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ABSTRACT

Exchange is fundamental to human society, and epttogists have long
documented the large size and complexity of exchaygtems in a range of societies.
Recent work on the banking system of today's wsuliggests that complex exchange
systems may become systemically fragile and in stypes of complex exchange
systems that involve feedbacks there exists a fuedétal trade-off between robustness
(stability) and systemic fragility. These propestimay be observable in the
archaeological record as well. In southern Arizaha,Hohokam system involved
market-based exchange of large quantities of g@adkiding corn, pottery, stone, and
shell) across southern Arizona and beyond, but affew generations of expansion it
collapsed rapidly around A.D. 1070. In this casereasing the scale of a pre-existing
system (i.e., expanding beyond the Hohokam regitm) have reduced the efficacy of
established robustness-fragility trade-offs, whiohturn, amplified the fragility of the
system, increasing its risk of collapse. My reseaxamines (1) the structural and
organizational properties of a transregional systéshell exchange between the
Hohokam region and California, and (2) the effddhe presence and loss of a very large
freshwater lake (Lake Cahuilla) in southeasternf@ala on the stability of the
Hohokam system. | address these issues with asalf/sthnographic, ethnohistoric, and
archaeological data, and with mathematical modeNhgstudy (1) produced a simple
network model of a transregional system of inteoacthat links the Hohokam region
and California during the centuries from A.D. 700LL00; (2) uses network and
statistical analysis of the network model and aech@gical data to strongly suggest that
the transregional exchange system existed and wmexgidnal and structured; (3) uses



network and other analysis to identify robustneagifity properties of the transregional
system and to show that trade between Lake Caliisiiars and the Hohokam system
should be included in a mathematical model of $gsgem; and (4) develops and
analyzes a mathematical model of renewable resausE@nd trade that provides
important insights into the robustness and systéragility of the Hohokam system

(A.D. 900-1100).
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CHAPTER 1: INTRODUCTION

Exchange is fundamental to human society, and epttogists have long
documented the large size and complexity of exchaygtems in a range of societies
(e.g., King 1976; Malinowski 1922; Strathern 19Wigssner 2002). Recent work on the
banking system of today’s world suggests that cempkchange systems may become
systemically fragile (Beale et al. 2011; Haldand &tay 2011; May and Arinaminpathy
2010; May et al. 2008) and in some types of compkohange systems that involve
feedbacks, there exists a fundamental trade-offdxt robustness (stability) and
systemic fragility (Anderies and Janssen 2011; Bif##b; Csete and Doyle 2002; May
1972). These properties may be observable inrttteaological record as well.

In southern Arizona, the Hohokam system involvetkat-based exchange of
large quantities of goods (including corn, pottextpne, and shell) across southern
Arizona and beyond, but after a few generationsxpfansion it collapsed rapidly around
AD 1070 (Abbott et al. 2007). In this case, insiag the scale of a pre-existing system
(i.e., expanding beyond the Hohokam region) mayel@used the system to move along
a one such robustness-fragility trade-off frontamplifying the fragility of the system,
increasing its risk of collapse. In this dissedatl investigate these issues by examining
the properties of a transregional system of exchdegween the Hohokam region and

California (Figure 1.1).
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Figurel.1l. Hohokam/California Transregion (A.D. -1100). The north, east, and w
boundaries of Sedentary Hohokam are from GumermdrHaury 1979:75. Areas sot
of those mapped by Gumerman araury are areas where Piman speakers
historically and/or areas mapped as O’odham byd3oR1979:91). The northe
distribution of River Yuman (Lowland Patayan) greup based on Patayan | (AD -
1000) pottery type distributions from Waters (1281-296). Note that the terms in lar
type (with the exception of Sedentary Hohokam)lamguage families associated wit
specific geographic region (identified by colomgdaerms in small type are the name:
the native American society (ies) in esignated (with color) geographic regi
associated with a given language family. For example Tatavium, Tongva, Cahuil
Serrano, and Luisefpeople spoke Takic languages, and the presunuestans of Hop
people spoke a Hopic language. Both Taind Hopic are suliamilies in the Ut-
Aztecan language family (see Sutton 2009; Hill 20007)



Expansion, Systemic Fragility, and the Rapid Collapse of the Hohokam System

The Pre-Classic Hohokam system of southern Arizewé great interest because it
provides a valuable case study of an agrarian midaiige social ecological system
(Bayman 2001; Doyel 1991; Fish 1993) that greatlyamded in scale and complexity
over a few generations, followed by a rapid coliapsound A.D. 1070. Previous work
on the Pre-Classic Hohokam system has focusedti@arggional exchange (Abbott et al.
2001; Seymour 1988; McGuire and Howard 1987) antchtamnal and localized shocks
(see Ensor et al. 2003 and Waters and Raveslodf 28dhe most likely causes for the
collapse of the system. However, there have beguhlished discussions of the broader
guestion of how economic expansion of the Pre-@lda$shokam system beyond the
Hohokam region could have affected its long-terab#ity. This is the focus of my
research: Could increasing the scale of a preiagisiystem (i.e., expanding beyond the
Hohokam region) have induced robustness-fragildagé-offs, exposing new fragilities of
the system and increasing its risk of collapse?

My research investigates these issues by examihengroperties of a transregional
system of exchange between people in the prehsdtimhokam region of Arizona and
people in regions of native southern California.ddwf my research focuses on the
interaction of people in the Hohokam system witbgde living around Lake Cahuilla, an
enormous (i.e. 5184 square kilometer) body of wiiar existed in prehistoric times in
southeastern California (see Figure 1.2). Thisysgx@mines two components of
Hohokam/Lake Cahuilla interaction: (1) The impaicth® increasing scale of interaction,
and (2) the effect of the filling/drying cycles (eaD. 850-1100) of Lake Cahuilla on the

stability of the Hohokam system.
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Figure 1.2. Ancient Lake Cahuilla in relation t@ thresent day Salton Sea (left portion of
figure, slightly modified from Gobalet et al. 2005gure 1).

The project has four interrelated goals implemeiriefour iterative stages: (1)
Document the transregional system of interactiat lihked the Hohokam region and
California during the centuries from A.D. 700 td0D]1 (2) determine whether the
transregional exchange system was directional todtsred or was largely stochastic
using simulation, network, and statistical analy&$ identify regions in the network
model that are probably strongly tied to the Holmolsy'stem and each other through
regular interaction; and (4) use mathematical modeb evaluate the effects of
additional labor allocations for specialized pratiitut and trade, population size, and the
filling/drying cycles of Lake Cahuilla on the sthtyi of the Hohokam social ecological
system. These goals will be addressed with anaby®<gisting ethnographic,

ethnohistoric, and archaeological data, and wittheraatical modeling.

My Research Strategy to Addressthe Four Goals
To address the first goal requires ethnographimahistoric and archaeological data

to map exchange relationships between each ottiiers | relate to specific cultures or
4



ensembles of cultures in the Hohokam/Californiagragion (Figure 1.1). The regional
boundaries that | use are supported by ethnogralmiistic, archaeological, and
ethnohistoric studies. When ethnohistoric dataesgvéth archaeological data (e.g.,
correspondence of the locations of historic vilagea prehistoric settlement system) it
is reasonable to suggest that the historic paéeisted prehistorically. Ethnohistoric data
is often useful for mapping regional or finer scakehange relationships. For example,
California mission register data have been useddonstruct inter-village marriage
patterns and social networks at or near the tinfestfEuropean contact (e.g., Horne
1981; Johnson 1988; King 1984). Mission documeat&lalso been used to map
linguistic groups in California during the colon@riod (e.g., Callaghan 1996; Fountain
2013; Johnson and Earle 1990), which often cormedpo exchange relationships. | use
written accounts by Spanish missionaries and &arlgrican travelers in southern
California and Arizona, along with ethnographic andhaeological data to identify
interregional exchange relationships. The ethnohstind ethnographic data are post
European contact, which requires that | also exaranchaeological data. Ceramic data is
used to a very limited extent to qualitatively sesfgthe presence of specific groups (e.g.,
Hopic) within a region or at specific locales (eshoreline of Lake Cahuilla). Local and
non-local shell artifacts from residential siteach of the regions and from two
contexts (burials and house areas) are used tafidererregional connections and
directionality in the movement of different typdssbell artifacts. Detection of
directionality in the movement of artifacts alstates to establishing the existence of a
transregional system (part of Goal 2). To addressl &, | also compare the shape of one
type (small barrel beads) of shell artifact frommials in a California site to samples of
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this type from contemporaneous Hohokam sites astiétd samples from the Gulf of
California and the Pacific Coast, to assess thgditikod that the California sample
originated in the Hohokam system. | also analyzenges in the variability of the shape
of the California sample over time, to see if resthshape variability (which | suggest is
correlated with increased production) correspondgling cycles of Lake Cahuilla. If

so, and if the shell artifacts were manufacturethenHohokam system, then this supports
the idea that this kind of shell artifact was ofexthanged for dried Lake Cabhuilla fish,
and that fluctuations of Lake Cahuilla had a sigaift effect on the dynamics of the
transregional system (which relates to Goal 4)oA#s a necessary prior to analyzing the
shape variability over time, | chronologically s#é the burials from which this sample
was taken. The specific analytical methods (somehaéh have not been previously used
in archaeology), data, and the goal(s) they addesskwhere they are used is
summarized in Table 1.1. Each of these methodsssribed in more detail where they

are used and/or in appendices.



Table 1.1. Purpose of analysis, data, and analysss in this study. Methods new to
archaeology are also identified.

Purpose Data Analyses Goal(s) Method(s)  Chapter(s)
New to
archaeology
Identify Written accounts of Ethnohistoric, 1 No 3
presence/absence of | exchange, ethnographic | ethnographic,
historic interregional | data, qualitative archaeological
interaction archaeological data
Species identification Shell attributes Morpholadic 1 No 5
Sourcing Landmarks on shell Geometric 1 Yes 5
morphometric
Order by time Counts of typed shell Chronological 1 Yes 6
artifacts in burials or seriation (several
residential areas procedures which are
discussed prior to thei
use)
Determine if data is Measurements of shell Identification of modes 1 No 6
homogeneous, and if
not, partition data into
homogeneous subsets
Measure production | Measurements of shell Bootstrapped and 1,4 No 6
intensification jackknifed coefficient
of variation
Detect significant Proportions of typed Gulf | Boschlod s and 1,4 Yes 6
changes in exchange | of California and Pacific | Barnard s exact tests
activity in the Coast shell artifacts from
transregional system | burials or residential areas
Evaluate if shell Diameter of shell Artifacts| Analysis of means 1 No 6
artifacts from sites in
two different regions
are contemporaneous
Evaluate age of shell | Length of shell artifact Dot plot 1 No 6
artifacts Diameter of shell artifact Simulation based 2- 1 Yes 6
sample Smirnov test
Detection of “ Adjacency matrix of Walktrap community 2,3 Yes 7
communitie reconstructed network detection algorithm
Evaluate if the Adjacency matrix of Observed values of 2 Yes 7
reconstructed network| reconstructed network and transitivity and
was likely the result of| a large number of Etd- average path length
random processes Réyni random graphs with| and estimated p-values
the same number of nodes of transitivity and
and edges as the average path length
reconstructed network
Evaluate directionality| Site location and Kriging 2 No 7
of exchange in proportion of Gulf of
transregion California and Pacific
Coast shell artifacts



A reconstructed graphical model of the CaliforHiathiokam transregional system is
the end result of the ethnohistoric and archaeckd@inalyses. Specifically, this model is
a network graph, in which only the presence or ats®f exchange relations between
regions are shown. | first use what are calleds&fdéyni random graphs, which |
discuss in detail in Chapter 7, with the same nurmmbaodes (regions) and edges (ties
between regions) as the network and several gtagrétic measures (transitivity,
average path length, betweenness centrality, anifsinim construct empirical (or
approximate) sampling distributions. These distidns are used to show that the
observed values for each of the graph-theoreticsorea in the network model are not
expected to occur by chance, which addresses Ga&le2graph-theoretic measures are
also interpreted in relation to the robustnessHitggroperties of the
Hohokam/California transregional system, which addes Goal.3

Although simple, the network model contains subtid pertinent information for my
study that can be revealed using sophisticatedenahcal methods designed to detect
community structure in network graphs (e.g., Fatarand Castellano 2007; Fortunato
2009). To address Goals 2 and @nalyze this model using a method that is clpab
identifying multi-scalar patterning in the netwdHat relates to highly cohesive subunits
or modules, called communities. The purpose inglths is to: (1) identify what regions
the Hohokam system may have been most dependeahd2) compare the structure
revealed by this analysis with that of ethnohistamnd archaeological data on exchange
relations from the transregion, and to make preafistabout such relations, when data is
not available. The idea is that if the structuneeeded by the analysis is similar to that of
the ethnohistoric and archaeological data, thenliikely that the topology of the network

8



model is a reasonably good approximation to theltmyy of the actual prehistoric
system. Showing this supports the existence oHtiteokam/California transregional
system. | also address Goaby examining the directionality of shell artifastchange in
the transregion (Table 1.1). Directionality of eanle is an essential component of an
organized system of interaction (e.g., Plog 19@iy | propose that if directionality
cannot be detected than it is questionable thatittekam/California transregional
system existed.

To address Goal, 4 construct and analyze a dynamical bioecononadeh whose
dynamics are the growth and consumption of renesvadources and the filling and
emptying cycles of Lake Cahuilla. Briefly, a bioeomic model is a mathematical model
of a dynamical system (a system that changes wih) tthat is composed of biological
system(s) coupled to an economic system(s), sutikhessy. The dynamics of both the
biological and economic systems (because theyrdded) produce complex feedbacks
that often result in surprising outcomes relatetheffects of perturbations on the
stability of the system. In this study, the bioemmmc model is constructed so that
changes in labor allocated to obtaining wild resear agriculture, and trade for Lake
Cabhuilla fish are determined by the model dynamisxlerstanding under what
conditions values of model parameters and/or thetyng and filling cycles of Lake
Cabhuilla could destabilize the system will helpntifyy systemic fragilities.

Organization of the Remaining Chapters

Chapter 2 begins with a discussion of the Pregitdsohokam regional system,
followed by a discussion of the Hohokam/Califortiensregional system. Next | discuss
robustness-fragility trade-offs in exchange systefhss is followed by a discussion of

9



globalization (since the development of the Hoholzatifornia transregional exchange
system is a globalization process), and then hgaudsion of the combined effects of
complexity and diversity of export goods on systefragility.

Chapter 3 provides a synthesis of ethnohistotimyagraphic, and qualitative
archaeological evidence that are used conjectuaalllywith some rigor in the case of the
archaeological evidence to construct a prelimimatyvork model of the
Hohokam/California transregional system of exchamdech addresses Goal The
sections of Chapter 3 focus on a specific regiahtae cultural groups historically and
probably prehistorically associated with that regiBor each region, the focus is on the
kinds of items (with an emphasis on shell) and wittat other regional groups within the
transregion exchange was significant, which adeése&oal 3

Chapter 4 gives a detailed discussion of the IGieuilla fishery and provides
substantial evidence for the efficacy of the GilagR as a major route of exchange

between the Phoenix Basin and Lake Cahuilla, whddresses Goals 1 andaBd

relates to Goal 4nformation is also provided that shows the digance of fish as a
protein rich food with a high energetic return ratevo examples of historic and
prehistoric fisheries from the Great Basin are fted that support the existence of a
Lake Cahuilla fishery, which addresses Gadtthnohistoric evidence is also provided
that shows the importance of fish in the diet afgde who are probable descendants of
Lake Cahuilla fishers, which relates to GoaF#hally, archaeological evidence is
provided that supports the idea that long distarasesport of fish occurred in other parts

of the U.S. Southwest, which relates to Gaal 4

10



In Chapter 5 new methodology is used for a morpdtamanalysis and comparison
of Olivella sp. small barrel beads from a cemetery in the Gisinvillage of Humaliwo
(Malibu) at the west end of the transregion andnf(@) Las Colinas, a large Phoenix
Hohokam residential site, tied to the Salt Rived &) Snaketown, a large Gila River
Hohokam settlement. The purpose of this compaiistm evaluate my hypothesis that
the Malibu beads originated in the Hohokam systw@hich addresses Goal An
attribute-based morphological comparison is madeden the MalibWlivella sp. small
barrel beadlivella biplicata(a Pacific Coast endemic) and several speci€dioélla
from the Gulf of California. | conclude from thismparison that the Malibu small
Olivella sp. beads are most likely made from a single Glualifornia speciesdamg.
This supports the idea that the likely origin césk beads is the Hohokam system, where
beads of this type and from this type of shell wast often made, which addresses
Goal 1

In Chapter 6, studies of archaeological sites fspecific regions in the transregion,
and shell artifacts recovered from these sitesigeostrong evidence that most of the
shell valuables exported from the Hohokam systémtime California component of the
transregion ended up in the vicinity of Lake Calayivhich addresses Goals 2 and 3
The results of these studies are also used toifigsiiong connections between regions
to compare with the preliminary transregional maesllting from the analyses in
Chapter 3, which addresses Goals 1 anth@ results from this chapter are rigorous and
are consistent with the results from Chapter 3. Bioed the results from this chapter and
Chapter 3 provide a simple network model that elymed in Chapter 7, which addresses
Goal 1 Also, studies in this chapter also provide infation on the directionality of
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exchange, which addresses Ggadi2d which are consistent with the results of the
kriging analysis in Chapter 7.

Chapter 7 involves the application of two noveiwark analysis methods (Table
1.1), which are used to study the structure andrargtion of the Hohokam/California

transregional system, which addresses Gobltiiscuss these methods in detail in

Chapter 7. Kriging (or “optimal prediction”) is u$éo establish directionality in the
exchange of shell artifacts, which addresses Gdafigfly, kriging is an interpolation
method used to predict values (including directibyausing estimates of the spatial
distribution of predicted values from data obseraeknown locations (Oliver and
Webster 1990). This method also uses variogranmst@lly represent spatial variation. |
discuss my analytical strategy for kriging in detaiChapter 7 Together these analyses
address the key questions of Goals 2 and 3

In Chapter 8 a simple bioeconomic model of rendgvedsource use and trade is
developed and analyzed, which addresses Gadielgoal of the analysis is to identify
what conditions (social and environmental) coukltein the collapse of the Hohokam
system. This model is an extension of the modetidped and analyzed by Anderies
(2006). Compared to Anderies’ model, my model hasiah larger spatial scale
(interregional trade) and resource base, greataplxity in labor allocation and
institutional arrangements, as well as the dynaheiffacts of expansion and contraction

cycles of Lake Cahuilla on the output of fish pnote
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CHAPTER 2: THE STUDY AREA AND ROBUSTNESS AND SYSTH®
FRAGILITY IN THE HOHOKAM SYSTEM

This chapter provides a detailed discussion oftagly area and the key theoretical
concepts that are needed to achieve the goalssdsdun Chapter 1. First, | describe the
principal regional focus of this study, which ig tAre-Classic Hohokam regional system
between A.D. 700 and 1100. Then, | describe theokaim/California transregional
system. Next, | discuss the key theoretical corsctiat | will use in my study of how
involvement of the Hohokam regional system in adragional system of exchange may
have contributed to its rapid collapse around A.D00. My theoretical focus relates to
four paradigms, which are: (1) robustness and Ilftagn networks, (2) systemic fragility,
(3) complexity, and (4) globalization. | also explaow | will use each of these

theoretical frameworks in this study.

The Pre-Classic Hohokam Regional System

Crown (1991a:154) defines a regional system asitaber of interacting but
geographically separate communities that were dibgdron each other through the
exchange of goods and services (Judge 1984:8 WandxSternberg 1983:222, 231)".
Crown estimates the boundaries of the Pre-Classimkiam regional system (Figure 2.1)
with the overlapping distributions of locally maderamics (mostly red-on-buff), shell
artifacts (made of exotic marine shell obtained thydsom the Gulf of California), and
ballcourts. Crown argues that the very similar gahéistributions of red-on-buff
ceramics, ballcourts, and shell suggest they wareqgh the same economic and social
systems and that the boundary estimates are syrengported by multiple lines of
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evidence (Crown 1991a: 156). In sum, these datgesiighe existence of formalized
exchange networks between the Phoenix Basin irdrabiand populations outside this

area during the Pre-Classic period.

ANCESTRAL
PUEBLOAN

CGULF OF .\
CALIFORNIA
: m—— Tradition

— — — Periphery

Kilometers

0 100

Figure 2.1. Pre-Classic Hohokam regional systemaaljacent regions. The core area of

the Hohokam regional system is the Salt-Gila (ardé?ix) Basin. Modified from Crown
1991a, Figure 7.1.
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Masse (1991) also shares Crown perspective onxtberce of a Pre-Classic Hohokam
regional system, but adds that the system was blpbzore extensive and complex than
Crown suggests, along with a caveat about thelgyadi the system.

| firmly believe that the Hohokam had sustainednecnic (see Doyel 1991) and social
(see Wilcox 1991) networks beyond those of simplgation community networks (see
also Masse 1980, 1982), and that several suchnalgietworks variously existed and
competed in Arizona’s Sonoran desert. These rep@taorks most likely were
dynamically fluid and unstable—a response to pécitadge-scale environmental
change, and in part a reflection of the populastvacture. [p. 204].

Although my research encompasses the period A.0-1200, the main focus of this
study begins during the Santa Cruz Phase (A.D.98X)-of the Colonial Period of the
Pre-Classic Hohokam regional system. Throughostghriod the Hohokam regional
system was expanding in the Salt-Gila or PhoensirB&Crown 1991a: 147). During this
time shell and other imported materials increasembundance, along with intensification
of agriculture and greater use of wild foods (Crd@91a: 148-149). By the Sedentary
period (A.D. 950-1070) settlements had become taagd were distributed in more
ecological zones and irrigation and trade netweodkginued to grow (Doyel 1991a:
248). In fact, the large-scale canal systems amelr atrigation infrastructure that
characterizes the Hohokam system may have beeslyargplace by this period

(Howard and Huckleberry 1991Puring the early and part of the middle Sedentary
period (A.D. 950-1020) the Hohokam regional systemtinued to expand
geographically, economically and agriculturally @Aitt et al. 2007; Crown 1991a: 149-
150). This was followed by a rapid collapse of tbgional ballcourt network and a major
restructuring of the Hohokam system during thesfgttart of the middle Sedentary period

(A.D. 1020-1070, see Abbott et al. 2007).
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But the questions not considered by Crown, Dogeélmore recent researchers in
Hohokam archaeology is to what extent did the Hesgic Hohokam system become
involved in interregional interaction, what were hrocesses that may have resulted in
this, and could such globalization processes (pbsas a response to local food
shortages and other problems) have contributedetaallapse of the system?

As Crown (1991a) admits, she only provides infororathat supports the existence of a
regional system and which can estimate its bouagaand not the processes related to
the formation, robustness and fragility of the egst

By these means we can outline the boundaries of whavould designate the Hohokam
regional system: however, we cannot indicate tlegases responsible for the growth

and decline of the system, or the mechanisms bghihie boundaries were maintained
[p.156-157].

The Hohokam/California Transregional System

The Hohokam/California transregion encompassasge lecologically and culturally
diverse area that includes parts of coastal amdiantsouthern California and a large
region in central and southern Arizona, with theecarea in the Phoenix basin (Figures
1.1 and 2.1). Much of the interior portion of thartsregion is desert, which is transected
by several major river systems (Colorado, SaltaGihd Mojave). During A.D. 850-1100
a large freshwater lake (Lake Cahuilla) filled mwéhhe Salton Basin in southeastern
California. During that time Lake Cahuilla empti@to the Colorado Delta, which was a
vast estuary connected to the Gulf of Californied ahich provided a wide array of
resources for people living in that portion of thensregion. Large mountain ranges also
characterize the interior portion of the transragdimat include San Francisco Peaks in

Arizona and the San Bernardino Mountains in souti@alifornia. The coastal portion of
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the transregion is characterized by a Mediterraméarate. Coastal rivers and streams
and large estuaries provide an abundance of freasérwand wild resources. Coastal
prairie, expansive grasslands, coastal sage schabarral, and oak woodland are
examples of the many plant communities and assat@tosystems that typify much of
the southern California landscape. Each of thessystems has a diverse assortment of
terrestrial and riparian wild resources that wesalable to native people. For example,
Chumash people whose territory included some oé#st to west trending coastal
mountain ranges, such as the Santa Monica Mountaaasaccess to a large variety of
wild resources from all of the preceding plant cammities and their associated
ecosystems. Extensive coastline and sizeable o#fsblands add to the ecological
richness of this region and provided an ample apddable supply of marine
resources, including shellfish that were used dodfby native people such as the
Chumash and Tongva and to make many kinds of $pg@ued objects, including shell
bead money (King 1990).

Several southern California societies (whichskdss in detail in Chapter 3)
occupied the transregion and often traded shelhagualy other items for both social and
economic reasons (Gamble 2011, 2008; King 1990)intgrest in the transregion is
very specific and relates to whether a transredjisystem of interaction between people
in the Hohokam system and people in other partseofransregion existed during A.D.
700-1100 and, if so: (1) why did people in the Hadrm system increase their scale of
interaction beyond their regional system and (2)@@and how might increasing the

scale of interaction have affected the systemigilitg of the Hohokam system and (3)

17



how might involvement in a transregional systenexdthange have contributed to the
collapse of the Pre-Classic Hohokam system aroudd 21007

Exogenous factors resulting from environmentahges have long been considered
to be likely contributors to the growth and evehtalapse of the Pre-Classic Hohokam
system. In my view, environmental shocks may haenkan important factor in
increasing the scale of interaction of the Pre-§itaslohokam system. Jones et al. (1999)
discuss a major climatic “shock” (ca. A.D. 800-138tat may have been compelled
people of the Pre-Classic Hohokam system to sdar@ources of food at increasingly
larger spatial scales.
The Medieval Climatic Anomaly (Stine 1994) wasradiof increased aridity that
coincided with a unique pattern of demographicssti@nd frequent economic crises
across much of western North America. Large poprlatof agriculturalists and hunter-
gatherers were confronted with serious and abreglirtes in productivity caused by
repeated and prolonged droughts [p. 138].
Periodic mega floods may also have been importastks that facilitated the expansion
of the Hohokam system. Interestingly, the extreloed of A.D. 899 identified by
Gregory (1991) in the Phoenix Basin corresponds ab discuss in detail in Chapter 4)
was the beginning of a major high stand of Lakeullhin the Salton Basin of
southeastern California. This is also coinciderthwhe Medieval Climatic Anomaly.
What is particularly interesting about Lake Calauifl that its filling and emptying cycles
are not the result of climatic events. Jones €t1l809) discuss this in relation to the
Medieval Climatic Anomaly.
Immediately southwest of the Mojave Desert in ta#d Sink, the timing of the
episodic filling and desiccation of Lake Cahuiltarsds out as sharply distinct from the
chronologies of drought related above. Geomorphatyesis and the historical record
demonstrate that these lake high stands were foraebly climate change but by the
shifting of the Lower Colorado River channel (Fema@ 1931, Waters 1983). Although
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expansive, the deltaic cone of the Colorado Riveviges an alluvial barrier only about
15 m high between the river and the Salton Sin#,lmtause the latter is below sea level
the river periodically breaches this barrier atid the basin. This episodically created
freshwater lake covered an area of approximat&§®m?, with a maximum depth of
about 96 m, in response to events that have no tkmelation to climatic change [p.
143).
This shows that local floods and large scale and-term droughts were not correlated
with high stands of Lake Cahuilla (which as | dssin Chapter 4 are now known to be
linked to seismic events in the Salton Basin). Theans that Lake Cahuilla was a rich
and enduring ecosystem during a period when |l@saurces in the Hohokam system
may have been seriously reduced. It is possiblettiearich and substantial supply of
Lake Cahuilla resources may have facilitated ttaeteveen people in the Hohokam
system and people living in the vicinity of thedaks a means to avert shortages of local
wild resources resulting from climatic problemstum, trade with Lake Cahuilla people
would have connected the Hohokam system with &larmgl well-established network of
southern California societies.
Robustness and Fragility in Social-Ecological Systems

Robustness and fragility in social-ecological syseind complex adaptive
systems (Miller and Page 2007) in general has baarea of important theoretical
discussion and development in the recent litergtineleries and Janssen 2007, 2011,
2013; Anderies et al. 2007; Janssen and Anderi@g; Zcheffer et al. 2012). All
complex systems that can adapt and transform r@welex regulatory feedback
networks. Such regulatory feedback networks areluad with the generation of basins

of attraction and provide the capacity of compldaftive systems to adapt and

transform, i.e., to generate and maintain compfedtsocial-ecological system (or SES)
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is a type of complex adaptive system that consisisulti-level human generated (or
social) systems coupled with an ecological systataractions of the social systems with
the ecological system involve intricate and nordinkeedbacks that affect the dynamics
and stability of both systems (Anderies et al. 2Qssen et al. 2007). Both social and
ecological systems are typically self-organizingteyns (a theoretical concept that
originated with Ashby 1947), which include largexdecexchange systems, such as the
Hohokam regional system and the Hohokam/Califamaiasregional system. Krugman
(1996) provides a discussion on self-organizatiotoday’s market economy and
Squartini and Garlaschelli (2012) provide a spe@aitample of a modern exchange
system (in fact the largest), which they recogmige complex adaptive and self-
organized system.

The global economy is a prototypic example of a glem self-organizing system, whose
collective properties emerge spontaneously thraaghy local interactions. In particular,
international trade between countries defines aptexmetwork, which arises as the
combination of many independent choices of firrhgds shown that the topology of the
World Trade Network (WTN) strongly depends on the<$s Domestic Product (GDP) of
world countries (Garlaschelli and Loffredo 2004 the other hand, the GDP depends
on international trade by definition (Garlaschetlial. 2007a), which implies that the
WTN is a remarkably well-documented example of dapdive network, where dynamics
and topology coevolve in a continuous feedbackdmneral, understanding self-

organizing networks is a major challenge for sage@s only few models of such
networks are analytically solvable (Garlaschelalet2007b).

In social-ecological systems cooperation of indinald often creates infrastructure
(physical or institutional) as a response to aetgrof internal and external shocks to the
system (Anderies et al. 2004). External shocksuohelenvironmental disturbances, such
as floods, earthquakes, and drought, that neggtafédct: (1) resources and
infrastructure and/or (2) produce socioeconomiamges, such as population growth that
also impacts resources and infrastructure. Intadisairbances produce rapid
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reorganization of the social-ecological system traginates in specific subsystems
(Anderies et al. 2004). People at all levels ofetyccreate infrastructure to make specific
components of the system more robust to shocksugtéss in this way relates to the
maintenance of some desired system characterggggste fluctuations within a complex
adaptive system such as an SES or in its environ(@amlson and Doyle 2002). Also as
Janssen and Anderies (2007) observe, robustn&s3Ss also occurs at many levels and
scales and that robustness at a specific levedade snay increase fragility in other places
in the system.

Since robustness to unpredictable perturbationsre@t particular levels or scales in the
system, we need to accept the potential for ineetabances of failure at other levels and
scales [p. 44].

Anderies and Janssen (2013) illustrate this asfe8ESs with irrigation systems, which
was a key technology to the sustainability of tlmhbkam system.

Irrigation systems provide an important examplenhao societies can build large-scale
physical infrastructure (canals, reservoirs) ardaaonfrastructure (rules for water
allocation, canal maintenance) to eliminate sensitof food supply to inter-annual
variation in local water supplies. However, in ond), societies become much more
vulnerable to low frequency variation in rainfathé 100 year flood that destroys the
irrigation system) and social upheaval. That islding robustness to certain classes of
disturbances and increasing narrowly focused efficy (e.g. agricultural yield)
introduces fragilities in the system. Worse yethsiragilities typically are hidden from
the user by virtue of good design (Csete and D@082), and are only exposed through
failure. The irrigation systems works extremely Met a century, and no one is thinking
about the 100-year flood and subsequent faminéitthappens [p. 9].

Also, because shocks to an SES are detected thxaugtiility in signals and other

inputs into the system, robustness in an SES camdrpreted as reduced sensitivity of

outputs to environmental and social shocks. Theystdi robustness in SESs focuses on

the inherent and hidden fragilities that are asgedi with the complex regulatory
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feedback networks of these systems, which are oft@y observed when the system
fails. This also relates to the trade off of inciag robustness in one place and
diminishing it in another.

Increasing robustness to one type of known dishabaecessarily increases
vulnerability to other types of disturbances (Charet al., 2011; Csete and Doyle,
2002). Worse yet, these emergent vulnerabilitiedangely hidden, revealed only by a
system-level failure (Anderies and Janssen 2013:12)

Robustness in an SES is therefore relational @adt-benefit trade-offs associated with
each of the components of these kinds of systehis.i§ a specific case of what Bode
(1945) showed is a robustness trade-off properstldéedback systems, which is: by
reducing the sensitivity to disturbances in onguiency band by feedback control
increases sensitivity to disturbances at othewukeagies.

Robustness develops in SESs as a way to dealnatrtainty. Anderies et al.
(2007) identify the kinds of uncertainty that SESsst deal with and provide examples.

Both exogenous signals and endogenous dynamidsecanurces of uncertainty.
Examples include limited understanding about theadyics of subsystems (e.qg.,
ecological dynamics are not fully understood), measent error (sensor dynamics and
noise), and policy implementation errors (controtlgnamics) [p. 15195].

Anderies and Janssen (2013) offer additional insigb the relationship between
uncertainty, feedbacks, and adaptability in SE8d @l complex biological systems).
The reason is, we never have perfect informatia@uathe state of the system (e.g. we
can never know the actual stock level in a fisheapp we never fully understand the
causal relationships that generate dynamics in Sktféisthere are always exogenous
disturbances and stresses impinging upon the systanterest. It turns out that all
complex biological systems (of which SESs are exag)pnust cope with uncertainty,
stress, and disturbance. As such, complex biolbgisiems with the capacity to adapt to
these difficult circumstances have a common feathey are composed of complex
regulatory feedback net- works. These distributedlti-scale networks make the

maintenance precise biological processes posdibky also enable the control of
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uncertain systems, and are used extensively imeaggd systems that must function in
spite of disturbance and stress (e.g. modern pgssaircratft in the face of air
turbulence). A moment’s reflection reveals that SB& feedback systems [p. 9].

Modularity, diversity, and redundancy are threeeqmoperties of SESs that relate
to robustness. As Anderies and Janssen (2013)wahsbere is a trade-off between local
self-sufficiency (modularity) and adaptive capagiocal diversity), connections to the
global system (redundancy and global diversitydl lidden fragilities in complex
systems. They provide examples for each of thesgepties that illustrate their
relationship to robustness in complex adaptiveesyst[p. 11].

Modularity provides a system with different functional pantsnodules that can evolve
somewhat independently. The modules might be lgdsted with each other, but a
failure in one module does not severely affectathers, as would happen if they were
tightly linked. Sufficient links between modulegaequired as modules might learn
from the activities occurring within other modul®¥ithin the social sciences this is
referred to apolycentricity Ostrom et al. (1961) identified a polycentric rogblitan
area as having many centers of decision-makingztwivere formally independent of
each other, but one could learn from experimentdtidhe other various centers
(McGinnis, 1999).

Tinkering, mutations, and making errors are esaktttigenerate new components and
links in a system (Kirschner and Gerhart, 1998pdntantly, in a modular system, such
novelty can be tested without severely disturbititgeomodules - i.e. experimentation can
occur locally without impacting overall system ftioa.

Redundancys common in engineered infrastructure systemtgh(bard and soft) and,

and biological systems. The engineered systenBafegng 777, which has 150,000
different subsystem modules, can continue to flgmvmany modules have been knocked
out (Csete and Doyle, 2002). This high level recunuy is necessary to achieve extreme
robustness (at great financial expense): abilitthefBoeing 777 to continue to function
when modules fail is crucial because the cost efal/system failure is so high.

A population of organisms with the same abilityritiate an immune response will be
hit hard when a harmful new disease enters thelptpn. Genetidiversityprovides the
capacity to create novel antibodies, so at leéstvandividuals in the population might
be able to resist the new disease.
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The preceding examples show that polycentricignismportant component of SESs that
facilitates robustness, which, in turn, promotetirelancy, modularity and diversity in
these systems. In Chapters 7 and 9, redundancylarityl and diversity are used to
identify and discuss some of the robustness priegest a network model of the
Hohokam/California transregional system.

To date very little has been published in theditiere (with the notable examples of
Anderies and Hegmon 2011; Anderies 2006; Schoah 8011) that uses the robustness-
fragility trade-off property of complex adaptivessgms to study past social-ecological
systems. In this work | examine robustness andlitragradeoffs in the
Hohokam/California transregional system with netnanalyses and mathematical
modeling to evaluate how increased scale of intemacnay have been instrumental to
the collapse of the Pre-Classic Hohokam System.rdleeof the expansion of the
Hohokam regional system during the Pre-Classic (X@-1100) beyond the Hohokam
region as a major factor in its rapid collapse abA.D. 1070 has not been previously
studied. | suggest that the greatly increased sdafgeraction that included trade with
southern California societies (Hohokam/Califormansregional system) may have
induced or actualized a robustness-vulnerabilagéroff, assuming that the total
capacity (consisting of both natural and human ntaseponents) of the Hohokam
regional system to buffer variation in key resosrielimited. This, in turn, may have
amplified the fragility of the Hohokam system, ieasing its risk of collapse.
Specifically, in the case of the Hohokam systentargimg the scale of exchange
provided increased robustness to high frequenagtiam (e.qg., yearly fluctuations in
rainfall and streamflow) and increased vulneraptit low (multidecadal) variation (e.g.,
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recession of a large freshwater lake as the refalichange in the course of a river that
was its primary water source). The research | andlgcting examines the properties of
the Hohokam/California transregional system (witheanphasis) on the role of shell and
dried fish, and will focus on the impact of thenseegion on the stability of the Pre-
Classic Hohokam system.

Globalization

The expansion of the Hohokam system beyond themablevel is an example of
globalization. In general, the processes by whiaméin societies become inter-connected
over larger spatial scales are processes of gidten and may be socially and culturally
transformative. Globalization facilitates the deyghent and spread of technology,
cultural information (which often results in newcsd identities and boundaries), and
increased social complexity (Scholte 2005). FongxXa, the Silk Roads contributed to
great social change, and (probably) greatly in@eéa®cial complexity in several human
societies in ancient Asia, Africa, and Europe (@&eff 2000). Since globalization
processes build connections between people ovat digtances, they restructure and
enlarge pre-existing exchange networks. Globabnaprocesses can be unidirectional
(expansion only, see Scholte 2000), but often yrioal (Chase-Dunn and Hall 1997;
Chase-Dunn et al. 2000; Wallerstein 2004:45-64).

Examples of both unidirectional and cyclical globafion processes have been
studied in western North America. Chase-Dunn andrMd998) provide an example of
a unidirectional globalization process among sreedile societies (e.g., Wintu, Pomo,
and Patwin) from protohistoric Central and North€adifornia. This system is
characterized by a politically controlled clam-dismoney” economy that grew very
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quickly following A.D. 1500, in which local and ge-scale exchange networks became
increasingly interdependent (Chase-Dunn and Ma®8:190-144). Bennyhoff and
Hughes 1987 provide an example of a cyclical giah&ibn process involving small-
scale native societies in the Great Basin and ak@tlifornia. In this case, shell bead
and ornament trade between the Great Basin antb@ad expanded from 2000 to 200
B.C., then contracted from 200 B.C. to A.D. 700J #men expanded again from A.D. 700
to 1500.

Globalization involves numerous social and econgmacesses that result in long
distance flows of ideas, people, and goods, whiehte networks of interregional
interaction (Bentley 1993; Gills and Thompson 20B#)nings 2011). Such interaction
may result in significant webs of connectivity a&ry large spatial scales (Bentley 1993;
Gills and Thompson 2006). These kinds of netwofksnohave an abundance of hubs
and other structural properties that are not exgoetti occur by chance and which can be
tested with mathematical methods such as the BRéoigd random graph model, which
is used in Chapter 7 and 9 to identify the sigaffice of such structures in the

Hohokam/California transregional network model.
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Complexity, Systemic Fragility, and Diversity of Export Goods

As exchange systems become larger, they typiaatiease in complexity (as
discussed in the preceding section), which mayfalsiitate major increases in
complexity in the societies that comprise the sysés well. As Haldane and May (2010)
observe, there is a strong relationship betweetesysomplexity and instability, or as
they say: “too much complexity implies instabilitf. 351). System stability is also
linked to the diversity of exchange items, in thretre diversity (or greater heterogeneity)
of exchange items correlates with lower systensk (Haldane and May 2010:355).

In a transregional exchange system at one extraeteregion can produce a
wide range of export good classes that maximizeslay in these classes between
regions. This can be conceptualized as one enac¢ohi@uum in which the diversity of
export good classes and the overlap in these sldste/een regions diminishes in the
direction of the other end of the continuum. At dtleer pole of the continuum each
region exports: (1) a minimum number of good class® (2) good classes that to the
greatest extent possible are not exported by o#wgons in the system. Modeling studies
(e.g., Beale and colleagues 2011) suggest thgsti€miic cost is non-linear (which means
that the cost function is convex), the probabitifysystem failure in a transregional
exchange system is minimized by having each reigiagst in increasingly fewer classes
of export goods as the non-linearity of systemist @acreases, or moving in the direction
of the second pole in the continuum described ab&l®, at some threshold value of
nonlinearity of systemic cost, in order to minimthe risk of system failure, the regions
should invest their procurement and productionregfm an absolute minimum number
of export good classes that minimizes overlap @s¢hclasses between regions across the
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system. This corresponds to the second pole iprineeding continuum. Beale et al.
(2011) call this theliverse diversificatiorndpoint of the continuum (Figure 2.2), and is
also what they call “full specialization”. Or, iartns of inter-regional connectivity,
regions should be highly modular so that therenatéoo many connections across the
regions. In so doing they maximize diversity inguotion for local consumption
(minimize redundancy) and minimize diversity in gpecialized production of goods for

export.

Uniform Diversification -« » Diverse Diversification

Figure 2.2. Continuum of export class good divgnstated to the degree of
specialization of transregional economic exchange.

In a broader sense the results of Beale et ateredahe general “modularity”,
redundancy, diversity discussion around genergigntees of robust systems. In the case
of the Hohokam/California transregional systemjareg should become highly modular
so that there are not too many connections aceggsns. In so doing, they also reduce
redundancy in the types of goods being traded twegions, resulting in specialized
production of export goods and autonomy in the petidn of domestic consumer goods
within each region in the system. This is an exangblthe robustness-fragility trade-off,
in which the diverse diversification arrangememtré@ases robustness to system failure at
the global scale, but may increase vulnerabilitgtteer kinds of problems, such as
population growth facilitated by the import of deiems. For example, in the Pre-

Classic Hohokam system using the diverse diveadiio arrangement, the diversity of
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goods produced to exchange for Lake Cahuilla fishld/be minimized, making the
Hohokam/California transregional system more robust with an increased
vulnerability of the Hohokam system to shortfalfsnild protein if the trade connection
with Lake Cahuilla fishers breaks down. This is @in@angement | implement in the
bioeconomic model in Chapter 8.

Archaeological Examples of Diver se Diversification of Exchange from the
Hohokam/California Transregion

It has been suggested that the interaction betleetand Patayan people in the
western Papagueria and the Salt-Gila Basin compai¢he Hohokam system, was (see
Figure 2.1) characterized by the high volume exgkanf staples (mostly agricultural
products from the Phoenix Basin) that were tradedliiell preciosities manufactured in
the western Papagueria (Crown 1991b: 389-390)s ddvresponds to tidiverse
diversificationportion of the continuum (or high specializatiortle production of
export items, with a minimal overlap of export geadasses between the two regions). A
similar arrangement or interaction sphere is oleskat the opposite (western) end of the
Hohokam/California transregion between the Nortf@nannel Island Chumash and the
Mainland Santa Barbara Channel Chumash (whichcudsin Chapter 3). In this sphere,
the Island Chumash (analogous to the peripheradregria shell jewelry artisans)
specialized in manufacturing and exporting pretiesi(especially shell “money” and
jewelry) in exchange for staple items unavailabidlee islands (e.g. deer and rabbit meat
and a variety of plant foods) from mainland (analegjto Phoenix Basin) sources

(Delaney-Rivera 2001; King 1978, 1990, 2000; Arnb@92; Arnold and Munns 1994).
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Another similar trade relation probably existedisn the Santa Monica
Mountains Chumash and Mainland Tongva, and thadslongva on Santa Catalina
Island (King et al. 1982:112). During Middle PeriBdase 4 (A.D. 700-900) there was a
significant increase in the quarrying of talc st steatite) on Catalina Island, which
was exchanged in raw form, or as finished utilgantems (e.g., cooking bowls, see
Figure 2.3), to Mainland Tongva and Santa MonicaiMains Chumash, for mainland

food items (e.g., acorns, cherry pits, and deertnsea King 1976).

Figure 2.3. Line drawing of a small Middle PeridaaBe 4 (A.D. 700-900) steatite
cooking pot (from Figure 7.85, King 2008:72).

In sum, these examples from the archaeologicakdesugpport the possibility that at least
a significant proportion of the Hohokam/Califortiansregional system had developed
institutional arrangements to minimize systemik tfsat includes both endogenous risk
and risk related to exogenous environmental vamnati
Summary
The expansion of the Hohokam system to a scalertblaides interaction with

people in different regions of southern Califorgraatly increased the complexity of this
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system which very likely changed some of the sy&eobustness-fragility properties,
particularly those related to systemic fragilityrig-standing institutional arrangements
and infrastructure that maximized robustness (s@hin relation to regional trade,
agriculture, and the use of local wild resourcey mat have been capable of maximizing
the stability of the expanded Hohokam system o€ 900-1100. Identifying and
understanding how the altered robustness-fragilioperties of the expanded Hohokam
system may have led to its collapse are a mairsfo€this dissertation. In this work,
ideas and theory from complex adaptive systemstutisnal economics and analysis,
and the robustness-fragility framework applieddoial-ecological systems are used to
reveal new insights into why the Pre-Classic Hololsgstem may have collapsed.

