics of those regions
that were depopulated, as well as those regions where populations endured despite
environmental downturns, to examine how the overall embeddedness of a network’s
structure can affect how populations react to environmental and social stresses. To
compute the embeddedness of a region, we use the external–internal (E–I) index
(Krackhardt and Stern 1988). This measure quantifies network relations at three scales:
population (the entire network), region (sub-sets of the network), and individual
(nodes), to examine the level of a region’s embeddedness in the overall network.

Interpreting the External–Internal Index: Homophily and Embeddedness

The E–I index, which is fully defined in the proceeding methods section, essentially
quantifies the relational structure within and between groups (Everett and Borgatti 2012;
Krackhardt 1994; Krackhardt and Stern 1988. It has been variously described as analo-
gous to homophily (Borgatti et al. 2002; Everett and Borgatti 2012), the trend for people to
connect with others similar to themselves, as well as embeddedness (Hanneman and
Riddle 2005) or how connected a node or group of nodes is to the network.

Homophily is one of the most pervasive and robust tendencies of human interaction,
describing how people tend to seek out and interact with others that are the most like
them—often characterized as “birds of a feather” (see McPherson et al. 2001 for a
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survey). As a mechanism of social relations, it can explain group composition in terms
of social identities ranging from ethnicity to age (Lazarsfeld and Merton 1954). In fact,
ethnicity, along with geography and kinship (McPherson et al. 2001, p. 422), has been
demonstrated to be one of the main motivating factors behind homophilous practices.
Everett and Borgatti are among the researchers who treat the E–I index as a measure of
homophily and heterophily, where smaller values (internal connections) indicate greater
homophily and larger values (external connections) indicate lesser homophily or greater
heterophily. The E–I index as a measure of homophily is essentially quantifying the
propensity of individuals to interact with similar actors (Burt 1991; Laumann 1966;
Lazarsfeld and Merton 1954; Marsden 1988; McPherson et al. 2001; McPherson and
Smith-Lovin 1987; Verbrugge 1977). Finally, the E–I index is an attractive gauge of
homophily because it is not dependent on the density of a network (Everett and Borgatti
2012, p. 562).

While a related notion, embeddedness is discrete from homophily. Embeddedness is
an indicator of how a particular individual or social group will socially interact by either
choosing to network with many other individuals or only a few. Embeddedness is also
inherently spatial (Martin 1994) because of spatial propinquity (Allen 1977; Krackhardt
1994). This means that people who are physically closer together tend to interact and
form stronger relationships. Embeddedness has been critiqued as a vague concept (see
overview in Hess 2004). It was originally used to describe how economic interactions
in non-market economies were embedded within social relations (Polanyi 2001). This
concept has since been reexamined and productively explored in multiple arenas (Brass
et al. 2004; Gimeno 2004; Granovetter 1985; Uzzi 1996, 1997).

Hess (2004), while attempting to disentangle and clarify the concept of
embeddedness, notes that there are three main ways of examining it: societal, network,
and territorial. These three forms of embeddedness are strongly interrelated (Hess 2004)
and depend primarily on how the data are acquired. Moreover, Hess argues that
embeddedness is not a static measure, but a dynamic process (Hess 2004, p. 182).
Although Hess is heavily reliant on biological analogies, specifically, the philosophical
rhizome concept, to make his point, we feel that the overarching examination of
embeddedness as a spatial-temporal process incorporating the formation and change
of social structures through time and space is robust. Thus, the E–I index, as a measure
of embeddedness, quantifies how a particular group is likely to interact with its
neighbors at a given point in time and how that may affect the network and actors
during later temporal intervals. This dynamic and process-oriented definition of
embeddedness is well suited to the application of diachronic data from the archaeo-
logical record.

These two interpretations of the E-I index, either as an indicator of embeddedness or
homophily, are not simply variations of the relative frequency of within- or between-
group ties, but are based on the temporal nature of a given data set. Specifically, we
treat homophily as a micro-scale (nodal) attribute for a specific point in time (Fig. 1
illustrates the difference between embeddedness and homophily). Embeddedness can
be examined at the meso (region) and macro (network) scales. Embeddedness, then, is a
spatial-temporal process, as opposed to a synchronic trait, which is foundational to
understanding how groups, in our case defined regionally, are likely to interact with
their neighbors at a given point in time and how this will affect the shape of the entire
network in the future. Embedded networks are externally oriented and infused with
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crosscutting relationships whereas disembedded networks are internally oriented and
riddled with disjunctures, which impede the spread of information (Golub and Jackson
2012, p. 1317). The process of embeddedness or disembeddedness, or of increasing
external and internal interactions, is driven by heterophily and homophily, respectively.
Heterophily and homophily have primarily been measured using synchronic data, but
are likely processes as well—best looked at over time.

At its extreme, a fully disembedded network1 could conceivably create a terrarium
effect (Fig. 1b), fundamentally containing the spread of any social invention or
innovation. Conversely, increasing heterophily (higher E–I indices) through time
creates an increasingly embedded network. Since behavior is rooted in networks of
interpersonal relations, an examination of the structure of these interpersonal relations
provides insight into behavioral patterns (homophily/heterophily). An examination of
the changing structure of these interpersonal relations creates insights into behavioral
processes (embeddedness/disembeddedness), something that can only be examined
with diachronic data.

The Southwest Social Networks Project Database

In this study, we explore the changing nature of social relationships within and between
regions using archaeological data from the Southwest Social Networks (SWSN)
project. The SWSN project (Mills et al. 2013a, b, c, 2015; Peeples et al.
2015) is a large-scale interdisciplinary and collaborative effort that focuses on
investigating broad patterns of interactions in the North American Southwest
through formal SNA. The project database contains information on site size,
location, habitation period, ceremonial architecture, ceramic types and counts, and
obsidian counts and sourcing provenance for a large number of late pre-Hispanic
(A.D. 1200–1550) sites across most of the US Southwest west of the Continental
Divide. This project builds on the earlier Coalescent Communities Database (Hill et al.

(a) (b)
Fig. 1 Networks demonstrating a high degree of embeddedness (a) and disembeddedness (b). Changing
nodal traits of either heterophily or homophily will determine if a network becomes more or less embedded.
Specifically, heterophily (drive to interact with those different from you) will embed nodes and groups in a
network whereas homophily (drive to interact with those similar to you) will disembed nodes and groups from
a network

1 As opposed to a fully disconnected network, which would just be a series of nodes with no relationships or
edges.
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2004, 2012; Wilcox et al. 2003), which contains site size and occupation information on
a large proportion of documented settlements with more than 12 rooms across the US
Southwest and portions of northern Mexico for the late prehispanic and early colonial
periods (ca. A.D. 1200–1700). Ceramic data, the basis of the analyses presented here,
include painted and plain ceramic types and ware counts, and associated metadata, from
more than 700 sites. These ceramic data were compiled from published and unpublished
sources, reanalysis of museum collections, and infield archaeological analysis. The sum
total of this database, containing information on over 4.3 million ceramic artifacts,
represents the massive amount of archaeological work that was carried out over more
than a century in the U.S. Southwest.

For the purposes of the analyses presented here, we focus on sites with decorated
ceramic ware frequency data for the period A.D. 1200–1450. In the U.S. Southwest,
ceramic wares are broad categories defined on similarities in design, materials, and
manufacturing technology and which often have geographically restricted distributions.
Ceramic wares often include smaller designations, known as types, which represent
finer stylistic designations marked by shorter intervals of use and consumption. We rely
on wares since they capture regional variation, but are more resistant to inconsistencies
in recording among observers (Mills et al. 2013c, pp. 183–184; Peeples and Haas 2013,
p. 236). Further, we focus specifically on decorated (painted) ceramic wares since these
categories of ceramics are more often publicly used and consumed and more likely to
be exchanged over long distances (see Duff 2002; Peeples 2011). We argue that
similarities in the proportions of decorated ceramics present at pairs of sites in our
database provide an indication of the probability of interaction among those sites.

A number of past studies demonstrating differences in the circulation and production
of ceramics in the Southwest suggest that similarities in ceramic assemblages can result
through a number of related processes including exchange, emulation, migration, and
active signaling of social boundaries (Mills and Crown 1995; Stark and Heidke 1998).
We contend that the similarities in the proportions of these various ceramic wares
provide an indication of the most robust patterns of interaction based on all of these
social processes and likely others. We do not claim that a high level of similarity
necessarily implies direct interaction between the inhabitants of two sites, but rather
that interaction was more likely and more frequent between pairs of sites marked by
similar patterns of ceramic production and discard than between pairs of sites with quite
different ceramic use and discard patterns (Mills et al. 2013b). Our use of ceramic
similarities is therefore based on ceramic consumption patterns. More specifically, it
reflects the choices made by residents of different settlements as to how they prepared
and served various foods and beverages—the major uses of decorated ceramics (Mills
et al. 2015).

Creating Networks

For the analyses presented here, we define the nodes in our network as the structural sites
in our database with systematic decorated ceramic ware counts. To study dynamic
processes with our data set, the first step is to divide the ceramic ware counts into temporal
snapshots representing ceramics likely deposited during each defined interval in which
people lived at a site. Following methods developed by Roberts and others (2012; see also
Mills et al. 2013a, c; Peeples and Haas 2013), the decorated ceramic data for each
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site were apportioned into five 50-year intervals between A.D. 1200 and 1450.
In short, this apportioning procedure takes into account the date ranges of
inhabitation at a site, the date ranges for each ceramic type, and the estimated
population of each site using room counts (based on Hill et al. 2004). The
apportioning method assumes a normal consumption curve for each type
through time to estimate the proportion of each ceramic type deposited in each
interval in which the site was inhabited.