In this study my focus is on trade that aims toimine systemic risk (i.e.
maximize robustness of the system) and not to asa®verall productivity through
specialization. In particular, | focus on the pbggy of interregional trade between
people in the Hohokam system and people in the Catauilla region, who could have
provided an abundant supply of dried fish that ceduvariation in the supply of protein
rich wild food in the Hohokam system. Also, eveaubh specialized manufacture of
goods for export may have increased the overatlymtivity of the system, | suggest that
this was an unintended consequence and that sypyddsction was not the focus of
trade in this system. In the next chapter | belgenfirst task to achieve the goals
discussed in this chapter, which is to construmtavork model of the

Hohokam/California transregional system.
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CHAPTER 3: ETHNOHISTORIC, ETHNOGRAPHIC, AND ARCHAH@GICAL
EVIDENCE FOR INTERACTION IN THE HOHOKAM/CALIFORNIA
TRANSREGION

The goal of this chapter is to synthesize a devarsay of ethnohistoric,
ethnographic, and archaeological data to: (1) k@ regional classification for the
Hohokam/California transregion circa A.D. 700-1H0@ (2) produce a map of
interaction for regions in the Hohokam/Californiartsregion to help construct a simple
network model of this system, in which nodes repméspecific regions (e.g., Hopic),
and edges between node pairs indicate strong ati@na This provides an initial (and
largely conjectured) model that requires additianatlence and more rigorous analysis
using archaeological data and theory, as well @bads from archaeological and
network analysis to substantiate. Chapters 6 gmvide analyses that strongly support
the validity and accuracy of the conjectural netemmiodel of this chapter.

Reconstructing exchange among native peoplesitdtthokam/California
transregion is facilitated with multiple lines ofiéence including: (1) written accounts
by early European visitors to Arizona and south@atifornia of the kinds of exchange
and between whom it occurred, (2) ethnographieduymed by anthropologists in the™.9
and early 28 century that provide first hand information on tdomtext of exchange for
specific types of items and to whom and for whappsees the exchange of these items
occurred, and (3) archaeological evidence congistinocal and exotic artifacts (such as
decorated pottery and shell) that can be dated¢csduand possibly connected to specific
societies (e.g., Chumash) and contexts of excha@mmachieve the goal of this chapter
will require bringing together these kinds of infaation. In Chapter 6 archaeological
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evidence and analyses are used to strongly suphpoédccuracy of the preliminary
network model provided at the end of this chagte€Chapters 7 and 9, five network
analyses give objective support for this model lhyvang that random processes could
not likely produce it. | also provide network arsdg in Chapters 7 and 9 that identify
structural properties of the system that can Hestirnto vulnerability/robustness tradeoffs
that may have been important to the long-term btgploif the Pre-Classic Hohokam
system. Finally, each section of this chapter fesumn a specific region of the
Hohokam/California transregion in which pattern&rthange between regions are
identified. At the end of the chapter (as | mentidearlier) all of this information
culminates in a network graph that is placed orap of the transregion to provide scale
and geographic orientation.
Chumash

The Chumash (at the western end of the transregiwhpeople in the Hohokam
system (at the eastern end) obtained and manuédaictiie majority of the shell artifacts
(such as different types of beads and braceless)cticulated in the system
prehistorically (Figure 1.1). The Chumash were clexpunter-gatherer-fishers (Arnold
1992) who occupied a large region in coastal sentBalifornia, characterized by a
well-developed economic system, enduring stabiibd a steady increase in social
complexity over time (King 1990). Trade between @lagh and non-Chumash groups
was likely limited to a small variety of goods (§i1971:38). Archaeological evidence
provided by King (1976) suggests that interregiontdraction among the Chumash
mostly occurred between the Santa Monica Mount@msmash (at the southernmost end
of the Chumash region) and Tongva people (discussed. Archaeological and
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ethohistoric evidence (including linguistic, sedl&@011 and Klar 1977) suggest that
Chumash people in the Santa Barbara Channel, ttigeno Channel Islands, and the
Santa Monica Mountains of southern California warkurally distinct. For example,
historically, people in each of these areas spakiéferent Chumashan language
(Barbarefio, Island Chumash, and Venturefio, resedgti King (1976, 1990, 2000)
provides substantial archaeological and ethnohdisemidence that suggests strong
interaction between the Santa Barbara Channel Cétuianad the Island Chumash, and
between the Santa Barbara Channel Chumash andhtimash in the Santa Monica
Mountains.
Hohokam Regional System

In contrast to the Chumash region, the Pre-Clddsttokam system of southern
and central Arizona is noteworthy for a high degsesedentism, large-scale irrigation
agriculture, red-on-buff pottery, and the manufeeiof shell artifacts for local and long
distance exchange (Bayman 2000). The Pre-Classiolkéon system is characterized by
a rapid increase in complexity and regional inteoacduring the Sedentary Period (ca.
A.D. 900-1100; Abbott et al. 2007; Abbott et al02), followed by a swift and not well-
understood collapse of the regional system at iikdeoé this period (Abbott et al. 2007;
Doyel 2000). Neitzel (1984:232-246) proposed suiddig this regional system into
drainage systems (e.g., Salt River, Gila River,di@d/erde, Tucson Basin, and Gila
Bend). More recent archaeological research (Akebat. 2007) supports an economic
and probably a social distinction between residehthe Salt and middle Gila River
areas. For example, Abbott et al. 2007:465-46@ stpottery was not made in most
villages of the lower Salt River valley during tieddle part of the Sedentary period”. In
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contrast, specialist producers in Snaketown andityan the middle Gila River valley
made red-on-buff bowls and small jars during theldi® Sedentary Period (Abbott et al.
2007:467). Much of this pottery was exported todests of the Salt River Valley,
probably in exchange for goods that probably ineladrplus Salt River valley
agricultural products (Abbot et al. 2007; Doell88@9Doyel 1991a; Gasser and
Kwiatkowski 1991; Teague 1998). This supports aste&n economic distinction and
interdependence between Gila and Salt River resdeamich | recognize in my study as
separate regions.

At least one historic photograph from the PhoeneagFigure 3.1) shows a group
of men with a large catch of roundtail chubs armbrback suckers. It is possible that
these men are local native people (possibly Aki@iedham). Today most O’odham
people believe they are descended from peoplesitithokam system (Griffen-Pierce
2000:165). Exploring this possibility is an impartdopic for future research. If it could
be shown that fish were historically importanthe diet of native people in the Phoenix
Basin, would support the idea that fish were anartgmt source of protein in the core
area of the Hohokam system, since recent archaeal@yidence (Loendorf et al. 2013;
Loendorf 2012) strongly supports the idea that Adi@'odham are descended from
people in the Hohokam system. This would also ssigfpat other O’odham groups such
as the Tohono and Hia-Ced are also descended feopigin the Hohokam system, as
they believe. Confirmed ethnohistoric evidencehaf importance of fish to another
native group (the Hia-Ced O’odham) whose territoas within the currently accepted

boundaries of the Hohokam system is provided bytikez (2013). In particular
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Martinez summarizes an observation by Egbert Lievoa the use of fish by the Hia-Ced
O’odham.

In 1882, Egbert L. Viele, a former Union Army gealeconducted a geographical survey
of the Gadsden Purchase region for the Americargfapbical society of New york, in
which he notes: “The region of country is inhabibgdthe Papago [O’odham] Indians,
who wander over the country from San Xavier as@st as the Tinajas Atlas.” With
respect to the Hia-Ced O’odham, he observes afieftyonoting that Papago women are
“better dressed than most women”: “A sub-tribeh&f Papagos inhabits the country near

the Gulf of California. These are called Arenenideir principal food is salt fish, which
they prepare themselves with considerable skilie(&/1882:269) [p. 145].

Martinez also mentions Thomas Childs Jr. as a soofrcformation on the historic use
of fish by the Hia-Ced O’odham. Thomas Childs Jaswa pioneer in southern Arizona
who married a Hia-Ced O’odham woman and learnedyrttangs about their culture and

history through his wife, her family, and other Hiad O’odham people.

[Martinez, p. 155, 161; also see Dobyns 1954:33].
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Figure 3.1. Fishermen with stringers of roundthilles and razorback suckers near the
Phoenix area (very likely either the Salt or Giladr) in 1899. ASU Hayden Arizona
Collection.
Patayans

The Patayans occupied a large area of the transred¢png the Colorado and Gila
Rivers, part of the eastern shoreline of Lake A&hywnd upland areas to the north of the
Hohokam system (see Figure 1.1). Patayans pradioatl-scale agriculture, hunting
and gathering, and are notable as shell artisash$oanheir likely role as middlemen.
The Patayans probably also had regular interagtitnthe Cahuilla and Kumeyaay
(Carrico and Day 1981; Davis 1961; Eidsness €t%9; Gifford 1931; Loumala 1978;

Shackley 1981; Shipek 1991:33, see Figure 1.1) edoopied different areas of the

region around Lake Cahuilla (next chapter). Theralso a distinction between Upland
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and Lowland (or River and Delta) Patayans. Giffiar€e (2000) discusses the distinction
between these two groups.

The Patayan ancestors of the River (Mojave, Quedflaricopa, Halchidhoma, and
Kavelchadom), Delta-California (Cocopah, Hayikwanaaid Kahwan) and Upland
(Yavapai and Hualapai) Yuman peoples lived in adod region bordering the lower
Colorado River and the surrounding desert (honteeRiver and Delta Yumans) and in
an upland region consisting of the canyons anctalet of the upper Colorado River
(home to the Upland Yumans). Of all the prehistpeoples of the Southwest, they are
the least known because flooding of the river desid their riverine sites [p. 235].
Griffin-Pierce (2010) provides additional information the Patayan groups.

The Upland Patayan lived farther east in the plateantry of present day Arizona. The
River and Upland Yumans traded cultivated foodsmadufactured items for raw
materials and gathered foodstuffs; archaeologmdeace showed that the Patayan and
Hohokam had a similar relationship [p. 16].

Archaeologists have found cultural remains of Hapas ancestors in the plateau region
of Arizona that date to 600 A.D.; sometime betw&@s0 and 1200 A.D. they moved
down into Cataract Creek Canyon probably for defenseasons. [p. 16]

Strong trade and social relations existed betwegaand, River, and Delta Yumans
historically (Braatz 2003:33-34; Griffin-Pierce 2Z)2010), which suggests that similar
relations existed prehistorically between theifyadole ancestors (Upland and Lowland
Patayans). A close relationship between Uplandy@ataand the Hohokam system is
suggested by an isolated Hohokam burial near KimgrAazona (True and Reinman
1970), which is well within the Upland Patayan megand well outside the Hohokam
regional system (see Figure 1.1). The presencdlota-quarter grooved axe (likely
made in the Hohokam system) in the Willow Beacé &t. A.D. 900-1100), which is
located on a terrace of the Colorado River fiftegles south of Hoover Dam and from

several nearby sites (Schroeder 1961:1, 73) suggeste ties between Upland Patayan,

Hopic (which | discuss in a later section of thipter) and the Hohokam system. A
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gorget, possibly made frofalycymerissp. shell and found in a child burial in the Willo
Beach site (Schroeder 1961:70) also suggests atitnavith the Hohokam system.

Finally, considering that the boundary of the &ha Patayan region is closer to
the Salt River component of the Hohokam system tharGila River component of this
system, | assume that regular contact and strdatyjares between Upland Patayans and
Salt River Hohokam was more likely than with Gilewd& Hohokam. More
archaeological information is needed to suppog #sisumption, but | use this
assumption in my network model of the Hohokam/@atia transregional system with
the acknowledgement that it is mostly speculative.

The Willow Beach site (Schroeder 1961), in Blackh@ga below Hoover Dam
(Figure 3.2) on the Colorado River provides evigeoftthe importation of exotic
materials from the Pacific Coast. Even though thkow Beach site is on the banks of
the Colorado River in southeastern Nevada (Figu8k B is located in an area within the

Hohokam/California transregion in Figure 1.1.
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Figure 3.2. Looking west across the Colorado Ratghe Willow Beach site (cent
foreground) [Schroeder 1961, Fig. 1, p. 1

Upland Patayan|
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.....

Figure 3.3. Location of Willow Beach site Colorado River (Modified from Schroed
1961, Fig. 37, p. 160).
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Three common pottery types recovered from the E3®@@vations of the Willow
Beach site are Pyramid Gray, Cerbat Brown, and Agsi@rown (see Figures 3.4 and
3.5, and descriptions below). Pyramid Gray hassailution from the vicinity of

Barstow in the Mojave Desert, east to the Colofaoler.

Pyramid Gray. A gray type of pottery, characterized in part tsydolor and large
inclusions of quartz and biotite. Pyramid gray haen found in the Mojave Desert
between Barstow and the Colorado River, and dated.tA.D. 900-1150. It has been
classified within the Barstow series and Lower Cadim buff ware. Harold S. Colton and
Albert H. Schroeder described the type. (Colton9l &hroeder 1958) [Online source:
http://scahome.org/about-ca-archaeology/glossatterofis/ceramic-typef/

Cerbat and Aquarius Brown Cultural Association: Most often associated with the
Yuman groups of Arizona, especially the Hualapay&supai, and Yavapai. Euler and
Dobyns (1985) suggest the Yavapai may have madea€Cand/or Aquarius Brown.
[Online source: http://www2.nau.edu/~sw-ptry/West¥eR0Apache-
Yavapai/TizonWarePage.htm]

Schroeder provides observational, experimentalegimaohistoric evidence that
Pyramid Gray pottery probably was manufactureti@Willow Beach site using
techniques similar to those used historically byddd Yumans and the Kumeyaay
(formerly Diegueiio).

The temper indicates that Pyramid Gray was manufadtin the near vicinity [p. 50].

Clay recovered from the preceramic levels was uséae tests, and slugs to which no
temper was added were made. The following conahgsiwe based on the results of the
experiments. The terra cotta clay from the precerdenels at Willow Beach burns to

the same orange color as do the sherds of Pyranaig ihen placed in an oxidizing
atmosphere (slug 429). It is concluded that the idaovered is probably identical to that
used by the Indians to manufacture Pyramid Gra$1p.

The above experiments indicate that Pyramid Grag/manufactured with a terra cotta
clay mixed with an organic substance. Vessels fast@oned by paddle-and-anvil. After
a vessel was dried in the sun, a clay slip, witthg@es sufficient iron to produce a light
cream to buff color when fired in an oxidizing atspbere, was often added to the
exterior surface of jars and both surfaces of boWte product was fired, probably in a
small pit in a poorly controlled reducing atmospheat a relatively low or intermediate
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temperature, to produce a gray color. Aside froeube of slip, the above method of
manufacture is similar to that of the modern Waisldualapais], Western Yavapais,
and Diegueios (Kroeber 1935:89; Gifford 1936:284g&s 1936:7-8) [p. 53].

These results suggest that Pyramid Gray was miostily made and used by Upland
Patayan residents of the Willow Beach site. liksly that Lowland Patayan people west

of the Colorado River within the geographic digttibn of Pyramid Gray in the eastern

Mojave also manufactured this pottery type.

The Cerbat and Aquarius Brown pottery types areaated with an Upland
Patayan material culture called the Cerbat (Fi@u8¢ The Cerbat are believed to be
ancestors of the Havasupai, Hualapai, and Yav@eabat sites have been identified
from the Grand Canyon (northern boundary) to tHeMBilliams River and northern
Phoenix Basin (southern boundary) and from asdar &s the Verde River and as far
west as the Colorado River. Euler (1963) dividedo@ecultural history into three
periods, of which his Desert period (A.D. 700-115%@en the Cerbat lived in lowland
areas west of the Grand Wash Cliffs (on the nosteea edge of Arizona, near the
Nevada border), is relevant to my study. The Cepbatbably had limited agriculture and

depended mostly on foraging for wild resources.
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Figure 3.4 Willow Beach site excavation map (Schroeder 1964.,3, p. 13)

Schroeder (1961:562) providesprobable radiocarbon dates and probable ag
the stratigraphic levels of Trench V from the 18illow Beach excavatic (Figure 3.4).
He comments (p. 61)the radiocarbon date for layer B is acceptablemi¢gher the
range of experimentalrror or the po-1150 A.D. occupation by ancestral Paiute
considered.” Figure 3.8hows the changes in relative frequency over tifibke four
most abundant pottery typén the Trench V sample. Layer B, which is temppr
relevant to my studys dominated by Pyramid Gray, which suggests (baseitie
preceding discussion) that most of the usthe Willow Beactsite during A.D. 90-

1150 was by UplanBatayan:

43



Willow Beach Site Trench V

& Cerbat Brown
 Aquarius Brown
W Pyramid Gray

W Boulder Gray

Proportion of Sherd Count

A (post- A.D. 1150) B (A.D. 900-1150) C(pre-A.D. 750)
Layer

Figure 3.5Relative frequencies by stratigraphic level of fpottery typs from the 194
Willow Beach site from Trench V (see Fig 3.4).

The 1936 excavations of the Willow Beach (see Figure 3.4kcoverec
asphaltum, man@livella biplicate saucer-disc beads and sevétaliotis sp. artifact
(see Table 3.1). The shealhd asphaltu most likely originated in the Chumash rec.
Also, based on evidence | provide in later sections af thiapter, it is very likely th
people at Willow Beach obtained these it from Cahuilla or Hopic people@nd nof

directly from the Chumash.
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Table 3.1 Imported Pacific Coast shell artifactsrirthe 1936 Willow Beach site

excavations.
Artifact(s) Sample Likely Context Comments
Size Regional
Source
Olivella biplicata 27 Chumash Burial 2
Disc beads (small)
Olivella biplicata 833 Chumash Burial 2
disc beads (large)
Haliotis sp. (Abalone) Not Chumash Burial 3] Abalone pieces
pieces specified probably from
pendant.
Olivella sp. disc beads Not Chumash Burial 4| Inside the burned
(probably species specified house.
biplicata)
Haliotis sp. (abalone) 3 Chumash Burial 5 Directly below Burial
beads 4
Haliotis sp. (Abalone) 2 Chumash Burial 5 Directly below Burial
pendants 4
Olivella sp. saucer-disc  Not Chumash Burned| A number of beads
beads (probably speciesspecified house | cemented with

biplicata)

asphaltum (p. 66)

Trench IV of the 1947 Willow Beach site excavat{see Figure 3.4) produced

several artifacts that probably were imported fittben Chumash and Island Tongva

regions of coastal southern California. Specificallrench IV produced twOlivella

biplicata barrel beads (Schroeder 1961:12), a probablefagenent made from Catalina

Island steatite (Schroeder 1961:13-14), and a mé&asphaltic siltstone (Schroeder

1961:14). The shell and asphaltic siltstone propaliginated in the Chumash region

(although the shell artifacts may have originatethe Tongva region, discussed later in

this chapter) and the steatite pipe was probablyenoen Catalina Island by an Island

Tongva artisan.
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Archaeological evidence suggests that Lowland Ratagople in the interior
region of southern California aggregated in fishiliages and camps, along the eastern
shore of ancient Lake Cahuilla. For example, pgttistribution and temporal patterning
of ceramics along the eastern shoreline of Lakeulalprovides strong evidence for
increasing residence and association with the lglkeatayan (Yuman) people, after A.D.
700. Waters (1982:289) observes.

Salton Buff (a type of buffware pottery that wapagently made and, for the most part,
used locally in sites within the 12 meter shorebiiéake Cahuilla [Waters 1982:565])
and Salton Red-on-buff were manufactured along sirtiee entire shoreline of Lake
Cahuilla. Based solely on geological associatioBalfon Buff and Lake Cahuilla, it
could be inferred that Salton Buff was first mamti@ed around A.D. 700, the beginning
of the earliest known lacustral interval of Lakeh@#la to occur during the last 2000
years ... C-14 dates from shoreline ceramic sitegesstghat this type was actually
manufactured in great quantity from the seconddaatiinterval beginning perhaps at
A.D. 950. The oldest ceramic C-14 date reportechfam archaeological site with
ceramics in the Salton Trough is 960 +/- 110 BAPD( 990: LJ-106- Hubbs, Bien, and
Suess 1960:216). However, on a small segment @dabtern shoreline, a few Salton
Buff sherds display ceramic traits typical of thetd@an | period and are associated with
very small quantities of Black Mesa Buff. This magicate that Salton Buff was also
manufactured sometime during the Patayan | peposssibly during the first or at the
beginning of the second lacustral interval of L&ahuilla.

The much greater presence of Patayan people wiémé=d residence on the shoreline of
Lake Cahuilla (suggested by pottery) beginning adod.D. 700, and also the large
number of fish weirs associated with these lakeskites (discussed in detail in the next
chapter), may relate to the emergence of a sizdisblery with surplus harvests for
export to other areas in the transregional sysberie Papagueria region of
southwestern Arizona, Patayan people may have ki#tegent role in the transregion. In

this component of the transregion, Patayan peoplelmve specialized in the

procurement and manufacture of shell artifactsxtthange for agricultural products from
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the Hohokam system (McGuire and Schiffer 1982:282:Pand dried fish and (to a
much lesser extent) Pacific Coast shell (see V&k&8:549-550, who suggests that
Pacific Coast shell most likely entered the Hoholeystem from interaction with people
west and north of Gila Bend, Arizona) from Patagad other groups associated with
Lake Cahuilla. Connell (1977) provides an ethnogiapxample from Melanesia that
supports this possibility that shell preciositiesregmade by specialist artisans for: (1)
export and (2) to exchange for subsistence iterddwaury goods (Guo 2006; McGuire

and Howard 1987:128).

Figure 3.6. Approximate production zones of LowetdZado Buff Ware and unified
Tizon Brown Ware (Lyneis 1988, Figure 2). Note tthagt upper right distribution of
Tizon Brown Ware is mostly in the Upland Patayagior of Arizona. The pre A.D.
1100 distribution of Tizon Brown Ware in southerali@rnia includes the northwestern
shoreline of ancient Lake Cahuilla (Griset 199&)ldtado Buff Ware is associated
mostly with the Lowland Patayan region of Arizomal aouthern California, including
the eastern shoreline of Lake Cahuilla.
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Another line of evidence (intrusive pottery, speelfly Lower Colorado Buffware, see
Figure 3.6 for its distribution) suggests a moregyaphically extensive and cohesive
interaction between Lowland Patayans and the Hahakgstem circa A.D. 900-1100.
During this period, Lowland Patayans were exchamgioitery and co-residing with
members of the far western Hohokam system (Abhatt 012:984; Beck 2006, 2008,
2009; Beck and Neff 2007; see Figure 3.7 for theezaf overlap between Lowland
Patayans and the Hohokam system ca. A.D. 900-1E9@)ence of this interaction is
provided by the presence of Lower Colorado Buff 8Mar(or in close proximity to)
Hohokam sites in the vicinity of Gila Bend, the LemSanta Cruz River Valley, and in

the Las Colinas site, near Phoenix, Arizona.

48



. Parker

MeDowall
Mountains

Colorado R’-"o,

‘White Tank Phoenix
M et s Mountaing

Sierma
Estrellas

“Gila Bend

X galt River
e
1o

T
Mountain

\la River
ddle G

KEY

contact zone between
Patayan and Hohokam

B modem city

Figure 3.7. Lowland Patayan and Hohokam Systermuthscentral Arizona (Modified
Abbott et al. 2012, Figure 1).

Another example, the Gillespie Dam site (AZT:13(A%M)],) on the Gila Bend
portion of the lower Gila River provides additiorthaeological evidence of a strong
Lowland Patayan and a Pre-Classic Phoenix Basirokinh system connection. This
example also supports my suggestion of the Gil@iRag a major travel corridor
(discussed in detail in the next chapter) thatdthkhe Hohokam system to Patayans and
other people in southern California. In the Giliespam site, two contemporary (with

radiocarbon dates ranging from A.D. 950-1040) cenret about 30 meters apart on the
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southern edge of the Gillespie Dam Site [AZT:13:A8M)], one with Hohokam red-on-
buff and plain ware ceramics and the other wittafa | lower Colorado buffware
vessels (Watkins and Rice 2009) provide additievalence of a close relationship
between Lowland Patayans and the Hohokam regigatérs. Also, shell artifacts from
the Pacific Coast of California, recovered from @idespie Dam site support the idea of
the Gila River as a major trade route between Qalid and the Hohokam system
(Malakoff 2010).
Cahuilla

The Cahuilla resided in a large region in the ioteof southern California, near
Mount San Jacinto, extending to the shoreline &deL@ahuilla, and were likely very
much involved in the Lake Cahuilla fishery. Ethraibric evidence suggests that the
Cahuilla had strong ties with the Tongva to thetwlest included the importation of shell
beads (Kroeber 1908; Strong 1929).

Also, historically (and probably prehistoricallyihe Serrano (discussed later)
probably had significant trade relations with btite Cahuilla and the Tongva, which
included the exchange of dried seafood, and sBekr 1978). Ethnohistoric and
ethnographic information provides strong evidermelie use of shell by the Cahuilla
and for exchange relations with the mainland Tongkia obtained some of the shell
from the Island Tongva (see the following quoterfrStrong 1929). In particular, the
Pass Cahuilla provided the most detailed infornmattoStrong (1929:94-96) concerning
the use of shell bead money.

The modern exchange of shell money is fairly claihough a certain amount of secrecy

still surrounds it. Each of the four active ceremabgroups has several strings of shell
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beads, which are kept by the clan chief, usuallyssociation with the sacred bundle of
the clan.

The kauisiktum clan at Palm Springs calls thesegg witcl, and the shell money itself
hissavel or miketem. The pisatafiavitcem clan, kvied in the Banning Water canyon,
called one string nuutska and many strings nuutskum

The one called witch by the Palm Springs Cahudlla piece four times the distance from
a man'’s forehead to the ground in length, whiafiven to the leader of each invited clan
at the close of the image-burning ceremony. Theratalled napanaa by the same
people and this appears to have been the basiofushell money value. This was sent
to any clan leader when a death occurred in his leyaall other clan leaders hearing of it.

The length of this piece is determined by wrappingice around the left wrist,

carrying it under the thumb and twice around thgdrs halfway to the tips, and back
over the palm to a spot on the mid-wrist four ircfrem the posterior end of the palm.
This spot, called tcic’hiinut, was placed on theanmid-wrist of the clan leader when he
took office. It was done by the paha, who usirsfreng of money as a measure, tattooed
in the mark with a cactus thorn and inserted chadrco

According to Potencio such a mark was once chanatt of each clan leader of the
groups to the north and west but not to those eftbsert Cahuilla where the exchange
of shell money did not occur. The long string loék money, witcd, is given to the
leaders of the three invited clans at the clogb®@image burning ceremony. A similar
piece is returned by each when his clan gives emtany to which others are invited,
thus keeping up a perpetual exchange.

According to Alejo Potenciano, the shell money wexived for the Palm Spring clan
by his grandfather who received it from the Serran®lission creek. They got it from
the Tongva, who in turn received it from Santa Qaaasland [the occupants of which
were Island Tongva]. Alejo’s grandfather told himat the shell money was brought
across from Santa Catalina Island on tule rafteécSan Fernando people, who
distributed it among the inland groups.

There was another kind of money called somitnekttiina small ones,” composed of
little shells which were much more valuable tham phesent large shell money. Alec
Arguello, the last survivor of the Cahuilla whodtvin San Timoteo pass, said that the
maketem, shell money, was brought to Juan AntaheMountain Cahuilla capitan who
brought the Cahuillas to San Bernardino by kanulera old chief of the San Fernando
people, who also brought new songs and ceremoiiigis. happened before Arguello
was born, and he was told of it by his father.
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In summary, the preceding ethnohistoric evidencexkchange practices of shell
artifacts among the Cahuilla and trade of shellaatis between the Cahuilla and people
in other southern California regions in the intenbsouthern California identifies
exchange relations between the Cahuilla and twerabuthern California groups.
Specifically that in protohistoric time Pacific Gaahell artifacts were primarily
exchanged between chiefs of Serrano and Cahudfesalvho obtained much of the shell
from the Tongva. The religious importance of thesehanges is also suggested by the
observation by Strong that shell was stored, trarsegd, and exchanged in sacred
bundles. The periodic contexts of the religiousrésén which shell was exchanged
among Cahuilla and Serrano leaders suggests thatgply and frequency of exchange
for this class of items was less compared to then@sh, where most of the Pacific
Coast shell artifacts were manufactured, and wlecbange of these items occurred in
many contexts (King 1976, 1990). It is possiblef@@iCalifornia shell artifacts obtained
from the Hohokam system were used in similar wayBacific Coast shell by the
Cahuilla (who at the time | am considering [A.D070100] were probably mostly living
along the shoreline of Lake Cahuilla in fishing gan Hohokam shell may have often
have been exchanged for dried Lake Cahuilla fispdmnple in the Hohokam system,
which may explain why Gulf of California shell oft@ccurs in higher proportions in
Cahuilla sites than Pacific Coast shell.

Kumeyaay

Ethnographic and archaeological information indisahat the Kumeyaay (who
occupied a large region that included Lake Cahaitid the Anza Borrego Desert, had
long standing relationships with the Yuman and @acf@escendants of Lowland
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Patayan people), and the Cahuilla (Davis 1961;resls et al. 1979; Carrico and Day
1981; Shackley 1981). Exchange among these grausssted of many items, including
baskets, carrying nets, tule roots, cattail sprairied fish, and mesquite beg@amble
and Zepeda 2002:73-74). The Kumeyaay probablyfedspiently used®livella shell
beads as exchange items (Carrico and Day 1981 amp{e and Zepeda 2002:7). Shell
artifacts (both Gulf of California and Pacific Ctasre very common in prehistoric sites
that were likely used by Kumeyaay people (Gambbeking 2008). Also, during the
time of Lake Cahuilla the Kumeyaay may have beetigyaants in a substantial fishery
that produced large quantities of dried fish fadlbconsumption and long distance
exchange.
Hopic

Sutton (2000:301) suggests that Hopic people mag bacupied a specific part
of the transregion, in a portion of the central aadtern Mojave Desert prior to and
during A.D. 700-1100. This area includes a regiosautheastern California, where gray
ware pottery is concentrated (see Figure 3.8)réwipus work (McGregor 1951; Rogers
1945), gray ware pottery from this region has bessociated almost entirely with
Patayan groups. Contrary to these studies, KinQgR0279) argues that pottery
recovered from numerous sites in the eastern M@adetechnologically and stylistically
classified as San Francisco Mountain and Prescatyv@re were probably made by
some of the ancestors of modern Hopi people, aaddoge degree, (in support of his
argument for associating a specific pottery tecbgwphith a specific ethnic group)

locally produced and consumed
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He says.

The San Francisco Mountain and Prescott Gray Wairdgegu pottery have designs that
parallel Tusayan White Ware during the Pueblogdtiod (Northern Arizona University
2001). The people south of the Grand Canyon anith mdiSan Francisco Mountain who
made San Francisco Gray Ware were probably alsestors of the Hopi. The
distribution of pottery indicates that the occupanitthe Mojave Valley and the East
Mojave Desert were also ancestors of the Hopi. Befd 1100, Hopic peoples may
have lived adjacent to their Takic linguistic relas.

In one case, petrographic evidence also suppong Khypothesis, in which a Verde
Black-on-Gray (Colton 1958, and synonymous withsPo#t Gray ware) sherd from the
Afton Canyon site (a year round settlement adjatetiie Mojave River in southeastern
California) was determined be made from wash saigihating in the nearby Soda
Mountains (Taylor and Brem 1993:127). Kojo 1996vides further support for localized
production and consumption of some White and Grasewpottery types, with his study
of Tusayan White and Gray wares (A.D. 850-1150nfriortheastern Arizona. Also,
considering that Pyramid Gray (which | have prodi@gidence may have been locally
made by Lowland and Upland Patayans) is contempotaand has an overlapping
distribution with San Francisco Mountain and PrésGoay ware in the part of the

eastern Mojave shown in Figure 3.8, suggests timfgeographic area was occupied by

both Hopic and Lowland Patayan people prior to ALDOO.
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Figure 3.8 Distribution of San Francisco Mountain and Pré&sGoay wares in th
eastern Mojav®esert [King 200b, Figure 8:3].

Kojo uses four additional independent lines of ewick in his study and concluc
that these Tusayan wares were (for the most pard)ly produced and consume
Additional support is provided by Deutchman's (1,9/980) neutron activation analys
of Tusayan White and Gray wares, in which she concltitssoverfifty percent
(probably an underestimate, see Kojo 199€-335) of the white ware pots we
possibly made on site.

In the Afton Canyon site (which will discussed ietail in Chapter 6), the covery of

both Pacific Coast and Gudf California shell artifaci provides evidencthat peopl in
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the Hopic region interacted with other regionshe transregional system. Also, the
identification by Sigleo (1975) of turquoise in d838Butte Phase (A.D. 500-700) house
in Snaketown (a major settlement in the Pre-Cladsitokam system), sourced to the
Halloran Springs turquoise mine (in the Hopic regad southeastern California)
provides further evidence of involvement of Hopeople in the transregional system.
Also, Lower Colorado Buffware (radiocarbon dated\td. 920-1180) from the Afton
Canyon site (Schneider 1989), and the predominahtteese buffwares in the site
suggests interaction with and/or co-residence avland Patayans. All considered, the
preceding archaeological evidence suggests thedraddojave sites such as Afton
Canyon had Hopic occupants prior to A.D. 1100. Huoiggests that, prior to A.D. 1000
some of the Patayan groups (e.g. Yavapai) may blbtaened many of their trade goods
originating in the western end of the transregmxy.( Pacific Coast shell artifacts) from
Hopic peoples (whose range may have included @opoof eastern California). The
Hopic people, in turn, may have directly acquireelse items from coastal Tongva
groups in Orange and Los Angeles Counties (King@2@@rsonal communication). For
example, the Tongva may have manufactured sontedttell artifacts they traded to
the Hopic groups, but they probably acquired thgrtg of these items from the
Chumash (Chester King personal communication 2008).Hopic and Patayan groups
also probably had strong trade relations with taéuilla prior to A.D. 1100.

Additional ethnohistoric evidence also supporesghoposed interregional linkage
between Hopic and coastal southern California pe@pid the importance of shell in this
interaction. Specifically, shell is one of the modelopi “hard substances” or “hard
goods” (in Hopihurang and is associated with purity and durability (léil al. 1998;
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Young and Morgan 1987). In Hopi mythology, a pdwkfemale creator deityHuruing
Wauhti of the Wesir Hard Substances Woman of the West) associatbdsivell and

other hard substances leaves the ancestral homaflamadern Hopi people to live by the
ocean on an island off the Pacific coast, discubyedoth 1905.

The people [Hopi ancestors] at that time led a roi#e, living mostly on game.
Whenever they found rabbits or antelope or degr wwuld kill the game and eat it. This
led to a good contention among the people. Findlly Woman of the West said to her
people: “You remain here; | am going to live, atta@s in the midst of the ocean in the
west. When you want something from me, you prayécthere.” [p. 4]

In the story, Hard Substance Woman of the Wesiteseclans from her body which
return to the ancestral Hopi homeland to the éagbin their relatives, bringing shell and
other substances with them (Matthews 1897:148-¥6#) 1905:1-9). This strongly
suggests the longstanding importance of PacificsCsizell in Hopi culture. The story of
Hard Substance Woman of the West may relate tafisignt interaction between some
of the ancestors of modern Hopi people and the F@pgople on one of the southern

Channel Islands (most likely Santa Catalina Islaoasidering the close ties of people

on this island with Chumash shell artifact manufests and suppliers on the mainland).

Serrano
The Serrano occupied a large region in the imtesouthern California component of
the transregion. Ethnohistoric evidence suggesisthie Serrano had frequent and close
ties with the Cahuilla and Tongva that extended&aik in time (Bean 1978). Trade
items among these groups included dried seafoabislagll (Bean 1978). Archaeological

evidence (e.g., Rector et al. 1983; Schneider 188§yests the Serrano lived adjacent to,
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and frequently interacted with Hopic people in #astern Mojave Desert region prior to
A.D. 1100. Pacific Coast and Gulf of California Blaetifacts from the Oro Grande site
(Rector et al. 1983, discussed in detail in Cha@}eriso provide strong evidence for
participation of Serrano people in the Hohokam/Gatia transregional system. Strong
(1929:13,18,21,34) provides detailed ethnohistofiermation on the use of shell by the
Serrano, which suggests its use, was primarilgligious contexts that involved
maintaining social cohesion between leaders andetistribution of food.

These clans in turn invited the méarinna clan grtberemonies, and an exchange of
shell money was carried on between all the grotuiseatime of the ceremony itself, and
on the occurrence of a death in any one of thesclahen all the others sent a certain
amount of shell money to the clan leader of theedsed.

The paha, besides having charge of all ceremon@dimenta, notified the people
when ceremonies were due, carried the shell moawyden groups, and attended to the

division of shell money and food at all ceremonies.

Both types of feather ornaments were wrappedamiburte [sacred bundle], along with
rattles, head plumes, ceremonial wands, and timgystof shell money.

The entire ceremony [annual mourning ceremonygemith the distribution to the
invited clan leaders of the strings of shell money.
Tongva

The Tongva occupied much of the Los Angeles Basirthsof Topanga Canyon,
part of Orange County, and the southern Chanreahdisl. Shell artifacts that probably
originated in the Hohokam system (e@livella damabarrel beads an@lycymerissp.
bracelets) have been found in several sites (GibadrKoerper 2000; Koerper 1996) in
the Tongva region. Recent evidence (e.g., highaanations oOlivella bead
manufacturing waste associated with sea urchirespised to perforate shell) from San
Nicolas Island (the outermost of the southern Ckhtatands), suggest that there was
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considerablen situ production of shell beads on the island (Dahddl22intzman and
Abdo-Hintzman 2006), possibly for exchange with Mand Tongva and Santa Monica
Mountains Chumash for staple items. The Tongvaetstanged Pacific Coast shell
artifacts (as discussed earlier), with interiorug®, such as the Hopic, Serrano, and
Cahuilla.
Conclusion

Shell artifacts are useful for helping to reconstithe Hohokam California
transregional system. Shell artifacts were a mayghange item in the Hohokam system
and Hohokam shell may have been the principle exgdéem for dried fish from Lake
Cahuilla. Shell artifacts were also a major excleaibgm within and among southern
California societies.

Shell artifacts that circulated in the transregi@re used in a wide variety of
social, political, and economic contexts that véager time and space (Gamble 2011;
King 1990). In particular, the role of shell withime system probably changed,
depending on where and among whom and for whaastexchanged. For example, the
Chumash made and used some kinds of shell itegns@divella biplicatasaucer-disc
beads, King 1990) as “money”. These same itemsgigkhad very different roles in
exchange in other groups (Jackson and Ericson 3884Kozuch 2002:698).
Figure 3.9 is the synthesis of the pattern of neig@pnal interaction in the
Hohokam/California transregion that was assemblea the information on
interregional relations discussed in the sectidrikie chapter. Lines connecting pairs of
regions in Figure 3.9 identify strong inter-regibredations, and more specifically, strong
trade ties. Figure 3.9 from a structural standpisiat network model (including spatial
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relations and geographic boundaries of each ofag®nal groups in the networthat
will be analyzed in Chaptét. In Chapter 6, | analyzarchaeological examples to provi

additional support for this mod

Figure 3.9 Network model of the Hohokam/California tranregabsystem that we
constructed from information discussed in this ¢éaprhe green lines (with arrows
both ends) identify significa interaction between regional pairs.

Finally, the possible imgrtance of Hohokam shell as an exnge item for Lake
Cahuilla fishis supported by large quantities of Panamic (Gualifornia) shell
artifacts [that probably originated in the Hohokaystem] that have been recovered fi
Lake Cahuilla shoreline sites. The idea that th@oexoflarge quantities dflohokam

shell atifacts to Lake Cahuilla residents in exchangedited fist mayhave been a
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major factor in the collapse of the Pre-Classic ék@m system will be examined in

Chapter 8 with a stylized bioeconomic model.
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CHAPTER 4: LAKE CAHUILLA, DRIED FISH, AND THE HOHOKM SYSTEM

Lake Cahuilla was a giant freshwater lake in tad® Basin of southeastern
California. During its high stands correspondingite Hohokam Late Colonial and
Sedentary periods (ca. A.D. 850-1100) it had goe&tntial as a highly productive
source of protein rich fish, which could be preserand transported great distances by
drying. Beveridge et al. (2002:7) comment on thpontance of fish in small scale
societies.

Stewart (1994) and others believe the importandssiofin early hunter-gatherer societies
to have been underestimated. Rudimentary protoeadfuee techniques would probably
have evolved among such societies, although evedsrgcant. Native North American
peoples living on the Pacific seaboard are beligadthve transplanted the eggs of
spawning salmon in an attempt to improve fish siavand returns.

The Lake Cahuilla fish weirs described later iis thapter could have been used
for holding and protecting fish a form of proto-agulture, as discussed by Beveridge et
al. (2002:5-8) or simply as fish traps. | treatnthas fish traps, but future research should
contrast and compare the robustness-fragility tatieof the two strategies (predation
verses protection), and which strategy on averagddihave yielded greater protein
output.

In this chapter | provide ethnohistoric and ardbegical evidence that; (1) dried
lake fishes were used as food by ancient peopleeilGreat Basin; (2) a significant Lake
Cabhuilla fishery existed during the Hohokam Colbaied Sedentary periods; (3)

freshwater fishes found in Lake Cahuilla were usgfbod in the Pre-Classic Hohokam

system; (4) shell artifacts produced in the Hoholsgstem may have been exchanged for
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dried Lake Cabhuilla fish; and (5) there was ancegfit route to transport dried fish into
the Hohokam system from Lake Cahuilla.
TheUseof Dried Fish in the Prehistoric Western Great Basin

Raymond and Sobel (1990) provide a case studyeofdmmon use of a dried
cyprinid fish (tui chub ofila bicolor) by indigenous people in the prehistoric Western
Great Basin. They consider the occurrence of lgrgmtities of dried cyprinid fishes
recovered from caves next to large Great Basirsl@kgure 4.1) in relation to use as a
valuable food source by local people. They do wosaer that the large stores of dried

fish may have resulted from surplus harvestingndésl for trade.
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Figure 4.1. Dried fishes from prehistoric caves#esociated with lakes in the Great

Basin.

63



Relevant to my study, Raymond and Sobel (1990:&®&rchine from empirical studies
on tui chubs that caloric return rates of net fighior the tui chub are much higher in
some kinds of open water environments, compareidéos and streams.

In large marsh, pond, or lake environments therateturn rate is much higher. The
experiments in Carson Sink returned a mean rafe6afl calories per hour for two gill
nets of 14.5 cm chub that probably were schooldther researchers (e.g., Lindsin
1990) report the take from schooling could be mhigher.

Figure 4.2 provides a ranked comparison of the Rengrand Sobel result with the
caloric returns (estimated by Simms 1984, 1985afomal types commonly consumed
in the past by native people in the Great Basimn$s (1984) determines caloric return
rates in relation to resource ranking and optinml curves for alternative scenarios (p.
156-166). He adjusted the total caloric returngdig subtracting the energetic costs of
searching for (encounter rates) and processingegmirces prior to consumption. Simms
used Holling’s disc equation (Holling 1959; Simn®#84:158), which was previously
used by Charnov and Orians (1973) for this purpdie.animals in Figure 4.2 include
types (e.g., jackrabbits) that are also commonipnébin Hohokam deposits (Haury
1976:114; Szuter 1989, 1991). The tui chubs ranktfip but as Lindstrm suggests,
probably would rank much higher if more fishingdies were performed on lake
populations of fishes where schooling is the ndmhe case of Lake Cahuilla (next
section), the fishes most commonly recovered frachaeological sites in that region are
schooling types, which form dense schools alongediyashorelines during the spawning
season (Gobalet and Wake 2000). This suggestsatkee Cahuilla fishery may have had
energetic return rates that were considerably hitites the expected return rates for
common Sonoran desert terrestrial animals, sugdckgabbits, gophers, and cottontails.
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Simms (1984, 1985:122nd Raymond and Sok(1990)).
The Cui-ui Fishery in Nevada
A historic and probably prehistoric fishery in aga Great Basin lake (near so
of the prehistoric cave sites with dried fish, Begure4.1) provides additional eviden
for the possibility of a largeeale Lake Cahuilla fishery that produced largantities of
dried fish for later consumption and exporthe Hohokam system. Locatec the Great
Basin ofnorthwestern Nevay, Pyramid Lake is noteworthy for a major fishery darge

catostomid fish, the cui-uQhasmistes cuji), which is endemic t®yramid Lak (see
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Figure 4.1) and formerly to the now dry Winnemute#e (see Figure 4.1). The cui-ui
harvest traditionally occurred during its annual &nief spawning runs (beginning in
mid- April), when it ascends the Truckee River (g¥his the lake’s water source) in great
numbers. LaRivers (1962:371-372) comments thattirei has a longstanding
importance to Pyramid Lake Paiutes and other Paedple as a staple food, and quotes
Snyder 1917.

The flesh of this species is highly prized by Imdialn former times the coming of the
‘cui-ui’ was a great event, not only for the Pyramid Lakeetbut also for other Piutes
from far to the south, who sometimes reached #terfg grounds in such a starved
condition that many were unable to survive the feast. At present numerous little
camps may be seen along the river during the spaysgason. The fishes are caught in
large numbers and tons of them are dried for lager

Tuohy 1990 provides additional information on th&tdric cui-ui fishery.

Ethnographic lake fishing [pertains to the Pyrairadte fishery] was more of an
individual enterprise accomplished with set lingaB,nets, single-barbed harpoons, and
trident spears (Bath 1978:42-52; Fowler and Ba8iliBB3; also see Follett 1982 for
information on the former Winnemucca Lake fishgoy}[24].