Once the ceramic assemblages are apportioned, a matrix of similarities was
generated for every pair of sites for which we have ceramic data for each 50-
year interval. These similarities are based on the relative percentages of all
apportioned wares. To define the scale of similarity among sites, we use a
rescaled version of the Brainerd-Robinson coefficient (following Mills et al.
2013a; Peeples and Roberts 2013) where the similarity (S) between sites a and
b is defined as:

Sab ¼
200 −

X
k
Pak− Pbkj j

200

where k is all decorated ceramic wares, Pak is the percent of the ware k at site
a, and Pbk is the percent of ware k at site b (Brainerd 1951; Robinson 1951).
This measure normally ranges between 0 and 200, but for this study, we divide
these scores by 200 (the maximum possible similarity, 100+100 %) so that they
range between 0 (no similarity) and 1 (perfect similarity). This procedure is
common in many recent archaeological network analyses (Golitko et al. 2012;
Hart and Engelbrecht 2012; Mills et al. 2013a, c; Peeples and Haas 2013;
Peeples 2011). Rather than defining ties above or below some threshold sim-
ilarity value as either present or absent, we interpret the raw similarity scores
between pairs of sites as the weights of all relations between pairs of sites (see
Opsahl et al. 2010; Peeples and Roberts 2013), which is to say the ties are
created from continuous instead of binarized data. The relations are undirected.
We make no assumptions regarding the directionality of influence or interaction
between nodes. This procedure results in a symmetric matrix of similarity for
each 50-year interval where the strength of relations between every pair of sites
is indicated by a value from 0 to 1.

The External–Internal Index

Using the matrices of similarity for each 50-year interval described above, we then
calculated a modified version of the external–internal (E–I) index. In order to calculate
an E–I index at the population, region, and site level, it is necessary to partition nodes
into groups based on independent criteria. For the purposes of this study, we defined 24
groups (Fig. 2), based on both conventional archaeological boundaries (see Duff 1998)
and geographical features such as drainages (Mills et al. 2013b, p. 1; Peeples and Haas
2013, p. 236). Only 22 regions have data covering the period analyzed in this paper.
The creation of these regions is necessary in order to calculate the E–I index at the
population, regional, and site level. Geographical boundaries such as these are often
specified in formal SNA (e.g., Borgatti and Halgin 2011; Galaskiewicz 1979) and are
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an analytical decision that is consistent with network method and theory. Consequently,
the E–I index, as we calculate it here, provides an indication of the relative frequency
and strength of local (within-group) and more distant (between-group) ties.

The E–I index, as developed by Krackhardt and Stern (1988), has been implemented
in the UCINET software package (Borgatti et al. 2002) and recently explored by
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Fig. 2 Project boundaries and regions used to define groups for this analysis. The Southwest Social Network
database includes site location information beyond the limits of the project boundary so some regional
boundaries extend beyond the project boundary. Systematic ceramic tabulations are only present within the
project boundary, however, and these tabulations supply the data for the calculations in this article
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Everett and Borgatti (2012) using calculations based on binarized network data. In
other words, this measure requires that a tie between every pair of sites be strictly
defined as either present (1) or absent (0). The E–I index is defined as:

External Eð Þ − Internal Ið Þ
External Eð Þ þ Internal Ið Þ

where E represents the count of external connections to nodes (for us archaeological
residential sites) outside of the region and I represents the number of internal connec-
tions within the region. This is calculated on site level data. Group level data is
calculated by summing the E–I index of each node within a particular group, in this
case the regions (see Fig. 2), divided by the number of sites in a particular region. The
population level E–I index is then a sum of the E–I index of all regions within the
database, divided by the number of regions. The resulting index score ranges from a
low value of −1 (all of the ties of a region’s settlements are only to other settlements
within that region) to a high value of 1 (all settlements in a region are only connected to
settlements in an external region). Values of 1 are obviously rare as they indicate a
connection only with non-group members. Values of −1 are even rarer because there
are frequently far more settlements outside of one’s particular region than inside of it.
Regions that have dramatic environmental restrictions that limit where humans can
settle, such as islands, would reverse this trend. An E–I index score of zero is the result
of equal in-group and out-group connections.

For the purposes of the analyses presented here, we developed and implemented a
variant of the E–I measure designed to be used with weighted, non-binarized network
data in the open source R platform. The formula for calculating this index is identical to
that above except that E is instead defined as the total weight of external connections
(sum of the weights of all external ties) and I is defined as the total weight of all internal
connections. This weighted measure allows us to consider both the number and
strength of connections driving patterns of external or internal interaction.

Additionally, Everett and Borgatti (2012) note that when there are dramatic differ-
ences in the numbers of nodes among different groups, it is important to normalize E–I
scores. In other words, if there are far more external ties possible than internal ties, we
might expect values to tend toward external values unless we take the variable number
of nodes among groups into account. Everett and Borgatti (2012) recommend normal-
izing by dividing E and I by the theoretical maximum possible number of external and
internal ties before calculating the index. Because the structure of our weighted data
is based on a symmetric similarity matrix, it is often not possible to obtain the
theoretical maximum value that can be defined for binary networks based on similarity.
Thus, we alter this procedure and normalize by dividing E and I by the maximum
observed value for each as follows:

E

max Eð Þ
� �

−
I

max Ið Þ
� �

E

max Eð Þ
� �

þ I

max Ið Þ
� �

Standardizing by the maximum observed E and I values in this way is preferable,
especially for our dataset, because it takes the total distribution and frequency of ties
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into account, as well as their frequency at each temporal interval. Further, the maximum
observed value can vary considerably between time periods based on the distribution of
sites and the average weights of ties between those sites.

Finally, as a point of comparison, we calculated the E–I index using the binary
(presence/absence of ties) Krackhardt and Stern method. In order to do this, we created
binary networks by defining all pairs of sites characterized by a similarity score of at
least 0.75 (75 % of ceramic ware counts in common) as present (1) and all weaker
connections as absent (0; see Mills et al. 2013a). Although it is almost always
preferable to rely on non-binarized data where possible (Peeples and Roberts 2013),
the comparison of E–I indices for continuous (weighted) and binary networks allows us
to identify differences in external and internal relations based on comparisons of the
strongest ties (binary data) against the combined sum of the weaker and stronger ties
(non-binary data), which can serve to highlight the importance of the weaker ties.
Lastly, the R scripts used to calculate the standard and normalized E–I indexes can be
found at http://www.archaeologysouthwest.org/pdf/e-i_index_script.txt.

Social Relationships and Crisis: Applying the External–Internal Index

Population

The population scale analysis is calculated for each temporal interval (Table 1). This
analysis contains E–I indices calculated on both binarized and non-binarized data. The
expected value is calculated by taking the average of 5000 random permutations at each
of the five temporal intervals for which our data has been apportioned. These permu-
tations are created by randomly assigning sites into regions based on the total frequency
of each region in the actual sample (i.e., assigning groups at random without replace-
ment). The probability indicates the likelihood that the observed E–I index could be
produced by chance given the overall distribution of regions and similarity scores. As is
readily apparent in Table 1, given a random distribution, the entire network is always
strongly externally focused (positive values). This indicates we should expect high
levels of heterophily and network level embeddedness, regardless of which 50-year
interval we examine.

Deviations from this expected value are interesting in that they indicate a social or
spatial cause that goes beyond pure graph theory. In fact, researchers argue that social

Table 1 Results of E–I index calculated across five periods on the entirety of the data used in this analysis

1200 1250 1300 1350 1400

Total edges 3257 3217 783 1521 256

Non-binarized E–I 0.221 0.450 0.539 0.691 0.581

Binarized E–I −0.189 −0.060 0.085 0.517 0.514

Expected 0.786 0.849 0.868 0.865 0.736

p< 0.0005 0.0005 0.0005 0.0005 0.0005

Permutations: 5000
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processes will generally cause networks to tend toward a higher proportion of internal
relationships (e.g., McPherson et al. 2001). This will create a network that contains a
number of densely intra-connected regions that are sparsely inter-connected (Fig. 1)
and thus disembedded at the population level. This is actually the opposite of what is
observed at most temporal intervals in the late prehispanic U.S. Southwest
(Table 1).

Although homophily, the propensity to associate with similar actors or to have more
internal than external relationships, has been repeatedly demonstrated in static data, our
longitudinal data suggests a different trend, one which shows that the process of
embeddedness, or the population level result of increasing heterophily, occurred over
time. In fact, this increase through time of a network’s level of embeddedness (Table 1)
occurs regardless of whether the network is calculated on binarized (strong ties only) or
non-binarized (strong and weak ties) data.

Of additional interest are the differences between the non-binarized E–I index and
the binarized E–I index (Table 1). The binarized E–I index, indicative of only the
strongest ties in this network, does not become intensely externally focused until after
the A.D. 1300–1350 period, following massive depopulation and migration out of
several regions in the northern part of our study area (such as the Kayenta and Chaco/
Chuska regions). This fits with the available archaeological data that communities in
the southern portion of our project area were involved in the widespread localized
production of polychrome ceramics (Roosevelt Red Ware), which have been argued to
signify the spread of an inclusive ideological movement called Salado (Crown 1994;
Dean 2000; Haury 1976; Lekson 2002; Lyons 2003; Mills et al. 1999). Moreover, the
balanced internal and external focus at the third period (Table 1: A.D. 1300–1350)
contrasts with the internal focus during the prior two periods (Table 1: A.D. 1200–
1300). This reveals a pattern in which, at the population level, stronger ties were more
important for creating internal connections, whereas weaker ties were crucial for
external connections.