It is important to realize that the behavior arfid history of the cui-ui differs
considerably from that of Lake Cahuilla fishes Riaers 1962; Minckley and Marsh
2009). For example, it is likely that Lake Cahufikhes spawned near the shoreline of
the lake (which | discuss later), whereas (as maeti earlier) the cui-ui make spawning
runs up the Truckee River into Pyramid Lake. Whaawsing both Lake Cahuilla fishes
and the cui-ui mass in large numbers, which affardgseat advantage to organized

groups using fish weirs and large nets over indialdishers using smaller nets, hook

and line, and spears (harpoons). Also, many oiténes used in the Lake Cahuilla
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fishery may not be preserved in the archaeologesaird as Tuoy (1990) observes in
relation to any prehistoric fishery.
Some of the more fragile items, such as vegetamde fishing lines, nets and baskets
disintegrate rapidly after having been submerged,wsually buried, and then, again,
having been exposed to sunlight [p. 124].
Also the use of technologies such as animal ana piased fish poisons (Quigley 1956
provides an example of a plant derived poison fBonora Mexico) are very difficult to
detect archaeologically and may have been impottaibhke Cahuilla fishers. The
Akimel O’odham historically used at least one tgb@nimal derived poison (rattlesnake
venom) to catch fish in rivers (Rea 1998:80).
Evidence of the Long Distance Procurement of Fish in the Prehistoric U.S.
Southwest

Classic Mimbres pottery provides an iconograplme bf archaeological evidence
for prehistoric journeys to the Gulf of Califorriar obtaining fish, and possibly the long
distance transport of fish to the Mimbres area eiviWMexico from the Gulf of
California. Jett and Moyle (1986) were able to daiae that some fishes depicted on
Classic Mimbres pottery are Gulf of California sigsdhat (because of the accuracy of
the depictions of the fishes by the artisans) pgobbhaad been seen firsthand by the
artisans.
At very least, the depiction of many identifiablellGof California fishes by Mimbrefio
potters seems to establish that Mimbrefios did thdesvel to the Gulf, there observing
the fishes firsthand, presumably in the water. fw that many of the species depicted
do not presently normally occur in the upper thofdhe Gulf (north of Kino, Sonora),
and the fact that extensive areas of the suitabb& habitats along the rest of the
mainland shore are essentially confined to a s$trextending some 80 km northwestward

from Guaymas (Thomson et al. 1979 [cited as 2080[35), point to the Mimbrefios
having been active in the Guaymas area [p. 714].
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Snodgrass (1975) suggests that Mimbres peopldralssported fishes. As she observes,
there are a few hints of the possible transpontiniish (presumably dried) for home
consumption or trade. Snodgrass (1975) commentgahkeast in the mid 1970’s) there
were three known examples. Mimbres pottery thatatiegh people carrying fish on their
shoulders (see Figure 4.3 for one of them; alsaJeteand Moyle 1986:713, Figure 19).
The person carrying the fish on the bowl in Figli'@ has a feather and eye mask, which
are associated with men (Munson 2000). There ssa@ie Mimbres bowl showing a fish
atop a trapezeform design (Snodgrass 1975:56) thwed lbowls showing men carrying
possible burden baskets of similar form (Brody 187171, 168, 190, Plate 16, 1983:68-
69; Fewkes 1923:27; LeBlanc 1983a: 136; Snodgrags:iii, 137, 139; Tamarin and
Glubok 1975:33). Snodgrass suggests the “men ogriyirden basket” motif may
symbolize the transporting of fish. These data sagthat future research should
examine if there was a sexual division of labathi@ transport of fish in Classic Mimbres
culture that associated the transport of fish wign. The Mimbres example suggests that
the long distance transport of dried fish may haeen an effective strategy for obtaining

wild protein used by people in the ancient U.S.tBoest.
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Figure 4.3. Classic Mimbres bowl with a personyiag a fish. Downloaded from the
Mimbres Pottery Images Digital Database (MimPIDBng the Digital Archaeological
Record (tDAR @ http://core.tdar.org/project/377832)AR ID: 377852).
Historic Use of Dried Fish by Lowland Yumans

In 1829 James O. Pattie one of the first Ameriogrlaers who traveled along
the Gila River, Lower Colorado River, Colorado @eind into the Coachella Valley
(including the Salton Basin) provides ethnohistenaence of the importance of fish in
the diet of native people in this region. Nativeple in this region (Lowland or River
Yumans) are likely descendants of some of the gewhpb lived in the vicinity of the
Gila River and on the southeastern shoreline oel@&huilla. Thwaites (1966) provides
an account from O. Pattie of an encounter his gatywith Yuman people in the

vicinity of the confluence of the Gila and Coloradivers near Yuma, Arizona.
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At length they made up to one of our companionsy whs of a singularly light
complexion, fair soft skin, and blue eyes. They t@drhim to strip himself naked that
they might explore him thoroughly, for they seentetle doubtful of his being alike
white in every part of his body. This, but as mjldk possible, he refused to do. They
went off and brought a quantity of dried fish otelent quality, and presented him. We
persuaded him to oblige these curious and goodehtmomen, by giving them a full
view of his body. He was persuaded to strip teskia. This delighted them, and they
conversed and laughed among themselves, and they @ae by one and stood beside
him; so as to compare their bodies with his. Aftes, as long as we staid, they were
constantly occupied in bringing us cooked fish Hrelvegetables and roots on which
they are accustomed to feed [p. 209-210].

Rostlund (1952) comments that large quantitiesstf fvere also dried, stored,
and exchanged for other items by native Yuman geaghich includes a comment

pertaining to the preceding account by James QiePat

In a small region of the lower Colorado and Gilzers fish was dried and stored.
Fish was dried and stored even by the desert tviless of the Colorado River;
somewhere west of Yuma the party of James O. Rattieuntered some Indians who
sold them a “quantity of dried fish of excellentadjty” [p. 140].

In sum, this evidence suggests a longstanding itapoe of dried fish in the diet and
economy of Lowland Yuman people. This supportddiea that Patayan ancestors of

modern Lowland Yumans may have caught and drie@ IGahuilla fish, some of which

for trade with people from the Pre-Classic Hoholsystem for shell preciosities.

Fish asa Protein Sourcein the Hohokam System
The importance of fish as a protein source in tbbdkam system has not been
adequately studied. Haury (1976:115) remarks enrttportance of fish as food in
Snaketown.

It appears that fish-eating was a custom of loagdihg in the Gila valley, for bones
were recovered from refuse of all ages in Snaketown
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The practice of using coarse screen sizes (typiéalinch) by Hohokam
archaeologists is possibly a main reason for theftequencies of fish bone recovered
from the great majority of excavated Hohokam gise® Szuter 1989:182). Flotation,
which uses finer mesh size has provided good pigding evidence for the consumption
of fish by people in the Hohokam system (e.g., Jah®90), but is an inadequate method
for processing the large volumes of soil needeaatdeide good statistical samples. Dean
(2007) also acknowledges the course screen prabléiohokam archaeological
practice, and provides two examples of Hohokans siéere finer screening led to
significant recovery of fish bone.

Fish remains tend to be uncommon in Hohokam assgeb] with the notable exception
of two large sites in the Phoenix Basin: Puebl@a&al(Stratton, 1995) and Pueblo
Grande (James, 1994, 2003). The loss of fish resrthiough 1/4 in. screens is a
contributing factor to the scarcity of fish bone 14.3].

Wet screening using 1/16 inch or finer mesh preduery good recovery of fish
bone, based on my own experience in southern @ailfsites. Szuter (1989:183) also
notes that insufficient training of Hohokam archaggsts in identifying fish bone may
be another factor.

A second factor in the lack of fish remains liesdentification practices. It is perhaps
noteworthy that the largest fish assemblage (Soaketwas analyzed by an
ichthyologist, W. L. Minckley. The small size andusual nature of fish bones may have
escaped the attention of zooarchaeologists wokiregher [Hohokam] sites.

The way fish were processed prior to consumptaiccalso greatly reduce their
recoverability, even with the use of fine screemd @hthyologists. For example,

Raymond and Sobel (1990:10) provide the followiageat from their tui chub case

study.
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Drying and pounding of fish (reported ethnograplyday Kelly [1932:97] would render
handling of tui chub almost invisible to the arcblagical record.

If dried fish was often pounded (crushing bone mfimme powder) for storage or cooking
by people in the Hohokam system, chemical and/ectspgraphic techniques would also
be needed to detect and measure the occurrenish difdne in Hohokam deposits.

The 1964 to 1965 excavation at Snaketown (Minciy6:379) provides the
best published evidence to date on the importahfisioas a food source to people in the
Hohokam system. The sample of fish bone from Siakestudied by Minckley
consisted of 277 bones, about 80 of which he whsstabdentify to species. Minckley
(1976:179) concludes the following from his study.

The most common form was a sucker, Family CatostaaitCataostomus insignishe
second-most was the Gila mountain sucRantosteus clarkiBaird and Girard). These
were followed in decreasing order by Colorado cltitg robustaBaird and Girard,
razorback suckeXyrauchen texanu@bbott).

Interestingly, the razorback sucker is commonlpveced from Lake Cahuilla
archeological sites, which will be discussed inrib&t section. Minkley (1976:379) also

says in relation to the use of fish in the Hoholsystem.

There is good evidence from localities on the VeRaeer that fish were dried for
preservation (unpublished data).

More recent work in the Hohokam system at the Lalin@s site has provided evidence
of fish used as food, and possibly dried for stergnd | suggest, maybe long distance
transport as well]. James (1990:158) says in midb the La Lomita site (a f@entury
Hohokam Occupation in South-Central Arizona).

The [fish] vertebra from pit Subfeature 71.2 isrmd. Given the provenience this

evidence indicates the use of fish as a food saamderaises the possibility that dried fish
may have been stored in the pits at one time.
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Depletion of local fish stocks may have been anatia&son for importing dried fish from
Lake Cahuilla. Minckley and Marsh (2009:26) citereeological evidence from central
Arizona that suggests the possibility of local tnagwesting of fish populations.
Evidence even exists of local fish harvests inr@mtrizona sufficiently intense to alter
the size distribution of bones in archaeologictssi“larger ones [were seemingly] fished
out, leaving only relatively small fish to be catigts.R. James, in Redman 1999).
| suggest that along with fish harvested from loocadrs (e.g., Salt River) and irrigation
canals, large quantities of dried Lake Cahuilla fisay have been brought into the
Hohokam system via trails next to the Gila RivdreTmportation of dried Lake Cahuilla
fish may relate to the abundance of fish remainsvered from Snaketown, which was a
major Pre-Classic Hohokam settlement on the mi@dlie River. Note that the Gila River
downstream from Gila Bend is outside what is com®d to be the Hohokam system.
The distance between Gila Bend (which is downstrs|am Snaketown) and its
confluence with the Colorado River near the sougteza edge of Lake Cahuilla is about
two hundred kilometers. This means that the mgjafithe length of the Gila River that
could have been used as a trade route betweermdenik Basin and Lake Cahuilla is
outside the Hohokam system.
L ake Cahuilla Fish Trapsand the Principle Catch of the L ake Cahuilla Fishery
Hundreds of stone fish traps line the shorelindsatde Cahuilla (Figures 4.4 and
4.5). As Minckley and Marsh (2009:25) comment.
Stone fishing weirs along old shorelines of pludiake Cahuilla (present-day Salton
Sea) stand along with nearby middens of disartiedlaones (Wilke 1978, 1980;

Gobalet 1992, 1994; Gobalet and Wake 2000; Gokalkgt 2005) in mute testimony of
fish harvests a thousand years ago.
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Bean (1974:62) provides ethnohistoric evidenceshpports the use of nets and
specialized bow and arrow technology for fishind.ake Cahuilla.

Traditional oral literature describes fishing teicfues and the use of fish nets for taking
fish from the now desiccated Lake Cahuilla. Thisimation is backed by
archaeological finds of fish bones in associatida \arrowpoints, which | have seen in
private collections, suggesting that the bow amdvamwere used to capture the fish.
Gobalet and Wake 2000 provide evidence that tivese used to catch gregarious
fishes, such as the bonytail chub and razorbadkes€igures 4.6 and 4.7). Stone fish
weirs are well documented ethnographically andaeologically (Bowen 1998; Dortch
1997; Goodwin 1988; Hunter-Anderson 1981; JenkBi&41 Moss 2013: Moss and
Erlandson 1998). They are used in a variety of mneaand freshwater environments,
including lakes. In the Lake Cahuilla fishery, figlobably entered the weirs near the
shoreline, and were then captured in a net or basieplaced at the narrow (v-shaped)
end (Figure 4.4). Fish that entered the weirs ntexy laave been captured with hand nets
(or basketry scoops, see Wilke and Weide 1976Yiahdarrows (Bean et al. 1989). Also,
the height of the rock walls of the fish weirs vimesumably slightly above the lake

surface. White (2007) provides additional insigbti replicative experiments on the

productivity and use of the Lake Cahuilla fish sap
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1 3 meters|

Figure 4.4. V- or Ushaped rock alignments (of which there are hungr@dsag the
shoreline of Lake Cahuilla (Gobaletd Wake 2000, Figure 2Note the nets at the inn
end of the fish traps. The water level of the lakrild be slightly lower than the heig
of the rock walls of the fish traps. The blue lisan estimate of the Lake Cahu

waterline.
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Figure 4.5. Rows of Lake Cahuilla stone fish trafise water line of Lake Cahuilla
would have been to the right of the fish traps tnedlevel of the lake would have been
slightly lower than the height of the walls of ti&h traps (see Figure 4.4).

Two fishes (bonytail chub and razorback sucker,Fsgeres 4.6 and 4.7) were

very likely the principal catch of Lake Cahuillacsh dwellers (see Figure 4.8) based on

archaeological samples from many Lake Cahuillssgi@obalet and Wake 2000).
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Bonytail Chub
(Gila elegans)

Figure 4.6. Bonytail chub.

Razorback Sucker
(Xyrauchen texanus)

Figure 4.7. Razorback sucker.
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® Bonytail

B Razorback Sucker

¥ Colorado Squawfish

B Striped Mullet

Figure 48. Number of native fish remains recovered frorkd.&ahuilla shorelin
archaeological sites and a fossil bearing sedimeleast 2,000 yeabefore preser The
data used to ewstruct this figureare from Gobalet and Wake 2000.

Both the bonytail chub and razorback sucker ageléishes and provide a substan
package of energy and protein (Minckley 1973). Asuksed in the previous secti
stone fish traps were the priry method (for which there is evidence) of fishveasting
in Lake Cahuilla. Also, the large number of thasgs$ along the former shorelines
Lake Cahuilla, and the effectiveness of fish triapsatching large quantities of schooli
fishes (such asdmytail chub and razorback suckers) in lake enwvirents, suggests
major and highly productive fishery existed at L&ka&huilla.

Additional details of the life history of razorbaskckers and bonytail chu
provide even more insight into how a le-saale fishery was possible at Lake Caht
based on stone fish weir technol. Of the two fishes, theazorback sucker is tt
earliest to spawn and has the longest spawnin@se8pawning usually begins in ea

January and continues into April. In contemporaggeait lakes (such as Lake Mohav
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southeastern California), razorback suckers corageeg large schools next to the
shoreline (Gobalet and Wake 2000; Mueller and M2B02; also see Figure 4.9). The
spawning season for bony tail chubs (in contrasonly from April to May (Mueller and
Marsh 2002). In Lake Mohave, spawning adults préésper water during the day and
after dark congregate in schools along the shoerevtiney probably spawn over a
substrate of large cobbles (Mueller and Marsh 20023). Seasonal and large
assemblages of fish next to the shoreline of Lakleuitla would explain the use of fish
weirs. In sum, this evidence suggests when (Jardag) and why stone fish weirs on
the shoreline of Lake Cahuilla may have been usguidduce large yields of razorback

suckers and bonytail chubs, and further supportsuggestion that a large Lake Cahuilla

fishery was possible using stone fish weirs.

Figure 4.9. Large numbers of razorback suckersregage along the shoreline of Lake
Mohave in late winter to spawn (Fig. 44 Mueller aidrsh 2002).
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The Lake Cahuilla Fishery and the Transregional Exchange of Dried Fish for Shell

Lake Cahuilla, located at an intermediate poirthmtransregion, is an extremely
productive island ecosystem that received mucksokater from the Colorado River.
Although not usually discussed with regards to H@mo archaeology, changes in the
lake correlate well with changes in the Hohokanusege. | suggest that Lake Cahuilla
was critical to the emergence of the Hohokam/Caliotransregional system, and may
have had a significant role in the collapse ofRine-Classic Hohokam system.

During the mostly wet phase there were periodithgaakes in the Salton Basin
that may have changed the course of the Colorader Rhe primary water source of the
lake), resulting in multi-decadal filling and emptyg cycles (see Table 4.1 and Figure
4.10) of the lake (Philibosian et al. 2011; Li bt2908; Waters et al. 1983). These filling
and emptying cycles may have disrupted the HohoRaiiibrnia transregional system
by interfering with the interregional exchange afl{®f California shell artifacts (made
by Hohokam specialists) for dried fish from LakehGi#la.

Philibosian et al. (2011) suggest there are sittitishigh stands of Lake Cahuilla
(horizontal blue bars in Figure 4.10), but theseg@ouped into two “mostly wet”
periods. According to Philibosian et al. the intdsvof subaerial deposition within the
mostly wet periods were probably not long enougtthie lake to desiccate completely
[emphasis added], which is an important considendtr the bioeconomic model in
Chapter 8. Lake Cahuilla durations from Waters 8)38d ages of deposits immediately
preceding lake high stands from Rockwell and Si€&94) are also shown above the

Philiboisan et al. Lake Cahuilla chronology (Figdt&0).
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Figure 4.10 Approximate lakéhigh standchronology at the Coachella site €
comparison to other Lake Cahuilla chronologies. fiiied5 percentconfidence range ¢
the modeled ages of samples from each layer itegdlaigainst average depth of
source layer. Lacustrine periods are projected fiteerdepth axis to the time axis us
the besffit instantaneous sedimentation rate (heavy gre).
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Table 4.1. Lake Cahuilla Filling and Drying Cycl@sD. 850-1150) [Source: Philibosian
et al. 2011].

Interval State Maximum Extent of Lake ca. A.D.
A.D. 850-900 | High Stand 895
A.D. 900-950 | Drying/Filling 940
A.D. 950-1050| High Stand 985, 1030
A.D. 1050-1100 Drying/Filling 1075
A.D. 1100-1150 High Stand 1120

TheGilaRiver: A Trade Route Between the Phoenix Basin and L ake Cahuilla
It is essential to realize that the Sonoran Desmrironment of the Pre-Classic
Hohokam system was very different from the ausdedessicated landscape of today,
which is the consequence of recent human modifinat{e.g., intensive groundwater
pumping, and the creation of “heat islands” in ghugban areas). Haury (1976:5)
reminds us of this, and also comments on the imapo# of the Gila River as a trade
route in ancient times.

It must be pointed out, however, that what we végneday is vastly different from the
landscape the Hohokam first saw when they peneitthte land. It comes as a surprise to

82



learn that before the white man tampered with the River, its valley was the “best
practical route from the Rocky Mountains to Califiaracross the southern desert region”
(Bryan 1925:119).

Even as recently as the midf1@entury, the Gila River was amenable to constngc
wagon road between California and Arizona. Durimg Mexican-American War in
November 1846, General Stephen Watts Kearny lechandred cavalrymen from the

1st U.S. Dragoons along the Gila River. Kit Cara@s the guide. The Mormon

Battalion accompanied Kearny's troops for aboubatim and during that time built a
wagon road along the river (Calvin 1946; Cowan 1%9fford 1967; Jonas 2009;
Roberts 1919; Tyler 1881).

In prehistoric time the middle and lower Gila Riygobably flowed for most of
the year and was like a “linear oasis” across ¢ing Istretch of parched desert that
separated the Phoenix Basin from Lake CahuillaFsgeres 4.11 and 4.12 for a Google
satellite map and recent pictures of the Gila Rfi@wing near Yuma, Arizona).
Considering the ease and timely manor in whichMibemon Battalion built a road for
horse drawn wagons along the Gila, it seems vewysible that large quantities of dried
Lake Cahuilla fish could have been efficiently sparted up the Gila River on the backs
of residents of the Phoenix Basin and/or Patayanialst traders. And to avoid
confusion, | mean transport along a long stretctmefGila River that includes the Gila
River downstream from Gila Bend and extendingsadnfluence with the Colorado
River. This segment of the river is outside theenitly recognized boundaries of the
Hohokam system and is continuous with the portiothe middle Gila in the core area of

the Hohokam system.
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Figure 4.11. Google map showing the Gila River leefavthe Phoenix Basin and its
confluence with the Colorado River. Note the gries of the Gila River between
Phoenix and the Salton Basin, in stark contrattédorown of the surrounding desert.
This suggests the role of the middle and lower Rilzger as a “linear oasis” and major
thoroughfare between the Phoenix Basin and Lakailah
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Figure 4.12. Gila River near Yuma, Arizona. Evedaypthe lower Gila River has
flowing water in some places.
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Summary

The evidence | presented in this chapter supplogtexistence of a Lake Cahuilla
fishery that could have been an important suppléangprotein source for the Hohokam
system. The presence of large quantities of shifihets (most likely made in the
Hohokam system, which | discuss in detail in Chigpéeand 7) recovered from Lake
Cahuilla shoreline sites suggests that during tite Colonial and Sedentary Periods,
Hohokam shell preciosities may have often beerettddr dried Lake Cahuilla fish. |
also provided evidence that the Gila River wasad@ble and efficacious route for

economic exchange between Lake Cahuilla peoplgeagie in the Hohokam system.
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CHAPTER 5: MORPHOMETRIC ANALYSIS AND COMPARISON OBLIVELLA
SHELL SMALL BARREL BEADS FROM MALIBU (LAN-264) ANDTHREE
HOHOKAM SITES

Two distinct specied(plicata, endemic to the Pacific Coast a@mafound only in
the Gulf of California) oOlivella shell often were made into beads in the Chumash
region and the Hohokam system, respectively, assldéten in other parts of the
Hohokam/California transregion (Dahduhl 2011; ®i®b2000; King 1990). When both
the spire and base of these shells are groundpesh, they are often called “barrel”
beads. The extent to which the spire or base ngrevhich affects both size and shape
varies over time and space, and in part is thdtrekatylistic choice. Selection of
unworked shell based on size and shape is alseemied by individual and group
preferences. For exampl@livella biplicatabarrel beads from the Chumash region made
after A.D. 1000 are usually made from smaller shafild have more of the base removed
than beads of this type from earlier periods in @ash prehistory (King 1990:135).

Small barrel beads made from two Panamic specti@ivella shell are abundant in
some Pre-Classic collections (e.g., Snaketown) tteeHohokam system. The two
species aradama(Haury) andletcherae(observation by Arthur Vokes, Arizona State
Museum, 2013). For example, many barrel beads thenSnaketown site originally
thought to have been made from juvei@ievella dama have attributes that identify
them alivella fletcheraga more diminutive species).

The goal of this chapter is to address the folhmaquestions: (1) is a large sample of
smallOlivella sp. barrel beads from burials in the M5a-b (c&@.A00-1150) Malibu

cemetery in the Chumash region of southern Calidammade from a Gulf of California
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Olivella species, and (if so) which one, and (2) if théats are made from a Panamic
Olivella species are they stylistically similar to contemgppOlivella barrels made in the
Hohokam system? If th@livella sp. barrel beads from the Malibu cemetery werg ver
similar stylistically to those from the Hohokam &rs this would support the existence
of a Hohokam/California transregional system duthmgt time, and one that extends to
the southern California coast.
Attribute-Based M orphological Comparison

It is easy to show that the Malibu and Snaketomals“barrel” beads are not made
from Olivella biplicatashell, using simple non-metric attributes. To deiee that the
Malibu and Snaketown beads are not made f@ivella biplicata(a Pacific Coast
species), all that is needed is to visually compacgemorphological attributes (the
vertical extent of callus relative to the positmirthe last suture, see McDonald
1992:272). Such a comparison shows thatineella sp. small barrel beads from
Malibu and Snaketown are not made fr@tivella biplicata(See Figures 5.1 and 5.2).

Of three common Gulf of Californi@livella speciesdama terging andzoenatd,
the LAn-264 smalDlivella barrel beads are much more similaOtadama based on:
(1) The width of the callus (which is significantly veidin dama, see Figure 5.2) and
(2) The greater convexity of the curvature of the irmargin of the callus (see Figure

5.2).
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Burial 68 Burial 45 Burial 45

Burial 51 Burial 51 Burial 51

Figure 5.1. Attribute-based species identificatidh An-264 Olivella small barrel beads.

Note that in each of the above LAn-264 Middle pegremeterylivella sp. barrel beads,
the callus (left edge visible as an inwardly curvedical groove) continues above (solid
arrow, left side) the last suture (dashed/dotteavarright side), which is a distinguishing
character oDlivella damacompared t®livella biplicata(in which the callus ends at or

before the last suture).
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Olivella dama Olivella tergina Olivella zoenata

[LAn-264 [LAn-264 LAI}-264
Burial 68 Burial 65 Burial 75

Figure 5.2. Example of attribi-based comparison of threes species of Gulf of Qali&
Olivella with smallOlivella sp. barrel beads from the L-264 cemetery. The horizont
line shows the width of the callusthe last suture. This is proportionately much wide

specieslamathan in specieterginaandzoenata

Olivella gracilisis another Gulf of California species that may hbgen used to mal
barrel beads in the Hohokam system. However, lal@rpect it was commonly use

based on a large sample (n=2450livella shell artifacts from southeastern Califor

(see Dahdul @11), many of which may have been manufacturedarHtohokam systen
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Specifically,O. gracilis shell comprised 7.7 percent of the sample, whed&aspercent
of the sample was identified @ dama Another candidate species for the LAn-264
small barrel beads Blivella fletcheragwhose range includes the northern Gulf of
California (Berry 1958, Keen 1972). Over one huddboarrel beads made from this small
species have recently been identified by Arthur &okom the Snaketown site. Barrel
beads made froi®. damacan easily be distinguished from those made f@om
fletcheraeusing a simple morphological attribute. Specifigahe parietal callus is wider
and more curved (has greater concavity) on theriadge inO. damacompared t@®.
fletcherae in which the inner edge of the callus is neargar (see Figures 5.2 and 5.3).
Based on these attributes, the LAn-264 samplensistent withO. damaand not with

O. fletcherae In sum, | conclude that the LAn-264 small Olieellarrel beads are very

likely O. dama
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Olivella fletcherae
Mexico, Baja California Morte, Puertecitos
NMRE 44075, Common size 10 mm

Figure 5.3. Example dDlivella fletcheraefrom the Gulf of California.

Materials and Methods

Samples

Size data o@livella sp. barrel bead samples was obtained from theoAsiState
Museum for the Snaketown and Las Colinas sites ¢laim system), and from King
1996 for the LAN-264 (Malibu) site. To obtain trewdata for measuring shape, shells
werephotographed with an SLR digital camera equippi#d &macro lens that was
mounted on a photo stand with supplementary lighfithe LAn-264 shells were
photographed at the UCLA Fowler Museum, and theQ@ighas shells were

photographed at the Arizona State Museum (ASMheatJniversity of Arizona. The
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shells were photographed from the ventral sideniorgentation that showed both the
inner and outer margins of the shell aperturalSipven landmarks (see Figure 5.4) were
digitized using the Point Picker plugin to Imagedg Appendix D). The landmark data (x
and y coordinates of the seven landmarks) was ctat/eto .tps files in Excel. David
Polly (in one of the handout pdfs on his G562 Geaoim&orphometrics webpage)
provides a detailed description on how to collacdimark coordinates with Point Picker
in ImageJ, and then save them in a TPS file (see
http://www.indiana.edu/~g562/Handouts/Collecting%aftdmarks.pdf). The .tps files
were then transformed into the format requiredheyR statistical Shapes package, using
the R function read.tps, written by David Polly §dable at:
http://mypage.iu.edu/~pdpolly/Software/RFunctiorsd¢ps.txt)

The R function read.tps was used to convert ggedata file into a format needed by
the R Shapes package, which must be loaded usng tommand library(shapes) for
the R functions required for the Geodesic Princ{pbenponents Analysis (discussed in a

later section of this chapter) to run.

M orphometric Analyses
Size Analysis
In this section | consider size in relation to th@meter ofOlivella sp. barrel
beads. These data are from pithouses and trasiiteothe Las Colinas site and from
burials in the Snaketown (AZ U:13:1) and Malibu (CAn-264) sitesln mortuary
samples, diameter distributions of a given typshall bead may vary considerably

between burials, due to chronological, productan social factors (see, for example,
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Vanderwal 1973:48; Weisler 2000:126). Similar fastmay also result in size biases in
bead diameter in non-mortuary contexts from difieaeas within a region. However, |
expect that the diameter distributionsQiivella sp. barrel beads for a given species (e.qg.,
damg will (in at least some cases) be similar in camerary and spatially local and
distant samples, if the beads were (for the masj peoduced in one region (e.g., the
Hohokam system). Considering tl@livella damais a Gulf of California endemic it
seems most likely that th@. damabarrels from the Middle period Malibu cemetery aer
not manufactured locally by Chumash artisans, lerevnade by artisans much closer to
their source.

A dot plot (Figure 5.4) is used to visually comp#re diameter distributions of
Olivella sp. barrel beads from seven Hohokam and four Mddilrial samples (all
contemporaneous). The dot plot shows how muchitieedsstributions of the samples
overlap, where | assume that the greater the qverlaize distribution, the more likely
the shell artifacts were made in the same genegal ahe diameter distributions of the
Malibu Olivella damabarrel beads substantially overlap with those s$asngfO. dama
barrels from Snaketown and Las Colinas (see TalleFsgure 5.4, and Appendices A
and B). The diameter distributions of the Maliburbks do not overlap much with those
of theO. fletcheraebarrels from Snaketown (Figure 5.4), and indith# the Malibu
beads (for the most part) are larger.

A boxplot (Figure 5.5) provides another (and mdogective) way to compare the
degree of overlap between the diameter distribstiorthe preceding samples. When the
notch heights in a pair of boxes do not overlajs, ihstrong evidence that the medians of
the two samples are significantly different (Chamsbet al. 1983:62), which, in this
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analysis, is sufficient to reject the null hypotisebat the two samples Gflivella sp.
barrel beads are from the same population. A baxgslthe Malibu and Arizona samples
shows that the diameter distribution of Burialsahl 73a are closest to tedama
barrels from Snaketown Cremation 52 (ST9) and Las&s (Figure 5.5). However only
the vertical notch of the box of the Burial 51 séenpverlaps with the vertical notch of
the ST9 box (Figure 5.5), which suggests that antyis case is the null hypothesis that
the two samples came from the same populationepetted.

To more precisely evaluate the similarities betwine four samples, | formally
compare the diameter distributions of the sampi&livella damabarrel beads from Las
Colinas and Snaketown Cremation 52 with those @Othvella sp. barrel bead samples
Burials 51 and 73a with a simulation based two dar§mirnov test (Baglivo 2005),
which is appropriate for discrete data and verylksaanple sizes (see Appendix C). A
two sample Smirnov (or often Kolmogorov-Smirnogtteompares the equality of the
empirical distribution functions of two samples.€lplots in Figures 5.6 and 5.7 are the
empirical cumulative distribution functions of tdmmeter ofOlivella sp. barrel beads
from two samples of the four samples being compéabdve). The null hypothesis being
tested is that the diameter distribution of @lesella sp. barrel beads from which samples
1 and 2 are drawn is the same (i.e., they botlylikeginated in the same area in the
Hohokam system). The null hypothesis is rejected (.05) in the comparisons of the
Las Colinas sample with Burials 51 and 73a (Tali?®, tn agreement with the result
from the boxplot analysis. A major difference betwehe distribution of the Las Colinas
and the two Malibu samples is that the distributéthe Las Colinas beads is biased
towards larger beads (see Figure Sitontrast, the null hypothesis is not rejecied: (
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0.05) for the comparison of the Snaketown Cremdi@sample with the Burial 51

sample, but is for the Burial 73a sample (Tablg-58gain in agreement with the boxplot

analysis. More than half of the barrel beads fraemBurial 73a sample have larger

diameters than any of the barrel beads from th&e&aan Cremation 52 sample (Figure

5.7). This suggests (based on size) that at least ®f the Malibu barrels may have

originated in the Hohokam system, possibly fronfietlént sources in the Hohokam

system (since different groups may have had diffeselection preferences for diameter),

and (in particular) that the Burial 51 beads mayehariginated in the Gila River area of

the Hohokam system.

Table 5.1. Data on samples in dot plot (Figure.5.4)

Site Feature Period/Phase Type Shell
TVWS AZ 2275 Sedentary/Rincon Barrel| Olivella
(Tanque Verde| BB:13:68 bead dama
Wash Site)
Las Colinas AZT:12:10| 4014, Trash Sedentary Barrel | Olivella
Pit bead dama
Las Colinas AZT:12:10| 4208, Trash Sedentary Barrel | Olivella
Pit bead dama
Las Colinas AZT:12:10 | 4014, Trash Sedentary Barrel | Olivella
deposit bead dama
Las Colinas AZT:12:10| 4050 Sedentary Barre| Olivella
bead dama
Las Colinas AZT:12:10 | 4025 Sedentary Barre| Olivella
bead dama
Las Colinas AZT:12:10| 5061, Trash Sedentary Barrel | Olivella
Pit bead dama
Las Colinas AZT:12:10| 7023, Pit Sedentary Barrel Olivella
bead dama
Las Colinas AZT:12:10 | 5045, Areals Sedentary BarrelOlivella
bead dama
Las Colinas AZT:12:10| 5078, Trash Sedentary Barrel | Olivella
Pit bead dama
Las Colinas AZT:12:10 | 5018, Area 5Sedentary Barrel | Olivella
bead dama
Las Colinas AZT:12:10| 7501 Sedentary Barre| Olivella
bead dama
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Olivella sp. Barrel Beads
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Figure 5.4. Dot plot of the diameter distributiafsmallOlivella sp. barrel beads from
three Hohokam sites and Malibu. See Table 5.1 faenmformation on each of the
samples in the dot plot.
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Dlivella sp. Barrel Beads
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Figure 5.5. Box plot of diameter distributions afall Olivella sp. barrel beads from Las
Colinas, Snaketown, and Malibu.

98



Table 5.2. Summary of results from the 2-sampler&oni test orOlivella damabarrel
bead diameter. Las Colinas sample compared witlplesnfrom LAn-264 Burials 51 and

73a.

Las Colinas| Smirnov Statistic (Observed  Maximum Difference P-value
(n=10) Maximum Difference Between ECDF plots (Number>
verses between ECDF plots) (Random Partition) Observed)/2000

Burial 51 0.736014 at 5.7 mm 0.15035 at 5.5 mm 1/2000 = 3.000
(n=52)
Burial 73a 0.479737 at 6.1 mm 0.15035 at 6.0 mm 13/2000 =65.00
(n=83)
Olivella sp. Barrel Beads . ‘ IOIIVeHa sp. Elbarrel Eleadsl
1 T g -
0.9 [ _ 09| ———Las Colinas }
% 0.8 i E 0s :__
E 07 i é 07 I__:
é 06 }77' % 06
é 05 } g 08
:é 0.4 Lg 0.4
= Maxirmurm 3 S N
S o3 Difierenca = 0.736014 % 03 | Maimum
é 0 at Diameter = 5.7 mm é 0 j— / ot Diameter = 6.1 1o
* o1 LAn-264 Burial 51 . o1
: —— —Las Colinas ) )
915 5 5‘5 é BE5 7 75 915 ] 55 B 6.5 7 75

Diameter (mm)

Diameter (mm)

Figure 5.6. Empirical cumulative distribution pl@évella damabarrel bead diameter
for the Las Colinas sample compared to the sanfigesBurials 51 and 73a from the

Malibu site.
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Table 5.3. Summary of results from the 2-samplerSoni test orOlivella damabarrel
bead diameter. Snaketown sample compared with sanmoim LAn-264 Burials 51 and
73a.

Snaketown | Smirnov Statistic (Observed Maximum Difference P-value
Cremation Maximum Difference Between ECDF plots (Number>
52 (n=6) between ECDF plots) (Random Partition) Observed)/2000
verses
Burial 0.736014 at 5.7 mm 0.15035 at 5.5 mm 300/2000 =0.1
51(n=52)
Burial 73a 0.479737 at 6.1 mm 0.15035 at 6.0 mm 13/2000 =65.00
(n=83)

Olivella sp. Barrel Beads

Olivella sp. Barrel Beads
1 T T T T T T

T
! I
! |
| |
—a -

Maxirmurm Difference = 053012
at Diarneter =57 mm 1

Ernpirical Cumulative Distribution Function
o
m

Empirical Cumulative Distribution Function
o
i

i
‘ Maximum Difference = 0.467943 [+
| at Diameter = 5.4 ram
F
|
|
|

LAn-254 Burial 51 '» ot

LAn-264 Burial 73a
— — — Snaketown Cremation 52
I I I

‘ — ——Snaketown Cramation 52
I I

L L L L L I L
B 48 g 82 54 56 a8 [ B2 6.4 BB 45 -1 85 [ B.5 7
Diameter (mm) Diameter (mm)

Figure 5.7. Empirical cumulative distribution @@livella damabarrel bead diameter
for the Snaketown Cremation 52 sample compareldetsamples from Burials 51 and
73a from the Malibu site.
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ShapeAnalysis

Shape analysis is often used to study complex @icdd shapes and to relate
morphological similarities to genetic closenesssTipe of analysis is contained within
the broad field of morphometrics. In this studysewa landmark-based morphometrics
approach that is typical gieometric morphometricSlice et al.
(http://life.bio.sunysb.edu/morph/glossary/glosshlh provide the following definition
of geometric morphomterics.
Geometric morphometricsis a collection of approaches for the multivaristigtistical
analysis of Cartesian coordinate data, usually fiotialways) limited to landmark point
locations. The "geometry" referred to by the wagddmetric" is the geometry of
Kendall's shape space: the estimation of mean steapkthe description of sample
variation of shape using the geometry of Procrudigtsance. The multivariate part of
geometric morphometrics is usually carried out lImear tangent space to the non-
Euclidean shape space in the vicinity of the méwps.
| use a land-mark-based geometric morphometricyarsaio evaluate the likelihood that
smallOlivella damabarrel beads from burials in the Malibu (LAn-2&4iddle period

cemetery originated in the Pre-Classic Hohokamesysind (if so) from where in the

geographic region associated with this system.

Landmarks

A landmark is a point on an organism that can leetifled in all organisms in a
sample and can be considered the same anatontaal llm this study two-dimensional
landmarks are used. Landmark 1 (junction betwedmoésuture and apertural lip, see
Figure 5.8) is a preferred Type | landmark sinagciturs at the intersection of well-
defined morphological structures (Dryden and Madi88:4). The remaining landmarks

are Type Il landmarks (see Dryden and Mardia 19%8nte they are defined by a local
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property (maximal curvature). The shape of thel'snegberture and last major whorl are
measured with Landmarks 2 and 5 (Figure 5.8), whrehocations on the shell that have
been shown to be excellent discriminators of clpselated gastropods (Cruz et al.
2012). Geometric morphometric techniques havelasm successful in distinguishing
between intraspecific groups of gastropods. Fomgte, Carvajal-Rodriguez et al. 2005
using landmark based geometric morphometrics saftdsidentified separate ecotypes
of the gastropodlittorina saxatalis Landmarks 3, 4, 6, and 7 (Figure 5.8) are detethi
by the manufacture of the shell bead, and may bRiLfr detecting stylistic variation.
The landmark data were analyzed using: (1) R spriptided by Dr. Stephen
Huckemann [ishapes package, see Appendix E] antié package Shapes. Graphs

and additional analyses were done in Matlab.

Figure 5.8. Landmarks 1 through 7 on the outlinard®livella dama
barrel bead from Las Colinas.
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Geodesic Principal Components Analysis

Given a sample dDlivella sp. barrel beads from a well-dated context, iushthen
be possible to evaluate the likelihood of wherg/ there made, based on statistical
properties of the shape of the artifact. Landmakell methods from geometric
morphometrics (that use a partial geometric desoripf an object) will be used to
analyze the shape of shell artifacts. In the prestidy, a small number of well-defined
points (or landmarks, see Figure 5.8) on two-dirared photographs of shell artifacts
are the raw data for the shape analysis.

Kendall (1984) introduced a commonly used praestpased method for the
analysis of shape using landmark points (see LeSanall 1999:1601-1604 and Small
1996:6-14; 38-66; 77-94) for a detailed discussibthe mathematics of Kendall's
approach, with an archaeological application. Hotken et al. 2010a provide a
summary of the steps and mathematical consequehé&endall's approach.

Different concepts of “size” lead to different landrk based shape spaces, cf. Small
(1996). Taking “size” as the Euclidean norm of anrathe resulting quotient spaces are
commonly called Kendall's shape spaces. They ata@rdd as follows. Given a sample
of original geometrical objects, from each objet@radmark configuration matrix is
extracted. In a first step, normalizing for locat@nd size, this matrix is mapped to a
point on the so called pre-shape sphere.

In a second step, filtering out rotation, the phepe sphere is projected to the shape
space, containing only the “shape information’he# original object. Shape spaces can
be rather complicated.

When planar objects are considered, the projeétmn the pre-shape sphere filtering out
rotation is the well known Hopf fibration mappirma complex projective space. This is
a non-Euclidean positive curvature manifold.

One of the major problems of shape analyses tiateukendall's method involve the

use of linear Euclidean approximation methods sicbtandard principal components
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(or PCA) and principle coordinates analysis to carefghe shapes of objects, represented
by landmark point data that has been mapped igtodm-Euclidean and positively
curved geometry of a Kendall shape space. Huckeratah (2009, 2010b) develop a
new approach building on the work of Bhattachanyd Batrangenaru (2003), which they
call “Geodesic Principal Components Analysis foerRannian Manifolds Modulo
Isometric Lie Group Actions”. The Huckemann etrakéthod is far more suitable for use
on Kendall shape spaces than any pre-existing P&Sadmethod. They apply their
method to the well-studied dfisingen swiss brooch data set (Doran and Hodson
1975:218-236), which reveals that the major soof@hape variation in the brooches is
increasing diversity of shape over time, whichas aetected by standard linear
Euclidean approximation methods, such as standardiple components analysis.
Standard PCA and other similar methods are nottaldetect this because they are
based on the assumption that the data is flatA&@scurvature, see Figure 5.9), and as
Huckemann et al. (2010b: 17) show, using a cureatugasure they develop, that data
sets often used for shape analysis are not flata® Huckemann and Ziezold 2006 who
show that the brooch data set has considerablattwes For these reasons | use the
Huckemann et al. method for the shell artifact shapalyses. See Appendix E for a

detailed description of the implementation of thetimod in R for my analysis.
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(A) Flat data. (B) Curved data.

Figure 5.9. Graphical example of flat data compaoeclirved data (from Huckemann et
al. 2010).
Due to the nonlinearity of the underlying manifolid<endall's shape space of planar
objects, a decomposition of effects acting sephratn neither be modeled nor
expected. This is expected for the archaeologaalptes in this study, and will be
evaluated with the curvature estimate (CX), diseds=arlier in this section. If CX >0,
this supports using the GPCA method (Huckemanh 04a0b).
Results

Figure 5.10 provides a visual summary of the geiegascipal components (GPC)
analysis for the first three GPC scores (see Appdndor the GPC scores and Appendix
G for the Matlab code used to produce Figure 5A®@ursory inspection of Figure 5.10
reveals that the Las Colinas, Tanque Verde Wa#h &iid Snaketown barrel beads are
interspersed with the Malibu beads, which suggbst#\rizona and Malibu beads have
similar shape patterning. To formally evaluate gtagistical significance of this
gualitative result, robust one-way MANOVA testsdagnvotal bootstrap tests are used in

the next two sections.
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Figure 5.10. Plot of the first three geodesic ppatcomponent scores for the 2D shape
analysis oDlivella damabarrel beads from Malibu (Burials 35, 45, 65, &3d 75), Las
Colinas, the Tanque Verde Wash site (TVWS), ank&woan. Note that the estimated
curvature for these data (estimated CX) is 0.0029&0> 0, which supports using the
GPCA method.
Robust One-way MANOVA (Bartlett Chi2)

A robust one-way MANOVA method (Todorov and Filzreo2010)
implemented in the Wilks.test function in the Rowrgpackage (see Appendix H) is used
for the pairwise comparison of GPC Score 1, 2,&ndntroids. The one-way MANOVA

is used to test the null hypothesis that a pa@lofella damabarrel bead samples is from

the same population as measured by the mean shapelobead sample. If the null
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hypothesis is not rejected, | suggest that the eamle manufactured in the same region
(in this case the Hohokam system). The null hypagieis not rejectedrE0.05) for the
shape comparison of the sample of Las Colidagdamabarrels with each of the four
Malibu burial samples (see Tables 5.4 to 5.7). Hewrethe p-value of 0.064 for Malibu
Burial 45 (Table 5.6) is close to the 0.05 cutfoffrejecting the null hypothesis. | will

consider this further in my interpretation of thpe analysis in the next section.

Table 5.4. Results of robust one-way MANOVA for thean shape comparison of the
Olivella damabarrel bead samples from Las Colinas and LAn-Badial 35.

Data: x
Wilks' Lambda 0.2389
Chi2-value 2.639
DF 1.156
p-value 0.1267

Sample estimates:

GPC1 GPC2

LANn-264, B35 | -0.0711250Y 0.01485968

Las Colinas 0.06596907Y -0.01528582

107



Table 5.5. Results of robust one-way MANOVA for thean shape comparison of the
Olivella damabarrel bead samples from Las Colinas and LAn-Badial 68.

Wilks' Lambda 0.6772

Chi2-Value 0.934
DF 1.118
p-value 0.3728

Sample estimates:

GPC1

GPC2

LAn-264, B68 | -0.03326896 0

Las Colinas 0.0659690Y

.007239924

-0.015285821

Table 5.6. Results of robust one-way MANOVA for thean shape comparison of the
Olivella damabarrel bead samples from Las Colinas and LAn-Badial 45.

Data: x
Wilks' Lambda 0.9187
Chi2-value 5.271
DF 1.876

p-value 0.0638

Sample estimates:

GPC1

GPC2

LANn-264, B45 | 0.00391686

Las Colinas

8 0.001733406

0.06596907 -0.015285821
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Table 5.7. Results of robust one-way MANOVA for thean shape comparison of the
Olivella damabarrel bead samples from Las Colinas and LAn-Badial 65.

Data: x
Wilks' Lambda | 0.292

Chi2-Value 2.424

DF 1.200
p-value 0.1519
Sample estimates:

GPC1 GPC2

LANn-264, B65 | 0.04345417 0.005264723

Las Colinas 0.06596907 -0.015285821

Since Las Colinas is located in Phoenix, Arizomal sincethe null hypothesigs not
rejected in any of the pairwise comparisons | sagtiet the MalibD. damabarrel
beads from Burials 35, 68, 65 may have been matwr&tin the Phoenix area.
Considering the low, but not statistically signéit p-value for Burial 45, | tentatively
suggest that at least some of the beads from tloh targer Burial 45 sample may have

been produced in the Phoenix area as well.

Pivotal Bootstrap Test

| use a pivotal bootstrap test (Amaral et al. 2G0@xamine differences in two-
dimensional mean shape between two separate pomslathis test uses complex
arithmetic, has the inherent advantage of usingydoeetry of the shape space, and is
appropriate for small samples, since it uses reBagwith replacement to estimate the
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p-value of the test statistic (see Amaral et al7J0As with the one-way MANOVA test,
this test is used to evaluate the similarity ofcbenmon mean shape of tbedama

barrel bead sample from Las Colinas with the sasijoten four LAn-264 burials. This

test is operationalized as the function resamplétebe R shapes package (see Appendix
H). Since this test uses a different mathematippt@ach than the one-way MANOVA
test, the agreement of both methods results iroager inference.

The results of this (see Table 5.8) and the precgeainalysis, suggest that a good
proportion of the Malibu barrels from Burials 38, &nd 65 may have originated in the
Phoenix area of the Hohokam system, due to thapeskimilarity with theD. dama
barrels from Las Colinas. In contrast to the MANOMAUIt, in this analysis the null
hypothesis is rejected for the very large Buriakdbhple (see Tables 5.6 and 5.8), which
suggests my previous interpretation needs to levakiated. | now suggest that tBe
damabarrel beads from the Burial 45 sample were priyhradit made in the Phoenix

area.

Table 5.8. Results of pivotal bootstrap test, nunabeesamples = 1000.