For example, during the first period (A.D. 1200–1250) the non-binarized E–I
index is 0.221 and the binarized is −0.189. This latter number is a product of
stronger ties, ties that were created based on a 75 % similarity between proportions
of decorated ceramics in the overall ceramic assemblage. This difference of 0.41 in
the E–I index between the total number of ties and only the stronger ties demon-
strates just how important weak ties were in creating external connections for all of
the regions in the analysis prior to the fourth interval (A.D. 1350–1400) and for
rooting a region within the larger network. In fact, weak ties are so important for
this earlier period that without them (as demonstrated with the binarized E–I scores),
the network would appear to be highly disconnected. Following A.D. 1350, the
binarized and non-binarized values converge, indicating that it is predominantly the
stronger ties that are foundational to the structure of the social network at this time.
These strong ties are largely externally focused and appear to be engendered by the
inclusive Salado ideology spreading across the southern portion of our study area at
this time. As demonstrated, the binarized and non-binarized population level E–I
indices reveal a transition from a mix of strong internally focused ties and weak
externally focused ties prior to A.D. 1350 to a preponderance of strong externally
focused ties in the following periods. Put simply, early in time, weak ties keep a
region entwined in the overall network and later in time the strong ties do.
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Additionally, the patterns present at the population, or overall network, level deviate
from previously proposed patterns of social interaction that argue for increasing
homophily, a pattern that would necessitate increasing disembeddedness at the network
level. Instead, we primarily see an increase in embeddedness at the network level,
indicating increasing heterophily through time among archaeological sites. At the
critical junction where the period of drought occurs (A.D. 1250–1300), a shift from a
focus on weak external ties to maintain embeddedness to a focus on strong external ties
to maintain embeddedness is observed. This is dramatically magnified in later periods,
possibly as communities in multiple regions concentrate on expanding social connec-
tions through the development of inclusive social institutions that facilitate network
embedding. As we will see below, these institutions might be useful in persistence and
survival strategies during the environmental downturn.

Group

Differences in E–I indices between various regions through time illustrate how
embeddedness relates to regions that were and were not depopulated across the period
considered here (Fig. 3).2 In general, our data captures a strong temporal trend where
most inwardly focused regions either go through a transition toward greater external
focus, such as with the Phoenix Basin, Verde, and Santa Cruz regions, or lose
population, as with the Kayenta, Chuska, and Central Arizona Highlands regions.
These trends are indications of eventual movement off of the Colorado Plateau during
the period considered here for most regions except for Hopi, Puerco West, and Zuni.

The Kayenta, Zuni, Phoenix Basin, Santa Cruz, and Chuska regions were internally
focused and disembedded from the overall network during the two periods from A.D.
1200 to 1300. By the A.D. 1300–1350 interval, however, the Phoenix Basin and Santa
Cruz regions had reorganized toward an external focus; the Kayenta and Chuska
regions were completely depopulated; and of the original internally focused regions,
only Zuni remained. During this third period, three other regions remained settled but
shifted in regional focus from external to internal ties: the Verde, Central Arizona
Highlands, and San Pedro regions. By the fifth and final interval (A.D. 1400–1450),
both the Verde and San Pedro regions once again became externally focused, the
Central Arizona Highlands were depopulated, and Safford became internally oriented
for the first time. Only Zuni persisted with an internal focus through all five time
periods comprising 250 years. Conversely, Hopi, Puerco West, Tonto Basin,
Chihuahuan Lowlands, and the Upper Gila regions all persisted with an external focus.

The remaining four regions at this final interval (Phoenix Basin, Safford, Santa Cruz,
and San Pedro regions) transitioned between an internal and an external focus at least
once during these 250 years. As argued by previous researchers (e.g., Krackhardt and
Stern 1988), our data seem to indicate that regions with many external relationships
and, thus more embedded in the network, are more effectively able to persist than those
with many internal relationships (less embedded in the network). However, as shown
here, embeddedness is not a guarantee of regional persistence. For example, Flagstaff
and the Middle Little Colorado regions are always externally oriented and do not
persist.

2 Some regions, such as Puerco West at A.D. 1400, contain only one site and are not discussed.
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But how much of a region’s embeddedness in the network results from stronger vs.
weaker ties? Archaeologists have argued for the importance of external ties to increase
the variability and availability of resources, particularly in contexts marked by high
degrees of spatial and temporal resource patchiness (Cordell et al. 2007; Rautman
1993). Further, sociologists have argued that such external ties are most useful during
periods of crisis if they are firmly established and strong (Krackhardt and Stern 1988).
It would appear then that the ability of a group (region) to weather a crisis relied not
simply on external connections, but on strong external connections (e.g., Krackhardt
and Stern 1988; Uzzi 1996).

As noted in the population level discussion, the E–I index is traditionally calculated
using binary data (see Fig. 4), resulting in an index of strong ties, while the index
calculated using non-binary data (see Fig. 3) was composed of both strong and weak
ties. Comparing the two figures shows that for many regions in the north as well as
some in the south of the research area, such as the Safford region, weak ties were
important, albeit moderately so, for maintaining network embeddedness during the
A.D. 1200–1250 interval. This happens regardless of the in-group or out-group orien-
tation of their E–I index. The regions along the Mogollon Rim (in the Silver Creek,
Mogollon Rim, Central Arizona Highlands regions) primarily relied on strong external
connections throughout the temporal span of our study, with one inversion occurring
across the entire Rim region during A.D. 1300–1350 when all of these regions relied on
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Fig. 3 External-internal index values through time for all residential sites with ceramic data. The index is
calculated on continuous, non-binarized data. Negative values indicate greater within-group proportion of
social relations whereas positive values indicate a higher proportion of out-group relationships
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weak external connections to maintain their embeddedness within the network
(although Central Arizona did have an internal focus during this interval). The Hopi
region initially contradicted the premise that strong external connections are necessary
for regional persistence and instead was marked primarily by weak ties to sites in other
regions. Yet, for the period that spans the thirteenth century drought (A.D. 1250–1300),
Hopi actually strengthened its external relationships, essentially transitioning from
network level embeddedness as a result of many weak ties to embeddedness because
of fewer strong ties.