: _ lambda (asymptoticall
Las Colinas (n=7) verses pivotal test statistic) y lamda bootstrap p-value
B35 (n=5) 89.32224 0.2827173
B68 (n=8) 25.30161 0.4325674
B45 (n=85) 127.4633 0.03596404
B65 (n=4) 51.36648 0.5844156
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Summary

The morphometric analyses of this chapter suggesthe MalibuOlivella sp.
small barrel beads are made from an endemic G@difornia speciesdamg. The
geometric morphometric study of this chapter sugggimat the Maliblivella small
barrel beads are stylistically very similar to @amporary samples @. damasmall
barrel beads from sites in the Hohokam system. Jimggiests that the Hohokam system
may have been the source of many of the Mabbdamabarrels and supports the
existence of a Hohokam/California transregionatesysthat extended to the Pacific
Coast of southern California. Interestingly, thalgises in this chapter also provide
evidence that there may have been significant ghaomewhat subtle, and previously
undetected) stylistic and size variatiorOndamabarrel beads manufactured in the Pre-
Classic Hohokam system. A goal for future work dtidae to increase the total sample
size, the number of samples from Snaketown (in bathtuary and non-mortuary
contexts), and includ®. damabarrel bead samples from additional Pre-Clasges sn
the Hohokam system for size and shape comparisitnting MalibuO. damabatrrel
beads. Beads from additional Malibu M5a-b burialg( Burial 66A) should also be

added.
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CHAPTER 6: ARCHAEOLOGICAL EVIDENCE USED TO RE-CONRUCT
INTERREGIONAL INTERACTION IN THE HOHOKAM/CALIFORNIA
TRANSREGION

In this chapter | use archaeological evidencedjfipally shell) from several
residential sites in the Hohokam/California traggva to map interaction between
regions and to evaluate changes in the produatii@msity of one type of shell artifact
(Olivella damabarrel beads) in the Hohokam system that may haea an important
exchange item for Lake Cahuilla fish. | also org@me of the data by time as a necessary
step for my study of temporal patterning in thedaretion ofO. damabarrel beads and
temporal change in the interregional exchangelodroghell artifact types. Shell is an
excellent proxy for studying the organization atrdcture of exchange systems. Previous
research (Kenoyer 1983, 1984; Genscheimer 1984ddrasnstrated the utility of shell
in elucidating organization and structure in antexchange systems (at both the
regional and transregional level). To this end, $&beimer (1984:64) states.
Tracing the movements of shell species from thmirse areas to their occurrence at sites
can help to reconstruct intercultural connectioms @arify the mechanisms by which
exchange functioned and changed over time.
Shell artifacts have been well studies in Califarand Arizona, and have proven very
useful for re-constructing exchange patterns alland larger scales (Bennyhoff and
Hughes 1987; Bradley 1996, 2000; Farmer et al. 2B0% 1990; McGuire and Howard
1987; Nelson 1991; Ruby 1970: Vokes and Gregorn®@200

My goals in this chapter are: (1) use shell to mapexchange relations between

regions in the Hohokam/California transregion tonpare with the model developed in

Chapter 3, (2) to provide a deeper understandirijeomovement of Hohokam shell
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artifacts in southern California (circa A.D. 70080), and (3) to evaluate my hypothesis
that there was an increase in specialization amdhtiensity of production of at least one
type of shell artifact in the Hohokam system fopest into southern California during
this time. Each section of this chapter focusea ogsidential site from one of the regions
in the Hohokam/California transregion that produbeth Pacific Coast and Gulf of
California shell artifacts from the time periodraf study. The shell samples are either
from burials or residential areas, which | idenfidly each sample. | use a variety of
statistical tests that vary between samples. Retailthe data, where and why | used a

particular test, and additional supporting commanésprovided in Table 6.1.
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Table 6.1. Types of analyses used by section.

Section Region Data Analyses Why used Comment(s)
The Santa Counts of| Pori¢ Method To determine if data Very recently
Chronology of| Monica | typed is mostly published (2013).
the Malibu Mountains | shell chronological.

Site M5a-b Chumash | artifacts | Detrended Approximate Very limited
Burials fromten | Correspondence microseriation of previous use in
burials. Analysis burials. For archaeology.
comparison with
TSP seriation.
TSP Seriation Microseriation of| New method to
burials archaeology. Very
robust.
Spectral Subdivide burials New method to
Decomposition into temporal archaeology
groups.
The Intensity Santa Baxter and Cool Used to evaluate iff  Modes in this
of Production Monica method for O. dama barrel | case are expected
Measured by | Mountains detecting modes | beads from burials| to correspond to
the Chumash in low used in coefficient | emic types (see
Coefficient of dimensional data.| of variance analysis Read 2007)
Variation need to be sub-
Statistic divided into
additional types
based on size.
The Intensity Santa Bootstrapped and| Evaluate intensity of Some samples are
of Production Monica Jackknifed production of O. small, which
Measured by | Mountains Coefficient of dama barrel beads in justifies using re-
the Chumash Variation (CV). Hohokam system sampling.
Coefficient of This analysis and relate to Previous use of
Variation requires the fluctuations in Lake| CV for studying
Statistic chronological Cahuilla intensity of
seriation of the production in
burials. archaeology.
The Intensity Santa Boschloo’s Exact| More powerful for Some samples
of Production Monica Test analyzing 2-by-2 | too small for Chi-
Measured by | Mountains contingency tables| Square test. Some
the Chumash than Fisher’s exact too large for

Coefficient of
Variation
Statistic
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practical
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Table 6.1. Types of analyses used by section (uoedi).

Section| Region Data Analyses Why used Comment(s)
2: 0ro | Serrano| Counts of shell | Kendall's Chronologically Low sample size
Grande from residential presence/absence| seriate house areas of most of the shell
Site areas of the site, | seriation method | in order to permit | types precludes
transformed to evaluation of using a seriation
presence/absence changes in method based on
data. proportions of abundance
Pacific Coast and | (Kendall 1971).
Gulf of California
shell artifacts with
time (next analysis)
2: Oro | Serrano| Proportions of Barnard’s exact Evaluate changes in Some samples too
Grande Gulf of California | test. More interaction between| small for Chi-
Site and Pacific Coast | powerful for the Chumash region Square test.
shell artifacts from| analyzing 2-by-2 | and with the
house areas. contingency tables| Hohokam system
than Fisher’s exactl over time.
or Chi-Square test.
3: Hopic Baxter and Cool Modes in this case
Afton method for are expected to
Canyon detecting modes in correspond to emic
Site low dimensional types (see Read
data 2007)
3: Hopic | Diameter of Analysis of means| Compare average | Used SAS PROC
Afton Olivella biplcata | (ANOM) test. bead diameter ANOM.
Canyon disc beads from between the two ANOM is a
Site Afton Canyon and samples with graphical and

Locus 5 of the Oro
Grande site.
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chronological
patterns from the
Chumash area (the
most likely source)
to evaluate the
chronological
placement of the
Afton Canyon
sample.

statistical method
for
simultaneously
comparing the
means ok
samplewwith
their overall mean
at a specified
significance level
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Table 6.1. Types of analyses used by section (uoedi).

Section Region Data Analysesg Why uged Comment(s)
5: Cahuilla Diameter of Cleveland | Torefine | See R statistical lattice
FW-9 Glycymerissp. dot plot the age package.
Site bilobed beads from estimate
FW-9, Locus 5 of of the A good method for
the Oro Grande site, FW-9 visually comparing
and several sites in sample. | multiple data samples
the Hohokam to discover patterns.
system.

6: Lowland Total and hole Simulation | To refine | Total and hole
Escuela| Patayan/Hohokam diameters oDlivella | based 2- the age | diameters of this shell
Site biplicata disc beads | Sample estimate | artifact type from the
from the Escuela sit¢ Smirnov of the Chumash area are very

and several test Escuela | good chronological
chronologically sample. | indicators (King 1990).
ordered burials from This test uses a
the Malibu site. Small randomization
sample approach to estimate
size. the p-values, which is

1: TheMalibu Site[Humaliwo (L An-264)]

more robust for small
samples.

Humaliwo or the village of Malibu (CA-LAN-264) wasmajor Chumash political

center and coastal village near the southernmakbethe Chumash region in southern

California. Ethnographic and ethnohistoric datagasg that the native inhabitants of the

Santa Monica Mountains and the Tongva people imatelgi to the south considered

Humaliwo an important political center (Gamble e2801:188; King 1982:12; King

1994:65). The chief of Humaliwo was described &goa” and “king” to all the

inhabitants of the region by Juan Esteban Picdjan@sh consultant of Stephen Bowers

(late 1800’s) [Gamble et al. 2001:188; King 1994.&her Chumash consultants

referred taHumaliwoas “centro” or capital (Gamble et al. 2001; Kir@p4:77).

Previous studies (e.g., King 1995) of shell froms #ite suggest that a small proportion

of high-ranking people in Humaliwo (ca. A.D. 90050) obtained large numbers of a
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single type of shell artifact (smalllivella damabarrel beads). These beads were
recovered from burials in Area 5 of the Middle perLANn-264 (Humaliwo) cemetery
(Figure 6.1). Haury (1976) observed that smdiVella damabarrel beads were only
used during the Santa Cruz and Sacaton Phases Hbtiokam (Haury 1976: 309),
which corresponds with the age of the LAn-264 samipl addition, Haury notes that the
use ofOlivella damabarrel beads increased significantly during théeBéary Period
after A.D. 950 in the Gila River area. In the poas chapter | provided morphometric
evidence that suggests that at least some of théwMa@. dama barrels may have
originated in the Gila River area and possibly nmiginated in the Phoenix area.
Interestingly, althougl. damabarrel beads in the late Middle period Humaliwo
cemetery occur in large numbers in elite ascrihgthls, they are very rare everywhere
else in the Chumash region during this time (Kif§4d). TheOlivella damabarrel beads
in this sample were quite likely obtained by eliteabitants of Humaliwo through
exchange with the Tongva, who, in turn, acquireshtithrough trade with Cahuilla
people. The Cahuilla probably acquired many of¢he=ads from Patayans, some of who

lived in settlements in the Hohokam system (seg@n&) during this time.
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St fremec ]

Figure 6.1. Map of M5a-b (A.D. 900-1050) Humaliwentetery (Area 5) and burials
(Gamble et al. 1995; Martz 1984). The middle regbthe cemetery where burials with
O. damabarrels concentrate is outlined in the lower pathe figure.
The Chronology of the Malibu Site M5a-b Burials
The purpose of the seriation analyses that follua subsection is to answer the
following questions: (1) Do frequencies of typeelshartifacts from burials in the M5a-b
(ca. A.D. 900-1050) Malibu Chumash cemetery has&ang chronological signal, and if

so (2) what is the chronological order of the dsriand (3) are there temporal burial

groups in the Malibu burial sample and (if so) wbaendar dates do these correspond
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to? Answering these questions is sufficient to eatd how the relative frequencies of the
Olivella damasmall barrel beads (which the results of Chaptudgest probably
originate in the Hohokam system) in this samplengezover time and how such changes
may relate to: (1) internal changes in the econantyorganization of the Pre-Classic
Hohokam system and (2) to the level of participatdthe Pre-Classic Hohokam system
in exchange with Lake Cahuilla residents througlctvitheO. damabarrels were likely
traded to people in other southern California areas
Chronology in Archaeology

Chronology in archaeology is often examined witheguency or type seriation.
The goal of an archaeological frequency or typ&asen (see, for example, Smith and
Neiman 2007 and Gifi 1990) for type frequency usingespondence analysis (which |
discuss in the next subsection) and LeBlanc (18t3ype frequency seriation using
multi-Dimensional scaling (or MDS) is to order & sEobjects (e.g., burials) such that
the distribution of relative frequencies of eacpetyf artifact, in a corresponding set of
artifact types associated with one or more of thieas (e.g., a set of shell artifact types
recovered from a group of burials) is unimodal (Beilh1970). In the archaeological
context, the ideal chronological pattern for eartliet type is a monotonic increase to a
maximum relative frequency (proportion), followegl & monotonic decrease of that type,
over time. When displayed graphically, this pattesults in what is often called a

“battleship plot” or Ford diagram (after Ford 1952)
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In a later subsection | introduce a new seriati@thod to archaeology that
optimally permutes a standardized data matrix,vamdh is more likely to identify the
correct ordering of objects than CA or MDS. ButmVfea seriation method identifies the
correct ordering of objects, additional evidenceg.(eadiocarbon dates) is needed to
determine the direction of the seriation sequenueegshe seriation alone does not
identify which end point of the sequence is theestdr youngest. In my analysis of the
Malibu burials | use radiocarbon dates and inforamafrom Chester King's
archaeological studies to identify the oldest dwarad, in turn, establish the temporal
direction of the seriation.

Raw Data

Table 6.2 provides the counts of ten shell artifgoes from ten M5 a-b (A.D.
900-1050) burials in the LAn-264 prehistoric cemgt@&he shell artifact typology used
in Table 6.2 has been shown by King (1990) to d¢ateewith time. However, the strength
of the chronological signal in these data requioesal evaluation, which | do in the next
subsection. Specifically, these data will be usethe following series of analyses to first
formally demonstrate that changes in relative feggpies of the shell artifact types
between burials is strongly time related, secomartier the burials in Table 6.2 by time,
and finally to divide these burials into coheremtd based groups in order to better
understand precisely when the residents of LAn1268 have been participating in the
Hohokam/California transregional system. Laterll wse the chronologically sequenced
burial data to study change over time in the préidadntensity of the only Gulf of
California shell artifact type(livella damabarrel beads) in this data set, which as |
showed in Chapter 5, probably were made in the Kaimosystem.
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Table 6.2. LAn-264 M5a-b burial verses shell adifype abundance matrix.

Burial/Shell | Olivella Olivella Olivella Olivella Mytilus Mytilus Mytilus Mytilus Olivella | Olivella
) biplicata biplicata biplicata biplicata californianus californianus californianus californiansus dama biplicata
Artifact
disc bead | disc bead | disc bead | disc bead | disc bead disc bead disc bead disc bead (7.2- | barrel barrel
Type (2.3-3.3 (3.4-4.9 (5.0-7.1 (7.2-12.4 (2.4-3.4 mm) (3.5-4.9 mm) (5.0-7.1 mm) 8.9 mm) bead bead
mm) mm) mm) mm)
35 15 727 0 0 0 198 1 1 7 0
48 0 94 8 5 0 33 1 1 0 0
51 3 24 5 2 0 1 2 0 240 0
68 1 31 2 0 0 5 0 14 0
73a 1 3 8 2 0 0 2 1 200 0
10 0 0 234 4 0 0 1 40 0 0
64 0 28 119 112 0 3 7 9 1 0
61 0 0 36 130 0 0 0 0 2 0
45 2 12 4 355 2 15 0 120 301 3
43 7 69 294 1994 1 0 12 20 3 0

Overview of Correspondence Analysis Seriation

Correspondence analysis (CA) is a multivariatasteal technique that reduces
the dimensionality of contingency tables. It islagaus to principal component analysis
for data in the form of counts. CA has a long higtaf use among European
archaeologists and has recently become more popittaAmerican archaeologists (de
Leeuw 2011; Smith and Neiman 2007:55) for seriatigsually the results of CA are
presented graphically as a scatter-plot with x\gades being the first two CA
dimensions, since these dimensions often summammd of the variability in the data.
An additional criterion for a chronological integpation of CA results is the presence of
a “horseshoe”, which is an arch of points on a tdhensional CA plot. If the points of
the CA plot form this shape (usually on the fir8otCA dimensions) then the order of

assemblages in the CA plot is interpreted as éivelahronological sequence, because
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the arch effect appears to result from unimodatittype frequencies (Baxter 1994, 2003;
Baxter and Cool 2010).

A horseshoe pattern in a two-dimensional CA disjdag necessary but not a
sufficient condition for a strong chronological s&. Evidence is also needed to relate
the gradient in the data to chronological changex{& 1994, 2003; Baxter and Cool
2010; Poki¢ 2013), such as Pat’s method (next subsection) and absolute dates (e.g

radiocarbon).

Evaluation of the Significance of the ChronologiSaynal in the Malibu Burials

Pori¢ 2013 introduces a permutation-based statisticéthogefor evaluating the
significance of the chronological signal in a sioia of archaeological units (e.g.,
burials). The method is based on the idea thasstatly robust unimodal patterns are
consonant with a relative chronology (Dunnell, I Timodality in the most general
sense correlates with a gradient in data, and raaigesult from temporal changes in
archaeological materials. Additional evidence saleeded to relate unimodality in data
to temporal change. For the Malibu burials, | useei-established chronologically
based typology of Chumash shell artifacts (King@3® support the chronological
significance of my seriation of these burials.
Steps of the Analysis.
Step 1. Do a correspondence analysis (CA) on theéMalibu data set (Table 6.2).
Step 2. Re-order the burials according to theiepanh the first CA axis.
Step 3. Transform the counts in the reordered tabderelative frequencies of artifact

types for each of the burials. This is becauseséhimtion depends on gradation in the
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relative proportions of each shell artifact typéwesen the burials.

Step 4. Count the number of local maxima withinhesteell artifact type (column). A
local maximum for a given type is a relative freaqcye value that is greater than both the
preceding and the following relative frequency. Tl number of modes in the ordered
data is the sum of the number of modes for eaclattiéact type, which is the test
statistic.

Step 5. The test statistic is compared to a didioh of the total number of modes from
randomized burials to evaluate its statistical ificgmce. Randomization of assemblages
is performed by interchanging (permuting) the obsérfrequencies of individual types
(within columns) between different burials (rows)tihe original data table. In this
analysis 100,000 randomized data sets are used.

Step 6. A correspondence analysis is done for eaatomized data table, followed by
Step 4. In this analysis, Step 6 is repeated 10Qjates, which results in an empirical
sampling distribution of the total number of modé€400,000 (see Figure 6.3). This
distribution provides the means to compute an egérof the probability that the
observed total number of modes of shell artifapesyin the Malibu burials occurred by
chance.

Step 7. The final step is to compare the testssi@{iobserved total number of modes) to
the empirical sampling distribution.

Also see Figure 6.2, and Appendix | for the R coded in the analysis.
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Step 1: Perform CA on the counts
intheraw datatable (consisting of
burials i the rows and shell artifact
types in the columns of the table)

Step 2: Re-order the burials in the
table according to their scores on the first
CA axis.

Step 3: Transform counts m the

reordered table into relatwe frequencies |

by dividing each cell count with a
corresponding row sum

Step 4: Count the number of modes
Ly (local maxmma) for each artifact type
and then sum these counts to obtain

Step 5° Randomuze the original data by
permuting counts 1n the columns of a
table. Create a large number (> 1,000) of

Step 6: Performs steps 1 to 4 on each

randomized datatable. Record the total |

number of modes for each randomized

the total number of observed modes randomized raw data tables data table

Step 7: Compare the observed total
number of modes to the distribution
of total number of modes for the
randomized data. This is to determine
ifthe observed value likely occurred
by chance

Figure 6.2. Steps of the significance testing pioce.

Applying Steps 1 to 4 to the Malibu raw data (sepéndix I) reveals there are
26 total modes in these data. Then, implementiegsSh to 6 (see Appendix I) results in
the histogram in Figure 6.3. Finally, implementBigp 7 (see Appendix I) shows that
observed result (26 modes) is statistically sigaifit ate = 0.05, which is depicted in
Figure 6.3. This suggests that the Malibu datdasta strong chronological signal. This

result is also supported by the Blorseriation coefficientdefined as:
g = (Max — 0)
- (Max — E)

whereMax is the maximum total number of modes (which foesaan number of rows

in the data matrix, which is the case with TablB &

(Number of Artifact Types [columns])x(Number of Data Sources [rows]
2

). S is the observed total

number of modes anfl is the expected total number of modes, assumiigaihof the
artifact types in the data set have unimodal distrons (see Por¢c 2013, p. 4555 for

more information). Based on preliminary empiricatlastudies with archaeological data,
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Pori¢ 2013 suggests that a value of the seriation aoeffi greater than 0.5 indicate

strong chronological signal in the data. For then-264 data, the seriation coeffici

— , Which is consonant with the predaegl result. In sum

these results suggest that the Malibu burial dataastly structured by tim

Distribution of the Total Number of Modes of 100,000 Randomized (Permuted) Data Tables

15000
|

10000
1

Frequency

5000
1

& o _-.

[
25 30 35

Figure 6.3. Histogram of the distribution of théatahnumber of modeof 100,00C
randomized data tableBhe analysishows that observed result (26 modes, da
vertical red line in figure) is statistically sidgicant at
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Simple and Detrended Correspondence Analysis

A “horseshoe” in an ordinary CA plot and the bumchof points at the endpoints
of this curve can obscure temporal patterning. rfEneoval of the arch effect is called
detrending (for applications of detrended CA inhaology see Baxter and Cool, 2010;
Lockyear, 2000). An experimental study of the agailon of detrended CA to
archaeological data by Lockyear (1996) showedtthatmethod sometimes reveals
patterning in archaeological data that are nobleson ordinary CA plots. Surprisingly,
archaeologists have rarely used detrended CA @ddl Gauch 1980), although it is
commonly used in other disciplines (e.g., ecolo@ne such example is from Beck and
Sheenan (1991) who used detrended CA to analybeiaienal patterning of amber
artifacts in sixty-four Bell Beaker/Early Bronze &durials in England.

The Malibu raw data (Table 6.1) was analyzed udetgended CA (see Appendix
J for details), which produced a seriation plotvghan Figure 6.4 (which is the plot of
the first two detrended CA coordinates of the teadibi burials). A good seriation result
for DCA is when objects are linearly ordered altimg first DCA axis (DCA1). This is
the case for six of the ten burials. If we assuna¢ Burial 35 is the oldest (which is
supported by evidence discussed later), then th& prGvides a partial seriation result
of: 35->48->68->51->73a->45. The ordering of theaéing four burials is not clear,
because of the significant displacement of bu6dleind 10 from DCAL. This validates
the use of another seriation method that provideisemobust and interpretable results. |

apply such a method in the next section, and coanh&r results with this analysis.
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Steps of the Analysis

Step 1. Compute the detrended corresponce anabysidinates for the first tw
dimensions (DCAL1 and 2) using tdecoranafunction in the Rreganpackage (se
Appendix J).

Step 2. Plot DCA1 and F{gure 6.4see Appendix J for more details).

LAn-264 M5a-b Burials
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Figure 6.4Plot of DCA 1 verses DCA
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TSP Seriation of the M5 a-b Malibu Burials

The method I use in this analysis treats seria®a combinatorial optimization
problem (see Buchta et al. 2008) in which the go#d place a finite set afobjects in a
linear order that minimizes the sum of the pairvdssimilarity measure values (e.qg.
Euclidean distance) for all of the objects whiclobg to the set. To search for an
optimal solution in the multidimensional and potalty vast space (the number of
possible paths fam objects is!) in which a dissimilarity matridD (the nxnsymmetric
matrix consisting of the pairwise dissimilarity nseges for all objects in a set of objects )
is embedded usually requires the implementatica drtial and computationally
efficient enumeration method or heuristic, sucklyasamic programmingHubert et al.
1987) in a relatively small search space abdaach-and boundlgorithm (Brusco and
Stahl 2008) or the like when the search spacegela

A symmetrical distance matr can be visually depicted as a weighted gr@ph
where the set of objects are represented by thiee® of the graph and each edge
E between a pair of objectsand; is given a weighty;; equal to the corresponding
dissimilarity measurd;; in the dissimilarity matriXD. To search the graph for an optimal
seriation of all of the objects a computer algantfoften called a TSP solver) is used to
search for the path (often called a Hamiltoniarmmp#trough the graph that visits each of
the objects only once and at the same time minsrtize sum of dissimilarity measures
d;;. This process is equivalent to solving the famiiad well-studied combinatorial
optimization problem often called the Travelinge&qlerson problem or TSP (see

Applegate et al. 2006). TSP applied to archaeotbgeriation has received some
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discussion in the literature (see, for example Kidon 1971; Laporte 1976; Laporte and
Taillefer 1987; Schuchat 1984), but has not beed us recent archaeological studies.

In graph theory a TSP tour is calletHamiltonian Cycle Since a tour returned by
a TSP solver is a closed path or cycle and a gariggt an acyclic path representing a
linear order, we need to find the best cutting pdBarfinkle (1985) provides a clever
way to "trick" a TSP tour algorithm into produciagHamiltonian path, by adding a
"dummy"” row and column of 0Gs the originahxndissimilarity matrixD. More
recently, Climer and Zhang (2006) suggest addidgramy city with equal distance to
each other city before generating the tour. Thegsteent of this dummy city results in an
optimal tour with minimal length and is an unbiasedtting point (because it is
equidistant to the other cities). In my analysis @limer and Zhang strategy is used.

To perform a TSP seriation on the Malibu data |theeseriate function in the R
seriationpackage, which in my application, “tries to final lanear order for objects using
two-way one mode data in the form of a dissimijafdr distance) matrix (see
http://cran.r-project.org/web/packages/seriatiomgsien.pdf, p. 21). | also use a traveling
salesperson (or TSP) solver (specifically the cahe@xact and the Chained Lin-
Kernighan [Applegate et al. 2003] TSP solvers)nid the seriation solution. Concorde is
an advanced TSP solver for only symmetric TSPsjsbdsed on the branch-and-cut
algorithm (see Applegate et al. 2001). In the Rasien package the concorde TSP solver
is passed to the seriate function by the contguiment: control = list (method =
“concorde”). Linkern is the Chained Lin-KernighaBH solver, which is included in the
Concorde TSP solver (available at: http://www.matraterloo.ca/tsp/concorde.html).
The linkern TSP solver is passed to the seriatetiom in equivalent fashion to the
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concorde solver, as control = list (method = “linkKd. The seriate function finds the
Hamiltonian path (or a very close approximatiothie path) for the objects in a
symmetrical distance matrix, when a TSP solveasspd to this function. The order of
objects in the Hamiltonian path is the seriatiosuie

Steps of the Analysis.

Step 1.Computea proximity matrix from the raw data (Table 6.lh)the proximity

matrix each entry is a distance (or dissimilarityasure) between a pair of objects (which
in this analysis are burials—see Table 6.4). Fostogy | use Euclidean distance (see
Appendix J) for the proximity measure pairs of bigi In this case distance relates to
similarities in the proportions of the ten shetifact types in Table 6.3

Step 2. Compute a seriation solution usingsgatefunction from the R seriation
package. This function uses the proximity measume fStep 1 as the raw data. For my
analysis | use a traveling salesperson solver (h&Rhod [Rseriationpackage, p. 22
and the solve_TSP function in theTBPpackage, p. 8] and tleencordeandlinkern

TSP solvers (discussed earlier).

Step 3. Extract the order of the seriation, ushreget_orderfunction in the Rseriation
package. The order conforms to (or very closely@admates) a Hamiltonian path
(discussed earlier).

Step 4. Visually represent the seriated objectslation to their proximities using a two-
dimensional metric multidimensional scaling (MD$)tpwhich uses the distance matrix
from Step 1 as raw data. Then draw the Hamiltopeth from Steps 2 and 3 onto the

MDS plot. See Figure 6.5 and Appendix J for moritke
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Table 6.3. Proportions of ten shell artifact typeten LAn-264 M5a-b burials.

Artifact O. b. O.b. O.B. O.b. Myt. Myt. Myt. Myt. O.dama | O.bh.
Type | 2.3-33| 3.4-49| 50-7.1 | 7.2-12.4| 2434 | 3549 50-7.1| 7.2-89 | Barrel | Barrel
Burial

35 0.0158| 0.7661 0 0 0 0.2086 0.0011 0.0411  0.0474 0

48 0 0.662 | 0.0563] 0.0352 0 0.2324  0.007  0.007 0

51 0.0108| 0.0866| 0.018]  0.007p 0 0.0036  0.0072 D 866a. 0

68 0.0189| 0.5849  0.0377 0 0 0.0943 0 0 0.2642 0

73a | 0.0046| 0.0139 0.0369  0.0092 0 0 0.0092  0.0046.9210 0

10 0 0 0.8387| 0.0143 0 0 0.0036  0.14B4 0 0

64 0 0.1004| 0.4265  0.4014 0 0.0108 0.0251  0.0823 0036. 0

61 0 0 0.2143| 0.7738 0 0 0 0 0.0119 0

45 0.0025| 0.0147] 0.0049  0.4361L 0.00p5 0.0184 ) 7@.14 0.3698 | 0.0037

43 0.0029| 0.0288 0.122%5 0.830B  4.00E- 0 0.005 | 0.0083| 0.0012 0
04

Table 6.4. Pairwise Euclidean distance matrix imidds based on shell artifact type

proportions.

Burial | 35 48 51 68 73a 10 64 61 45 43
35 | 0.0000| 0.1272] 1.1145 0.3365 12029 1.1639 0.9p95.1293 | 0.9715| 1.1370
48 | 0.1272| 0.0000 1.0660 0.3112 1.1509 1.0899  0.7979.0310 | 0.8858| 1.0452
51 | 1.1145| 1.0660 0.0000 0.7878 0.0987 1.2052  1.0B37.1679 | 0.6768| 1.2005
68 | 0.3365| 0.3112| 0.7873 0.0000 0.8762 1.0409  0.7899.0222 | 0.7452| 1.0417
73a | 1.2029| 1.1509 0.093f 0.8762 0.00p0  1.2296  1.0751.2017 | 0.7132| 1.2368
10 | 1.1639| 1.0599| 1.2052 1.0409 1.2296 0.0000  0.5858.9937 | 1.0052| 1.0948
64 | 0.9095| 0.7979] 1.0337 0.7899 1.0757 0.5854  0.0p00.4423 | 0.5782| 0.5320
61 | 1.1293| 1.0310 1.1679 1.0222 12017 0.9937  0.4428.0000 | 0.5552| 0.1128
45 | 0.9715| 0.8858| 0.6768 0.7452 0.7182 1.0052 0.5[82.5552 | 0.0000| 0.5704
43 | 1.1370| 1.0452| 1.2003 1.0417 1.2368 1.0948  0.5320.1128 | 0.5704| 0.0000

Figure 6.5 provides a visual depiction of the T8Rasion result for the Malibu burial

sample. The arrows in the Figure 6.5 plot showdihection of time, with Burial 35 as

the oldest burial and Burial 10 as the youngesibur the sequence.
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LAn-264 MSa-b Burials
I:IE T= T T T T T
Tda

Minimurm Distance Hamiltonian Path
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Figure 6.5. Placement of the ten LAN-264 burialeeiation to their similarity using
metric multi-dimensional scaling. Result of TSRatson (minimum distance
Hamiltonian path) drawn, where arrows show thedtiioa of the sequence.
Ford Diagram

Visually, a good seriation solution should resnlthe “battle- ship” pattern of
attribute/type frequencies. The particular sequeriemits that produces this kind of
result is interpreted as a relative chronologiegjuence. The underlying logic of the
method is the popularity principle where each latie/artifact type of a certain class of
material culture (e.g. bowl shape type) first appéa small quantities, then rises in
popularity, reaches a peak, followed by a progwesand monotonic decline. Figure 6.6

is the Ford diagram resulting from the TSP senm(last section), which clearly has the

expected battleship configuration for the five thdifact types that predominate the
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sample. Figure 6.%ill be used to facilitate the interpretation oétresults in th
remaining sections of this chap The main point to tee away from the Ford diagram
thatO. damabarrel beads appear shortly after A.D. 90substantiahumbers in a fev
elite burials in the Malibu cemetery when the-Classic Hohokam is quickly expandi
and rapidly decline a few decades latter, prly during the period when the [-Classic

Hohokam system is rapidbollapsint.
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Figure 6.6 Ford diagram of TSP seriation re: (see Appendix K for the R code usec
make the diagram).
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Direction of the Seriation

Berger (1989:59) provides a radiocarbon date of. AED-790 from bone
collagen from LANn-364 Burial 35. Based on crossrdptwvith the Southwest, King
(1990:38) concludes that the radiocarbon date toraB35 is slightly earlier than
expected. King (1990:148) states that: “MusB@lt{lus californianu$ disc beads were
apparently rarely used prior to Phase 5.” Kingl48) also states that: “In Phase M5
contexts, mussel shell disc beads have alwaysibemmbination with Olivella biplicata
wall disc beads.” These criteria are fulfilled inr&al 35, which has an abundance of both
mussel and Olivella biplicata disc beads. This sgtgthat the age of Burial 35 is not
earlier than A.D. 900. Also, King 1990 (p. 38) mad_An-264 Burial 45 in M5a, which
(based on the order of burials in the seriatioggests that the four burials in the
sequence between Burial 35 and 45 (see Figurafedlso from M5a (A.D. 900-1000).

Additional evidence is needed to decide if anyhef burials are from M5b. Well
established temporal patterning in one of the sréfiact types provides the means to do
this. Specifically, the increasing trend in theat®le frequency of large diamet@tivella
biplicata disc beads in the Malibu seriation (Figure 6.6)dasistent with King’s (n.d.)
observation that during M5b the diameters of |adyjeella biplicatadisc beads increase
over time (see Figure 6.7, which is a temporal ondeof several M5IDlivella biplicata
disc beads from LANn-264. Source: Figure 7.22 ofgdind.). This suggests that large
diameterOlivella biplcatadisc beads should concentrate in the M5b segnie¢heo
seriation. In Figure 6.6 large. biplicatadiscs concentrate in the segment of the seriation
after Burial 45, which suggests that the burialera45 (Burials 43, 61, 64, and 10) are
from M5b (A.D. 1000-1050), and that Burial 35 mhbstthe oldest in the sample.
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Figure 6.7. Temporal ordering of several MBlivella biplicatadisc beads from LAn-
264.
Partitioning the Malibu Burials into Temporal Grosip

In this section | describe and use (for the firsietin an archaeological analysis) a
guantitative method that detects temporal clusiegroups in a time structured data set
such as the burial sample from the LAn-264 cemelidrg purpose of this analysis is to
identify what time period during A.D. 900-1050 sin@livella damabarrel beads were
being obtained by LAN-264 residents (at the westewichof the Hohokam/California
transregional system). In Chapter 5, | providedphometric evidence that these beads

probably originated in the Hohokam system. It iserpectation that the time period
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when these beads entered the Malibu site shoutdlate with the maximal size of the
Hohokam/California transregional system and algt wihigh stand of Lake Cahuilla.
Steps of the Analysis.
Step 1. Compute Brainerd-Robinson Coefficient Phodltis.
The Brainerd-Robinson (BR) coefficient is a simtlameasure that is useful for
comparing proportions in archaeological data setse a published R script for
computing the BR coefficient (Peeples 2011), whichlements the procedure in
DeBoer, Kintigh, and Rostoker (1996). In my anay#ihis is used to calculate the BR
coefficient for each of the Malibu burials and thierdetermine which of the burials are
similar and which are significantly different byraputing the probability of obtaining
the observed BR coefficient for each pair of bgrialthe Malibu data set, using Monte
Carlo simulation consisting of 100,000 random sa&s gl able 6.5).
Step 2. Adjacency Matrix. In graph theory an adpgematrix is used to identify (in the
case of a simple [no self-loops] and undirecteglgyavhere edges are present or absent
between nodes (vertices) in a graph. In the matfixdentifies a connection between two
nodes in the graph, and a 0 the absence of a cioomefeor a simple and undirected
graph the elements in the diagonal of the matmxzaro (because there are no self-loops
and the matrix is symmetric (since the graph isnacted).

In my analysis, | transform the BR coefficient pabbity matrix into an
adjacency matrix using the following: If a BR coeiént probability is less than or equal
to 0.05 replace with a O otherwise replace with &He resulting adjacency matrix (Table
6.6) is then analyzed in the next step using splegéartitioning of the nodes (which in
my analysis represent individual LAn-264 burial§jre graph.
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Step 3. Partitioning Burial Groups by Time.
This step uses what is often callgakctral partitioning(see, for example, Spielman and
Teng 1996). More than twenty years ago it was sz that the second smallest
eigenvalue 4,) of the Laplacian (see Appendix L) of a grapksuch as the one produced
in Step 2 and its eigenvector or Fiedler vectoedker 1973, 1975) have great influence
on several properties of graphs (see Juvan and M&®2 and Mohar 1991 for details).
In particular,A, controls the separation properties of graphshikgtep the Fiedler
vector andl, of the graph produced in Step 2 are computedAppendix L for more
details on the mathematics of this step and thédldatode used to compute and the
Fielder vector using the adjacency matrix from Sgfo identify the partitions (or
groups of nodes) of the graph, which minimize thmhbers of edges (connections)
between partitions. This is the pattern of connvégtbetween subdivisions of the graph
that is most likely to correspond to actual divigon the data. In my analysis these graph
partitions correspond to burial clusters orderediiimg.

In Figure 6.8, there are two major vertical ince=as values of the Fiedler
vector, the first between Burials 35 and 68, ardséicond between Burials 45 and 61.
These increases suggest cuts of partitions indke d@his pattern becomes even more
clear in the sorted adjacency matrix plot (see ApipeL), where there are three clusters
that correspond to the partitions in the buriaé tiesult from the two cuts in the sorted
Fiedler vector plot (Figure 6.8). The three paotis are also shown in the graph produced

by the adjacency matrix (see Figure 6.9).
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Table 6.5. Probability of BR distangeobserved given sample size.

Burial 35 48 51 68 73a 10 64 61 45 43

35 0 0.84903 0.00000 0.77838 <0.000p1 <0.00001 <0DQ0&0.00001| <0.00001 <0.00001
48 0.84903 0 0.00000 0.5541% <0.00001 <0.00001 0.00p620.00001| <0.00001 <0.00001
51 | <0.00001| <0.0000% 0 0.41550 0.82429 <0.00001 <0DQ0<0.00001| 0.21306 <0.00001
68 0.77838 0.55415 0.4155( 0 0.12480 <0.00001 <0.0Q0&D.00001 0.14685| <0.00001
73a | <0.00001| <0.00001% 0.8242¢ 0.12480 0 <0.00001 <0D0Q0<0.00001| 0.29932] <0.00001
10 | <0.00001| <0.00001 <0.00001 <0.000p1 <0.00001 0 7832 0.00012 <0.00001 <0.00001
64 | <0.00001| 0.00002| <0.00001L <0.000p1 <0.00001 0.32Y80 O 0.45502 0.23230 0.23425
61 | <0.00001| <0.00001 <0.00001 <0.000p1 <0.00001 020010.45502 0 0.40675| 0.90496
45 | <0.00001| <0.00001 0.2130¢ 0.14685 0.299B2  <0.00001.23230 0.40675 0 0.01359
43 | <0.00001| <0.00001 <0.00001 <0.00001 <0.00(i)01 <@DA0 0.23425 0.90496 0.01359 0

Table 6.6. Adjacency matrix derived from Table 6.5.

Burial 35 48 51 68 73a 10 64 61 45 43
35 0 1 0 1 0 0 0 0 0 0
48 1 0 0 1 0 0 0 0 0 0
51 0 0 0 1 1 0 0 0 1 0
68 1 1 1 0 1 0 0 0 1 0
73a 0 0 1 1 0 0 0 0 1 0
10 0 0 0 0 0 0 1 0 0 0
64 0 0 0 0 0 1 0 1 1 1
61 0 0 0 0 0 0 1 0 1 1
45 0 0 1 1 1 0 1 1 0 0
43 0 0 0 0 0 0 1 1 0 0
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Figure 6.8. Sorted Fiedler vector and sorted adi@acenatrix plots of the ten LAn-264
burials. Look at the amount of vertical increasentbcate cut points in graph. Also
observe thev vertical increase from -0.4 to > -arg8] the vertical increase from ~ 0 to >
0.2.

Partition 3 Partition 2

Partition 1

Time

Figure 6.9. Temporally ordered graph of the ten {284 burials showing the partitions
identified by the Fiedler vector analysis. As autesf the Fiedler vector analysis, |
subdivided M5a into two sub sub phases al and &2ised the criteria provided by King
(1990) to assign burials in partitions 1 and 2ubphase M5a.
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Note that Partition 2 (Figure 6.9) consists of Blgi51, 68, 73a, and 45, which are the
burials that have the vast majority®@livella damabarrel beads. Based on the
radiocarbon result for Burial 35 (discussed egrkerd the placement of Burial 45 in M5a
(A.D. 900-1000) by King (also discussed earlidrjs reasonable to suggest that the
burials in Partition 2 date from post A.D. 900 wlater than A.D. 1000.
Conclusion
The resulting seriation of burials and shell adtigafrom the late Middle period

(A.D. 900-1050) LAN-264 cemetery permits the stoflghanges over time of the
proportion ofOlivella damabarrel beads in burials. Based on the analyd@rgé
diameterOlivella biplicatadisc beads, and by inspection of the Ford diagfagure
6.6), it is clear that the great majority@f damabarrel beads occur in M5a burials. This
suggests that much of the interaction with the Htalno system occurred between A.D.
900 and 1000. Changes in the relative frequendi€s damabarrels in the Malibu
burials during this period may relate to changeh@degree of interaction of the
Hohokam system with the southern California soegethat supplie®. damabarrels to
the Malibu elite.

The Intensity of Production Measured by the Coefficient of Variation Statistic

If the Hohokam system circa A.D. 900 became hganilolved in a transregional
exchange system, and their involvement increased ssume period after that, | expect
that there was a corresponding increase in thasitteof production of export items. The
coefficient of variation statistic provides a wayindirectly measure intensity of
production. The coefficient of variation statigBca summary statistic, which measures
variation in a single variable (e.g., diameterloflsbeads). The larger the coefficient of
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variation statistic, the greater the sample vamatEerkens and Bettinger (2001) provide
strong evidence that the coefficient of variationgimply CV) statistic is a robust
measure of variation. Ethnographic studies focusederamic production have shown
that the CV is also a reliable indicator of stamidzation (Roux 2003), which in turn, is
also often strongly associated with intensity afdarction (Balfet 1965; Bowser 2000;
Kvamme et al. 1996; London 1991; Longacre 1999;gaune et al. 1988).
Archaeological evidence of this relationship ha® dleen observed in some samples of
ancient Southwest pottery (Schleher 2010).

In my study | use the CV statistic to evaluateithiensity of production oDlivella
damabarrel beads) from the M5a-b (A.D. 900-1050) LAs¥Zemetery. Each of the
samples is from a burial, and is ordered by timgetdaon the results of the seriation
subsection. Each sample is also subdivided intodgemeous subsets (which are
required for this statistic) using a systematihteque for detecting modes in low
dimensional archaeological data (Baxter and Cot&D28ee Appendix M). | attempt to
reduce sampling bias by using resampling (BootsarapJackknife). This is due to the
non-random nature of the samples, and in some sasa§sample size (see Appendix N
for the R code used for the CV resampling procedamd additional analytical results). |
use the CV values as a proxy for intensity of smalhufacture and (presumably)
exchange.O. damabarrel bead is used as an indicator of exchantatgcen the
transregion for three reasons:

(1) My sample came from a cemetery in the Chumashdaddrdbee transregion, at the

opposite end of the transregion from the Hohokastesy.

(2) These artifacts were probably made in the Hohokgstem (based on results in

141



Chapter 5), and are a common type during the tien®@ | am examining in
Hohokam sites.
(3) O. damabarrel beads are very common in Lake Cahuillaedha sites (Daduhl

2011), and may have frequently been exchangedried tlake Cahuilla fish.

Modes
The purpose of this analysis is to determineaféhs more than one size category in

theO. damabarrel bead sample. Read (2007) has discussedsnmoddifact dimensions
in relation to emic types. Modes are statistical®tures that can only be observed in the
aggregate and often may have cultural saliencedR@@7). Specifically, metric
variables such as the diameteQdivella damashells presumably continuously vary over
some finite interval. In such an interval the didéeneén a large sample @. damashells
is expected to have a single mode. If there arkepmeces for specific diameter ranges of
O. damashells by the makers and user©ofdamabarrel beads then this may result in
diameter distributions with two or more modes.His tway the subdivision of the original
distribution is the result of culturally salientraeptual frameworks of the people who
made and used these artifacts. As Read (2007:43) ‘famode is part of the ideational
domain of the artisan shared among other cultuaeeos’. Baxter and Cool (2010)
provide a systematic and robust method for diseéogenodes in low dimensional data
(such as the diameter of shell artifacts). In nuggtl use their method to evaluate the
modality of one small and three lar@e damabarrel samples from four burials (see
Appendix M). Detecting modes (in this case) is alsoessary to maximize accuracy of

the CV estimates, since the CV statistic requinas $amples are homogeneous, which
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would not be the case if there are two or more teuwded types in th®. damabarrel

bead sample.

The result of my analysis is that in all four lalsithe distribution of the diameter of

O. damabeads is unimodal (Table 6.7, Figure 6.10). Thgoests that the samples are

homogeneous for this variable and do not need &ubdivided.

Table 6.7. Results from Baxter and Cool procedsee Appendix K for more detail).

Burial | Number of Critical Corrected Critical Bootstrapped p-
Modes Bandwidth @) Bandwidth Q. * hg) value
68 1 0.3886 0.4389 0.4137414
51 1 0.1704 0.1925 0.1424142
73a 1 0.1092 0.1233 0.5986599
45 1 0.1209 0.1365 0.5245525
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Figure 6.10. Kernel density estimates of the di@meistributions oDlivella damabead
diameter from the four LAn-264 burials used in doefficient of variation analysis. This
figure simply illustrates that the diameter disttions ofO. damabarrel beads from four
Malibu burials are unimodal (i.e. homogenous).
Coefficient of Variation Analysis

Now that it is clear from the preceding analybet theO. damabarrel bead diameter
distributions are unimodal (homogeneous), | pretentesults of a CV analysis which
uses the&®. damabarrel bead diameter data in Appendix N (wherd asaenple is
considered to be homogenous). There is a cleaedserin the CV value f@livella

damabarrel bead diameter over time in the burials\{fégs.4). Initially (in Burial 68,

one of the earliest burials, see Figure 6.11) tes@lue is close to 0.2 and drops to well
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below 0.1 in the remaining three burials, whichiyaioly date to A.D. 900-1000. This
suggests a significant increase in the intensifyrofluctionO. damabarrel beads in the
Hohokam system shortly after A.D. 900 that contthdaring much of the next one
hundred years. Also, Crown (1995:148-149) obsetivaisspecialist potters in the
ethnographic record produce wares with CV valuss tkan 0.1 and non-specialists
produce wares with CV values greater than 0.1 €e&rl2010:65). This may also hold
for shell artifacts, which (if true) suggests spdéist manufacture of th®. damabeads
from the latter three burials (since the CV vali. damabead diameter are well
below 0.1). This correlates with Haury’s observatibatO. damabarrel beads become
much more common in Gila River area sites after.Q8D. Also,0. damabarrel beads
are very abundant in Lake Cahuilla shoreline gia® the same time period. These
results support my hypothesis of increased prodocif O. damabarrel beads in the Gila

River area after A.D. 900 to trade for dried fistii Lake Cahuilla.
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Figure 6.11. Bootstrapped and jackknifed CV valplested against time
(chronologically ordered LAn-264 burials).
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Significance of Change in the Proportion of Oligeflama Barrel Beads with Time
Another line of evidence compliments the resultthefCV analysis. Specifically,

a bar graph (Figure 6.12, also see Table 6.8y trdered burials in relation to the

stacked proportion dD. damabarrels and Pacific Coast shell artifacts in eafdine

burials, shows a strict increasing trend in thepproon ofO. damabarrels during much

of M5a2 (after A.D. 900 and shortly before A.D. DDQAt the end of M5a2 (ca. A.D.

1000) there is a dramatic decline in the proportb®. damabarrels to a value probably

approaching zero (Figure 6.12, Table 6.8). Thegbaph covers a longer time period than

the four burials used in the CV analysis, but sufgpihe conclusion of the CV analysis,

of intensification of production dlivella damabarrel beads in the Hohokam system

during M5a2.
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Figure 6.12. Bar plot of the proportions of Oliwetlama barrel beads and Pacific Coast
shell artifacts in chronologically ordered LAn-2Bdrials. This figure shows that the
proportion ofOlivella damabarrel beads in the M5a-b Malibu cemetery rapidéyease
then decrease over several decades.
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Table 6.8. Data used to construct Figure 6.12.

Burial | Olivella damabarrels| Pacific Coast Shell Artifacts
35 7 943
48 0 142
638 14 39
51 240 37
73a 200 17
45 301 513
43 3 2397
61 2 166
64 1 278
10 0 279

To determine the statistical significance of tengbahanges in the proportion Of
damabarrels between the ten burials during A.D. 90881@&n analysis of 2 x 2
contingency tables of the form in Figure 6.13 wadgrmed. Boschloo’s unconditional
exact test (see Boschloo 1970; Berger 1994, 1996 sae Appendix O for a detailed
description) was used to test the null hypothdwas the proportion oD. damabarrels
did not change significantly between pairs of bsria chronological order. An exact test
was used, since some of the frequencies in TaBlaré.very small< 5). Also,

Boschloo’s test was used since it is more powehfaih a conditional exact test, such as
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Fisher's (Berger 1996). The R statistical Exactipge was used to perform the tests (see

Appendix O for more details).

PC Shell
Artifacts

). dama
Barrel Beads

Burial A Al A2

Burial B

B1 B2

Figure 6.13. Format of 2x2 contingency table useithé analysis of the Malibu burial
data with Boschloo’s test.

Table 6.9. Results of Boschloo's test, in whichghalue from Fisher's exact test is used
as the test statistic in an exact unconditiond) tesiniformly more powerful than
Fisher's test (Mehrotra et al. 2003).

Test Statistic

Burials Model Method Altemativg P-value (P-value from Fisher's Nuisgnpe Parameter that | The Range of Nui;ance
Hypothesis Exact Test) Maximizes the P-value Parameters Considered

35vs. 48 Binomial Boschloo two-sided 0.5899413 0073 0.4999996 0.5000004 0.00001 0.99999

48 vs. 68 Binomial Boschloo two-sided 2.189027e-09 2.940169 ¢+ 0.4999912 0.00001 0.99999

68 vs. 51 Binomial Boschloo two-sided 1.086585e-18 3.073208e* 0.2506629 0.00001 0.99999

51vs. 73a Binomial Boschloo two-sided 0.05648891 0.058917 * .5000003 0.00001 0.99999

73avs. 45 Binomial Boschloo two-sided 3.04519e-53 | 5.890374e-53 ** 0.4883237 0.00001 0.99999

45 vs. 43 Binomial Boschloo two-sided 1.326807e-19p 2.69118e-195 ** 0.4592144 0.00001 0.99999

43 vs. 61 Binomial Boschloo two-sided 0.03623044 03031482 * 0.4396234 0.00001 0.99999

61 vs. 64 Binomial Boschloo two-sided 0.5557041 503669 0.4560934 0.5439066 0.00001 0.99999

64 vs. 10 Binomial Boschloo two-sided 1 1 0.9862474 0.00001 099999

The null hypothesis is rejected for burial pairsaf®@ 68, 68 and 51, and 51 and 73a (see

Table 6.9), where there is a substantial increaslea proportion 00. damabarrels (also

see Figure 6.12) over time in this pairwise segeeibis suggests a significant and

progressive increase in trade between the residétite Malibu site and other southern

California societies that were interacting with thehokam system between A.D. 900

and 1000. The null hypothesis is also rejectedioral pairs 73a and 45 and 43, where
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there is a substantial decrease in the proporfi@ damabarrels (again see Figure
6.12) over time in this sequence.

Based on the earlier analyses, the time peridgdisfsequence probably begins after
A.D. 950 (near the beginning of the Hohokam Sac®&ieaise) and ends shortly after A.D.
1000. As discussed in Chapter 4, Lake Cahuillaldesnh filled by the Colorado River by
ca. A.D. 850 and remained full until about A.D. 9%fen it began a 25-year drying
cycle after the course of the Colorado River wagided by an earthquake (Philibosian et
al. 2011). This 75 year high stand may have pralitie opportunity for a large Lake
Cabhuilla fishery to develop, and (interestinglyistperiod also overlaps with most of the
Santa Cruz Phase (A.D. 850-950) of the Hohokam@Gal&eriod, during which the
economy of the Hohokam was rapidly expanding amdrdifying (Abbott 2009; Doyel
1991b). After A.D. 950, the Colorado River was aggiverted by an earthquake, which
initiated a filling cycle of Lake Cahuilla (Philils@an et al. 2011). This suggests that the
increasing importation dD. damabarrel beads into the Malibu site after A.D. 90&ym
be due to a combination of social and environmdatabrs that include: (1) the Pre-
Classic regional Hohokam system was rapidly expandR) Lake Cahuilla was very
large and stable for several decades; and (3) a Caluilla fishery of sufficient size and
complexity developed to sustain surplus yieldsregdifish for export to the Hohokam
system, and possibly other foreign markets. Trddkied Lake Cahuilla fish for (among
other things)O. damabarrel beads manufactured in the Hohokam systextsas
supported by what may have been specialized primtuct these beads in the Hohokam

system during this time (as suggested by the preg&ilV analysis).
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2: Oro Grande

The Oro Grande site (CA-SBr-616) is a village lamaion the west side of the
Mojave River about 10 kilometers northwest of Vieithe and directly across the river
from the modern community of Oro Grande. The stl®cated in an area
ethnohistorically occupied by the Vanyume or deSerrano (Bean and Smith 1978:570,
Fig. 1). The fact that no pottery was recovere@imphaeologists in horizons
corresponding to the time period of this study dgthe excavation of the Oro Grande
site (Rector et al. 1983) is consistent with Sesraccupation since Serrano people
during this time probably did not manufacture quitglly use pottery (see Drucker
1937:47; Strong 1929:347). Hopic people livingauthern California as | suggest in
Chapter 3 probably made and used pottery duringrtieeperiod of this study and likely
would have left some material evidence (e.g., ppsblerds) if that had used the Oro
Grande site for an extended period.
Chronological Study

| next perform a seriation analysis of shell actts recovered from residential

areas in the Oro Grande site to better understaretiased patterns of interaction of the
residents of the Oro Grand site with coastal sout@alifornia societies and the
Hohokam system. This will be used as an indeperidenof evidence to support the
pattern of trade connections between the Serragiorr@nd other regions in the network
graph of the Hohokam/California transregional syst®nstructed in Chapter 3, as well
as to suggest how the intensity of exchange chaogedtime between Oro Grande and
other regions. Figure 6.14 provides a plan viewhefexcavated areas (loci) of the site
discussed by Rector et al. (1983).
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Figure 6.14. Plan view of the Oro Grande excavadi@as and loci (Rector et al. 1983).
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| examine the shell from five of the excavated I&i6, 7, 8, and 10), which King 1983
interprets as probable residential areas. King @lewides a chronological assessment of

these areas, based on a judgmental interpretatistome and shell beads (Table 6.10).

Table 6.10. King’s 1983 chronological interpretatiaf five of the Oro Grande site area
loci (Figure 6.14) excavated by Rector et al. 1983.

Locus Cultural Phase A.D.
8 Middle Period Phase 3 300-700
5 Middle Period Phase 4 700-900
7 Middle Period Phases 4 and 5 700-1150
6 Middle Period Phase 5a-b 900-1050
10 | Late Middle Period or Late Period 050 and later

| performed a seriation of the loci using shelle(#gpendix J for more detail on the
seriation method), which resulted in a differentoctological ordering of loci 5, 6, and 7
from that in Table 6.5. Figure 6.15 is a chronatagjordering and visual depiction of the

Oro Grande shell artifact types.
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Figure 6.15. Chronological ordering of shell aifeypes recovered from Oro Grande
(Modified figure from King 1983). Shell artifact®livella biplicatasaucer/disc beads (c
and d), cup beads (f), diagonal spire ground beaddrrel beads (sPlivella damaspire
ground beads (t), small barrel beads (u), largeebbeads (v)Mytilus californianusdisc
beads (g)Megathura crenulatavoid ring with smooth surface (k), thick end-féated
ring (1), thin end-flattened ring (m), ground thing with crenulate surface (m);
Dentalium pretiosun@p); Dentalium neohexagonu(o), Glycymerissp. bilobate beads
(w); Haliotis sp. pendant (y).

Table 6.11 is an abundance matrix for the five,land Table 6.12 is the incidence
matrix that was used as raw data for the seriafidmvariate kernel density estimate plot
(see Botev et al. 2010) of tiidivella biplicatasaucer/disc beads from Loci 5, 6, 7, 8,

and 10 (Figure 6.16) identifies three modes, whiehused in Tables 6.6 and 6.7.

Figures 6.17 and 6.18 provide a graphical reprasientof the seriation.
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Figure 6.16. 2D kernel density estimate plot oehdiameter oDlivella biplicata
saucer/disc beads from Oro Grande loci 5, 6, Zn#é,10. Three modes are indicated in
this plot. The first mode (size class) correspdodbe 4.2-5.5 mm bead diameter

interval, the second mode to the 5.6-7.1 mm intearad the third to the 7.2-9.1 mm
interval.

To chronologically order the loci | used Kendall'snode multidimensional scaling
method (or “horse-shoe method”, see Kendall 196894, b, 1971), in combination with
a traveling salesman problem solver (see Appendixchose this method, because of the
very small sample size of the shell artifacts fr@sidential loci 6, 7, 8, and 10, and
because there (fortunately) are very good tempodidignostic types of shell artifacts
(that occur in very low frequencies n [1, 3]) ir ttamples from these loci. The choice of
a method (such as Kendall's) that uses an incidgresence/absence) matrix seems

preferable, because of the issue with sampling &rhich is less confounding when
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magnitude is removed, and also because distincteanporally diagnostic shell artifact
types are present in each of the lo€his is the raw data for the seriation result (Fégu
6.17 and 6.18). Note that in Tables 6.11 and th&Rtegathura crenulataing type 1 has
the crenulate surface removed and that the tyjpegds thinner than type 1, and has both
ends ground flat. Type 2 also retains the crengattace. Th&lycymerissp. bilobed
beads and th@livella damabarrel beads most likely were made in the Hohokgstem.
Note that the Oro Grand@livella biplicatasaucer/disc beads are divided into three size
groups in Tables 6.11 and 6.12 (based on bead@adilameter), using the results of the
Botev 2009 matlab 2D kernel density estimate et (Botev et al. 2010; Figure 6.16).

Table 6.11. Counts of eleven shell artifact typesffive residential loci (Figure 6.11) in
the Oro Grande site.

Megathur Megathur

Q. bip. O bip. O bip. Mytilus 0. O Glycymeris Dentaliym Dentaliu aring Meggth 2
| o | oepe | oegre | smas | e | o | SR | || s | e | e | T
8 2 1 0 0 1 0 0 0 0 3 0 0|7
5 43 3 3 0 1 0 2 4 0 0 56
6 4 2 0 3 2 1 0 2 0 0 0 1|
7 1 2 0 1 3 0 0 0 1 0 1 0] o
10 0 2 3 0 0 0 0 0 0 0 0 0| s

Table 6.12. Incidence matrix derived from the atanw matrix (Table 6.11). * indicates
a temporal diagnostic that occurs in only one locus

(¢] Megathur

Megathura Megathur

O. bip. O. bip. O. bip. Mytilus o Glycymeri Dentalium

AEAEA RS R e e e G S N
8| 1 1 0 0 1 0 0 0 0 1 0 04
5 1 1 1 0 1 0 1 1 0 0 0 Ofs
6 1 1 0 1 1 1 0 1 0 0 0 1|~
7 1 1 0 1 1 0 0 0 1 0 1 Ofs
| 0 1 1 0 0 0 0 0 0 0 0 02
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Figure 6.17. Chronological ordering of Oro Granegdential loci using primary
treatment of ties (Kendall 1971:229-233).
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Figure 6.18. Chronological ordering of Oro Granegdential loci using secondary
treatment of ties (Kendall 1971:229-233). Note thatloci order in this diagram is
identical to the order in Figure 6.17.
Results

Now that the loci are ordered by time it is pokstlb see how proportions of Pacific
Coast and Gulf of California shell artifacts witme in the Oro Grande site. The

proportion of Gulf of California shell artifacts lroci 5, 6, and 7 is much smaller than the

proportion of Pacific Coast shell artifacts (Figér&9), which suggests much more
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interaction between the occupants of Oro GrandeAda 700-1100) with native
California societies to the west than with socetiethe south and east that obtained
shell from the Hohokam system. Figure 6.19 alsavsha significant drop in the
proportion of Gulf of California shell artifacts evtime, which possibly suggests that the
residents of Oro Grande had progressively lesdwewnrent with southern California
groups (possibly those associated with Lake Cajuitlat imported Gulf of California

shell artifacts the Hohokam system.

E— Gulf of California Shell Arifacts
] Pacific Coast Shell Artifacts
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Oro Grande Locus 7 Oro Grande Locus B Oro Grande Locus 5
Site and Location

Figure 6.19. Chronologically ordered proportioh$alf of California and Pacific Coast
shell artifacts from three Oro Grande residental.|
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To evaluate if the changes in proportions of Géil€alifornia and Pacific Coast shell
artifacts (Figure 6.19) are statistically signifitd use Barnard’s exact test. Table 6.13
provides the results from Barnard’s exact testhenproportion of Gulf of California and
Pacific Coast shell artifacts from residential L6¢6, and 7. Visual inspection of Figure
6.19, suggests there is a significant drop in tle@qrtion of Gulf of California shell
artifacts over time. The results of the Barnards support this conclusion, and show
that although the decrease over time in the prapodf O. damabarrel beads between
Loci 7 and 6 and Loci 6 and 5 is not statisticallynificant, the decrease over a longer
time between Loci 7 and 5 is significant£ 0.05, see Table 6.13). | interpret this as: (1)
the interaction of the Oro Grande residents (cB. A00-1050) with southern California
groups, that imported Gulf of California shell vahles made in the Hohokam system,
gradually declined over time, and (2) during A.D0Q-1050 (the suggested use period of
Loci 5 and 6) the production of shell valuableshae Hohokam system also declined, but
at a faster rate.

Table 6.13. Results of Barnard’s exact test.

Locus Pair| Number of Tables EvaluatedWald Statistic| Nuisance Parameter P-value
(1-tailed)
7vs. 6 10000 20x6 tables 1.1680 0.7205 0.159670
6vs.5 10000 67x6 tables 1.0723 0.2341 0.211546
7vs.5 10000 60x7 tables 2.6913 0.9811 0.038033
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3: Afton Canyon

The Afton Site (CA-SBr-85) is located next to tlejave River, near Barstow
California (see Figures 6.20 and 6.21). It is wgzstn and about one hundred kilometers
northeast of the Oro Grande site (see Schneidéd:138Figure 9). As | suggested in
Chapter 3, the occupants of the Afton Canyon sited A.D. 700-1100) were probably
both Hopic and Patayan. King (1985:3) provides sseasment of the importance and
context of shell exchange to the inhabitants ofAfien Canyon site.
The Afton Canyon site is adjacent to one of thetmmportant trade routes between the
Colorado River and the coast of Southern Califorfiiee people who lived at SBr-85
apparently participated in the trade of shell beBasing the Basketmaker Il and Pueblo
| and Il periods when SBr-85 was occupied, m@tyella saucer and disc beads were
traded from California to the Southwe®ivella wall disc and saucer beads were traded
to both the Hohokam and the Anasazi throughoultatter half of the Middle period and
the Late period (Jernigan 1978:35 and 157). It apgpthat trade of Californian shell
beads may have been most intense during the ocondtthe Afton Canyon site.
Schneider (1989:114-115) provides radiocarbon dabes pottery found at the Afton
Canyon site.
Two radiocarbon dates place lower Colorado Bufén@ecovered from the site) at A.D.
920-1180 (Schneider 1989:91). The shell artifast@a from the Afton Canyon
(according to King 1989:159) corresponds most gfisoto A.D. 900-1050. Adding

radiocarbon dates and projectile points suggestsith was mostly occupied circa A.D.
1000-1100.
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Figure 6.20. Location of the Afton Canyon site (Seider 1989, Figure -
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Figure 6.21. Looking south at the Afton Canyon.diecavators identify the site location
on a terrace above the Mojave River in the foregdoiBchneider 1989, Figure 10).

Table 6.14 shows the provenience and depth of tiypes ofOlivella shell artifacts
recovered from Afton Canyon. Figure 6.22 is a pleaw that shows the locations of the

numbered Afton Canyon excavation units (also sd¥ela14).
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Table 6.14. Shell artifacts from the Afton Canyde sised for analysis. Unfortunately,
the excavators used 1/8-inch mesh screens, antesista¢ll beads were not sampled,
which both reduced and skewed the sample. Thisrnajar problem not only in this
sample, but also in the majority of excavated niat&nom the Hohokam system and
southern California sites. This is because mostismadl disc beads used in Southern
California circa A.D. 900-1100 pass through 1/8himeesh, and the majority of
Hohokam and southern California archaeologistslé&énch and larger (mostly ¥4 inch)
mesh screens.

Unit| Depth (cm.)Olivella biplicatal Olivella biplicata Olivella dama
Wall Disc Spire-Ground | Spire-Ground
1 20-30 1
1 30-40 1
1 40-50 1
4 20-30 1
5 10-20 1
6 20-30 1
9 10-20 2
12 10-20 1
15 10-20 1
18 0-10 1
19 10-20 1
19 20-30 1
19 30-40 1
23 20-30 1
24 0-10 1
Total 14 1 1
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TheOlivella biplicatawall beads have a single mode for maximum beauetier
and hole diameter (using the Baxter and Cool 20&thad for detecting modes in low
dimensional data, see Figure 6.23), which sugdadtseider’s subdivision of the Afton
CanyonOlivella biplicatawall bead sample into Saucer, small and medium dis
categories (using the criteria of maximum diamatet hole size, see Schneider 1989

Table 22, p. 99) is not statistically valid.
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Figure 6.23. Kernel density estimates of the distions of the outer and hole diameters
for the Afton Canyon sample dflivella biplicatawall disc beads.

Also, consider the estimated age range of thenAdimcupation (A.D. 900-1100) and
the estimate (A.D. 1000-1050) for Locus 5 of the Grande site. Based on King's
(1990:135) observation that during M5b (A.D. 10@5Q), Olivella biplicatawall bead
diameters again decreased in the Chumash are@xpected that thélivella biplicata
wall beads from Afton Canyon will tend to be largieain the beads of this type from Oro
Grande Locus 5 (because of the later average dtpe @ro Grande sample). This is the
observed pattern, where the mean diameter for @aod& Locus 5is 5 mm and 5.7 mm

for the Afton Canyon sample. The difference betwientwo samples in mean bead
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diameter is statistically significant (@t0.1), based on an unbalanced (different sample

sizes) analysis of means (ANOM) test (Nelson e2@D5, see Figure 6.24).

ANOM Chart for QOlivella biplicata Disc Bead
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Figure 6.24. Comparison of mean diamete®bvella biplicatadisc beads from Oro
Grande Locus 5 and the Afton Canyon site.

Finally, the Pacific Coast shell artifacts in TablL14 comprise much of the sample
and are types common in the Chumash region cirba 200-1100. This suggests much
greater interaction between the inhabitants ofAtien Canyon site and southern
California groups to the west, than with interioogps to the south and east that

imported shell from the Hohokam system.
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4: Indian Hill Rockshelter

The Indian Hill Rockshelter (CA-SDi-2537) is locdtim the Imperial Valley of
southern California, and in the eastern foothiflthe Jacumba Mountains. The site is
also in close proximity to the southwestern shaeebf Lake Cahuilla. In fact, the Lake
Cabhuilla shoreline was within thirty kilometers @day’s walk) of the site (McDonald
1992:65). Historic and ethnohistoric evidence ssggthat in the absence of Lake
Cahuilla, human occupation of the Imperial Vallegsaprobably greatly reduced, because
of extreme aridity (McDonald 1992:51). Also, ethreghic and ethnohistoric evidence
suggests that a branch of the Kumeyaay were the codtural group in the region, both
historically and prehistorically, and that somelhe#m relocated to the Colorado River
after the loss of Lake Cahuilla (Hedges 1975; Mcaldii992:32).

McDonald (1992) concludes from radiocarbon (Tabibband other evidence
that depth is a good indicator of age in the 19&86an Hill Rockshelter excavation area
(Figure 6.25) for the majority of excavation uritscluding the ones | use). Based on the
radiocarbon results (Table 6.15) from excavatioiisud5 and D9 (see Figure 6.25 for the
locations of the excavation units), depths of tididn Hill Rockshelter (Figure 6.26) in
the range of 15-21 inches closely correspond vatar@ar dates in the range A.D. 700-

1100.
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Table 6.15. Radiocarbon ages relevant for my straiy the Indian Hill Rockshelter
(Grisett 1986, 1996:253; McDonald 1992:102).

Radiocarbon Excavation] Depth | Radiocarbony Calendar| 1-sigma | 2-Sigma
Number Unit (inches) | Age C14 Date (A.D.) (A.D.)
Years B.P. | (A.D.)
UCR-2100 D5 15 890 +/- 50 | 990-1280 1046- 1025-
1222 1276
UCR-2439 D9 18-21 | 1210 +/- 75| 687-938 | 715-953 | 665-998

169




-
Pt .,

Milling
om

plex 1
L
A -
\
\
\
\
\

D;/i\tum Pictograph? O \
A2
05 B
Milling ; 5
Complex 4 i :
sanrees teves ol 1
: /
I
i i
=~ LComplex 2 g_/" :
Pl asimem pmmmmedmma T ] E
OF TS m— - - i 3
Monolith Tovssnsinn H s TN
i F
Milling PN -
Complex 3 IG
I ieeiH
4 5 6 7 8 9
KEY

X Grinding slick

Milling
Complex 5

xx

© Milling basin

e Bedrock mortar
—=? Extent of shelter walls
(O Boulder

l—=s% Loose talus

Excavation unit
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Gulf of California shell artifacts comprise mosttbé ca. A.D. 700-1100 Indian Hill
Rockshelter sample (Table 6.16). These are typgs (@ivella damabarrel bead)
commonly found in Pre-Classic Hohokam sites. Fangple,Oliva sp. beads, such as the
type found in excavation unit E9 (depth 15-18 i)hee very common in Hohokam
sites, and in some samples comprise as much agetwetcent of the shell (McDonald

1992:278). This suggests significantly more inteaoac(in relation to the importation of

shell) with the Hohokam system than with groupshenPacific Coast.

Figure 6.26. Indian Hill Rockshelter in the eastimwthills of the Jacumba Mountains in
the Imperial Valley of southern California.
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The single Pacific Coast shell artifa@livella biplicatabarrel bead) in the Indian Hill
sample in Table 6.16 is one of the most commonstypeovered from M5b (A.D. 1000-
1050) Chumash sites (King 1990:136, 228). King (1284, 1990:135) also notes there
is increasing base removal (or a trend of decrgdsimgth) inOlivella biplicatabarrel
beads over time in the Santa Barbara Chumash refins is the opposite pattern from
the one observed in the Indian Hill Rockshelter gl@mwhere length increases

significantly with time (Figure 6.27).

Indian Hill Rockshelter

—=— Qlivella biplicata barrel bead

1518

Level(in.)

207 |

2730 ).~

g 45 Length (rmrm)

Width (mm)

Figure 6.27. Plot oDlivella biplicatabarrel bead width and diameter by level in the
Indian Hill Rockshelter.
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Table 6.16. Shell sample from the Indian Hill Rdoidser excavation that are from levels
(based on the radiocarbon evidence, previous talhegh likely correspond to A.D.

700-1100.
Excavation Depth Shell Source Type
Unit (inches)
Gulf of

C4 15-18 Olivella dama California Spire-chipped bead

G10 15-18 Olivella dama Gulf of Spire- chipped bead
California

C4 18-21 Olivella dama Gulf of Small barrel bead
California

E9 15-18 Oliva undatella Gulf of Spire-chipped
California

B5 15-18 Glycymerissp. Gulf of Disc bead
California

D5 15-18 Olivella Pacific Coast Barrel bead

biplicata (ground ends)
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An Olivella biplicatabarrel bead from Oro Grande Locus 7 (ca. A.D. 000,
see Figure 6.28) that is probably contemporaneailsimdian Hill O. biplicata barrel
from the 15-18 inch level is very similar in lengthd width to one of Indian HiD.
biplicata barrels (Table 6.16, Figure 6.28). This suggdstdemporal trend observed in
the Indian Hill sample may be consistent, and thatndian HillO. biplicata barrels
were not obtained from the Chumash. The Tongvare@nother major southern
California source of Pacific Coast shell artifacto appears to be an unlikely source for
the Indian HillO. biplicata barrels. Specifically, Gibson and Koerper (2009:350)
find, using accelerator mass spectrometry datsseif artifacts from controlled samples,
that in the Newport Coast area of the Tongva redioibiplicata barrels are strongly
associated with deposits from a much earlier pis3%0-1400 B.C.), than the time
period of the Indian HilDlivella biplicata barrel bead sample (which is from levels no
deeper than 30 inches, with associated radiocathtes after 1400 B.C., see Table 6.17).
It is possible that Kumeyaay artisans madeQheiplicatabarrels in the Indian Hill
sample, from shell harvested in the San Diego diteia.is because the Kumeyaay
historically (and probably prehistorically) reguilatraveled between their territories on
the San Diego Coast and the interior, includingatea of the Anza Borrego Desert,
where the Indian Hill Rockshelter is located (McR@h1992; Shipek 1982:298, 301).
Gamble and King (2008:9) make a similar conclusi@at a comparable shell bead type
(Olivella biplicataspire-removed bead) found at sites (e.g., Bork&gjey and Mason
Valley) in the Anza Borrego Desert was probably afaotured in San Diego County

(Kumeyaay territory).
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In sum, during the major stands of Lake Cahuill&i¢l | discuss in Chapter 4)
people who utilized the large and ecologically dbeeregion between the San Diego
coast and the Imperial Valley, probably spent muche time in the area near the Indian
Hill Rockshelter, which would have provided morgogunity to make shell beads there
and at other locales in the Anza Borrego Dese.fEults also suggest that at least
some of the people living in the vicinity of Lakalililla were mostly autonomous from
coastal groups to the northwest, that include ttheg¥a and Chumash, and that much
more of their interaction was with interior groupshe east (including members of the

Hohokam system).

Olivella biplicata Barrel Bead
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Figure 6.28. Comparison of width and lengtiQdifvella biplicatabarrel beads from the
Indian Hill Rockshelter and Locus 7 of the Oro Grasite.
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Table 6.17. Radiocarbon data for the Indian Hiltkghelter (McDonald 1992) for
depths between 27 and 42 inches.

Radiocarbon Excavation Depth Radiocarbon Age C14, Calendar
Number Unit (inches) Years B.P. Date
(B.C))
UCR-2437 co 27-28 2600 +/-200 | °12#10
UCR-2441 D9 33-36 2320 +/- 70 410-364
LI-4216 D8 36-42 3840 +/- 80 2649-2144

5: A Lake Cahuilla Shoreline Site

The majority of recent shell data from Lake Calaughoreline sites has resulted from
CRM testing related to highway construction anddestial development (Michael
Morratto and Associates, Applied Earthworks, peasaommunication 2009). The bulk
of the shell artifacts (which amounts to many lasgmples) produced by the CRM work
is from cremation burials, and is protected by NAR2P Unfortunately, | was not able to
get access to any of these samples or given tietibns because the representative
from Applied Earth Works that | talked to was notegy authorization to provide me with
that information. He told me that the shell andeotirave goods were going to be
repatriated.

The only data | currently have from Lake Cahuslteoreline sites, which
unambiguously corresponds to the time period oktayly, is from a collection made by
Douglas N. Fain (a local Coachella Valley artifectiector) in the mid 1970’s.
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Specifically, the collection he made from a defigtdune, east of Point Happy, and north
of Highway 111 (which | call FW-9) contained sevegalf of California shell artifacts,
including threeGlycymerissp. bilobed beads, which very likely were madéha

Hohokam system (Figure 6.29). FW-9 is located @ntbrthern tip of Lake Cahuilla

(Figure 6.29), which today is part of a residenti@elopment.

£ Glycymeris sp. Bilobed Beads |

gz ".. 'I.‘:W'g T r

& Pheenix

& San Diego

Figure 6.29. Location of FW-9.

Haury (1937:140) provides a chronological assessofdrilobed beads from
Snaketown.
A distinction in the bi-lobed class of beads cardlmvn on the basis of size. In the Santa

Cruz Phase, the type was usually small; averagsg than 5 mm in length, while in the
Sacaton Phase the average length was approxiniatehy
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A graphical comparison (with a dot plot) of thedéms of the FW-9 bilobed beads with
dated samples from the Hohokam system (Vokes 1888)the two bilobed beads from
Locus 5 of the Oro Grande site (A.D. 1000-1100yg&sts that the FW-9 bilobed beads
have the strongest affinity to the Sacaton Perfo®(950-1100) bilobed beads from
Snaketown (Figure 6.30). Also the FW-9 beads cltutapproximately 10 mm (Figure
6.30), which places them in the Sacaton, using Yisuatassification scheme. This
suggests that the occupants of FW-9 imported #losll the Hohokam system during the
Sacaton Period.

The FW-9 case study provides preliminary evideheé suggests shell artifacts
manufactured in the Pre-Classic Hohokam systemhmaag been regularly imported by
residents of the north shore of Lake Cahuilla. Fitesearch on northern and other Lake
Cabhuilla sites should include the careful recomtatind analysis of Gulf of California
shell artifacts, to provide a better understandihtie intensity of interaction between

Lake Cahuilla people and people in the Hohokamesygta. A.D. 700-1100).
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Figure 6.30. Comparison of the length of Santa Gnd Sacaton Pha&lycymerissp.
bilobed beads with the bilobed beads from Oro Gedrmtus 5 and the Fain-Wilke Lake
Cahuilla shoreline sample (FW-9).
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6: Escuela Site
The Escuela site is within the Hohokam system,iamacated in the Gila Bend
area, near the Gila River. The shell sample is feotnemation burial with Santa Cruz
phase Hohokam pottery (ca. A.D. 700-900, see Figug#). Itis from the Norton Allen
collection (ASM accession # 97-194). This sampleresilominated by Pacific Coast shell

(Olivella biplicatadisc beads, possibly from a single necklace platéde burial).

Figure 6.31. Norton Allen drawing of some of thetpoy and shell beads recovered from
the Escuela site.

The significantly greater diversity of Gulf of Clalinia shell artifacts in the burial (one
Glycymerissp. ring fragment, oneaevicardium elatundisc bead, eightegalycymeris
sp. bilobed beads, sev8pondylusp. pyramid beads, and fi&ondylusp. hinge
beads) suggests locally made Gulf of Californidlsdréfacts (at the time of the burial)
were probably more socially and economically sigaifit in this part of the Hohokam

system than Pacific Coast shell artifacts.
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TheOlivella biplicatawall disc beads from the Escuela Site burial wenry likely
made in the Chumash area. King (1990:149) prowsteence that supports this.
During Phase M4, the general sizedjivella biplicatadisc beads reduced so that few
had diameters greater than 6.0 mm; perforatiors @s® reduced to generally less than
1.6 mm in diameter. A number of other Phase M4ectitbns from the historic Chumash
area also indicate thatlivella biplicatawall disc beads were virtually the only type of
shell bead being manufactured during Phase M4.
ThirteenOlivella biplicatawall disc beads from the Escuela site burial weeasured,
and all have diameters less than 6 mm (the largeke sample has a diameter of 4 mm),
and all have a perforation size (hole diameten than 1.6 mm. Also, there are no other
beads made from Pacific Coast shell (®gtilus californianu$ in the Escuela sample,
which matches King's criteria for M4 (A.D. 700-900)ivella biplicatawall disc beads
from the Chumash area. In addition, M4 has sigaifioverlap with the Hohokam Santa
Cruz Phase. Comparison of the Escuela wall disd bample (both outside and hole
diameter) with M5a (A.D. 900-1000) burials from tkalibu (LAn-264) cemetery using
a simulation based 2-sample Smirnov test (Appe@glighows that the Escuela beads
have significantly smaller outside diameters (F&gbr32, Table 6.18), and perforation
sizes (Figure 6.33, Table 6.19) than the Malibudse@hese results match the
observation of King 1990:149, that M5a-b (A.D. 90060)Olivella biplicatawall beads
made in the Chumash area usually have larger @udsid perforation diameters than M4

O. biplicatawall disc beads. In sum, it is very likely the Esla sample oDlivella

biplicatawall disc beads were manufactured in the Chumeesn@uring A.D. 700-900.
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Figure 6.32. Comparison @flivella biplicatadisc bead diameter between the Escuella
site and three chronologically ordered burials fibie Malibu site (LAN-264).

Table 6.18. Summary of results from the 2-sampl@r®m test orOlivella biplicatadisc
bead diameter.

Escuela | Smirnov Statistic (Observed Maximum Difference P-value
verses | Maximum Difference betweer Between ECDF plots (Number>
ECDF plots) (Random Partition) Observed)/2000
Burial 48 0.867002 at 3.8 mm 0.154565 at 4.0 mm 0a02= 0.0005
Burial 68 0.563348 at 3.7 mm 0.248869 at 3.3 mm 00a@2= 0.0005
Burial 51 0.408791 at 3.8 mm 0.151648 at 3.4 mm 64/2000 320.0
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Olivella biplicata Wall Disc Beads

Olivella biplicaia Wall Disc Beads

Figure 6.33. Comparison dlivella biplicatadisc bead hole diameter between the
Escuella site and two chronologically ordered Harieom the Malibu site (LAn-264).

Table 6.19. Summary of results from the 2-sampl@r®m test orOlivella biplicatadisc
bead hole diameter.

Escuela | Smirnov Statistic (Observed Maximum Difference
verses | Maximum Difference betweer Between ECDF plots P-value
ECDF plots) (Random Partition) (Number>
Observed)/2000
Burial 35 | 0.606154 at 1.3 mm 0.238462 at 1.4 mm 00a02= 0.0005
Burial 64 | 0.986667 at 1.4 mm 0.306667 at 2.2 mm 00a02= 0.0005

7: Oatman Flat (Deepwell Ranch)

The Oatman Flat site is near Eloy, Arizona snal few kilometers south of the city of

Casa Grande. The sample is from a cremation bex@dvated by Norton Allen in 1938

(ASM draft 2001). This sample is probably latenthiae Escuela Site sample, and as

with the Escuela sample, the significantly greateportion and greater diversity of
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locally made Gulf of California shell artifacts (floGlycymerissp. bracelet fragments,
nineteerOlivella damaspire-ground beads, oiiéheodoxus leutofasciatiisce ground
bead) compared to Pacific Coast shell artifacte@livella biplicatabarrel beads) may
relate to greater social and economic importanc@uwf of California shell artifacts in

the Gila River component of the Hohokam systemAcB. 900-1100). Interestingly,

four of theOlivella biplicatabarrel beads are much larger than typical beatisi®otype
from the Chumash area during this time, as wethadarrel bead from the Indian Hill
Rockshelter (Figure 6.34). As with the Indian Hlad, it is possible Kumeyaay artisans

made the Oatman Flat barrel beads, but future refssaould focus on sourcing these

beads.
Olivella biplicata Barrel Beads
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Figure 6.34. Comparison &flivella biplicatabarrel bead width and diameter in the
Oatman Flat and Indian Hill Rockshelter samples.
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Summary

The purpose of each of the statistical analyséisisnchapter is to identify patterns in
shell artifact data from residential sites in thehldkam/California transregion that
provide insight into the organization and dynanutsterregional interaction in the
transregion during A.D. 700-1100. Many of theselyses are probably unfamiliar to
most archaeologists and are not available in tuffghelf’ statistical software packages,
which is why additional information, including conotpr code to implement them is
provided in appendices. Also, the diversity and plaxity of some of these methods
may be a point of contention, but | argue that:gdgh method is relevant for the kind of
data being analyzed, (2) the diversity of metheds iesult of the diverse types of data
and not ad hoc selection of methods to produceatesesults, and (3) their complexity is
simply a consequence of the complexity of the daththe problems being addressed.

The shell artifact samples from sites in the HamkCalifornia archaeological cases
analyzed in this chapter provide substantial sugpoithe idea of the frequent export of
Hohokam shell artifacts into the Lake Cahuilla oggof southern California (ca. A.D.
900-1100) and by comparison very limited importatid Pacific Coast shell preciosities
into the Hohokam system. The results of the Matitudy also suggest a rapid increase in
the production oDlivella damabarrel beads in the Hohokam system during A.D-900
1000 followed by a rapid decline in the productadrthese beads. These results also
suggest an increase in the importatio®oflamabarrels into southern California during
A.D. 900-1000.

These studies also suggest that Hohokam sheltra@esd into several regions of
southern California during A.D. 700-1100, but mokit was probably being brought into
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the Lake Cahuilla region. Figure 6.35 providesapbical summary of the movement of
Gulf of California and Pacific Coast shell suggddtg the studies and the locations of
the sites in the Hohokam/California transregione iickness of the arrows in the graph
provides an indication of the intensity of exchanbee pattern of interregional
interaction in Figure 6.35 is consistent with tlegwork model at the end of Chapter 3.
Specifically, Figure 6.35 shows a major flow of klagtifacts from the Gila River
Hohokam/Lowland Patayan region into the Lake C#hudgion (Indian Hill Rockshelter
site). This supports the idea that large quantdgféadohokam shell artifacts were exported
to the Lake Cahuilla region between A.D. 900 and0LFigure 6.35 also shows the
Chumash region (Malibu site) as the major sourdeawific Coast shell artifacts that
entered the remainder of the Hohokam/Californiadragional system through the
Tongva.

It is quite possible that Hohokam shell artifatigy have most often been exchanged
for dried Lake Cahuilla fish. Future Hohokam stgds@ould prioritize using finer screen
sizes (ideally 1/16” mesh or finer), to recover imlarger samples of small shell artifacts
(such a®livella damasmall barrels), and to permit the recovery of $insth bone, in
order to test my hypothesis that dried Lake Cahtidh was a major import item into the

Hohokam system circa A.D. 900-1100.

186



——————— Escuela
and
Oatman Flat

Indian -
Hill RS
San Diego >

Pacific Coast Shell
Gulf of Califormia Shell — — — — — — — .

Figure 6.35. Graphical summary of the movemenheflsn the Hohokam/California
transregion, based on the results from all but(éi€-9) of the archaeological case
studies, and other evidence (Chapter 3) for theeamant of shell in and out of the
Tongva region. The thickness of lines indicateshaexge intensity. Case studies and their
associated regions are: Malibu (Chumash regionpgm€anyon (Hopic region), Oro
Grande (Serrano region), Indian Hill rockshelteufkeyaay and Lake Cahuilla region),
Escuela (Hohokam/Patayan region), and Oatman Gl River Hohokam system).
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CHAPTER 7: EVALUATING THE EXISTENCE AND STRUCTURE OTHE
HOHOKAM/CALIFORNIA TRANSREGIONAL SYSTEM

Network analysis using graph theory and other sratitical methods provides a
rigorous means of predicting structural and openatl properties of prehistoric exchange
systems. The predictive power of network analytethmds has been suggested by
numerous studies of ethnographic data (GrofmarLanda 1983; Hage 1977; Hage and
Harary 1996:165-217; Kirch 1991:145). For examptbnographic studies have
suggested that middlemen are most often foundghlyicentral positions within
networks. Motivated by this observed pattern, HA®&§7) used the Kula Ring exchange
system of the Trobriand Islands (Malinowski 1922)paest case and a graph-theoretic
measure of network centrality, to show that Tubetisband (a Kula Ring locale occupied
mostly by specialist middlemen traders, Kirch 199%) had the greatest global
centrality of all the islands within the Kula Ringtwork. Hunt 1988 provides an early
example of the use of network analytic method$iéostudy of a prehistoric exchange
system (Lapita culture). Very recently network gse has rapidly gained interest and
use among archaeologists (Brughmans 2010, 2013peta2013), particularly in the
context of regional interaction. Two recent studiase used network analytical methods
to study temporal patterning in reconstructed saomaworks in the prehistoric U.S.
Southwest (Mills et al. 2013a, 2013b). Another gt(eeples and Haas 2013) uses a
network analytical approach to study brokeragesauial capital in the prehistoric
western U.S. Southwest.

The first part of this chapter provides two netkvanalyses of a reconstructed
graphical model of the Hohokam/California tranregibsystem (the end of Chapters 3
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and 6). The model was created using ethnograpimicphkistoric, and archaeological
information provided in Chapters 3 and 6. The maslerganized at the regional scale,
as an undirected graph, where the nodes of théngegesent distinct regions (e.qg.,
Lower Patayan) in the system, and edges signigraation between pairs of regions. My
study uses network analytical methods (that althaigtable) have not (to my
knowledge) previously been applied to archaeoldgiata. The goal of my network
analytic study is to: (1) provide evidence for ghastence of the Hohokam/California
transregional system and (2) reveal and validaéitiden multidimensional structure of
the network model that was constructed from ethstohc, ethnographic, and
archaeological data in Chapters 3 and 6 in ordbetter understand how relationships
between regions in the Hohokam/California trangnegi system may relate to the
fragility and persistence of the system.

The second part of this chapter provides a kriginglysis, which uses the
proportions of Gulf of California and Pacific Coastell in archaeological sites, and the
relative spatial locations of the sites as raw .dete kriging analysis is used to test the
hypothesis that the movement of shell within tla@sregion was directional and not
random.

Existence of the Hohokam/California Transregional System

If the Hohokam/California transregional system evan organized system of
exchange, the reconstructed network model (Ch&pteigure 7.1) would not likely have
a topology consistent with network graphs with $aene number of nodes and edges that
result from random processes. Figure 7.1 is thelsimgraphical model of the
Hohokam/California transregional system resultiragnt the studies in Chapters 3 and 6
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(see Appendix Q for the R script used to make FEgut). In this simple model, lin
connectinghodes (regions) are not weighted by directionad bravolume of exchang
Lines only indicate that there is frequent intei@ctbetween pairs of regions. Table 7..
the adjacency matrix for the network graph in Fegdrl, where a one in the mat
results in a line connecting a pair of nodes (regjiam the graph and a zero in the ma

results in the absence of a line between a paiodés (regions) in the gra|

Santa Barbara Channel Chumash {1}

/

Northern Channel Island Chumash {2}

\

Santa Monica Mountains Chumash {3}

/

Southern Channel Island Tongva {4}

\

Mainland Tongva {5}

/ Serrano {6}
ahuilla 8)

\
Kumeyaay {9}

/

Lowland Patayan {10}

G
T

/

Upland Patayan {11}

Salt River Hohokam {12}

S

Gila River Hohokam {13}

Figure 7.1. The Hohokam/California transregionatesn as a network graph. T
numbers in curly brackets in this figure corresptmthe regions they are next to. 1
numbers in Table 7.1 and Figs 7.4 and 7.also correspond to the same regi
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Table 7.1. Key to the numbers in Figures 7.4 aiid 7.

Number Region
Santa Barbara Channel Chumash
2 Northern Channel Island Chumash
3 Santa Monica Mountains Chumash
4 Southern Channel Island Tongva
5 Mainland Tongva
6 Serrano
7 Hopic
8 Cahuilla
9 Kumeyaay
10 Lowland Patayan
11 | Upland Patayan
12 | Salt River Hohokam
13 | Gila River Hohokam
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Table 7.2. Adjacency matrix of Hohokam/Califormartsregional network graph.

1(2/3/4|5(6/7(8|9(10|11|12|13
Region o e e e e e e e e e

Santa Barbara Channel Chumash 170/1|1/0(0/0|0|O0O|O|O| 0|0} O
Northern Channel Island Chumash (2/1|0({1/0({0/0|0|0|0|O0O|0O0| 0] O
Santa Monica Mountains Chumasi8 1/1({0/1|1|0|0(0|0|O0O|0O0|0]|O
Southern Channel Island Tongva 4/0/0(2/0j2|0|0j0|0j0}j00]|O
Mainland Tongva 510/0(141|0(1|2/0|0}]0|0O0|0O|O
Serrano 6/ |10/0|0|O2|0|12|1/0|0J 0|00
Hopic 7 ojo|jojoj1412|0{1j0{111|0]0O0
Cahuilla 8 ojo|jojoj0f1|12|0j1{1/0|0]0O0
Kumeyaay 9, /0/0(0|0|0O|0|O|1|0}1]|0]|0]|O
Lowland Patayan 0 (0|{0(0|0}O0O|0O}j2|21|2j0]2 |11
Upland Patayan 1 /0/0/0/0|0|0O|2/0|0}2|0|1|0
Salt River Hohokam 12 10/0|0(0|O0|O|O|O|O|1 /1|01
Gila River Hohokam 13 10|0|O0O|O|O|O|O|O|O]J1|0O0]12]|O

To test the null hypothesis that the reconstruntdork graph is the result of

random processes (e.g., artifacts move betweearregia random walks) | use the

G (n, M) Erdés-Reyni random graph model (Efd and Ryni 1959), wherer is the
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number of nodes and the number of edges in the graph. TH{@, M) model is Poisson-
distributed, where edges are chosen uniformly ramgérom the set of all possible edges
which is done in the following way in the curremadysis. The reconstructed network

model has thirteen nodes and twenty-one edges,)s® thez(13,21) model, in which

for each random graph, one picks eleven oﬁ—%l%g_—l) = 132J = 1756 = 78 possible

edges between the thirteen vertices at random. Eromare general mathematical
perspective the Eés-Reéyni process is an unweighted link percolation pssoen the
complete graph (Broadbent and Hammersley 1957pBa#i 2001; Bollobas and Riordan
2006).

Transitivity measures the probability that adjacent vertices\a@rtex are connected.
This is sometimes also called the global clustecmefficient (see Wasserman 1994 for a
mathematical definition). Empirical evidence sudgéisat in most real-world networks
there are well connected subgroups (e.g., huligjedi, and motifs) that occur on average
more often than would happen if ties (edges) wanelomly established between pairs of
nodes, such as is the case véim, M) Erdés-Reyni random graphs (Holland and
Leinhardt 1971; Watts and Strogatz 1998). This satgythat if the transitivity of the
reconstructed network model (Figure 7.1) is grethian would be expected in a
G (13,21) model than the reconstructed network model is likeyy representative of an
organized system of exchange.