In the northern portion of our study area, the Colorado Plateau, many areas were
depopulated by A.D. 1300, but the Hopi and Zuni regions present an interesting
comparison. As we discuss further below, both of these regions were consistently
among the most densely settled areas as a whole, particularly in the northern Southwest.
Hopi, strongly embedded at the network level through all time periods considered,
effectively rode out the environmental crisis. Zuni, on the other hand, was the singular
example in our entire study area that was disembedded from other regions in the
network and yet managed to sustain large populations in place throughout the periods
considered and beyond. The Zuni region’s persistence, and the dominance of internal/
more local ties provides a possible exception to theories that argue that distant network
ties are necessary for weathering resource variability when times become difficult (e.g.,
Cordell et al. 2007; Rautman 1993).
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Fig. 4 External–internal index values through time for all residential sites with ceramic data. The index is
calculated on binarized ties. Negative values indicate greater within-group proportion of social relations
whereas positive values indicate a higher proportion of out-group relationships
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Importantly, sociological theorists have argued that, given similar forms of network
interaction (i.e., similar levels of embeddedness), groups characterized by larger pop-
ulations will often be less effective at managing crises (e.g., Krackhardt and Stern 1988,
p. 129). In a related vein, Duff (2000, 2002) and others (Nelson et al. 2011; Peeples and
Haas 2013) have argued that differences in absolute population create structural
differences in the ways that populations interact among themselves and with outsiders.
Thus, Duff and others suggest that increased population will often correlate with lower
embeddedness, which is consistent with the results presented here (Fig. 5).

However, our results do not suggest that lower embeddedness necessarily
correlates with a decline in persistence. The Zuni region is especially interesting
in this light. Zuni persists with a population that fluctuated between the second
and ninth highest per 50-year interval—primarily remaining in the top three—
and an E–I index that is always indicative of disembeddedness from the rest of the
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Fig. 5 Scatterplot time series of E–I index values plotted against the apportioned population (derived from
room counts) in each region as calculated from the Coalescent Communities Database
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network (Fig. 5). We further discuss possible reasons for the apparent exceptional
nature of the Zuni region, including potential demographic drivers of such differences,
below.

The Phoenix Basin, a clear outlier with a population often more than double any of
the next most populous regions (including Hopi, Zuni, and, in a few of the temporal
intervals, the Verde region), did not persist much past our final temporal interval. This
story is repeated throughout the southern portion of our project area after A.D. 1450.
While we end our temporal data for this study with the A.D. 1400–1450 interval for
data consistency purposes, our full data set does extend until A.D. 1550. In these later
periods, the southern portion of our project area, while still populated (e.g., Bahr 1994),
had a dramatic decrease in population and a large-scale social reorganization and spatial
dispersion. Thus, large sedentary villages, in the end, were not able to persist in the
same manner as Hopi and Zuni. This provides evidence in support of the argument that
a larger population is not always beneficial (Krackhardt and Stern 1988).

Hopi, the other region that successfully managed the crisis brought on by the strong
drought conditions between A.D. 1276 to 1299, is not a population outlier, was strongly
externally focused, and, like Zuni, exists to this day. Unlike Zuni, though, Hopi meets
our expectations that a region is likely to survive in place if they utilize a diverse mix of
external connections to help procure resources that may not be available locally during
difficult times. Hopi used its external connections, even strengthening them during
periods of environmental flux, and while equally or more populous than Zuni after
A.D. 1300, Hopi had a smaller population during the A.D. 1200–1300 interval.

How then were Hopi and Zuni able to persist? Looking first at Zuni, perhaps, the
most telling example is the A.D. 1250–1300 interval on Fig. 5. When compared against
the previous interval, Zuni experienced a considerable increase in population during a
time when much of the Southwest was in the midst of a severe drought. This population
jump occurred during the period of greatest upheaval and is an indicator of how the
people in the Zuni area responded socially to crises. The Zuni area’s higher regional
population increased the number of potential internal individuals/communities with
which to interact. This likely reduced their dependency on external connections.
Furthermore, it appears that instead of merely reacting to the crisis at hand, the Zuni
region’s increased population in the face of environmental adversity represented a
cohesive and long-term social response to crises.