In an undirected graph, the shortest path betwegzraf vertices is the path that
connects the pair through a minimal number of gegiAverage path lengtim a graph is
determined by calculating the shortest paths betva#igairs of vertices in the graph.

Average path length is an aspect of network topotbgt is defined as the average
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number of steps along the shortest paths for akipte pairs between network nodes. It
measures the efficiency of the movement of inforomatpeople or materials in a
network. Most real networks have a short averag@fe leagth, which is often called the
small world effect, in which each node in the natnis connected to all other nodes in
the system via a short path.

Steps of the Analysis (see Appendix S for the Reasgkd to implement these steps).
Step 1. Generate 10,000 BsaReyni G(13,21) random graphs.

Step 2. Compute the transitivity and average patgth for each random graph.

Step 3. Compute the transitivity and average patgth for the reconstructed network
graph.

Step 4. Construct histograms of the approximatgamdistributions for transitivity
and average path length using the data from Stepsl 3 graphs.

Step 5. Compute estimates of the p-values forrtresitivity and average path length
values from the reconstructed network graph tottestull hypothesis.

The transitivity of the reconstructed network mia@égure 7.1) is larger than would
be expected in a randomly generated system (p-vadlee05, see Figure 7.2). This
suggests there are subgroups in the graph thaigirly interconnected, which is
expected in an organized real-world system of exgbaThis strongly supports the
existence of a Hohokam/California transregionatesys

The fact that the reconstructed network has gdoaverage path than would be
expected in a randomly generated system (Figujena§ relate to the network having
two walktrap communities (described in next seqgtiarhich are largely autonomous. In
a future study | will compare the average pathtles@f the coastal and interior

communities to see if these values are signifigasmialler than what would be expected
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in a randomly generated system, but within the eagygpected in a small world system of
their size. The much larger that expected (p-val@e0028) average path length in the
reconstructed network model (Figure 7.3) stronglygests that the network model is
representative of an exchange system that wasematrgted by random processes (i.e.
the model is representative of an organized systegmchange). Based on these results
the null hypothesis that the reconstructed netwaoklel of the Hohokam/California
regional is representative of a randomly generaystem (i.e. the Hohokam/California

transregional system did not exist) is rejected at 0.05.

Erdos and Renyi Random Graph {13 Nodes, 21 Edges)

0.6846154 |
p-value = 4/10,000 = 4¢-05 |
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Figure 7.2. Approximate sampling distribution d@rsitivity for 10,000 Eréls-Reyni
G(13,21) random graphs. Vertical dashed red line is thesttaity of the reconstructed
network model (Figure 7.1).
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Erdos and Renyi Random Graph (13 Nodes, 21 Edges)
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Figure 7.3. Approximate sampling distribution oé thverage path length for 10,000
Erdés-Reyni G (13,21) random graphs. Vertical dashed red line is theaayeepath length
of the reconstructed network model (Figure 7.1).
Walktrap Community Detection Algorithm

The logical basis of the walktrap community datecapproach is that it is
reasonable that a random walker with a limited neind$ steps is more likely to remain
within a community (consisting of a cluster of wedinnected community members) than
to travel a less well-connected path into anotle@nrmunity. Short random walks are
more likely to not cross community boundaries tltarg walks. This is why the walktrap
community detection algorithm (as implemented i Ehigraph package) runs short

random walks of three, four or five steps (depegdin one of its parameters). | used the
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default setting of four steps in my analysis. Trakivap algorithm uses the results of
these random walks to merge separate communiti@g¥aitom-up manner, which is an
agglomerative hierarchical clustering processhis process adjacent communities
(having at least one edge in the graph connedtiagn} are merged based on their
distance to each other. Also, in the walktrap atgor, two communities are merged
according to Ward’'s minimum variance method. Speadify, at each step k in the
algorithm (see Pons and Latapy 2005:8-9), the ghgormerges the two communities
that minimize the mean of the squared distancesdsgt each vertex and its community
[where the squared distances are a special cgsge)?, below, in whichC is the
community ofi]. Pons and Latapy (2005:4) define distances us#te walktrap

algorithm in the following ways:

(1) the distancér;;) between two vertices in a network graph withertices as:

n

3
a(®)

k=1
whereP}, is the probability of traveling in a random watkrh a vertex in the network
to a vertexk in the network irt steps and’fk is the probability of a random walk going

from a vertex in the network to a vertek in the network irt stepsd(k) is the degree
of vertexk (the number of connections between veitend other vertices in the

network).
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(2) the distancer¢, ¢,) between two communities in the network graph as:

i (Pglk - szk)z
d(k)

WherePCtlk is the probability of a random walk going from aomity C; in the network
to a vertexk in the network irt steps and’ctzk is the probability of a random walk going

from communityC, in the network to a vertek in the network irt stepsd (k) is the
same as before.

(3) the distance between a verteand community in the network graph as; = r(;)¢

Z (Plt;( PCtk)2
d(k)

whereP},, P}, andd (k) follow from the definitions in (1) and (2).

The agglomerative hierarchical clustering proaesed by the walktrap algorithm
produces a sequence of partitions of nodes (vsjticem the network graph (each of
which is a community within a hierarchy of commuas). The result of the algorithm is
a hierarchical structure of communities that cawnibeally displayed as a dendrogram.
The vertical distance on the y-axis of the dendaogis the distance measure between
two communities defined by Pons and Latapy [distapg, above]. In mathematical
terms the Pons and Latapy distances are metriesi{sally Euclidean distances R™).
This means that these distances are directly léata community membership. For

example, the smaller the value of the distangcf(1) above] between two verticesgnd
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Jj) the greater the probability they belong to thms@ommunity. It is also necessary to
decide which partitions in the sequence of partgiof vertices produced by the
algorithm are most likely to correspond to actu@hemunities. Pons and Latalpy 2005 (p.
10) use the maximal modularity score (introducedNbyvman 2004 and Newman and
Girvan 2004) as a stopping criterion for the nundfanerge steps (or, equivalently,
where to cut the dendrogram), which, in turn, datees the number of communities
detected.

Walktrap Communities and Modularity in the Hohokam/California Transregional
Networ k

In this section | use the walktrap algorithm tee& structural and organizational
elements of the Hohokam/California transregionatey. In a graphical model of a
network, communities are often conceptualized gklficohesive or densely connected
subgraphs, or equivalently as “subsets of vertia#dsn which vertex-vertex connections
are dense, but between which connections are &t (Girvan and Newman 2001:1).

As Girvan and Newman (2001:2) state.

The ability to detect community structure in a natikvcould clearly have practical
applications. Communities in a social network migggresent real social groupings.
The walktrap communities in the following netwontagh of the Hohokam/California
transregional system were detected (as mentionédreasing the R statistical igraph
package (see Appendix R for more information). e communities identified in the
graph split the system into a coastal and intexaonmunity (Figure 7.4, also see Table
7.1). The interior community is where much of theeraction between Lake Cahuilla

people and people in the Hohokam system would begerred. Also, the division of the
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system into two communities or modules, sugge$asive autonomy between the coastal
and interior communities, which may mean that regithas strongly dependent on the
other, and that the collapse of one of the modulag not have resulted in a significant
shock to the other. This suggests that the bioenanmodel developed and analyzed in
the next chapter should focus on the interior comitgusince my primary interest
concerns fragility/robustness tradeoffs in the €lassic Hohokam system and how
involvement of the Hohokam system in transregi@xahange may have affected its

stability and persistence.

Figure 7.4. Hohokam/California transregional netagiraph with the two walktrap
communities associated with the maximum (optimalfmarity. This division of the
network identifies a coastal (red) group (Walkt@mmmunity 1) and an interior (green)
group (Walktrap Community 2).

For years, structures such as nested hierarchBuggh@ara and Ye 2009) and
modularity in food-webs have been extensively gdd@ind such studies suggest that

these kinds of structures are tied to complexitthese types of systems, which, in turn,

is strongly linked with persistence and stabildgé Haldane and May 2011:351).
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Recently, modularity has been an important topiesearch on social networks and
other types of complex systems (Newman 2006). Thst midely used and accepted
metric designed specifically for the purpose of sueeng quality of a network
subdivision into communities is modularity (for exple, see Newman and Girvan,
2004). If edges in a network are randomly distedolutnodularity is expected to be close
to zero. Newman and Girvan (2004) found that madylan real-world networks
typically ranges from about 0.3 to 0.7. Interediinthe maximum modularity for my
graphical model of the Hohokam/California netwoskng the walktrap algorithm is 0.35
(Figure 7.5), which suggests a nonrandom strudtased on the previous result. This
supports the existence of the Hohokam/Califorraagregional system. Also, the
estimated p-value of 0.031 for the maximum modtyarf the network model computed
from the approximate sampling distribution of maMimmodularity in an Eés-Reyni
random graph model with the same number of nodeé®dges as the network model
(see previous section for a detailed descriptiothisfmodel) also suggests a nonrandom
structure (see Figure 7.6 and the end of Appendixrfthe R code used to create Figure

7.6 and to compute the p-value).
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Figure 7.5. Plot of modularity, versus the numbarvalktrap communities and merge
steps for the Hohokam/California transregional mekngraph. The maximum modularity
(0.349206349) with eleven merge steps results awvtalktrap communities. The next
highest modularity (0.326530612) with nine merggpstdetects four communities.
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Figure 7.6 Approximate sampling distribution of the highestdultarity resulting frorr
using the walktrap community detection algorithml@000Erdés-Reyni
random graphs. Vertical dashed red line is thedsgmodularity resulting from using t
walktrap canmunity detection algorithm on the reconstructeivoek model (Figure
7.1).

Consideringhie multiscalar structure of tiCalifornia/Hohokam transregion

network, the walktrap community dendrogram (Figrt.7) makes ethnographand

archaeological senseor example, in the dendrogram, 1 represents theaSarbar
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Channel (SBC) Chumash, 2 the Northern ChanneldglBICl) Chumash, 3 the Santa
Monica Mountains (SMM) Chumash, 4 the Southern @k&tsland Tongva, and 5 the
mainland Tongva. Ethnohistorically and archaeaally, the SBC and NCI Chumash
are known to have had very strong ties through @axgl and marriage (King 1976). In
the Santa Barbara Channel and Northern Channedi€humash interaction sphere, the
island Chumash (analogous to the peripheral Papagteell jewelry artisans in the Pre-
Classic Hohokam system) specialized in manufagjuaimd exporting preciosities
(especially shell “money” and jewelry) in excharigestaple items unavailable on the
islands (e.g. deer and rabbit meat and a variepyawit foods) from mainland (analogous
to the Pre-Classic Phoenix Basin component of thieddam system) sources (King

1978, 1990, 2000; Arnold 1992; Arnold and Munns4)99

The dendrogram (Figure 7.7, also see Table 7sb)salggests that the SMM
Chumash had the closest non-Chumash ties to thgvaam the southern Channel

Islands, as well a very close relationship withriegnland Tongva. This prediction is
supported by archaeological evidence provided mgKi971:38).

References in the previous section on trade watir@humash groups indicate that trade
with the surrounding groups was limited to a rasgraall number of goods, and that the
intensity of interaction was much less than witthie Chumash area.

To the south, the Tongva groups may have been shatemvolved in the Chumash
interaction system, but it appears from archaeoldgividence that their main lines of
interaction were between the mainland and the ®oatGhannel Islands, having close
ties with the Chumash of the Santa Monica Mountanmes. [my emphasis].

The dendrogram also has predictive power. For el@nipredicts close ties between

Hopic and Cahuilla people, which have not yet betedied.
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Figure 7.7 Walktrap community dendrogram for the HohokamifSalia network graph
The numbers below tHéeaves (dots) of the dendrogram are regions in
Hohokam/Cafornia transregion (see Tabl.1). The merge steps in the cluster
process are circled numbdsge earlier section in this chapter for a disaumssf how the
dendrogram is produced). Observe thith each merge step the distance ( between
the pair of clusters being merged increases. Aotethat that the maximal modular is
at the elgenth merge step, see Figure and Appendix R. Also, se&ppendixR for the
R script used to create the dendrog

At the finest (or most local) scale, the dendrogedso suggests that among
inland groups: (1) the Hopic and Cahuilla (7 anavBje most strongly linked to ea
other, (2) the Lowland Patayan had their closesttt the Upland Patayan (10 and :
and (3) the Salt River and Gila River componentthefHohokam system (12 and :
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were more strongly linked to each other than anhefother regions. Considering
interaction between Lake Cahuilla people and thedkam system, at the finest scale,
the dendrogram suggests a strong linkage betweekumeyaay and Patayan groups (9,
10, and 11). At the next scalar level, the dendrogshows the strongest linkage between
the Kumeyaay and Patayan regions (9, 10, and HljrenHohokam system (12 and 13).
This supports the idea that Kumeyaay and Patayapigpef Lake Cahuilla had strong
trade relations with each other and with the Holnolkgstem. This supports my idea that
Lake Cahuilla fishers may have exchanged driedf@siGulf of California shell artifacts
from people of the Hohokam system. This result saggthat: (1) the interaction
between the Kumeyaay, Patayan, and Hohokam elermoktite Hohokam/California
transregional system may have been important mgef the fragility and persistence of
this portion of the transregional system and (2)kdloeconomic model in the next
chapter should focus on this component of the tesgisn and include trade between the

Lake Cahuilla region and the Hohokam system.
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Directionality of the Transregional System

Directionality in the movement of shells is exgetin an organized system of
exchange. My question is: does the distributioRatific Coast and Gulf of California
shell artifacts from contemporaneous sites in saatiCalifornia and the Phoenix Basin
and Gila Bend areas of Arizona suggest directipnahd organization in exchange
between the Hohokam system and southern Califoffoe&ddress this question, | use
kriging to evaluate archaeologically observed pag®f shell distribution in Hohokam
and southern California sites, to examine strucamek directionality of these data.
Kriging (Venables and Ripley 2002) applies to aetgrof multiple regression based
spatial analytic methods. For my study | will usdioary kriging. Specifically, ordinary
kriging is used to interpolate: (A) a variable z {inis case, either anby 1 vector f= the
number of sampled sites) consisting of: (1) thaltobunt of Pacific Coast shell artifacts
divided by the sum of the total count of PacificaSband Gulf of California shell
artifacts or (2) the total count of Gulf of Califoa shell artifacts divided by sum of the
total count of Pacific Coast and Gulf of Califorsiaell artifacts from an assemblage for
n assemblages) and (Bhdy 2 matrix consisting of site locations in thenfoof forced
(see Appendix B) and rescaled UTM coordinates (gtheg¢ 10000 and
y=northing/10000) at unsampled locatiof;sy; in the Hohokam/California transregion.
The purpose of these analyses is to demonstrateieafly that the observed distribution
of shell in the Hohokam/California transregion dimt likely result from chance, and that
movement of shell was directional. Table 7.3 presithe shell data used in the kriging

analysis. See Appendix T for the raw data sets fByewe, Snaketown, and Los Colinas
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used for Table 7.3. Also, see Appendix T for dethihformation on the Matlab

functions and script used in the kriging analysis.

Table 7.3. Shell data used in kriging procedureC&GdGulf of California, PC= Pacific

Coast.
Site Region GoC Shell Artifact/(GoC Shell Artifacts + PC
Shell Artifacts)

Afton Canyon Hopic 1/15

Oro Grande Serrano 8/80

Indian Hill Kumeyaay 5/6

Rockshelter

Malibu (LAn-264) Santa Monica Mountains 782/3874
Chumash

Oatman Flat Lowland Patayan/Gila River 24/29
Hohokam

Escuela Lowland Patayan/Gila River 32/115
Hohokam

ORA-225 Mainland Tongva 4/48

Grewe Gila River Hohokam 1334/2368

Snaketown Gila River Hohokam 634/638

Las Colinas Salt River Hohokam 2785/2801

First the geographic positions of sites (x-y p)eaned their corresponding values in

column three of Table 7.3 (z component) are plottgd nine kriging results for scaled

random fields (see Adler et al. 2007) with autoelation. This approach is often called

the Monte Carlo method, which in this study thed@n fields correspond to spatially

varying values of the ratio (relative frequencyGflf of California shell artifacts) in
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column three of Table 7.3. In this applicationfué Monte Carlo method, three-
dimensional vectors of pseudo-random numbers arergeged and scaled to the x, y, and
z coordinates of the observed data space (see Appe€rior the Matlab code and
additional explanation). The z component valuethefrandom field are also generated
so that they are spatially autocorrelated. Thismadhat adjacent or near neighbors in the
X-y plane have more similar z component values thare greatly separated points in the
x-y plane. This is expected in many exchange casf@xg., down the line). In the

kriging plots (Figures 7.8 and 7.9) red indicatdsgh, yellow a moderate, and blue a low
relative frequency of Gulf of California shell dattts (z component value) by geographic
location. Examining twelve kriging results (Figuté), the z component values for the
actual data from the sites in the Hohokam systeast(&g greater than 80) and the Indian
Hill Rockshelter site (vicinity of Lake Cahuillagar Easting 60 and Northing 360) have
much greater proportions (larger z component valines their corresponding
pseudorandom z component values (or relative frecyuef Gulf of California shell
artifacts). The remaining sites (all from south€alifornia) mostly have z component
values that are significantly less than their cgpmding pseudorandom z component
values. These results suggest (at least by visgpection) that the relative frequencies of
Gulf of California shell artifacts from the Hohokaand Indian Hill Rockshelter sites are
larger and the observed values from the remairomghern California sites are smaller
than would be expected by chance. Also, the vanah the pseudorandom and spatially
autocorrelated z component values in the krigirgspdio not (as expected) suggest a
consistent pattern of directionality (red “peat&’iue “valley” or source to recipient) in
the movement of Gulf of California shell artifacltis.contrast the kriging plot for the

209



observed data (Figure 7.9) suggests strong diredttg in the movement of Gulf of
California shell artifacts from the Hohokam systenthe Lake Cahuilla area (Indian Hill
Rockshelter), and from Lake Cahuilla and viciniiysttes in the Serrano, Hopic, Tongva,
and Chumash regions. A statistically rigorous asialywould generate the random field
plots many times to produce an empirical samplistridution of the pseudorandom
values of the z component for each of the sitetiona and then compare the observed z
component for each site with its empirical samplimgribution to compute an
approximate p-value that the observed z comporedaoewvould occur by chance. This

will require adding additional Matlab code to timAppendix T, which is a future goal.
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Figure 7.8. Sample of three-dimensional krigingtoan plots that were computed on a
scaled random field with autocorrelation. The mgsti used is identical to the grid of
the actual data (Figure 7.9). Actual data plottadvisual comparison.
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One Hundred Contours of the Kriging Predictions
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Figure 7.9. Three-dimensional kriging contour moimputed from actual data.

Summary

The Erds-Reyni random graph analyses provide rigorous and pioNvessults

that strongly support the existence of the Hohokzatifornia transregional system.

Based on my current information this may also [eefitlst time this methodology has

been used to evaluate the existence of a prelusirchange system using a network

model constructed with ethnohistoric, ethnograpine archaeological data.

The walktrap community analysis of an undirectetivoek graph of the

California/Hohokam transregional system revealetl#ti-dimensional structure in the
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inter-group relational ties, which is consistenthaethnohistoric, ethnohistoric, and
archaeological evidence (Chapters 3 and 6). Thopats the existence of the
transregional system. The analysis also result@dadictions of inter-group ties that can
be studied in future research on the Hohokam/Qaliédransregional system.

The kriging analysis provided additional supportthe existence of the
Hohokam/California transregional system, sincéadvged strong directionality in the
movement of shell (used as a proxy for interrediamtaraction), and (more so, with
random field contour plots) that this directiongktould not likely occur by chance. The
kriging analysis also suggests that the transregjioteraction of the Hohokam system
was focused on the Lake Cahuilla region in soutleeagalifornia.

Both the network and the kriging analyses provigeimportant result that the
Hohokam/California transregional system very likekysted. The walktrap community
network analysis also provided the important resthlat: (1) the Hohokam/California
transregional system had two modules (coastalraedior) whose susceptibility to
shocks was probably largely independent and (2etivas probably a strong
interdependence between the Lake Cahuilla regidrttaHohokam system. These
results shed light on some of what is needed ibibeconomic model of the next
chapter which are: (1) the interregional focushef nodel should be limited to
interaction between the Lake Cahuilla region amdHbhokam system and (2) trade
between these regions should be included in theehtodvaluate its effect on the

stability and persistence of the Hohokam system.

213



CHAPTER 8: A SIMPLE BIOECONOMIC MODEL OF RENEWABLRESOURCE
USE AND TRADE
The possible exchange of shell valuables manufedturthe Hohokam system

for Lake Cabhuilla fish is well supported by thelaeological evidence presented in the
previous two chapters. Other lines of evidence dinatv from ethnographic and oral
histories in Papua New Guinea also lend suppdhdadea that shell valuables could be
a fundamental item of exchange for protein-ricndiémom a distant place and across
ethnic boundaries. For example, Connell (1977:8/1pB@vides the following oral
account of the long-distance and cross-culturaharge of shell valuables for protein
rich foods (nuts and meat), in the Solomon Islarsfd3apua New Guinea (see Figure
8.1).
Within pre-contact Bougainville there was locabigaas shell valuables manufactured in
the Shortland islands, Buin and possibly elsewireBougainville, were traded between
different language groups and also inter-regiorzale which incorporated shell
armbands from Choiseul and possibly shell valualbtes Malaita. These latter goods
therefore had passed through a number of intermeslibefore reaching a final
destination in Bougainville. Oral accounts indictitat south Bougainvilleans exchanged
agricultural produce (mainly pigs and almonds)y @ats and spears for these valuables.
Issues not considered by Connell and (for the pas) by other ethnographers and
ethnohistorians that have studied traditional sieedile and middle range societies (and
specifically ones that were still quite isolatedl arot yet interacting to a significant
degree with complex or industrialized societiesd,the short and long term effects of

globalization processes (such as the scalar exgrans$irading systems) on the stability

of these kinds of social-ecological systems. Intiast, my focus in this chapter is to
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examine how expanding the scale of the Pre-Classimkam system could have

contributed to its collapse.
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Figure 8.1. The Bougainville, Choiseul, and Maldsfand exchange system.

With reference back to the first chapter of thigdst the goal of this chapter is to
evaluate how economic expansion of the Pre-Cla$simkam system beyond the
Hohokam region could have affected its long-terabiity. That is, could increasing the
scale of a pre-existing system (i.e. expanding beéybe Hohokam region) have reduced
the efficacy of established robustness-fragiliade-offs, which, in turn, amplified the

fragility of the system, increasing its risk of keqse? The context of economic
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expansion will be limited to the trade of shelluatbles manufactured in the Hohokam
system to exchange for dried Lake Cahuilla fistst&wyic fragility of the Hohokam
system in this context relates to the filling amap¢ying cycles of Lake Cahuilla
combined with expansion of the spatial scale afd@rapecialization in trade related
activities, including the production of shell vailes to exchange for Lake Cahuilla fish,
as well as the population size of the Hohokam regjisystem.

To accomplish this goal, | combine a qualitativalgsis of the Hohokam social
ecological system (ca. A.D. 850-1100) and a simdglgamic model of renewable
resource use and trade, which builds on the mdd&hderies (2006). Robustness to
shocks and systemic fragility of the Hohokam syséeenkey focal points in the
modeling study of this chapter. As Anderies (208i6g9erves, the Colonial and early
Sedentary Hohokam system became more robust tbdocperiods because its scale of
interaction increased, and more robust to smaledt@ods, because irrigation
technology and infrastructure along with associatetitutional arrangements permitted

farmers to grow food away from flood zones (Fig8r2, Table 8.1).
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Figure 8.2. The general frameworkAnderies et al. (2004pplied to the Hohokal
system (circa A.D. 85@100). The numbering matches Anderies €(2004). The
framework shows the locations of different vulnéliibs in relation to syster
components.
But this also made the Hohokam sm more vulnerable to larger scale (both longe
time and larger in area) shocks, such as regiaoalgthts, severe flooding, and soc
problems that could impair trade within the Hohokagion and beyon

It is not as clear how much the drying phases of #ielCahuilla drying/filling
cycles (discussed in Chapter 4) could have disdutite Hohokam system, |
increasingly reducing the output potential of tteké& Cahuilla fishery over the course
several écades. Certainly, Lake Cahuilla people could leiempted to maintain tf

output of their fishery by building more fish tragsd moving them with the recedi

shoreline of the lake, and/or adding or expandihgotypes of fishing (including acti
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approaches), such as boat and shore fishing usiigdnd line and bow and arrow

methods.

Table 8.1. Robustness and vulnerabilities of thed#am/California transregional
system in relation to spatial scale and rate otizence.

Robustness/Vulnerability
Properties

Rate of
Occurrence

Comments

Greater local robustness to
drought and food shortages

Increased robustness to small
scale flooding

Vulnerability to social
problems

Vulnerability to environmental
disturbances

Moderately slow,
multi-year

Rapid, over a
period of days or
weeks

Rapid

Slow, multi-
decadal

Larger spatial scale of system

Move irrigated land further from flood
zones. [Increase capital devoted to building
and maintaining irrigation infrastructure]

Disruption of trade systems

The cyclical waxing and waning of Lake
Cabhuilla; Long-term drought that would
significantly reduce streamflow and the
wild resource base.

It is also necessary to consider to what extenstiogal and environmental shocks

in Figure 8.2 and Table 8.1 are independent. Thlgvovide key insights that will help

with interpreting the analysis of the bioeconomiadal. For now, | will qualitatively

examine the structure of the environmental shackierms of a structural model of the

risk space of the Hohokam system with Lake Cahaillded (Figure 8.3). With the

inclusion of Lake Cahuilla, it is clear that thekiispace of the Hohokam system includes

three independent (in that each is robust to shitésusually do not co-occur)

dimensions of variation: (1) the Lake Cahuillaifif and emptying dimension, which is
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driven by seismic\eents in the Salton Basin; (“he large-scale moistusvailability
dimension, which is determined by water input (r@mna snowfall) into Irge areas of th
Hohokam system; (3he sma-scale moisture availability dimension, which depead
local rain and snowfall. This means that robusttfiegsglity tradeoffs considered
Anderies (2006heed to be -examined in the context of systemic fragility tbhatiples
the Hohokam soal ecological system with the social ecologicatem of the Lake

Cahuilla region.

Local Drought
Dry

Empty — / Full

Flooding

Extreme Wet Period

Figure 8.3. Three key environmental dimension$efrisk space of the Hohoke
system, which are: (1) regional water availabi{dry to flooding), (2) Lake Cahuill
filling/drying cycle (full to empty), and (3) locavater availability (local drought 1
extreme local wet period).

Considering the independent nature of the dimessibthe risk space, th
guestion of interest is:dw could the inclusion of a Hohokam and Lake Cadai
interaction spherwith only two trade items lead to system failurd¥a@gesin the

division of labor withinthe Hohokam system to produce large quantitiehelf o

enable the importation of Lake Cuilla fish, and the latr required to export the shi
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and import the fish must be key elements. This tjuess evaluated in the analysis of the
bioeconomic model later in the chapter, where dmassrelated to labor allocation

determine the model outputs.

Population Growth, Irrigation and | mpactson L ocal Wild Resour ces

The increase in the population of the Hohokam systaring the Late Colonial
and Sedentary periods was probably a major fanttiva collapse of the system around
A.D. 1070. Population growth, especially at theec@ithoenix Basin) of the Hohokam
system was likely the result of both internal artemal (i.e. migration) inputs, as
suggested by Nelson et al. (2010).
The regional economy in which they participatea aspplied hunted and gathered
resources from various ecological zones, and, thighexpansion of the regional
networks over time, it is likely that the irrigai@ommunities in the lowlands became
ever more dependent on nonlocal comestibles in&ite¢gional collapse. Prior to the
collapse around AD 1070, there were no signs oirenmental degradation along the
Salt River. However, immediately following that &the northern uplands overlooking
the lower Salt River valley became depopulated,sttiements along the river rapidly
swelled with migrants (e.g., Abbott and Foster 2003
Nelson et al. also mention archaeological eviderigautritional deficiencies (e.g.,
anemia related to shortfalls of wild protein in thiet) among residents of the Salt River
area during this time and suggest a connectiondstva surge in population growth
from migration and the degradation of local wildaarces.
The effects on the local wild resource stock wettesgantial, with severe health

consequences for the Salt River populations (Varvéeand Sheridan 1994, James
2003, Kwiatkowski 2003, Sheridan 2003).
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Nelson et al. (2010) also consider the interplaybken population growth, density and
irrigation intensification on wild resources, iretepecific case of the Salt River
component of the core region of the Pre-Classicdkam system.

By investing in large-scale irrigation technologye Hohokam farmers in the lower Salt
River valley assured themselves of a goodly suppbultivated resources. At the same
time, their infrastructure investments densely emtiated a large population in a single
place, putting their local environment at risk é@pletion and degradation. The Salt
River inhabitants initially avoided that vulneratyilby participating in a vast network of
exchange [emphasis added].

The Hohokam in the Salt River valley invested irseige local infrastructure to suppress
variation at annual frequencies and increase tbeyativity of the desert for agriculture.
That advantage was achieved and supported a pmputaat grew over several
centuries. However, this success generated vuliiéesbto population growth that

occurred on a generational timescale and led tdepéetion of local resources [emphasis
added].

The Coupling of Population and Technological Growth with Regional and
Transregional Exchange
As a coupled social-ecological system, there waigr@ficant interplay (or

feedbacks) between population and technologicalitgrand the growth and
organization of regional and transregional exchayg¢ems in the Pre-Classic Hohokam
system. For example, Nelson et al. (2010) commetinatations on the growth of
irrigation in the Sedentary period Hohokam systewh igs effect on trade (as well as the
converse, the effect of trade [or lack of it] oe ilrigation systems) that result from the

interplay between limitations determined RyndS on the growth of the irrigation

system and the capital labor ratf6/f,).
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The sustained agricultural success, however, mag dacouraged substantial expansion
of the hydraulic infrastructure sometime after AGDQ, at the height of the regional
economy. A major irrigation complex, named the LE€hlnal System, was built around
AD 1000 upstream of the other irrigation coopedion the river (Howard 1987),
possibly by a migrant group from the middle Gilar&tivalley to the south (Abbott
1995). The establishment of several new ballcoilleges and the addition of hundreds
of irrigated hectares put new pressures on thensaggly, which may have become a
limiting resource at that time (J. Howard 1993)vé@sion of the river flows by the Lehi
farmers may have undercut the capacity of some dteamm irrigation cooperatives to
grow a surplus of corn and cotton for trade. Irefffthe productive output in the valley
as a whole after AD 1000 may have reached a maxjimidmte expanding local
populations consumed their share and left a dimingsproportion of the total output for
exchange with populations elsewhere in the region.

Although people [in the Hohokam system] were pllaoeised, they acquired a wide
array of resources and maintained access to ayafieesource areas for centuries
through an extensive, pan-regional exchange netwdrlch also provided a social
environment conducive to maintaining their exteasianal network [emphasis added].
Once that extensive social network became fragrderesources brought from afar were
no longer available and the social relations tbppsrted the canal systems changed.

Nelson et al. also consider the combined effeetcofogical diversity with production

and exchange in relation to the potential vulnditgttof the Pre-Classic Hohokam system
to rapid dissemination of environmental and sosialcks throughout the entire system as
a consequence of cohesion and interdependenceial and economic networks at the

regional level [which again, | suggest was tranisnes].

Efficiencies of local specialization and the int#grn of diverse ecological zones, via the
ballcourt rituals, underpinned webs of reliable elegencies, but at the risk of
hypercoherence whereby local perturbations weteHfedughout the region. When
interconnections are too strong and too criticadal changes such as rising imbalances
between supply and demand, sociopolitical striée thsrupts the movement of goods,
and impairments to production capacities can casttadugh the regional networks,
causing regional-scale social, political, and ecoiecdransformation.

The Salt River Hohokam invested heavily in thaiigation infrastructure to supply a
regional market [which | suggest was transregiooaljvhich they, in turn, depended for
vital resources. The interdependencies succeedadilaing an efficient and productive
regional economy, but at the risk of local perttidres, whose effects could cascade
across the system.
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L ocal Drought Cycles and the Need to Trade

Frequent dietary stress as the result of localglibomay also have been a major
factor in the need for people in the Pre-Classibdkam system to look elsewhere for
wild food. Specifically, it is necessary to idegtgatterns in the occurrences of persistent
dry periods. To better understand the prevalendegpatential; impact of drought cycles
on wild food stocks in the Phoenix Basin during 8smta Cruz phase and Sedentary
period of the Hohokam Cultural Sequence, | did Eearier analyses. | used the Cooley-
Tukey method of fast Fourier transforms to comgléepower spectrum plots (Figures
8.4 and 8.6, also see Hameed et al. 1983 for dicappn of this method to the analysis
of periodicities in precipitation; also see Appendifor the Matlab code used in the
Fourier analyses), on reconstructed Salt Riverthadther on reconstructed Gila River
annual streamflow data (provided by Scott Ingramm&oin 2007; also see Graybill et al.
1989, 2006). | assume that annual streamflow engty correlated with yearly rainfall.
Both of these analyses detect strong signals tra¢gpond to high frequency and low
frequency cycles in streamflow during A.D. 850-11B6r the A.D. 850-1100 period, the
strongest signal recovered by the Fourier anabfsisconstructed streamflow for the Salt
River is a 14.7-year period/cycle. The second seshis a 22.7-year cycle (which also
has a strong signal in the Gila River, see Fig8résand 8.5). These appear to be drought
cycles (Figure 8.5), with the most severe droughigals for the 14.7-year cycle
occurring between A.D. 915-930, 1032-1047, and 1026, and for the 22.7-year cycle
during A.D. 1059-1081 (Figure 8.5). For the sameqok the strongest signal recovered
by the Fourier analysis of reconstructed streamflavthe Gila River is a 31.25-year
period/cycle. This appears to be a multi-decadaligint cycle, with the worst drought
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associated with this cycle occurring during A.D2301054 (see Figure 8.6). The most
severe droughts associated with the cycle witrsdo®nd strongest signal (11.4 years,
see Figure 8.6 and 8.7) are during A.D. 966-9781885-1046 (see Figure 8.7). The
greatest overlap in drought period cycles betwiertwo rivers occurs during A.D.
1032-1047, which is several decades after the toaeA.D. 1000) when the Hohokam
system may have reached the limit of its irrigattapacity (see Nelson et al. 2010) as
determined by available water from rivers, raing anowfall. Also the significant dry
period in both river systems is coincident with tdewn-cutting in the middle Gila
riverbed during the 11th century [which] may hae# some canal intakes high and dry,
significantly reducing the agricultural outputsradothe middle Gila River and the
stability of the entire regional economy (Waterd &avesloot 2000)” [Nelson et al.
2010] may have also contributed to potential adpucal shortfalls and regional

economic stress.
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Salt River (A.D. 850-1100)
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Figure 8.4. Fourier power spectrum of the peridgdiof average annual streamflow in the
Salt River (A.D. 850-1100).
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Figure 8.5. Reconstructed annual streamflow ofSak River (A.D. 900-1100)
partitioned into 14.7-year intervals (left) and 28ear intervals (right) corresponding to
the two largest peaks in the periodicity of strdamf(Figure 8.4) predicted by the
Fourier analysis.
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Sila River (A.D. 850-1100)
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Figure 8.6. Fourier power spectrum of the peridgdiof average annual streamflow in the
Gila River (A.D. 850-1100).
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Figure 8.7. Reconstructed annual streamflow ofdha River (A.D. 900-1100)
partitioned into 11.4-year intervals (left) andZ8-year intervals (right) corresponding to
the two largest peaks in the periodicity of strdamf(Figure 8.6) predicted by the
Fourier analysis.
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In sum, the recurring multi-year drought cycleshia Phoenix Basin between
A.D. 900 and 1100 identified by the Fourier anatys®y have resulted in insufficient
harvests of local wild protein sources to meetrtii@imal per-capita needs of people
living in this area during that time. Extended dybts would probably also greatly
decrease streamflow and, in turn, significantlyuaalocal fish stocks that may have
been a major wild protein source for people intlodokam system. Also, increased
levels of harvesting of these resources over tisnha result of population growth may
have further depleted them. Increased consumpfitotal wild foods accompanied by
an increase in population during the Late Coloaral Sedentary period of the Hohokam
cultural sequence (A.D. 850-1100) is supportedriofi@eological evidence (Bayman
2001; Crown 1991:147; Ford 1985; Gasser and Kwiaskg 1991a,b; White and
Lekson 2001:104). It is plausible then to increadristness against localized shortages
of protein rich wild foods, people in the Pre-Clagsdohokam system re-allocated labor
used to harvest local wild carbohydrate rich fotmpursuits that permitted the
importation of protein rich dried fish from Lake I@alla. Also, the co-residence of
Patayan people in major Hohokam settlements ifPtieenix Basin and Gila Bend (see
Chapter 3), some of whom may have been speciedets (i.e. middlemen) with kin
and other ties to Patayan people living on thelsatshores of Lake Cahuilla (see
Chapter 3), could have lowered the transport ahdrde.g., transaction) costs in the
exchange of manufactured and other goods from hioeritx Basin for dried Lake

Cahuilla fish.
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Model

The model is broadly thematic and not detail osdnBoth extensive and
intensive resource use are two elements of the Inbde combination of these resource
use strategies can reduce the effects of envirotaheariability by extending the spatial
scale from which resources are obtained.

As Anderies (2006) states, which also applies i®riodel:

The reader should bear in mind that the model ismended to capture specific features of
the Hohokam system. The need for a sufficientlgltemporal sequence to observe shifting
vulnerabilities and large-scale change motivatedatus on an archaeological case such as
the Hohokam, not the details of the case itselfttfeu, institutions are not formalized
explicitly in the model; their role is implicit. F@ach biophysical configuration analyzed,
institutions structure the suite of associateds;dstnefits, vulnerabilities, and social
interactions that generate the possible dynamiglahwiors of the system. The formal model
provides the link between institutional configuoais (specified in qualitative terms) and
social-ecological dynamics (specified in quantitatierms)[p. 142].

Trade is a component of this model. Trade inntmslel relates to a long
distance riverine-based trade network, with twoanagategories (shell artifacts and dried
fish) of exchange items. Wild resources (in genesaich as fish provide a greater return
of protein than agricultural products. Agricultusgin general) expected to provide
mostly carbohydrates. Local resource availabilitg &ss becomes more of an issue as
populations increase and are more settled. Intengibgriculture and trade are two ways
to deal with greater population size, but at theeséime may enable further population
increase. In particular, | extend Anderies (2006hekam model to include trade of Lake
Cabhuilla dried fish (protein) for Hohokam shell giasities.

As with the Anderies (2006) model, this model representative-agent,

bioeconomic model of renewable resource use, iegdfiy other such models (Anderies

1998, 2003; Brander and Taylor 1998; Dalton andt€2a00; Janssen and Scheffer
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2004). As with the Anderies 2006 model, the qualitaanalysis of the system | consider
suggests the essential renewable resource tymas:eotensive (type 1), local intensive
(type 2), and Lake Cahuilla fish (type 3). The esatf the first two types in this model
are the same as in the Anderies model, which herides as:

The states of the extensive and intensive ress@@measured in terms of harvestable
biomass and soil fertility (Anderies, 1998, 200@gpectively. Society produces two
types of output: protein rich (type 1) and carbataye rich (type 2). Although both can
be produced from either resource type, wild resegiroay have higher productivity of
type 1 output and irrigated agriculture may hawghhbr productivity of type 2 output [p.
143).

In this model people in the Hohokam regional systignto meet their needs with
minimum labor. Needs include those related to iigdial nutritional requirements, ritual
and other types of social and economic obligattbasinclude trade.

The mathematical representation of the systenudead the regeneration of the
renewable resources, the labor allocation to easburce type, and the dynamics of the
periodic filling and emptying of Lake Cahuilla. Resce dynamics (including the filling
and emptying cycles of Lake Cahuilla) are modelgidgidifferential equations that
describe the state of type 1, 2, and 3 resourggsx, andx. g5 (Wherew represents

local wild resources; irrigated agriculture, anid_fish Lake Cahuilla fish), and the

carrying capacity of the Lake Cahuilla fishery (tlee size of Lake Cahuilla).
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T rw(R) * Xw(1 - KW(R) * Xw) —dwp * pr — Ay * ch

dt
dx,
o = Ta(8) * X, (1= Ka($) ¥ x5) = 23 # Y,
dxcr Xlcf
d_tc = Tcf * X]cf [1 — (Fﬁalmj - alcf_p * Yle_p
du 2xT
_=u*(1—u2—V2)—( )*V
dt P1
dv 2% T
_:V*(l—uz—vz)+< )*u
dt b1
_ (Mg +g* 1)

KLCscaled (U) - IJ-Z

As is typical with bioeconomic models, wild resces are assumed to regenerate
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(1)

(2)

(3)

(4)

)

(6)

The ternwr;, (R), in equation (1) depends on rainfall, R, is thensic regeneration rate

of the wild resource stock. Unexploited wild resmustocks will increase to a rainfall-
dependent carrying capacity. The subscript j h&igegep, ¢, or p_Icf, which depict output
type (protein rich local resource = p, carbohydratie local resource = c, protein rich
Lake Cahuilla fish = Icf_p). The subscript i ishat w or a and depicts the resource type
(extensive (wild) = w, intensive (irrigation) = &); represents output type j from

resource type i and; the impact on resource type i of producing outppeé j.

logistically (which is biologically reasonable). &hegeneration rate of irrigated

agricultural soil productivity is denoted Iby(S) whereS denotes stream water



transported into the soil through irrigation. Tlod segeneration rate depends on S
because irrigation water contains nutrients. Maxmaoil fertility depends on the
inorganic and organic composition of the soil amel¢complex interplay between the
physical and chemical structure of the soil andaifganisms that live in it.

In this model (to simplify the analysis), equatidn2, and 3 represent average

conditions (i.e. R and S are constants, K¢l _, . (u) is the carrying capacity of the
Lake Cahuilla fish stock that varies in a fixed g cycle). Note that K¢, (D,
were used (instead of equations 4 and 5, whetau(t) andv = v(t) the system would
be nonautonomous (i.e. the model's system of ordiddferential equations would
explicitly depend on the independent varia)ldn equations 4 and &,andv generate
an asymptotically stable orbit of the fofu(t), v(t)) = (cos(wt + ¢), sin(wt + $)),
whereg is an arbitrary phase-shift. Then by couplir@) to K., transforms the
nonautonomous system into an equivalent autonorfususne-invariant) and
periodically driven system (see Ermentrout 2002:188). Figure 8.8 is a plot of the

model 50-year Lake Cahuilla filling and emptyingley
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Figure 8.8. Lake Cahuilla fish stock without a @sj Fluctuations in the fish stock res
only from a 50year filling and emptying cycle of the la

Local environmental shocks to the system correspomtianges it and
Variation in rainfall affects both the carrying ety and growth rate of wild resourc:
Changes in the amount of stream water used fgaiion affects agricultural outpund
soil fertility. Changes in the productivity of theke Cahuilla fishery (as discuss
earlier in the chapter) are the result of -year long filling and emptying cycle of tl
lake (that is caused by seismic events in the S8&#asin that alter theourse of the
Colorado River to either fill or not to fill theka) is a no-local environmente
disturbance that is independeni and . Also, shocks resulting fromand are
rapidly felt by the system whereas the emptyindesyof Lake Cahuill are mult-

decadal and must have more subtle impacts on Hters)
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In the model, shocks to the system correspondrtobations from average
conditions. The objective of the analysis is tovmte a preliminary study of the model
(with numerical simulations) that will result inbatter understanding of how
environmental disturbances combined with correspanchanges in the population of
the Hohokam system (for a fixed labor capital natind the option to supplement wild
protein with Lake Cahuilla fish, relate to robustséragility tradeoffs and the collapse of
the system circa A.D. 1070. As with the AnderieB0@ model this model has a linear
production structure. Lower- and upper-case letlectper capitaand total quantities,
respectively (for example,,,, = h * y,,, represents total output of local wild protein rich
resources). For per capita outpyts; = Ay, * Xy, * Ly j, Vaj = Agj * Xg * lg * K,

Yicr = Aicr * Xicr * lraae Wherel,,; is the labor allocated to producing outptrom
resource type w (wild),, is the labor devoted to resource type a, land. is the labor
allocated for trade associated with the importatibdried Lake Cahulla fish into the
Hohokam system. No distinction is made betweenrlabed for producing different
types of output from resource type a - output teained by a constadt,;. Output
from irrigated agricultural activity also dependsaapital K, which includes physical,
social, and institutional infrastructure. Peopléha Hohokam system chookg,, L, L4,

andl;,qq4e 1N the following steps:
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Step 1.

Min Ly, + Lye + 1o (8)
Subject to:
Ywp + Ywe = Ywpmin + Ywemin 9)
Yap + Yac 2 Yapmin T Yacmin 10§
Lyp + by + 1o < ¥V * Lyay (11)

which produces optimal labor allocation as follows.

_ )1 1

la_opt min /(Aap * Xy * K) , /(Aac * Xy * K) (12)

Then if - 2k (j% + j—) >0 (13)
w wp wc

lg =0, elsel, =1, op¢- The preceding inequality (13) designates optiizbr

allocation based on the state of the (wild resaies®l agricultural) conditions within the
regional Hohokam systef,,, x,) and technological constraints givenyndA,;.

As Anderies (2006:144) says in relation to inegydl3).

This makes the conditions favoring a switch taymted agriculture clear: once the left

hand side of inequality 13 becomes negative, spdietotes some labor to irrigation.
This becomes more likely &sincreases (obviously), as the wild resource becomes

degraded relative to irrigated agriculture (thdaorﬁf‘/xw increases), or the productivity
of labor in irrigation is higher than in the wildsource sector.

After [, is determined,,, Y., Y,

ap» andYg, (which are the dynamical total outputs of

wild protein and carbohydrate rich resources adsgon and carbohydrate rich

agricultural products) can be computed. These asiine computed as follows.
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Yup = Awp * Xy * Ly x h (14)

Ywe = Awe * Xy * Ly x h (15)
Y, = (Aap + Aac) xl,xh*xK (16)
Yirade = Alcf * Xicf * ltrage * h (17)

Next, people in the Hohokam system decide wheth@ate for Lake Cahuilla fish,
using the following criteria.
If Ywp = Ywpmin thenlyqge =0 (18)
elsey,, < Ywpmin (29)
(i.e. minimum wild protein needs cannot be methtBéep 2.

In sum, Step 1 is a classic linear programmingnoi&tion problem, which is
based on the realistic assumption that peoplearPtie-Classic Hohokam system would
try and meet their nutritional needs with eitherdwild resources or with a combination
of wild resources and farming that minimizes lafidren if all wild protein needs are met
(18) there is no reason to trade for wild protésh resources from sources outside of the
Hohokam system. If these needs are not met (inggd&l) then implement Step 2. Step
2 is a heuristic and is based on the reasonablengd®n that people will respond to
local per-capita deficiencies in protein rich wittbds by transferring a maximum
amount of available labor from procuring wild cahnlgdrate rich foods (determined by
the following criteria and equations 20 and 219btain protein from a non-local source

that has an ample supply of protein rich wild food.
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Step 2. fywe > Ywemin @Ndly,y, + Lye + 1g < ¥ * Lypgy reducel,. to meetyy,cmin (AL)

and then ifl,,,, + l,,c + 15 + AL < y * L4, allocate this amount of labQAL) t0 l;yqqe

where
Ywe—Ywemin
AL = Tl) = ltrage (20)
else
lirage =V * lmax — lwp —lwe— g (21)

In this analysis, | assume that the populatiothefHohokam regional system
(especially core area of the Phoenix or Salt-GdéaiB) increased between A.D. 900 and
1070. White and Lekson (2001:104) comment thaptimulation in the Salt-Gila basin
peaked during this time and was probably in the td@rthousands. Earle and Doyle
(2008) provide an estimate of 30,000 for the Pho&aisin. As with the Anderies (2006)

model, | assume that population size and capibtakstare correlated and that the capital
labor ratio ((/h see Table 8.3) is constant. | also assume adaigital labor ratio

considering the presumed peak in population ares(pned) major capital investments
in (for example) the regional ballcourt network amated agriculture. For comparative
reasons, | us@/h = 0.2, which is the same value used by Anderies to sgrea system
with high investment in irrigation and other infiagture. All of the remaining
parameters in the model (see Table 8.3) were chlosamplify the analysis and function
to scale the units of measurement. As with the Ard€2006) model, this model

produces results that are robust over a broad raingarameter values.
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Table 8.2. Model variables.

Variables

Definition

Xw

xlc_f ish

Kic(w)

Biomass of wild resources in the Hohokam
regional system.

Soll fertility of irrigated land in the
Hohokam regional system.

Biomass of Lake Cahuilla fish population.

Capital [which relates to the output of
irrigated agriculture in the Hohokam
system]. Used as a constant in the current
model.

Carrying capacity of Lake Cahuilla fishery
as a function ofi. K, is a periodic
function, with periodicity equal tp,.

Labor devoted to producing output p or
¢ from resourceé = w, a, or lcf.

Labor devoted to agriculture.

Labor devoted to trade by the Hohokam
system. Implicitly includes labor allocated
to the procurement, manufacture, transport
of shell preciosities and associated
equipment (e.g., burden baskets), by
middlemen, and labor and equipment
devoted to transporting dried Lake Cahuilla
fish.
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The model parameters of Table 8.3 determine thenratle and range of population
values f € [0, ~2.5]) useful for studying the model dynamics. The magte of the
population values of this model are scaled so(fbatexample) a population of 10,000 is
represented b = 1 and a population of 25, 000 hy= 2.5. Equivalent to the Anderies
model both: (1) the growth rates of the resourpesy(there are three in this model
compared to two in the Anderies model) and (2)ptteeluctivities in procuring wild

resources and producing crops with irrigated agjticel are assumed to be 1.
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Table 8.3. Model parameters.

Parameters Definition Default Value
Ty Intrinsic regeneration rate of wild 1
resources in the Hohokam system
[rainfall].
s Intrinsic regeneration rate of 1
agriculture [stream flow].
Tic_fish Intrinsic rate of natural increase of | 1
Lake Cahuilla fish population
Lmax Total available labor per individual | 20
(e.g., 20 hours/day).
y Scaling factor ol 4 0.9
h Total human population in Hohokam 1.5
system.
K Capital, which includes physical, 0.3
social, and institutional infrastructure.
Carrying capacity of resourée
K; wherei = a orw (a = agriculture 1
[streamflow] andv = wild resources
[rainfall]).
A; Output typep (protein rich) orc 1 for alli = wp,wc, ap, ac, orlcf _p
(carbohydrate rich) per unit labor in
w (harvesting local wild resource),
lcf (harvesting Lake Cahuilla fish),
or a (agricultural production).
a; Impact on resource, a, or lcf as the| 0.1 for alli = wp, wc, ap, ac, or
result of producing orc. lefp
Ywpmin Minimum per-capita requirement fon 1
protein rich wild resources.
YVwemin Minimum per-capita requirement fon 1
carbohydrate rich wild resources
D1 Lake Cahuilla filling and emptying | 50
cycle.
a, Scaling parameter fdf; ¢ . (u). 1
Uy Scaling parameter fdf; ¢ . (u). 2
Uy Scaling parameter fdf; ¢ .(w). 3
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Model Analysis

The model was analyzed with numerical simulatiosiagi XPPAUT (Ermentrout
2002); see Appendix V for the XPPAUT code. The pggof the simulations is to
identify how trade for Lake Cahuilla fish may haféected long-run dynamics of the
Pre-Classic Hohokam system (ca. A.D. 900-1100)henvd this relates to
robustness/vulnerability tradeoffs. This is alsty@preliminary analysis of this model,
which | will study in greater depth in the futuréhvbifurcation analyses.

It is important to identify the different robustséaulnerability tradeoffs that are
represented in the model. In the model, capKalrélates to irrigation infrastructure
whose output depends on the design of irrigatiatesys, labor investment in their
construction and operation, and streamfl&ws associated with vulnerabilities in the
system that include: (1) reductions in streamflext¢nded drought) that lower
agricultural productivity; (2) social problems thaterfere with the construction and
maintenance of irrigation systems; and (3) floddgestments irK (increasing) make
the system more robust to short term local droughttmore vulnerable to the preceding
three types of disturbances. Becoming involveairgldistance trade relations with Lake
Cabhuilla residents that result in the importatiéied Lake Cahuilla fish: (1) increases
the potential resource base for people in the Hahmogystem and (in turn) the robustness
to maintain a minimum desired level of wild proteich food (also see Freeman et al.
2014:99-100), (2) increases the systems robustaesd®rt and long term droughts that
lower the productivity of local wild resources, af3J to environmental and social
perturbations (above) that can reduce the prodtctvirrigated agriculture.

Vulnerabilities of trading for Lake Cabhuilla fishdlude: (1) social disturbances (e.qg.,
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conflict among Lake Cahuilla residents and disegséemics) that can disrupt trade, (2)
environmental disturbances (e.g., desiccation &kL@ahuilla as the result of periodic
changes in the course of its primary water soutwe Colorado River]) that can reduce
the output of the Lake Cahuilla fishery, and (3)gmbial degradation of local resources
from increases in population that may result frowtgin surpluses generated by the

importation of Lake Cahuilla fish.
The model is evaluated with a constant capitalriahtboK/h = 0.2 (which

corresponds to a major investment in irrigatiomasfructure, see Anderies 2006:147)
and four population sizes: (1) small (h=1, whiclhresponds to a population of 10,000),
(2) a medium-sized population of 15,000 (h=1.5),a8rge population of 25,000
(h=2.5), and (4) at a population threshold (25,06{2.505) where the system bifurcates
from long-term stability to collapse after 144 yedfor the small population case the
long-run equilibrium is characterized by a smatluetion in wild resource stocks from
harvesting (between 0.7 and 0.8 of the carryin@cigy see Figure 8.9), an average of
about 2.75 hours per day per person devoted tebting these resources, and virtually
no labor devoted to agriculture or Lake Cahuiléade (Figures 8.10 and 8.11). At this
population level with a significant investment irigation infrastructure the population is
highly robust to local environmental shocks, altjlowery little per-capita labor is
devoted to agriculture and only a small per-cajiter investment per day is required to

maintain the output of wild resources at minimakls.
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Figure 8.9. Wild and agricultural resource stoakd hake Cahuilla fish stock over a
150-year period, with h = 1 and K = 0.2 (small plagion with intensified irrigation).
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Figure 8.10. Labor devoted to wild resources arrctalgure for a small population.
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Figure 8.11. Labor devoted to Lake Cahuilla tramteaf small population.

For the medium-sized population (h=1.5) the long-equilibrium for the wild
resource stock is reduced to about 0.6, soil figrtd reduced slightly to about 0.9, and
the Lake Cahuilla fish stock is barely affectedy(ffe 8.12). Compared to the small
population case, the long-run equilibrium of the-papita allocation of labor for
obtaining wild resources is slightly reduced towia5 hours per day, about 0.8 hours
per day per-capita is devoted to agriculture, évwlia0.3 hours/day per-capita is used for
Lake Cahuilla trade (Figure 8.13). This amounta smnall total per-capita labor
investment of about 3.5 hours/day to maintain malitavels of production. Under these
conditions the Hohokam system is very robust tarenmental shocks as the result of
increased agricultural production and the impordroéd Lake Cahuilla fish.
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Figure 8.12. Wild and agricultural resource stoakd Lake Cahuilla fish stock over a
150-year period, with h = 1.5 and K = 0.2 (mediurned population with intensified
irrigation).
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Figure 8.13. Labor devoted to wild resources, adfice, and Lake Cahuilla trade for
medium-sized population.

For the large population (h=2.5) the long-run a@fuilm of both the wild resource stock
and soil fertility drops to about half their respee carrying capacities after about 50
years (Figure 8.14). The Lake Cahuilla fish stachaw slightly reduced but at the peak
of its cycle it is still close to its maximum cairg capacity of 1 when the lake is at its
greatest extent during its 50-year cycle (FigufiglB.After about 50 years per-capita
labor allocation stabilizes when the system reaeledibrium (Figure 8.15). Compared
to the medium-level population at the long-run &gquum per-capita labor devoted to
agriculture has increased from about 0.8 to apprately 2 hours per day, per-capita
labor devoted to wild resources is reduced to aBdwdurs per day, and per-capita labor
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for Lake Cahuilla trade has increased from abaihOurs per day to nearly 1 hour |
day (Figure 8.15). To meet their minimum daily riegonents of protein an
carbohydrates people nowm average need to work about 5 hours pe, which is ony
a moderate labor investmeEven though the local wild resource stock and feaiility
are nearly reduced by half at equilibrium Lake Cahuilla fish stock remains near
carrying capacity and thsystem is sustainable. In this cion aveage about 20 perce
of a person’s labads devoted to activities related to Lake Cahuiltde. Togethe
agriculture and Lake Cahuilla drieish have made the system very robus

environmental disturbances such as drought andl
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Figure 8.15. Labor devoted to wild resources, adfce, and Lake Cahuilla trade for a
large population, h=2.5, K = 0.48.

The final case is a population size (25,050) anuitab(K=0.501) combination
that constitutes a very slight increase from tHeesof these parameters in the previous
case that produces a radical change in the sysgaantcs. In this case adding only an
additional 50 people after reaching a populatio@®000 results in the very rapid
collapse of the system in which the local resoiase is destroyed and in contrast the
Lake Cahuilla fish stock remains near full capastye Figure 8.16). Under these
conditions the model predicts that people wouldraspond fast enough to re-organize
the system in order to delay or prevent the exl@ausi local resources. At 135.7 years
total labor reaches the model’'s maximum per-cagatly labor allocationl(,,,) of 18

hours/day, where it remains until the system hasptetely collapsed at 143.6 years.
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Figure 8.16. Wild and agricultural resource stoakd Lake Cahuilla fish stock over a
150-year period, with h = 2.505 and K = 0.501 {caity large population with
intensified irrigation).

In fact near the time of collapse society incolgedeploys all its labor (probably an
issue of sunk-cost related to investments in exggtstitutional arrangements and
irrigation infrastructure) to agricultural produmi (carbohydrate rich foods) and the
harvest of local protein rich wild foods (see Fig@:17). Slightly more labor is devoted
to agricultural production (see Figure 8.17), lmuho avail. Labor devoted to obtaining
carbohydrate rich wild resources rapidly dropsdmza very short time after the
cessation of labor devoted to Lake Cahuilla tr&dgure 8.17). During this time, labor

devoted to trade achieves the long-term maximut®f hours/day at 135.6 years,

followed by a complete cessation of trade at 1§6ats (see Figure 8.17).
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Figure 8.17. Labor allocated to protein rich wigources (wp), carbohydrate rich wild
resource (wc), agriculture (a), and Lake Cahurbaée (trade) for critically large
(h=2.505) population.

Devoting much more labor to the import of Lake Gladish would have been a
far better choice for sustaining the local resolrage, considering that the Lake Cahuilla
fish stock was still near it cyclical carrying capg (see Figure 8.16). Also, the predicted
rate of the collapse of the Pre-Classic Hohokarntesy$~20 years) by the model could
be evaluated with archaeological evidence. In paldr, if the model run begins a few
years (~25) after A.D. 900 given h=2.505 and K=0,3b& model predicts the system

will completely collapse by A.D. 1070, which is cistent with the most recent

archaeological estimates. In Chapter 2 archaea@bgiddence was provided that
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suggests much of the large-scale irrigation infrecstire (e.g., canals and water control
systems) may have completed by A.D. 950 (HowaddHunckleberry 1991)
accompanied by continuing population growth (prasisection this chapter). This
supports the idea that critical values of h andKl@d have been reached during the
Sedentary period where the system bifurcated fang-term stability to rapid collapse
dynamics. So what is the role of the Lake Cahtiglia trade in the collapse?

Framed in the context of systemic fragility andustmess/fragility tradeoffs, as
the first three cases demonstrate, the long distaade for Lake Cahuilla fish would
help to make the Hohokam system highly robust ¢alldrought, floods and protein
shortages, but (as the last case shows) with ddeaff of much higher vulnerability to
the catastrophic degradation of local resourcebeasesult of population growth. In
relation to population growth a key result from fimal case is that just a minute
population difference (50 people or equivalentklight population increase of just 0.2
percent) shifted the modeled Pre-Classic Hohokatesyfrom long-term stability to
rapid collapse. It seems reasonable that peoplenitite system would not recognize this
(especially since their minimal needs were beingwwith the added bonus of a wild
protein surplus from Lake Cahuilla fish, see Fig8uiE8), which makes this a rather
subtle kind of systemic fragility tied to expanditig scale of interaction through trade

for Lake Cabhuilla fish. Also, surpluses of prote@sulting from the import of Lake
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Figure 8.18. Total per capita protein yields fag thur cases studied in the model
analysis.

Lake Cahuilla fish may have contributed not onlyite growth of the human population
of the Hohokam system directly (as food) but pdgsalso in an institutional setting as
staple finance (D’Altroy et al. 1985) that facitid the growth of infrastructure (e.g.,
irrigation systems) that amplified the human cargycapacity of the local system.
Possibly the most compelling result from the analgé the final case (h=2.505,
K=0.501) is that people did not dramatically inaedabor for Lake Cahuilla trade near
the onset of a rapid collapse of the system toiplyssvert catastrophe. Explaining this
result is a future research goal that should ireladeeper study of the parameter space
of the model through bifurcation analysis.
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Summary and Conclusion

In this chapter a simple bioeconomic model wastgmed and analyzed using the
conceptual frameworks of robustness-vulnerabitégéoff properties of SESs and
institutional economics to evaluate the systenagifity of the Pre-Classic Hohokam
system (ca. A.D. 900-1100) in relation to tradehvtibke Cahuilla. Prior to this chapter
ethnohistoric, ethnographic, and archaeologicalenwie was used to establish the
likelihood and contexts of trade between the Hohokgstem and Lake Cahuilla fishers
during this time. Key robustness and vulnerabpitgperties of the expanded Hohokam
system were also identified as the result of netveoralyses in Chapter 7. These analyses
suggested a strong connection between the Hohokstens and Lake Cahuilla fishers
that was vulnerable to environmental disruptiohe (drying of Lake Cahuilla) and social
disturbances that would disrupt trade betweenwloerégions. Prior to the analysis of the
model it seemed intuitive that the loss of Lake @hdnas the result of the diversion of
the Colorado River by periodic earthquakes wasgtyolinked to the systemic fragility
of the expanded Hohokam system. Interestingly tbhdehanalysis provided a very
different insight that revealed an unexpected aitt@l vulnerability of the system that
directly relates to theory concerned with sunk ewst path dependence (which | discuss
in detail in the next chapter).

As the model analysis suggests, in many casedge@y have more than enough
resources to provide for their needs well intoftitare, even with a rapidly growing
population. The problem is being able to detectartgmt and sometimes very subtle or
unexpected feedbacks from the environment and tabiegto respond in ways that
maximize the robustness of the system. In the che Hohokam system, institutional
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arrangements and infrastructure that had developedcenturies were probably
optimized for maintaining stability in the outputdafor sustaining local wild resources
and agriculture. Expanding the scale of interactimovided new vulnerabilities for the
Hohokam system that required changes in establisbeds and rules. Institutional
change, considering the great success of the Homskatem for many generations,
probably did not come easy or quickly. In fact, thedel analysis suggests it was not the
filling and drying cycles of Lake Cahuilla or anther environmental shock that likely
was a major factor in the collapse of the Pre-@ddshokam system. Rather the
analysis provides the unexpected result that tihedéaof the system was tied to the social
realm. Specifically that people and institutionsnsidering their major investments and
trust in infrastructure and technology that hadansd them for at least a thousand
years, would not respond adequately or rapidly ghda increase development of
infrastructure related to the import of dried Lakahuilla fish. This is because in doing
so would require reduction in infrastructure antpotiin other sectors and time proven
technologies, specifically agricultural infrastruct (e.g., large-scale irrigations systems)
and the harvest of local wild resources. Finalhgtaer and possibly more compelling
insight from the model analysis is there may hasenba very narrow range of population
increase beyond some critical threshold that mayaee been detectable, even with
major alterations in the Hohokam system that wadildrd greater flexibility in
responding to crises of this type. This may be aengeneral issue and concern for all

human societies that should be the focus of futegsearch.
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CHAPTER 9: INCREASING SCALES OF SOCIAL INTERACTIOAND THE ROLE
OF LAKE CAHUILLA IN THE SYSTEMIC FRAGILITY OF THE HOHOKAM
SYSTEM (A.D. 700-1100)

In this study | have provided a fresh examinabbhlohokam archaeology that
considers far more than just material evidence fiimenarchaeological record within the
Hohokam system. The aim of this study is to proadeetter understanding of the
systemic fragility of the Pre-Classic Hohokam sgsia relation to the growth of the
system and expansion of interaction beyond thenediscale. To accomplish this | used
multiple lines of evidence and (in some cases)ia@mr developed analytical methods
that are new to archaeology. Qualitative data fetnmohistory, ethnography, and
archaeology was analyzed in conjunction with foraralyses of archaeological data to:
(1) construct a network model of what | call thehidkam/California transregional
system and (2) suggest that much of the expansithe d’re-Classic Hohokam system
beyond the regional scale was driven by local defides of wild protein rich food that
resulted from the combined and interacting proces$elimate change, human
population growth and capital investment in irrigatinfrastructure. Production of shell
preciosities to trade for dried fish from a largdhéry at Lake Cahuilla in the Salton
Basin of southeastern California was identifiec dikely response to increase robustness
of the Hohokam system to local wild protein shdigtaAdditional ethnohistoric and
archaeological evidence identified the Gila Rivetlee most likely trade route between
the Phoenix Basin (the core of the Hohokam systerd)Lake Cahuilla.

The network model was analyzed using two netwoedydic methods (walktrap

communities and the Efd-Rényi random graph model) to: (1) strongly arfprehe
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existence of the transregional system and (2) stedyrganizational structure in relation
to the fragility of the system. Archaeologists haet previously used these methods.
Results from the archaeological and network analgsggest significant interaction
between the Pre-Classic Hohokam system and Lakeil2afishers. This result was used
in a stylized bioeconomic model where the Hohokgstesn manufactures and trades
shell preciosities for dried Lake Cahuilla fishstgpplement the harvest of local wild
protein rich food. Analysis of the bioeconomic mibgi®vided key insights into
robustness-fragility tradeoffs resulting from tragiéh Lake Cahuilla fishers and how
these tradeoffs may have contributed to the raplidgse of the Pre-Classic Hohokam
system circa A.D. 1070.

Reconstructing and Analyzing the Hohokam/California Transregional System

The inter-linked process of identifying the typéslata and analyses that were

needed to accomplish the goals of this study reduimnovation, original thinking, and
sometimes a lot of patience and persistence. kathe research process | realized that
data from ethnohistoric, ethnographic and archapcdb sources was needed. The
archaeological data proved to be the most chalhengdf all the material categories |
considered | determined that shell artifacts wieeerhost useful for constructing a
network model of interaction between southern Galifa societies and the Hohokam
system. Compiling the shell data to do this wasngthy and sometimes frustrating
process, since the majority of archaeological seamfstbm southern California and

(especially) Hohokam sites were obtained ugimgch screens, which prevented the

recovery of the great majority of the most impottstmell artifact types (e.gQlivella

biplicata saucer/disc an@livella damasmall barrel beads) for my purposes.
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In the daunting search for shell artifacts of tyyges | needed, | am very grateful for the
help of Arthur Vokes (Arizona State Museum), Chekteg (Topanga Anthropological
Consultants), and Margaret Hardin and Lindsey &3 dlzes Angeles County Museum of
Natural History). | am also most grateful for theghfrom Betsy Brandt and Chester
King with the ethnohistoric and ethnographic data.

To develop and implement the variety of analytio@thods used in this work
required knowledge and experience from severakétieal and methodological areas of
research that include: social ecological systenstitutional economics, the archaeology,
ethnohistory and ethnography of exchange, ethrmiestnd institutional analysis,
stylized mathematical modeling using ordinary d#éfgial equations, simulation based
mathematical statistics, mathematical seriatiaqnali processing, network analysis,
fisheries biology, malacology, and geometric morpbtrics. The specific theory and
methodology required from each of these areadrgdaced prior to their use throughout
this work with additional details provided in apderes. Summaries of the findings are
given at the end of each chapter. The purpose®og#ttion is to provide a summary of
the important findings from each of the chapterthid study and (in particular) how they
relate to the four research goals addressed bwitiris, which are: (1) Document the
transregional system of interaction that linked ltodhokam region and California during
the centuries from AD 700 to 1100; (2) determinesthier the transregional exchange
system was directional and structured or was lgrgeichastic using simulation,
network, and statistical analysis; (3) identifyioegs in the network model that are
probably strongly tied to the Hohokam system arahedher through regular interaction;
and (4) use mathematical modeling to evaluate ffieets of additional labor allocations
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for specialized production and trade, populatia@e sand the filling/drying cycles of
Lake Cahuilla on the stability of Hohokam sociablegical system.

| addressed Goals 1 andr3Chapter 3 with the synthesis of ethnohistoric,
ethnographic and archaeological data on exchanagores between each of the regions
in the Hohokam California transregion. This procalss resulted in the recognition and
definition of what may be the territory of Hopi &stors prior to A.D. 1100 in a large
region that includes part of southeastern Caligroentral and northern Arizona,
southeastern Nevada, and southwestern Utah. Stigltss and pottery data were used to
suggest archaeological group identity and intraiatedregional exchange patterns that
were compared with or supplemented by ethnohistricethnographic data on
exchange within and among California and Arizonaet@es between A.D. 700 and
1100. This resulted in the construction of an uscted and preliminary network model
of the California/Hohokam transregion amenabledaitéonal study using graph
theoretic and network analytic methods.

Chapter 6 is characterized by the use of stagistiethods not commonly or
previously used by archaeologists. Most of thenuireg writing original computer code
or implementing (and often modifying) code publidiwe peer-reviewed journal
supplements or other published sources. The compaotie for each of these procedures
is provided in an appendix. Because of this thdeeahould refer to the appropriate
appendices as well as the descriptions of theskadstprior to their use in Chapter 6 and
to the interpretation of the results following these. In this summary | emphasize the
collective result, which is the efficacy of theynshesis into a directed network model,
which is consistent with the preliminary undirectaddel in Chapter 3. Together these
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models support the accuracy of the other. IndiViigheand collectively the statistical
analyses of Chapter 6 use shell artifacts as aydamexchange. They provided many
additional details on interregional exchange refatiin the Hohokam/California
transregion that include information on the intgnand directionality of exchange. Some
of the results from Chapter 6 also suggest that wiase interregional interaction of the
Pre-Classic Hohokam system in California was wilkéCahuilla residents, and that
Gulf of California shell artifacts (probably madg &rtisans in the Hohokam system) are

a major import item, which addresses Goals 1, & 3an

In Chapter 4, | provided archaeological ethnograjinid ethnohistoric evidence
of the importance of dried fish as a protein soumaecent and prehistoric societies in
the Great Basin, Arizona, the Colorado River, ankld Cahuilla. | also provided
archaeological evidence that may suggest the l@tgrete transport and consumption of
Gulf of California fishes by Classic Mimbres peopidghe ancient U.S. Southwest. The
Mimbres case and an ethnohistoric and archaeologieanple (cui-ui fishery) from the
Great Basin (which | also discuss in Chapter 4pssgthat people in desert regions of
the U.S. may often have traveled long distancestmire fish. In Chapter 4, | also
examined the role of Lake Cahuilla in the econoexipansion of the Pre-Classic
Hohokam system, which addresses Goalae8so provided evidence that the Gila River
was an efficient and direct trade route betweerPt@enix Basin and Lake Cahuilla that
offered an abundance of freshwater and wild ressuticat facilitated long distance travel
across the desert, which addresses Golal &ddition, | provided recent seismological
evidence that the Lake Cahuilla filling and empgyaycles were the result of
earthquakes in the Salton Basin that altered thesecof the Colorado River (the lake’s
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primary water source), and which are independentimiatic events such as drought.
Finally, | provided archaeological evidence (estpne fish traps and fish bone) from
Lake Cahuilla shoreline sites that suggest a sabatdishery existed at the lake during
the Late Colonial and Sedentary periods of the lHahosystem.

In Chapter 5, | used diagnostic morphologicailates ofOlivella dama(a
gastropod endemic to the Gulf of California and ommly recovered as small barrel and
spire ground beads from Pre-Classic Hohokam deg)pSiivella flecheraga Gulf of
California endemic often found in Pre-Classic Hadnoksites as small barrel beads),
Olivella terginaandzoenataGulf of California species whose distribution daes with
damg andOlivella biplicatashell (a Pacific Coast endemic) that show a sawipsenall
Olivella sp. barrel beads from burials (A.D. 900-1050) goastal southern California
site (Humaliwo or LAn-264) are very likely spec@sma | then used three size based
(maximum length) univariate analyses (dot plot, ptot and 2 sample Smirnov test) to
evaluate the origin of the MalibDlivella damasmall barrel beads. The results of all of
these analyses suggest that some of the Malibelbamay have originated in the Gila
River area of the Hohokam system. Finally, | usémhdmark based geometric
morphometric procedure (geodesic principal comptmanalysis) to compare the two-
dimensional shape of the Malibu beads with the sltd@. damasmall barrel beads
from several contemporary Hohokam sites. | thenl is® statistical tests (robust one-
way MANOVA and pivotal bootstrap), which (in thezealyses) compare the mean
shape between two populations. Both tests were tosexhluate the null hypothesis that
sample pairs oDlivella damabarrel beads are from the same population. THe nul
hypothesis was not rejected for four of the busahples compared to some of the
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samples from the Phoenix area. This suggests dha sf the Malibu barrels may have
come from Phoenix area of the Hohokam system. Coedbithese analyses suggest the
transport of these beads from one end (the Hohayatem) to the other end (Chumash
area) of the transregion, which addresses Goatsl Ba

Chapter 6 begins with the study of M5a-b (A.D. 9@%0) burials from the
Chumash Malibu site (LAn-264) that contain sevesdiundreds oOlivella damasmall
barrel beads. In Chapter 5 many of these beadssheren to have probably come from
the core area (Phoenix Basin) of the Hohokam sysiatrally | used a new quantitative
method (Pati¢ 2013) to show that the relative frequencies ofstinel| artifact types from
the burials were probably mostly patterned by t(mieich is a pre-requisite for a
chronological seriation). The burials were thenheatatically seriated and subdivided
into temporal groups with the aid of radiocarbotedaThis allowed me to evaluate if
shape consistency (measured with variation in logadeter) of the Malib®. dama
barrels increased (which is expected if productibthe beads intensified) during a
period when this kind of bead may have often bested for dried Lake Cahuilla fish.
The coefficient of variation statistic was use@t@luate this hypothesis, which also
posits that specialized and intensified productib®livella damasmall barrel beads in
the Hohokam system occurred during an extendeddtayid of Lake Cahuilla and
during a time (A.D. 900-1000) that the regional Hkém system was expanding. The
results of the analysis do not reject the null Hgpsis and suggest that the production of
O. dama barrels in the Hohokam system intensified betwe&n 900 and 1100 (see

Figure 6.9, Burial Partition 2). This addresses|&8aand 3
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The remainder of the regional cases studied in @nh#&pnvolves a large variety
of statistical analyses whose purpose and outcameelsest understood by reviewing the
appropriate sections in Chapter 6. It is sufficieete to only mention the purpose of

these analyses (which was to address Goals 1d2)amd to briefly summarize their

results, which are: (1) produce a directed netwodklel of interaction between regions
in the Hohokam/California transregion and (2) pdavstrong support for the idea that
much of the shell preciosities exported from théél@am system were traded to people
living in the vicinity of Lake Cahuilla.

In Chapter 7, | analyzed the network model produnddhapters 3 and 6 using

two network analytic methods to address Goals &nd,3 The first network analyses

(using the Erfis-Rényi random graph model and the graph-theomati@sures:
transitivity and average path length) showed thatHiohokam/California transregional
network model does not have an organizational stre¢hat would likely result from
random (stochastic) processes, which addresses2Gblaé second network analytic
method (walktrap communities) revealed two distownmunities (or modules) that are
expected to be largely independent (or equivalegh#y they are not mutually
interdependent), which addresses Goals 3 afhé of the communities consists of
regions in coastal southern California (which is gortion of the transregion with the
greatest ecological richness and diversity) andther is composed of interior regions
that include those associated with Lake Cahuilhtae Hohokam system. The
modularity measure from this analysis is in theeobsd range for real world networks
(which is expected if the transregional systemtexis and is also shown statistically to
be too large to likely occur by chance, which addes Goal ZThe partitioning of the
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network into two communities suggested that thdystf the systemic fragility of the
Hohokam system with a mathematical model in Cha®tgrould focus on the interior
community or (more specifically) on trade betweea HHohokam system and Lake
Cahuilla, which addresses Goalld sum, the results of this analysis addrestal
goals.

Finally, kriging was used to show that the promors of Gulf of California and
Pacific Coast shell are likely the result of direntll exchange, which addresses Goal 2
This supports the idea of an organized (or strectusystem of interaction in the
Hohokam/California transregion. This analysis asggested strong directionality in the
movement of Gulf of California shell artifacts fralmee Hohokam system to the Lake
Cabhuilla area, which addresses Goals 2 ar®L8h directionality in the movement of
Gulf of California shell artifacts is also expeciéthese items were often traded for dried
Lake Cahuilla fish.

In Chapter 8, | used the results of the precedimapters along with a qualitative
analysis of the A.D. 850-1100 Hohokam social-ecalaigsystem (SES) to help construct
a bioeconomic model of the Hohokam SES (ca. A.[D-9000) that included trade with
Lake Cahuilla fishers. | also used a Fourier anslgtreconstructed streamflow in two
major rivers (the Gila and Salt) in the PhoenixiB&s help explain how variability in
streamflow (rainfall) would have contributed to #sablishment of trade for Lake
Cabhuilla fish. The result of the qualitative an#&ysf the Hohokam SES based on the
framework of Anderies et al. 2004 helped identifypart how the Hohokam SES with
trade to Lake Cahuilla was robust to perturbatemd in what ways it was vulnerable to
disturbances (environmental and social). Key viahgities of the Hohokam SES
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identified by this analysis are extended environtaleshocks (e.g., multi-decadal
droughts) and social disturbances that could digrape. | used the theoretical result
from Chapter 2 that minimal systemic fragility régs minimal redundancy in the types
of items traded between regions to support my mskea bioeconomic model of only two
kinds of items for trade between the Hohokam systathLake Cahuilla. | also
interpreted the results of the model using the stiess-fragility trade-off property from
Chapter 2. Results from the model analysis thatedb the systemic fragility of the
Hohokam system are: (1) trade for Lake Cahuilla fisakes the system highly
vulnerable to exceeding a very narrow human pojaumateiling, since the trade for fish
facilitates population growth to a population threlsl that when slightly exceeded will
result in the rapid collapse of the system as élsalt of the degradation of the local
resource base; and (2) sunk costs (see Jansde2@d3 Janssen and Scheffer 2004) in
the infrastructure of the local system that maydpeople from rapidly and sufficiently
increasing non-local trade to a level that woultté@ase the sustainability of the system.
Although preliminary, these results are a majortgbuation that shed new light on the
long-standing debate on the reasons for the rapgidpse of the Pre-Classic Hohokam
system during the middle to latter Sedentary périmdsum, the analyses and modeling

of this chapter address Goal 4
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What More Can Be Learned from the Network Model?

Much of this study involves the organization andlagtion of data to construct a
network model of transregional exchange in whatllthe Hohokam/California
transregion between A.D. 700 and 1100. To accomfiis required the compilation and
analysis of a diverse array of ethnohistoric, egraphic and archaeological data using
both qualitative and quantitative methods. The nétwnodel produced in this study is
also a valuable data set that can be analyzedan#hge variety of network analytic and
graph theoretic measures (e.g., dominating setbatwkeenness centrality, see Hage and
Harary 1996) to provide a more nuanced understgrmfithe organization of the
Hohokam/California transregional system and to eslspecific research questions,
such as: where did middlemen concentrate in thiesyand why? Much more can be
learned about the robustness-fragility propertiab® Pre-Classic Hohokam
transregional system by further study of the Holnak2alifornia network model. |
provide two examples that demonstrate this asasetiomplement and add to results
from earlier chapters of this work.

Example 1: Network Motifs

Network motifare: “recurring significant patterns of intercootens” (Milo et
al. 2002:824). In terms of network models theydasses of subgraphs that represent the
basic functional building blocks of complex systefaslo et al. 2002). Network motifs
arise because of the special constraints undetmwhenetwork has developed (Callaway
2001; Milo et al. 2002:828). They have been shawodcur (see Milo et al. 2002) in
biological (e.qg., protein interactions, foodwehsd aeural networks) and engineered
systems (e.g., internet routers and electricalitsx They presumably occur in most
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social systems. Figure 9.1 provides an exampletiofeg-node and fourode motif
detected in the Hohokam/California transregion&ivoek model (see Appendix W fi
the R cade used to do this). Figure ¢showsthe approximate sampling distributions
Motifs 3 and 4 in an Ekis-Rényi random graph with thirteen nodes and tw-one
edges. The estimatedvalues for the observed frequency of Motifs 3 and the
Hohokam/Calibrnia network model are significantly different thahat would likely
occur by chance (Figure 9.2, also see Appendix MWhi® R code used to compute

approximate sampling distributions and estimatep-values).

Motif 3 Motif 4

) AN
® @ ®

Figure 9.1. Examples of a th-node and founode motif in the Hohokam/Californ
transregional network mod
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Figure 9.2. Approximate sampling distributions obtils 3 and 4 in an Ef#-Rényi
random graph with thirteen nodes and tw-one edges. The dashed red vertical lir
the oberved frequency of each motif in the Hohokam/Catifa transregional netwol
model with its estimated ypalue.

Motif 3 is a graphical representation of what aabed transitive triple
interactions, which means in the Hohokam/Califotra@sregionanetwork model if at
exchange occurs between regions 1 and 2 and regiand 3 then it also occurs betw:e
regions 1 and 3. An abundance of transitive tripitgdractions indicates that trade ite
can be transported both directly between regiongedl as several intermediate regio
This kind of network structure is associated weatundancy of links and robustnes:
link failure between regions (Kaluza et al. 20 @wever, while advantageous for i
robustness of localized inteegional trade, mabundance of transitive triplets will like
increase the systemic fragility of the networkcsithe effects of localized disturban

can more easily and quickly move through the estrsgem. Figure 9.2 shows that Mc
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3 occurs far less frequently in the Hohokam/Catfaitransregional network model than
is expected in an Eéd-Rényi random graph model with the same numbabdés and
edges. This is expected if the Hohokam/Califorraagregional system was organized to
be robust to system wide shocks.

Motif 4 is a graphical representation of a localizeib topology where node 1 is
the hub (see Figure 9.1). Figure 9.3 shows thatfMaiccurs far more frequently than
expected in an Etg-Rényi random graph model with an identical nundferodes and
edges. This is expected if the Hohokam/Califorraagregional system had middlemen
(who often facilitate the robustness of exchangesys by lowering transaction costs,
see Coase 1937 and North 1992) at the local relgsoase, which might reduce systemic
fragility.

Example 2: Betweenness Centrality

Betweenness centraliffFreeman 1979; Newman 2004) is a measure that
identifies hubs in a network and predicts wherediechen will likely concentrate. Hubs
have a direct bearing on the robustness of netwdesserman 1994). More generally,
betweenness centrality indicates the importan@eradde in a network graph and in this
study, the importance of a region to the movemégbods, people, and information. A
plot of the betweenness centrality values for tioadkam/California network model
(Figure 9.3) identifies the Santa Monica Mountdlisimash (node 3) and the Mainland
Tongva (node 5) regions as the most important noddee walktrap coastal community
and the Hopic (node 7) and Lowland Patayan (nodl@4d@he most important nodes in
the walktrap interior community (see Chapter 7)e Hopic and Mainland Tongva have
the highest betweenness centrality scores ancoargector hubgBassett et al. 2006,
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Guimera and Amaral 2005; Sporns et al. 2007) becthesy link the coastal and interior
communities to one another (see Chapter 7). TheaSaonica Mountains Chumash and
Lowland Patayan regions goeovincial hubs(see preceding references) because they
tend to link the other regions in their respecteenmunities.

Remembering that in Chapter 8 the focus of tradberbioeconomic model is
between the Hohokam system (nodes 12 and 13) arichte Cahuilla area (nodes 8, 9,
and 10) this analysis suggests that the Lowlandy@at were very important to the
stability of interaction between the Hohokam systard Lake Cahuilla. Also in Chapter
3, I provided recent archaeological evidence thatved Lowland Patayans were
residents in some Hohokam communities (ca. A.D-2P000). This analytical result also
provides another line of evidence that Lowland Yaa residing in Hohokam
settlements and elsewhere may have been middldmsuam, this analysis identifies
another and very specific vulnerability of the Hassic Hohokam system in relation to
trade with Lake Cahuilla (i.e. shocks that coulsraipt interaction with Lowland
Patayans).

Finally, using the Erés-Rényi random graph model for a network with gert
nodes and twenty-one edges (see Chapter 7) tge(iErate betweenness centrality
approximate sampling distributions for nodes 3,53nd 10, (2) plot each of the
observed betweenness values for these nodes Hothekam/California network model
in its corresponding histogram, and (3) computeettenated p-values for each of the
observed betweenness centrality values (see Fagdirand Appendix X for the R code
used to make Figures 9.3 and 9.4 and to compute-tiadue estimates), strongly
suggests that it is highly unlikely that any of titeserved betweenness centrality values
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for nodes 3, 5, 7, and 1ould be as large as they are by chance. This ges\ar
additional line of evidence that the Hohokam/Cahfa transregional network model

representative of an organized system of interau
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Figure 9.3. Rtweenness centrality scores for each of the regiothe
Hohokam/California transregional network mo
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Path Dependence, Trade, Systemic Fragility, and the Collapse of the Pre-Classic
Hohokam System

A major result from the bioeconomic model of Cha@suggests that after
surpassing a very narrow window of population giotite Pre-Classic Hohokam system
would be on a certain trajectory of collapse ttld only be stopped or delayed by
investing a lot more labor into activities relatedrade for Lake Cahuilla fish. The
model incorporated the realistic reaction heuriiat the people and institutions
(whether they were based on quasi-voluntary compdéiar coercion, although a bias for
coercive governance would afford an advantageustasning the Pre-Classic Hohokam
system) in the Hohokam system would respond totfeisrin the supply of wild protein
by diverting a maximum amount of available lab@nfrthe procurement of carbohydrate
rich wild resources to activities (e.g., manufaetaf shell preciosities and burden baskets
for the long distance transport of trade itemstesl to obtaining Lake Cahuilla fish. In
turn, the highest level decision process in the@hofihow much labor should optimally
be allocated to agriculture verses wild resouroggaéet minimum needs would probably
not provide a sufficient amount of spare laborustain the system with trade in a rapidly
developing crisis situation. Ostrom (2005) provitles following insight about the
relationship between institutional (organizatiomaponse and the pace of exogenous [as
well as endogenous] change.

Individuals who have adapted an effective way gdileg with a particular technological,
economic, or social environment may be able tosidpislow changes in one or several
variables if substantial feedback is provided altbatconsequences of these changes for
the long term sustainability of the resource andatrof institutions for governing the
resource (Gupta and Tiwari 2002). They may evealibe to adjust to changes in these
variables that occur at a moderate rate. The fstekey variables change and the more
variables that change at the same time, the manauwding the problem of adaption to

new circumstances. These kinds of threats arecdifffor all organizations. Those that
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rely to a greater extent on quasi-voluntary conmagléaare however, more threatened than
those who are able to coerce contributions (Broraley Chapagain 1984; Goodland,
Ledec, and Webb 1989) [pp. 272-273].
So one question pertaining to the sustainabilitthefPre-Classic Hohokam system is:
how much and what kinds of feedback would have Inesessary to allow organizations
and institutions to move enough labor from econoseictors with major capital and
other investments in infrastructure (e.g., balltonarkets and agriculture) to the Lake
Cabhuilla fish trade to sustain the system? A se@mtimore daunting question is: was
the social, political, economic and institutionaj@anization and structure of the Pre-
Classic Hohokam system flexible enough to accornhigs? Ideas and methodology
from the Institutional Analysis and Developmentreavork or IAD (Ostrom 2011) are
useful for addressing the first question and ide@as the concept gbath dependence
(see North 1990; Krugman 1990, 1991) may be hefpfuhnswering the second
guestion. | will discuss path dependence in retatitothe Hohokam system and leave the
first question for future research.

Hegmon (2013) provides a good summary of path disere.

Path dependence connotes a sense of becomingsimgigastuck in a particular way of
doing things, and theories of path dependence pttemexplain how this happens.

Hegmon also observes in the case of the Pre-ClHs¢iokam system “growth [in terms
of technology and human population size] might havelved a feedback loop that led
to path dependence”. Hegmon further suggests wdoryhbased on the concept of path
dependence is useful for addressing the secondiguesheorizing path dependence is
important because it provides insights into how whg some situations remain on
narrow trajectories while others retain more flédi§g. Hegmon argues that reliance on
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irrigated agriculture, which facilitated the growghthe human population of the
Hohokam system, may have created a constrainedearty inflexible form of path
dependence. She provides the following discussiopath dependence in the Hohokam
case that emphasizes the interplay between the lefoired to construct, maintain and
manage irrigation infrastructure and a growing pagon, which assumes that, once a
critical population threshold was reached, thereew® options but to continue along
that trajectory.

Earlier comparative work had suggested the Hoho#l@cline could be understood as a
path-dependent downward spiral involving increaseignce on a single risky
technology (Hegmon et al. 2008: 322), althoughmewerk (McClelland and Lincoln-
Babb 2011) suggests the decline was less sevaerms of human health, than
originally thought. Hohokam irrigation was invegtied in a transdisciplinary project
called “Change is Hard: The Challenges of Path Deeece,” which focused on the deep
and recent history of the Phoenix area (e.g., Betlial.'s [2005] historical geography of
the emergence environmental injustice in the |af&century and York et al.’s [2011]
institutional analysis of the development of redantl use patterns). Analyses of
Hohokam irrigation (described in more detail in tbbowing discussion of lock-in)
considered feedback between the labor requireditd &nd maintain the system and the
population that would be supported by it (Hegmoale2013). Although this self-
reinforcing trajectory fits with the general conteppath dependence, it does not
technically exhibit the properties of increasinturaes. Rather, the trajectory continued
because—once the large population was establishib iarea—there was no other way
of producing enough food.

The constraints of the past are evident in an amabf one of the largest Hohokam
irrigation systems, known as Canal System 2 (Heget@h. 2013; Howard 1993; Figure
1), which grew rapidly early in the sequence (between the Pioneer [ca. A.D. 1-750]
and Colonial periods [ca. A.D. 750-950]). Sevdiras of evidence and argument
support the assumption that the irrigation systesald/not have been constructed if it
had not been needed to water fields and feed aigggvopulation, thus the infrastructure
growth was linked to both increasing labor inputd population.

The system can also be understood as carryingaéadioal momentum, involving the

physical technology intertwined with the populatibat both supported the system and
was supported by it.
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As my analysis of the model in Chapter 8 suggdisésHohokam system may have had
another option, which was a bifurcating (or dichmtws) trajectory with an optional path
that added long distance trade. So at this jun¢heeguestion becomes: given the option
of long distance trade, was the developmentaldtaijg of the Pre-Classic Hohokam
system not so heavily path dependent on agricultueecomplish a timely and large
enough divestiture of that system and its infrattme in favor of investment in trade
with Lake Cahuilla fishers that could possibly haustained the Pre-Classic Hohokam
system? The preliminary analysis of the model iajiZér 8 suggests that the Hohokam
system would not have been flexible enough evethempath where trade with Lake
Cabhuilla is added, without a major restructuringha institutional arrangements
associated with agriculture and the harvest ofl laild resources. Also, as discussed in
Chapter 8 and the beginning of this section, thedehanalysis suggests that the rapid
rate at which local resources would be degraddaviiig a very small increase in
population over some critical threshold is a typsystemic fragility that could not be
effectively managed through institutional desigrclbange. More specifically, as |
suggested in Chapter 8, in the case of the PresiCla®hokam system there may not be

enough feedback to detect the impending collapgsadee respond to it.

The Contributions of this Study and Its Valueto Future Research
This study resulted in the introduction of new gtiehl techniques to
archaeology that will likely contribute to futurechaeological research. The need to
develop and apply novel methods of analysis relatése complexity or problematic
nature of the data and to the research questiong hddressed with these analyses. For
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example, some of the shell artifact samples wela|smainich necessitated the use of
appropriate and computationally intensive stadtnethods such as Barnard’s exact
test, which have not [to my knowledge] been presipuised by archaeologists. Also in
this study, | examined the Pre-Classic Hohokamesysh a new way that considers the
development and persistence of the system in oelédi a much larger transregional scale
than the local and regional scales that have beefotus of previous archaeological
research on this system. This required organizilagge body of archaeological data on
shell artifacts from sites in the Hohokam/Califertiansregion to help produce [as
mentioned earlier] a network model of the systenhidentify elements of the
transregional system that are consonant with teesyic fragility of the Hohokam
system. The large shell artifact database prodhbygetis study is also a valuable
resource for future research.