When historically and environmentally contextualized, this population increase
likely was beneficial to Zuni for a few reasons. Unlike their similarly disembedded
neighbors, Zuni had a high degree of internal residential mobility and an extremely
flexible settlement system (Schachner 2012). Additionally, they were positioned along
a gradient in the Southwest where changes in precipitation patterns between summer
dominant and summer and winter (bimodal) precipitation patterns were common. As
such, they would have had to develop practices well adapted to considerable environ-
mental variability and would have had access to areas marked by local spatial and
temporal variability (Hegmon et al. 2014). These practices included a flexible settle-
ment and agricultural system with frequent community relocations (Peeples 2011;
Schachner 2012). Communities were dispersed across the landscape to take
advantage of diverse local environments marked by temporal and spatial variability
that was considerable, even by Southwestern standards (Dean 2007). It would appear,
then, that given flexible resources and a larger population spread across the
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landscape, groups that are highly disembedded at the network level can persist.
Beyond this, the Zuni region also appears to have been characterized by
flexibility in social organization. As Cameron and Duff (2008) note, unlike
many other portions of the northern Southwest, leadership and social organiza-
tion in the Zuni region during the period considered here appear to have been
decidedly local in nature instead of relying heavily on political referents that
were distant in space and time (in particular, developments associated with the
Chaco Phenomenon and its prodigies that continued to structure community
organization across much of the north during the thirteenth century). Cameron
and Duff (2008, p. 51) argue that the local focus of power in the Zuni region
allowed leaders to create and maintain tighter social ties among larger groups
of people locally, ultimately resulting in the establishment of large towns that
appear to have further enhanced regional stability.

The continued success of Zuni and Hopi with dramatically different levels of
embeddedness, but similar success throughout the long period considered here, high-
lights a few key points. Many economic and sociological examinations of network
embeddedness frequently rely on synchronic data (but, see Brass et al. 2004 and Powell
et al. 2005 for good examples of the use of longitudinal data). However, the fluctua-
tions between a focus on internal and external social relationships in the E–I index for
some regions (e.g., Safford) demonstrate that these static snapshots of data are not good
predictors of a region’s ability to manage a crisis since the ratio of the internal and
external connections may fluctuate through time. This fluctuation may occur as people
within regions struggle with and create social coping mechanisms for environmental
crises. This is another good reason to prefer diachronic data for this index since social
groups actually respond to crises or immigrate to another region along extant connec-
tions instead of simply continuing failing practices (Clark 2001; Clark and Lyons 2012;
Franklin and Masse 1976; Lyons 2003).

This study also highlights an important difference between archaeological data and
some economic and sociological data (although see Xiao and Tsui 2007) in that it
examines societies that are not functioning according to the cultural logic of Western
industrialized nations. As various researchers have demonstrated (e.g., Peeples and
Haas 2013; Xiao and Tsui 2007), there are important cultural differences in the ways in
which social relationships are created and valued. These differences may lead to
contradictions when expectations generated in one society are applied to another.
Further studies besides those already mentioned (Mills et al. 2013a, c; Peeples and
Haas 2013) would be useful in determining alternative social processes that may have
been affecting persistence during the late prehispanic period in the American Southwest
in addition to fluctuating trends of homophily and heterophily.

In sum, for the E–I index, it appears that while groups with an externally oriented
social network are not necessarily good predictors of persistence (since many externally
focused groups did not successfully manage the crisis brought on by the thirteenth
century drought), consistently internally focused groups are a good predictor of
depopulation events (see Borck 2012 for an example outside of this study area). That
is, of course, unless they are able to counter-balance this internal focus with a
sufficiently high population level to maintain viable communities that are dispersed
across a locally variable and productive landscape. This study also demonstrates that
there can be many paths that ultimately lead toward regional stability, whether through
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network embeddedness or disembeddedness, and each case should be historically
contextualized to examine how it fits within the larger framework.

Conclusion

Krackhardt and Stern (1988) created an index of social interactions that can be flexibly
applied by social scientists, as we and Everett and Borgatti (2012) have demonstrated
with two different applications of the E–I index. While Everett and Borgatti focused on
the various ways researchers can manipulate the E–I index to examine centrality, in this
article, we have focused on a few ways that the E–I index can be modified for
examining archaeological data.

Applying the E–I index to social network data from the U.S. Southwest during the
late prehispanic period has generated a number of interesting results. First, a primarily
external orientation in social relationships seems to be necessary in most instances for
regions to successfully persist in the face of an environmental crisis, which in this case
was a severe drought from A.D. 1276–1299. Most regions fit this prediction. Yet, this
high proportion of out-group relationships does not guarantee survival in place through
the crisis or long-term persistence in general. Many regions in our study area were
depopulated (Hill et al. 2004) regardless of whether they had an internal (disembedded)
or external (embedded) focus. It does however highlight which regions were more
likely to weather a crisis. A high proportion of external relationships are a good
predictor for regions that will persist. In other words, regions that are embedded within
the larger network do better during difficult times than disembedded regions. This is
especially true if the disembedded regions have low population levels.

Further, in examining the strength of external connections, it became clear that while
many regions depended on weak ties to maintain their external connections, the relative
reliance on strong external ties increased during times of stress. Thus, the inhabitants of
some regions strengthened their connections to other regions, possibly in an effort to
ensure that their support network would be less easily unraveled during precarious
times. What is more, it appears that a mixed reliance on stronger and weaker external
ties is common and more beneficial to a region’s persistence (following Uzzi 1996)
than relying on either alone. Hopi’s sudden increase in stronger external ties during the
late thirteenth century drought, and the associated demographic downturns throughout
much of the project area, might indicate that strong external ties are better for managing
severe crises. Applying the E–I index to archaeological data reveals that, at least in our
study area, external relationships are best if they are a flexible mix of weaker and
stronger connections that allow for an increase in strong external ties when necessary.

The internal focus in the Zuni region is an exception. Zuni, disembedded from
the overall network and with a higher population than most regions, persisted
through the turbulent late prehispanic period. Like Hopi, this region is still
inhabited today. Yet, other regions in our study with similar E–I indices do not
have this level of continuity. So, it appears that having a high population, at least
when a group is internally oriented, might be beneficial when adequate resources
are available and the population is distributed across the landscape. This is
possibly a unique historical and environmental case where Zuni, already practicing
short-term, short-distance community mobility to take advantage of changing niches of
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productivity in an environmentally diverse region, increased their population to exploit
this variability. Zuni also demonstrates why thinking about persistence at a regional level
may be more beneficial than at a site level. This reframing of persistence, or maybe
restructuring the scale at which we examine persistence, is supported by our research as
well as previous research in the North American Southwest (e.g., Duff 1998; Herr and
Clark 1997).

Earlier sociological investigations have indicated that there is a general trend toward
closure (homophily) and thus network level disembeddedness in social relationships.
However, our data indicate that this is not always the case. Instead, we perceive
multiple fluctuations in the trend toward lesser and greater homophily, a process that
might be better thought of as a network dialectic. As relations approach socially or
environmentally unsupportable levels of embeddedness or disembeddedness, they
rework themselves into a more stable configuration. Homophily research has used
many common proverbs as a focus for its findings, such as “birds of a feather flock
together.” This can be compared with “opposites attract” and then contradicted as
“opposites attract, but like-minded last.” Our research indicates that settlements with
heterophilous connections to communities outside their region are the ones that are
most likely to persist in place following an environmental downturn. Hence, taking
advantage of the attraction of the opposites helps groups endure crises.

Additionally, an interesting pattern emerges throughout many of the temporal intervals
of our study. The groups that were used to calculate the E–I index were created based
primarily on geography, hydrology, and archaeological data. As expected, based on a
review of much of the current literature on space and social networks (e.g., Allen 1977;
Krackhardt 1994; Mills et al. 2013a), spatial propinquity was a strong force driving the
interactions of regions and settlements. However, during the later periods of our analysis,
long-distance ties across the network strongly interlinked a number of regions, creating
an embedded network, even while some, such as Hopi, were spatially isolated.

Social network research is a fertile ground for methodological and theoretical
innovations in the interpretation of cultural data. So, it is no surprise that archaeologists
have started to use network analyses to examine our data in new ways, allowing
increasing insights into the human past. For our analysis, we were able to examine
how ancient groups reacted to the crisis of a prolonged drought in the late thirteenth
century. Even more, as this enhances our understanding of how differing groups
respond to emergencies, there is applicability for how we can manage modern crises.
Modern research is building a case that our ability to connect and interact socially may
be as important as, or more important than, our individual cognitive abilities (Dunbar
1998; Gao et al. 2009; Herrmann et al. 2007). Social networks may then be one of the
most significant means that humans have in order to overcome social and environmen-
tal problems. This is true in the modern world (McMahan 2013; Suter et al. 2009), and
as our research demonstrates, it was true in the late prehispanic Southwest. Using SNA
on archaeological data allows us to evaluate contemporary decision making strategies
and create a framework for response that has been demonstrated to be effective in the
past. Thus, understanding how humans have manipulated networks in the past can lead
to very clear insights on how humans could mobilize different types of social connec-
tions during present day crises.

Yet, for all the benefits of incorporating social network method and theory, as
archaeological researchers, we do need to exercise caution. While SNA methods are

52 Borck et al.



sound, much of social network theory has been built on data from Western industrial-
ized nations. While this could be viewed as a problematic bias built into the theory, in
reality, it leaves us with a dramatic number of theoretical paradigms that archaeologists
can test using our diachronic and cross-cultural data. Archaeological case studies may
produce alternative outcomes to the sociological and economic literature, which can
only enhance our understanding of how humans react and interact to various social and
environmental pressures.

Finally, the application of SNA to archaeological data should not be viewed in a
similar manner to the influx of theory from other disciplines that has often occurred in
archaeology’s past. Instead, the application of SNA to archaeological data should be
regarded as an area ripe for the chance of cross-fertilization, an arena where archaeol-
ogists examine ideas gathered from sociologists, economists, and political scientists and
then test them against our data source to see just how robust these theories are in terms
of culture and time. Archaeologists are poised to create new theory while applying
SNA to longitudinal data captured from non-Western, or at least non-industrialized
peoples. As demonstrated by current research and the other articles in this special issue,
this process has already begun (Blake 2014; Brughmans 2010; Collar 2013; Coward
2010; Knappett 2013; Mills et al. 2013a, c; Peeples and Haas 2013).
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