In addition, the operationalization and applicattdrmany of the statistical
methods used to analyze these data in this stuplyresl writing or restructuring
previously written R and Matlab code (availableéha appendances and in the future in
an online data repository and hopefully as pag bbok on archaeological analysis). The
R and Matlab code for each of these methods afalus®lytical tools for future
archaeological research.

Finally, another important contribution of this @yus the bioeconomic model
and the XPPAUT code used to simulate and analyaed& Appendix V). Future and
deeper study of the current model using bifurcasinalysis (see Doi et al. 2010;
Ermentrout 2002; Krysolova and Earn 2013; Kuznets@85; McLennan-Smith and
Mercer 2013) and later by adding a reconstructedaiasignal, population and capital
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dynamics, and estimates of the intrinsic rate ofirgh increase carrying capacity of Lake
Cabhuilla fishes are expected to produce additiorsadihts into how systemic fragilities

of the Pre-Classic Hohokam system may have conédbio the collapse of the system.
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APPENDIX A

ASM OLIVELLABARREL BEAD DATA
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Table A.1.

Location Context Phase/Period CatalpdBag | Olivella | Bead | Width
No: species | Type | (mm)
Non- /Pioneer A- dama | Barrel 6.26
Snaketown Mortuary 25762
Snaketown Non- /Sweetwater A- dama | Barrel 6.85
Mortuary 25611
Las Colinas Non- Sedentary 4- | dama | Barrel 6.42
Mortuary
1398
Las Colinas Non- Sedentary 4- | dama | Barrel 6.4
Mortuary
2394
Las Colinas Non- Sedentary 4- | dama | Barrel 6.77
Mortuary
0669
Las Colinas Non- Sedentary 4- | dama | Barrel 6.24
Mortuary
0224
Las Colinas Non- Sedentary 4-| dama | Barrel 5.98
Mortuary
0966
Las Colinas Non- Sedentary 5-| dama | Barrel 5.83
Mortuary
2918
Las Colinas Non- Sedentary 7-| dama | Barrel 7.06
Mortuary
0455
Las Colinas Non- Sedentary 5-| dama | Barrel 6.6
Mortuary
2938
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Las Colinas

Las Colinas

Las Colinas

Tanque

Verde Wash

Site

Non-
Mortuary

Non-
Mortuary

Non-
Mortuary

Pithouse

Sedentary

Sedentary

Sedentary

Sedentary/Rincon
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APPENDIX B

DATA AND R CODE FOR DOT PLOT
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Raw Data.

File: O_dama_AZ_CA.txt

Period_Phase Diameter_mm

Location
M5a-b 3.6 B68
M5a-b 4 B68
M5a-b 4.1 B68
M5a-b 4.2 B68
M5a-b 4.2 B68
M5a-b 4.4 B68
M5a-b 4.7 B68
M5a-b 4.9 B68
M5a-b 5 B68
M5a-b 5.2 B68
M5a-b 5.3 B68
M5a-b 5.9 B68
M5a-b 6.2 B68
M5a-b 6.5 B68
M5a-b 3.7 B45
M5a-b 3.8 B45
M5a-b 4 B45
M5a-b 4.1 B45
M5a-b 4.2 B45
M5a-b 4.2 B45
M5a-b 4.2 B45
M5a-b 4.2 B45
M5a-b 4.2 B45
M5a-b 4.3 B45
M5a-b 4.3 B45
M5a-b 4.3 B45
M5a-b 4.4 B45
M5a-b 4.4 B45
M5a-b 4.4 B45
M5a-b 4.4 B45
M5a-b 4.4 B45
M5a-b 4.4 B45
M5a-b 4.5 B45
M5a-b 4.5 B45
M5a-b 4.5 B45
M5a-b 4.5 B45
M5a-b 4.5 B45
M5a-b 4.5 B45
M5a-b 4.6 B45
M5a-b 4.6 B45

M5a-b 4.6 B45
Mb5a-b 4.6 B45
M5a-b 4.6 B45
M5a-b 4.6 B45
Mb5a-b 4.6 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
M5a-b 4.7 B45
M5a-b 4.7 B45
Mb5a-b 4.7 B45
M5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
Mb5a-b 4.7 B45
M5a-b 4.8 B45
M5a-b 4.8 B45
M5a-b 4.8 B45
Mb5a-b 4.9 B45
Mb5a-b 4.9 B45
M5a-b 5 B45

M5a-b 5.1 B45
M5a-b 5.1 B45
M5a-b 5.2 B45
M5a-b 5.3 B45
Mb5a-b 5.3 B45
M5a-b 5.4 B45
M5a-b 5.5 B45
Mb5a-b 4.7 B51
Mb5a-b 4.7 B51
M5a-b 4.7 B51
Mb5a-b 4.7 B51
Mb5a-b 4.7 B51
M5a-b 4.8 B51
M5a-b 4.8 B51
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M5a-b 5 B51

M5a-b 5 B51

M5a-b 5 B51

M5a-b 5 B51

M5a-b 5 B51

M5a-b 5 B51

M5a-b 5 B51

M5a-b 5.2 B51
M5a-b 5.2 B51
M5a-b 5.2 B51
M5a-b 5.2 B51
M5a-b 5.2 B51
M5a-b 5.2 B51
M5a-b 5.3 B51
M5a-b 5.3 B51
M5a-b 5.3 B51
M5a-b 5.3 B51
M5a-b 5.3 B51
M5a-b 5.3 B51
M5a-b 5.3 B51
M5a-b 5.4 B51
M5a-b 5.4 B51
M5a-b 5.4 B51
M5a-b 5.4 B51
M5a-b 5.4 B51
M5a-b 5.4 B51
M5a-b 5.5 B51
M5a-b 5.5 B51
M5a-b 5.5 B51
M5a-b 5.5 B51
M5a-b 5.6 B51
M5a-b 5.6 B51
M5a-b 5.7 B51
M5a-b 5.7 B51
M5a-b 5.7 B51
M5a-b 5.7 B51
M5a-b 5.8 B51
M5a-b 5.8 B51
M5a-b 5.8 B51
M5a-b 5.9 B51

M5a-b 551 B
M5a-b 6 B51
M5a-b 6 B51
M5a-b 6 B51
M5a-b 65.B
Mb5a-b 47388
M5a-b 5738
Mb5a-bB7Ba
M5a-b 5738
Mb5a-b B73a
Mb5a-b B73a
M5a-b B73a
M5a-b B73a
Mba-b B73a
M5a-b B73a
M5a-b B73a
M5a-b 5738
Mb5a-b B73a
M5a-b B73a
M5a-b B78a
Mb5a-b B78a
M5a-b B78a
M5a-b B7/3a
Mb5a-b B7/3a
Mb5a-b B7/3a
M5a-b 5738
Mb5a-b B73a
Mb5a-b B73a
M5a-b B7/3a
M5a-b B7/3a
Mb5a-b B7/3a
M5a-b B7/3a
M5a-b B7/3a
Mba-b B7/3a
Mba-b B7/3a
M5a-bB78a
Mb5a-bB78a
Mb5a-bB78a
M5a-bB78a
M5a-b B78a



#Raw data cont.

Sedentary 3.3 Snaketown_4
Sedentary 3.3 Snaketown_4
Sedentary 3.4 Snaketown_4
Sedentary 3.4 Snaketown_4
Sedentary 3.4 Snaketown_4
Sedentary 3.4 Snaketown_4
Sedentary 3.4 Snaketown_4
Sedentary 3.4 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.5 Snaketown_4
Sedentary 3.6 Snaketown_4
Sedentary 3.6 Snaketown_4
Sedentary 3.6 Snaketown_4
Sedentary 3.6 Snaketown_4
Sedentary 3.7 Snaketown_4
Sedentary 3.7 Snaketown_4
Sedentary 4 Snaketown_4
Sedentary 2.85 Snaketown_5
Sedentary 3.21 Snaketown_5
Sedentary 3.43 Snaketown_5
Sedentary 3.45 Snaketown_5
Sedentary 3.51 Snaketown_5
Sedentary 3.65 Snaketown_5
Sedentary 3.71 Snaketown_5
Sedentary 3.77 Snaketown_5
Sedentary 3.79 Snaketown_5
Sedentary 4.23 Snaketown_5

#R commands for Figure

library(lattice)

a <-read.table("O_dama_AZ_CA.txt",header=TRUE)
dotplot(Period_Phase~Diameter_mm, data=a, groupstioo; main="Olivella sp.
Barrel Beads")

dotplot(Diameter_mm, data=a, groups=Location, maivella sp. Barrel Beads")
dotplot(Location~Diameter_mm, data=a, groups=PeRtdise, main="Olivella sp.
Barrel Beads")

321



APPENDIX C

2-SAMPLE SMIRNOV TEST WITH COMPUTATION OF P-VALUESSING

SIMULATION
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Two or more empirical cumulative distribution fuioets are useful for examining
the distribution of a sample of data. However, whkmted together they are also useful
for the qualitative assessment of differences peetions of the range of a variable for
two or more samples (for example, see Shorak anthevd 986). What follows is a
brief overview and description of the empirical adative distribution function, and the
assessment of the similarity of two such functiosieig a randomization model and a
Monte Carlo procedure. This approach does not raakeaunverified assumptions about
the distribution of the data, does not require icarity in the distribution of the data, and
is appropriate for use with small samples.

The empirical cumulative distribution function @mpirical CDF) of a sample of
n numbergx,, x, -+, x,} is defined as follows: ECDF(x) =Proportionxgfs < x for all
real numbers.

For example, ilh = 28 and given the ordered set of integ@rs- [2, 3, 4, 4, 4, 4, 5,
55 5 55 6,6,6,6 6,6,6,7, 8,88 8 9,9, 12, 13]. It follows that

ECDF(x) is a step function with values in this exdenof: 0 when x < 2, 1/28when 2 <

x<3,22—8 When3Sx<4,% When4Sx<5,£ When5§x<6,£when6SX<
7,%when7§x<8,% when8£x<9,§ Wh€n93x<12'%When12£x<

13, and % when x < 13.

The Smirnov two sample test is a pair-wise congoarof empirical CDFs. For
example, let ECDF1 and ECDF2 be the empirical Cé&ffieio samples, say Sample 1
and Sample 2. The Smirnov statistics the maximum absolute difference between the
empirical CDFs. Values ¢ lie in the interval < x < 1. Observed values ¢fnear 0
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support the null hypothesis that the two sampledaawn from the same population and
large observed values of this statistic supporatternative. In this rendition of the
Smirnov test, aandomization modeas used. In this model the data are measurements
taken fromn + m individuals from two distinct groups of sizes rdan, respectively.

The randomization test employed here consistshdbate Carlo analysis that uses 2000
random partitions (that includes the observed fpamtof them + n = 20 scores). [For
more details, for example, see Baglivo 2005, pp149; 151-152] The results of the test
from a single simulation of this case are that 0(@242000) of the partitions produced a
Smirnov statistic that was greater than or equéhécobserved value of the statistic
(0.708333). Note that each time the test is apphechumber of partitions that will
produce a Smirnov statistic greater than or equtie observed value will vary over a
small range due to the stochastic nature of theobagnprocedure.This procedure is

implemented using Mathematica code provided by iBagR005).
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APPENDIX D

DATA FOR GEODESIC PRINCIPAL COMPONENTS ANALYSIS
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Raw data.

TPS File: O_dama_LAN264 LC_TVWS_ST.tps

LM=7
204 95
216 174
204 289
36 286

12 148

36 40

190 41
ID_B35_5
LM=7
23157
262 176
257 267
65 260

28 155
56 45

230 54
ID_B35_1
LM=7
240 110
258 208
248 310
34 298
17 174
44 41
235 48
ID_B35_2
LM=7
242 62
270 213
256 242
32 230
19 93

47 37
238 59
ID_B35_3

LM=7

298 100
320 239
304 331
40 316
25120
68 23
282 44
ID_B35_4
LM=7
221 80
236 107
220 237
31220
23177
41 46
189 35
ID_45 1
LM=7
244 136
254 197
246 322
30 309
21 249
74 35
226 66
ID_45 2
LM=7
218 42
233 159
230 201
50 216
19 99
37 36
215 39
ID_45_3

LM=7

273 107
293 216
284 254
28 272
22 201
63 53
258 40
ID_45_4
LM=7
218 60
236 102
229 242
43 248
24 148
43 28
211 52
ID_45 5
LM=7
215 93
232 177
227 234
40 242
27 180
64 37
197 43
ID_45_6
LM=7
214 52
225 156
225 194
48 224
28 126
55 26
204 40
ID_45_7

326

LM=7

226 108
236 159
233 280
45 302
22 206
59 37
212 50
ID_45_8
LM=7
242 125
244 220
234 262
36 253
26 219
54 34
212 64
ID_45 9
LM=7
214 64
231 142
216 210
40 209
34 92
55 33
214 66
ID_45_10
LM=7
212 48
230 179
228 252
54 260
29 175
40 32
204 41
ID_45_11



LM=7
232 64
245 153
226 243
81 262
22 168
61 29
216 24
ID_45_12
LM=7
253 106
269 174
249 268
32 250
22 201
64 56
232 45
ID_45_13
LM=7
280 114
295 218
285 302
38 304
32 155
56 72
27276
ID_45_14
LM=7
250 82
268 164
256 260
36 246
36 136
50 51
242 48
ID_45_15

LM=7
231 120
247 210
226 326
48 323
34171
60 50
222 50
ID_45_16
LM=7
237 69
256 186
250 221
30 212
28 137
81 27
234 62
ID_45_17
LM=7
262 66
270 160
246 270
60 288
28 151
72 40
255 36
ID_45_18
LM=7
282 100
287 195
258 324
32 285
29 232
72 60
278 56
ID_45_19

LM=7
217 74
228 149
200 281
50 287
26 152
49 29
218 48
ID_45_20

LM=7
247 68
293 234
280 304
62 296
38 179
65 46
232 40
ID_45 21

LM=7
226 64
239 152
221 262
50 248
28 190
39 35
228 62
ID_45_22

LM=7
218 82
232 167
202 288
52 294
30 161
54 35
223 59
ID_45_23
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LM=7

218 76
237 145
229 245
38 228
26 145
50 52

206 56
ID_45_24

LM=7

256 66
274 160
264 255
50 259
36 190
48 46

256 37
ID_45_25

LM=7

228 78
242 182
241 231
50 254
25196
34 36
210 52
ID_45_26
LM=7
236 116
249 230
222 350
63 326
31 264
46 77
224 55
ID_45_27



LM=7
201 34
234 128
216 233
52 216
24109
35 34
214 40
ID_45_28
LM=7
226 106
238 180
234 285
43 304
26 163
56 50
220 51
ID_45_29
LM=7
264 68
278 180
262 267
35 258
28 177
55 32
250 45
ID_45_30
LM=7
228 72
250 129
238 223
34 230
24 137
34 37
212 32
ID_45_31

LM=7
202 61
216 142
204 218
34 215
20 137
40 39
193 44
ID_45_32
LM=7
256 114
270 216
246 326
40 272
28 151
50 55
238 46
ID_45_33
LM=7
263 112
272 194
258 326
44 338
13194
36 40
236 46
ID_45_34
LM=7
300 154
313 268
292 368
67 381
30 258
43 96
275 25
ID_45_35

LM=7
295 128
306 234
299 323
45 317
22 170
42 35
268 35
ID_45_36

LM=7
260 108
268 185
252 322
50 318
18 204
3340
247 43
ID_45_37

LM=7
307 174
310 201
280 361
34 339
24 294
57 82
284 46
ID_45_38

LM=7
287 98
300 174

286 296
50 332
28 207
58 39
281 64
ID_45_39

328

LM=7

317 128
320 212
296 341
57 335
20 207
48 40

287 66
ID_45_40

LM=7

288 139
304 204
298 326
40 342
24199
45 48
252 39
ID_45_41
LM=7
254 116
272 236
254 350
68 366
30 232
58 32
245 84
ID_45_42
LM=7

268 147
282 196
264 348
48 323
13 198
42 35
208 40
ID_45_43



LM=7
292 131
302 172
287 298
52 307
34 225
62 32
266 38
ID_45 44
LM=7
316 148
329 230
320 314
73 369
32 196
73 40
282 43
ID_45 45
LM=7
298 136
309 198
301 289
57 392
25 223
50 26
298 92
ID_45 46
LM=7
248 88
260 152
246 264
68 297
36 158
38 24
222 29
ID_45 47

LM=7
318 172
327 272
301 417
60 423
37 230
84 44
286 40
ID_45_48
LM=7
271 119
286 204
262 328
42 315
16 189
47 47
257 38
ID_45_49
LM=7
289 103
302176
273 332
54 324
15 185
51 34
273 40
ID_45_50
LM=7
250 78
271 173
242 326
62 330
20176
38 24
250 76
ID_45 51

LM=7
251 107
272 192
260 311
39 314
17 188
46 44
232 47
ID_45_52

LM=7
264 96
278 178
252 313
42 309
20 162
50 27
248 32
ID_45_53

LM=7
252 90
271 184
253 324
65 308
28 165
52 28
238 43
ID_45_54

LM=7
287 150
294 207
274 318
40 348
26 206
77 38
274 70
ID_45_55

329

LM=7

329 166
339 236
327 345
43 416
11 238
35 50
297 60
ID_45_56

LM=7

253 72
278 158
260 286
38 265
19 160
42 32
234 30
ID_45_57
LM=7
301 170
306 232
296 338
48 338
29 227
5371
281 30
ID_45_58
LM=7

301 176
304 208
278 369
16 314
14 261
52 58
27329
ID_45_59



LM=7
301 105
314 184
298 324
50 358
52 58

44 32
274 42
ID_45_60
LM=7
257 136
272 218
244 334
76 347
20 202
86 26
232 41
ID_45_61
LM=7
286 107
302 186
286 294
46 272
31 150
58 40
272 69
ID_45_62
LM=7
275118
296 195
279 327
60 354
24 146
54 52
277 31
ID_45_63

LM=7
312 139
328 248
297 398
46 359
23 208
52 51
289 32
ID_45_64
LM=7
256 121
268 188
250 286
58 322
24196
46 37
243 56
ID_45_65
LM=7
301 93
319 200
283 384
38 292
21176
58 28
272 37
ID_45_66
LM=7
275 96
286 156

258 269
66 305
21 140
24 23
256 42
ID_45_67

LM=7
282 118
295 217
284 304
55 330
32172
73 34
267 62
ID_45_68

LM=7
259 109
268 184
240 308
39 279
14 162
35 32
232 34
ID_45_69

LM=7
320 126
328 199
251 339
49 322
26 188
57 39
296 28
ID_45_70

LM=7
308 99

328 226
317 337
58 319
23184
68 18
276 86
ID_45_71

330

LM=7

244 111
258 200
228 309
30 260
25 168
60 50
280 52
ID_45_72

LM=7

285 74
301 182
289 308
54 330
18 154
24 28
276 46
ID_45_73
LM=7
232 69
290 189
254 320
83 353
29171
57 57
232 68
ID_45_74
LM=7
277 98
290 212
268 356
44 304
26 197
52 40
259 31
ID_45_75



LM=7
276 66
296 186
294 246
69 265
23136
34 36
266 48
ID_45_76
LM=7
282 62
294 161
268 295
66 289
27 109
29 37
279 50
ID_45_77
LM=7
306 126
318 230
279 434
60 372
22 279
60 71
266 61
ID_45_78
LM=7
272 96
304 228
288 330
57 324
24198
54 32
264 83
ID_45_79

LM=7
238 74
255 156
239 251
47 261
21170
36 33
226 33
ID_45_80
LM=7
289 135
298 218
283 288
38 348
21170
64 32
264 34
ID_45 81
LM=7
272 67
293 200
258 364
56 398
16 254
41 60
257 42
ID_45_82
LM=7
266 71
284 175
273 251
50 283
29 158
58 30
254 35
ID_45_83

LM=7
287 117
297 185
261 359
34 300
20 164
38 59
261 27
ID_45_84

LM=7
239 95
256 173
239 300
41 325
16 150
30 44
229 60
ID_45_85

LM=7
296 120
318 248
313 320
46 292
29 139
52 30
277 30
ID_65_1

LM=7
290 80
319 231
308 330
52 320
32180
52 42
284 75
ID_65_2

331

LM=7
244 100
254 192
230 300
40 274
25 149
34 67
229 54
ID_65_3

LM=7
322 151
330 248
293 423
53411
30 258
7357
311 82
ID_65_4

LM=7
218 63
245 176
238 258
51 261
24 150
42 34
217 54
ID_68_1

LM=7
32298
336 186
326 317
72 340
38 143
66 34
306 56
ID_68_2



LM=7
357 181
376 285
350 444
73412
42 290
68 64
326 49
ID_68_3
LM=7
241 100
264 204
249 290
52 302
28 198
50 57
229 63
ID_68_4
LM=7
293 120
318 250
302 350
47 340
25 224
56 44
268 43
ID_68_5
LM=7
251 66
266 164
255 270
71 282
32 177
55 46
246 56
ID_68_6

LM=7
228 55
238 146
229 250
58 226
27 66
40 40
226 47
ID_68_7
LM=7
225 58
256 165
245 244
48 255
18 153
48 25
224 48
ID_68_8
LM=7
303 134
317 205
303 346
46 322
31234
55 73
276 43
ID_75_1
LM=7
302 127
315 239
300 280
81 308
34 139
65 45
306 101
ID_75_2

LM=7
316 171
324 259
296 402
51 402
36 220
86 46
284 36
ID_75_3

LM=7
222 110
239 194
230 289
24 302
14 212
56 32
194 26
ID_LC_ 1

LM=7
289 94
310 194
302 290
44 297
22184
39 42
280 44
ID_LC 2

LM=7
185 78

202 151
183 244
41 279
8 169
56 10
158 22
ID_LC_3

332

LM=7
255 104
270 224
255 254
26 260
18 170
36 38
234 35
ID_LC 4

LM=7
263 109
284 203
271 303
36 276
26 202
50 32
244 34
ID=LC_5

LM=7
248 134
266 226
257 286
50 354
24219
77 22
223 44
ID_LC 6

LM=7
277 112
298 230
248 370
45 354
21 209
56 23
248 22
ID_LC_ 7



LM=7
262 103
286 202
279 242
34 258
21181
38 45
238 32
ID_TVWS_1
LM=7
178 36
209 153
186 268
64 252
12 106
29 22
172 27
ID_ST 1
LM=7

77 34

82 71

77 102
10 94
457

14 8
645
ID_ST 2
LM=7

91 28
109 66
98 105
14 106
975
1326

75 14
ID_ST 3
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APPENDIX E

R CODE FOR GEODESIC PRINCIPAL COMPONENTS ANALYSIS
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R functions needed for GPC analysis.

#ishapes (available from: http://www.stochastik imai-
goettingen.de/index.php?id=huckemar files needed:

Figure2PreShape.R
GPC1.R

GPC2.R

GPCAR

GPCr.R
GSimulate.R
Mean.R
OptimalPosition.R

R script for GPC analysis.

#load R Shapes package
#load R source code for read.tps

c<-read.tps(“O_dama_LAN264 LC TVWS_ST.tps")

control=list(trace=1)
g.shape.shell <- ShapeGPCA(c,control=control)

par(mfrow=c(2,2))

plot(-
g.shape.shell$Scores[,1],g.shape.shell$Scoregphktn",xlab="GPC1",ylab="GPC2",
main="Geodesic PC scores")
text(-g.shape.shell$Scores|,1],g.shape.shell$ScRIds116)

plot(-

g.shape.shell$Scores|[,1],g.shape.shell$Scoregh8ktn”, xlab="GPC1",ylab="GPC3",
main="Geodesic PC scores")
text(-g.shape.shell$Scores[,1],g9.shape.shell$Sc8/4s116)

plot(-
g.shape.shell$Scores[,2],g.shape.shell$Scoregh8ktn",xlab="GPC2",ylab="GPC3",
main="Geodesic PC scores")
text(-g.shape.shell$Scores|,2],g.shape.shell$Sc8Ids116)

g.shape.shell$CurvEst #curvature estimate

335



g.shape.shell$Mperc
g.shape.shell$Pperc[1:5]
g.shape.shell$Rperc[1:5]

write.table(g.shape.shell$Scores|,1:3], file = "L28d LC_TVWS_STPC .csv", sep =

,", col.names = NA) #writes first three GPC ssote a comma delimited file.
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GEODESIC PRINCIPAL COMPONENT SCORES
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Table F.1 GPC Scores.

Locality scoreGPC1 scoreGPC2 scoreGPC3
1 B35 0.016618 0.102787 0.019201
2 B35 -0.06616 0.008146 -0.05123
3 B35 0.00244 0.008963 0.019907
4 B35 -0.20709 -0.06854 0.033468
5 B35 -0.10143 0.022941 0.063748
6 B45 0.073632 -0.08992 -0.10339
7 B45 0.164029 -0.04036 -0.01966
8 B45 -0.16843 -0.03699 0.007712
9 B45 -0.00384 -0.17373 0.041708
10 B45 -0.00971 0.024317 -0.10228
11 B45 0.063106 -0.08761 0.031071
12 B45 -0.07227 -0.05015 0.030745
13 B45 0.109488 0.019255 -0.00706
14 B45 0.091725 -0.15255 0.03726
15 B45 -0.16079 -0.01308 -0.02392
16 B45 0.010654 0.005842 -0.03809
17 B45 0.050919 0.034672 -0.00822
18 B45 -0.01385 -0.0751 -0.00581
19 B45 -0.11664 -0.03818 0.015099
20 B45 -0.08349 -0.04925 -0.03135
21 B45 0.038243 0.111116 0.041947
22 B45 -0.07767 -0.13798 0.0003
23 B45 -0.01659 0.046005 -0.03067
24 B45 0.07697 -0.07929 -0.10952
25 B45 0.030038 0.129117 -0.05028
26 B45 -0.02709 0.004782 0.015265
27 B45 0.029732 -0.0304 -0.12626
28 B45 0.0259 0.121964 -0.04261
29 B45 -0.04832 -0.04289 -0.06659
30 B45 0.000996 -0.08737 -0.07388
31 B45 0.015193 -0.1078 0.000947
32 B45 0.145607 0.026265 -0.06308
33 B45 -0.1104 0.041589 -0.10288
34 B45 0.007153 0.061885 0.031666
35 B45 -0.01159 -0.08043 -0.05004
36 B45 -0.04757 -0.06789 -0.02387
37 B45 -0.03755 -0.04471 -0.04891
38 B45 -0.03262 0.007032 0.001364
39 B45 0.030004 0.043956 0.012415
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40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

Locality
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B45

scoreGPC1

0.064834
-0.03127
0.050773
0.157035
0.005295
-0.00096
0.020804
0.0659
0.080117
0.095079
0.004112
-0.00956
0.019717
0.086158
0.024325
0.019445
-0.01447
0.01945
0.015413
0.014312
0.046057
0.00644
-0.00978
0.060228
0.146787
-0.17701
0.118518
-0.081
-0.04341
0.030649
0.035092
0.014388
-0.05992
-0.02449
0.01448
0.046282
-0.05328
0.010566
-0.07818
-0.04979
0.045464
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scoreGPC2

-0.01891
-0.0317
0.022898
-0.108
-0.02275
-0.02398
-0.01886
0.083403
0.034171
-0.07266
-0.00656
-0.0149
0.059765
0.086684
0.002849
0.032271
0.114475
0.012084
0.051893
0.093801
-0.00502
-0.03205
-0.01612
-0.06704
-0.10152
0.161514
0.102797
-0.05294
0.093135
0.02321
0.009843
0.02001
0.038554
0.013054
0.007159
0.009296
-0.01945
-0.02892
0.039584
0.15593
0.015055

scoreGPC3

0.051633
0.07165
-0.02581
-0.05054
-0.03163
-0.00979
0.05535
0.004743
0.043769
0.002495
0.118106
0.057648
0.033721
0.085157
0.004839
-0.03251
-0.06871
0.006532
-0.00083
-0.01535
0.048974
0.080999
-0.04891
0.063353
-0.0205
0.097833
0.079402
-0.01932
0.055758
0.012854
0.038719
-0.08034
0.028417
0.061756
-0.00132
-0.01767
-0.01138
-0.05239
-0.01169
-0.02551
-0.04287



81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

B45
B45
B45
B45
B45
B45
B45
B45
B45
B45
B65
B65
B65
B65
B68
B68
B68
B68
B68
B68
B68
B68
B75
B75
B75
LC

LC

LC

LC

LC

LC

LC

TVWS

ST

ST

ST

-0.14356
-0.14244
0.117203
-0.03449
0.007149
-0.0037
0.071811
-0.04051
0.000859
-0.05241
-0.08013
-0.08553
-0.06165
0.06707
-0.05703
-0.09283
0.088085
0.006046
0.031486
-0.02267
-0.19733
-0.04568
0.048424
-0.16935
0.083617
0.13561
-0.04706
0.14661
-0.03121
0.053181
0.110301
0.094356
-0.03079
-0.04386
0.066375
0.001556
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-0.06246
0.070024
0.044351
0.000111
-0.03563
-0.0079
0.082752
-0.03737
0.028038
0.092056
-0.04758
-0.01441
0.019031
0.055476
0.013812
0.037694
-0.01682
-0.01221
-0.03417
0.011711
0.086922
-0.02245
-0.06886
-0.04147
0.066344
-0.01184
-0.07833
0.099268
-0.1277
-0.07738
0.012235
0.076747
-0.16288
0.202761
0.019108
-0.06632

0.013391
-0.0516
-0.09864
-0.01872
-0.02626
0.127865
-0.07591
0.016502
-0.0443
0.004622
0.086395
-0.02926
-0.02611
-0.03234
-0.02313
0.016215
0.015245
-0.00313
0.025935
-0.06367
-0.03201
-0.02484
-0.03159
0.069141
0.081401
0.046901
-0.00887
0.057573
0.071595
-0.00129
0.137659
0.017062
0.058178
-0.03249
0.061753
-0.03897



APPENDIX G

MATLAB CODE FOR 3D GPC PLOT

341



Matlab code used for 3D GPC Plot.

% Need the RGB triple of color name, version 2l available from the Matlab file
%exchange.
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X=[0.016618368 0.064833942 -0.049790411
-0.207094639 -0.031270808 0.045464168
0.164029102 0.050772917 -0.14356124
-0.009713992 0.157035347 -0.142444325
0.109487778 0.005294693 0.117203403
0.010654339 -0.000961123 -0.034494803
-0.11664014 0.020803697 0.007148718
-0.077674797 0.065899658 -0.003704933
0.030037931 0.080116852 0.071810877
0.025899845 0.095079445 -0.040509127
0.015192648 0.004111897 0.000858629
0.007152502 -0.00955555 -0.052407563
-0.037552007 0.019717431 -0.080133418
-0.06615539 0.086158225 -0.085525006
-0.101433602 0.024324641 -0.061649036
-0.168430597 0.01944482 0.067069928
0.063105589 -0.014468972 -0.057033327
0.091725002 0.019449758 -0.09282808
0.050919434 0.015412787 0.088085496
-0.083490063 0.01431235 0.006046352
-0.016591855 0.046056594 0.031486031
-0.027094183 0.006439511 -0.022671358
-0.048319809 -0.009784029 -0.197325511
0.145607494 0.060227841 -0.045675669
-0.011591297 0.146786896 0.048423907
-0.032621536 -0.177005488 -0.169348654
0.00243993 0.118517884 0.08361735
0.073631913 -0.08100116 0.135609957
-0.003841096 -0.043413522 -0.047062029
-0.072268786 0.030648685 0.14661047
-0.160785476 0.035092195 -0.031213061
-0.013847106 0.014387994 0.053181289
0.038242574 -0.059924867 0.11030097
0.076969994 -0.024490455 0.094355876
0.029731578 0.014480469 -0.030787619
0.000995831 0.046282199 -0.043862206
-0.110397467 -0.053281003 0.066374759
-0.047571065 0.010565752 0.001556199];
0.030004078 -0.078180403



Y=[0.102787219

0.008146365
0.008962942
-0.068539437
0.022941312
-0.089916396
-0.040360467
-0.036985984
-0.173733407
0.024317256
-0.087610824
-0.050149155
0.01925464
-0.152552294
-0.013076399
0.005842006
0.034671634
-0.075100727
-0.038175833
-0.049247878
0.111116472
-0.137984083
0.046004502
-0.07929262
0.129116959
0.004782168
-0.03039924
0.121964285
-0.04289278
-0.087373026
-0.107796863
0.026265467
0.041589314
0.06188455
-0.080434307
-0.0678897
-0.044707057
0.007031628
0.043955851
-0.018907746
-0.031704577
0.022897538
-0.108001856
-0.022753126
-0.023981628
-0.018861564
0.083403389

0.034171044
-0.07265867
-0.006556932
-0.014898998
0.059764787
0.086683966
0.002849303
0.032270813
0.114475365
0.012083638
0.051892691
0.093800727
-0.005024676
-0.03204593
-0.016115644
-0.067039582
-0.101520478
0.161513903
0.102796557
-0.052937787
0.093135474
0.023209675
0.009842699
0.0200104
0.038554163
0.01305406
0.007158709
0.00929579
-0.019452501
-0.028920807
0.039584289
0.155929678
0.015055243
-0.06245795
0.070024481
0.044350515
0.000111175
-0.035633083
-0.007904886
0.082751984
-0.037369064
0.028038199
0.09205576
-0.047584111
-0.014410853
0.019030532
0.055476159
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0.013811888
0.037693538
-0.016816926
-0.012211415
-0.03417018
0.011711244
0.086922191
-0.022448986
-0.068859262
-0.04147225
0.066344137
-0.01183876
-0.078334059
0.09926773
-0.127696748
-0.077381436
0.012235035
0.076747491
-0.162879495
0.202760996
0.019108173
-0.06631574];



Z=[0.019200967

-0.051231394
0.01990703
0.033467798
0.063747649
-0.103394834
-0.019661394
0.007711747
0.041707993
-0.102281003
0.0310713
0.030745301
-0.007064433
0.037260306
-0.023919425
-0.038085488
-0.008222071
-0.005806871
0.015098684
-0.031351686
0.041946957
0.00030028
-0.030674165
-0.10951911
-0.050284199
0.015265064
-0.126258646
-0.042614249
-0.066588816
-0.073875622
0.000946541
-0.06307563
-0.102883114
0.031665885
-0.05004142
-0.023872784
-0.048908291
0.001364404
0.012414522
0.051633145
0.071649805
-0.025806386
-0.050535847
-0.031634386
-0.009793766
0.055350207
0.004742852
0.043768585

0.002494685
0.118106117
0.05764846
0.033721297
0.085156744
0.004838685
-0.032505499
-0.068714218
0.006531941
-0.0008282
-0.01534944
0.048973572
0.080998622
-0.048912914
0.063352791
-0.020498381
0.097833404
0.079402222
-0.019319702
0.055758065
0.012854492
0.038718698
-0.080335963
0.028416875
0.061756005
-0.001320876
-0.01767299
-0.011377292
-0.052390329
-0.011686332
-0.025505417
-0.042865724
0.013391067
-0.051599439
-0.098642625
-0.018716749
-0.026257369
0.127865272
-0.075910433
0.016501918
-0.044301004
0.00462177
0.086395189
-0.029261758
-0.026110326
-0.032336805
-0.02313165
0.016215215
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0.015245004
-0.003133319
0.025934519
-0.063669232
-0.032014081
-0.024835992
-0.031586217
0.069141017
0.08140054
0.046901213
0.046901213
-0.008870226
0.057572724
0.071594985
-0.001291106
0.137659113
0.017061981
0.058177775
-0.032488615
0.061753207
-0.038971198];



plot3(X(1:5),Y(1:5),Z(1:5),'r+"),view(-60,60)
view(40,35)
hold on;
plot3(X(6:90),Y(6:90),Z(6:90),'bo"),view(-60,60)
view(40,35)
hold on;
plot3(X(91:95),Y(91:95),2(91:95),'gP"),view(-60,60)
view(40,35)
hold on;
pO=plot3(X(96:102),Y(96:102),Z(96:102),'c*"),vieve,60)
set(p0,'Color',rgb(‘'maroon’))
view(40,35)
hold on;
plot3(X(103:105),Y(103:105),Z(103:105),' m""),view,60)
view(40,35)
grid on;
hold on;
p=plot3(X(106:112),Y(106:112),Z(106:112),'yh"),vied0,60)
set(p,'Color',rgb('gold"))
view(40,35)
hold on;
pl=plot3(X(113),Y(113),Z(113),'kd"),view(-60,60)
set(pl,'Color',rgb('black’))
view(40,35)
hold on;
plot3(X(114:116),Y(114:116),Z2(114:116),'rs"),vied,60)
view(40,35)
grid on;
for j=1:5,

hold all; plot3([X(); X()1, [Y(); YOI, [-0.2; Z(j)],'r:") , view(-60,60)
view(40,35)
end
for j=6:90,

hold all; plot3([X(); X()1, [Y(); Y()I, [-0.2; Z(j)],'b:") , view(-60,60)
view(40,35)
end
for j=91:95,

hold all; plot3([X(); X()1, [Y(); Y()I, [-0.2; Z(j)].,'g:") , view(-60,60)
view(40,35)
end
for j=96:102,

hold all; qO=plot3([X(j); X()1, [Y(); Y()I, [-0.2; Z(j)].'c:") , view(-60,60)
set(g0,'Color',rgb(‘'maroon’))
view(40,35)
end
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for j=103:105,
hold all; plot3([X(); X()1, [Y(); Y(@)I, [-0.2; Z(j)],'m:") , view(-60,60)
view(40,35)
end
for j=106:112,
hold all; g=plot3([X(); X()]1, [Y(); Y()I, [-0.2; Z(j)].'y:") , view(-60,60)
set(q,'Color',rgb('gold"))
view(40,35)
end
for j=113,
hold all; g1=plot3([X(j); X()I, [Y(); Y1), [-0.2; Z(})],'k:") , view(-60,60)
set(gl,'Color',rgb(‘black’))
view(40,35)
end
for j=114:116,
hold all; plot3([X(); X()1, [Y(); YOI, [-0.2; Z(j)],'r:") , view(-60,60)
view(40,35)
end
xlabel('GPC Score 1 (29.94%)")
ylabel('GPC Score 2 (24.11%)")
zlabel('GPC Score 3 (13.73%)")

legend('B35', 'B45', 'B65', 'B68', 'B75', 'Las @ak', TVWS', 'Snaketown’)

title('Olivella dama Barrel Beads')
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ROBUST ONE-WAY MANOVA AND PIVOTAL BOOTSRAP TEST
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#Example of raw data for one-way MANOVA comparing@GlL and GPC2 scores of the
Olivella damabarrel beads from LANn-264 Burial 35 with thosenfrbas Colinas.

Location GPC1 GPC2

B35 0.0166183680840283 0.102787218565642
B35 -0.06615538954363 0.00814636505726161
B35 0.00243992974579816 0.00896294207028367
B35 -0.207094639483624 -0.0685394374901909
B35 -0.101433602213706 0.0229413117021865
LC 0.135609956806496 -0.0118387601988104
LC -0.0470620294265891 -0.0783340590614058
LC 0.146610470291907 0.099267730071095

LC -0.0312130614398089 -0.127696748076196
LC 0.0531812892519583 -0.0773814364460503
LC 0.1103009700218 0.0122350346482705

LC 0.0943558755573164 0.0767474913577316

#R script for robust one-way MANOVA.

x<-read.table("B35LC.txt",header=T)
#Need R package rrcov
library(rrcov)

grp <- as.factor(x[,1])

X <- as.matrix(x[,2:3])

Wilks.test(x,grouping=grp,method="mcd")
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#Example of twdDlivella damabarrel bead landmark data sets used in the pivotal
bootstrap test.

LC.tps (Las Colinas) B68.tps (LAN-264 Burial 68)

LM=7 LM=7 LM=7 LM=7
222 110 263 109 218 63 293 120
239 194 284 203 245 176 318 250
230 289 271 303 238 258 302 350
24 302 36 276 51 261 47 340
14 212 26 202 24 150 25 224
56 32 50 32 42 34 56 44
194 26 244 34 217 54 268 43
ID_LC 1 ID=LC_5 ID_68_1 ID_68_5
LM=7 LM=7 LM=7 LM=7
289 94 248 134 32298 251 66
310 194 266 226 336 186 266 164
302 290 257 286 326 317 255 270
44 297 50 354 72 340 71 282
22184 24219 38 143 32177
39 42 77 22 66 34 55 46
280 44 223 44 306 56 246 56
ID_LC_2 ID_LC_6 ID_68_2 ID_68_6
LM=7 LM=7 LM=7 LM=7
185 78 277 112 357 181 228 55
202 151 298 230 376 285 238 146
183 244 248 370 350 444 229 250
41 279 45 354 73412 58 226
8 169 21 209 42 290 27 66
56 10 56 23 68 64 40 40
158 22 248 22 326 49 226 47
ID_LC 3 ID_LC_ 7 ID_68_3 ID_68_7
LM=7 LM=7 LM=7
255 104 241 100 225 58
270 224 264 204 256 165
255 254 249 290 245 244
26 260 52 302 48 255
18 170 28 198 18 153
36 38 50 57 48 25
234 35 229 63 224 48
ID_LC 4 ID_68_4 ID_68_8
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#Example R script used for pivotal bootstrap test.

#Need R shapes package
#Need R source code for read.tps

A<-read.tps("LC.tps")

B<-read.tps("B68.tps")

resampletest(A,B,resamples=1000) #set for 10@¥sbap resamples
Selected outputi(,;,,, andA,,;, p-value)

$lambda
[1] 25.30161

$lambda.pvalue
[1] 0.4125874

Note that the estimated,,;, p-value will vary slightly each run of the proceéwith
the same data) because of stochastic variatiottirestrom the bootstrap resampling.
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PORCIC METHOD
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#R script for performing the permuation significartest (or Pati¢ method) from Paii¢
2013.

library(ca) #library ca has to be installed

library(plyr) #library plyr has to be installed

Perm <- 100000 # Perm sets the number of perrontafor the randomization test. Set
#at 100,000 permutations.

PERM <- c(1:Perm)

#Function for counting modes (copy and past to iR gu

localMaxima <- function(x) {
# Use -Inf instead if x is numeric (non-integer)
y <- diff(c(-.Machine$integer.max, x)) > OL
rle(y)$lengths
y <- cumsum(rle(y)$lengths)
y <- y[seq.int(1L, length(y), 2L)]
it (x[[1]] == x[[2]]) {
y <-y[-1]
}
y
}

#Copy and save using plain text editor as LAN264cieasv to working directory to
# which R is set.

15,727,0,0,0,198,1,1,7,0
0,94,8,5,0,33,1,1,0,0
3,24,5,2,0,1,2,0,240,0
1,31,2,0,0,5,0,0,14,0
1,3,8,2,0,0,2,1,200,0
0,0,234,4,0,0,1,40,0,0
0,28,119,112,0,3,7,9,1,0
0,0,36,130,0,0,0,0,2,0
2,12,4,355,2,15,0,120,301,3
7,69,294,1994,1,0,12,20,3,0

data<-read.csv(file="LAN264_Porcic.csv",header=F)
#Performing correspondence analysis (CA) on tha datl calculating the number of
modes for the CA solution
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#Enter the following code in the R gui

M <- length(data[1,])

a<-c(1:M)

b <- c(1:M)

data2 <- as.matrix(data)

ord <- ca(data)$rowcoord[,1]

data <- as.matrix(data)

datal <- cbind(ord, data)

datal <- as.data.frame(datal)

G <- arrange(datal, desc(ord))

matr <- G[,2:(M+1)]/(apply(G[,2:(M+1)],1, sum))

for(j in 1:M) {
a[j] <- length(localMaxima(matr[,j]))

}

sum(a) #gives the observed total of modes
# R code to generate the distribution of total nendd modes with randomized data

for(i in 1:Perm) {

for(j in 1:M) {

data2[,j] <- sample(datal,j], replace = FALSE)}

ord <- ca(data2[which(rowSums(data2)>0),])$rowcddid
data2 <- as.matrix(data2)

data3 <- cbind(ord, data2[which(rowSums(data2)>0),]
data3 <- as.data.frame(data3)

G <- arrange(data3, desc(ord))

matr <- G[,2:(M+1)]/(apply(G[,2:(M+1)],1, sum))

for(j in 1:M) {
b[j] <- length(localMaxima(matr[,j]))}

PERMIi] <- sum(b)}

guantile(PERM, 0.05) # Gives the value of the Shcpntile of the randomized
distribution of total number of modes
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sum(a)>26 modes

guantile(PERM,0.05 5% 26.

Result is that the 5th percentile of the randomidisttibution occurs at 26 modes, which
means that the 26 modes in the LAN-264 burial dassatistically significant at =

0.05. This means that the LAn-264 data is very liketystured mostly by time.
#Creates histogram of results.

hist(PERM, breaks=16, col = 4, border = terrairocg(1), xlab = "Total Number of
Modes", main = "Distribution of the Total NumberMbdes of 100,000 Randomized

(Permuted) Data Tables") # Draws a histogram adoarized total number of modes

abline(v = 26, col=2, Ity=2)
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Procedurefor the Oro Grande Sample

Kendall's 1-mode multidimensional scaling method“horse-shoe method”, see
Kendall (1963, 1969a, b, 1971), in combination véttraveling salesman problem
solver, was used to sequence the Oro Grande réisidesi sample. | chose this method,
because of the very small sample size of the anigihicts from residential loci 6, 7, 8,
and 10, and because there (fortunately) are verd ¢gmporally diagnostic types of shell
(that occur in very low frequencies n [1, 3]) iretsamples from the loci. Small sample
size makes the use of an abundance matrix veryemalbic (due to sampling error).
Also, the choice of a method (such as Kendall’a} tises an incidence
(presence/absence) matrix seems preferable, bechtseissue with sampling error
(which is less confounding when magnitude is renddvand also because distinct and
temporally diagnostic shell artifact types are preesn each of the loci.

R codeto computethe Oro Grande burial seriations. The R packages seriation,
TSP, MASS, and vegan arerequired.

#For MS Windows, download and unpack concorde.€ke {Traveling Salesman
Problem or TSP solver used to find the seriatioonf
http://www.tsp.gatech.edu/concorde/downloads/doaatéchtm and place it in a
directory where it can be called by R. It is aleac@ssary to have Cygwin
(http://www.cygwin.comy in the same directory.

library(seriation)
#Kendall's square symmetric matrix

S <- function(x, w = 1) {
sij <- function(i , j) w * sum(pmin(x[i,], x[j,])
h <- nrow(x)
r <- matrix(ncol = h, nrow =h)
for(i in 1:h) for (j in 1:h) r[i,j] <- sij(i,))
r

}
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SoS <- function(x) S(S(x))

#To establish a path for R to call concorde.exe
concorde_path("directory where concorde.exe istéata

#e.g. concorde_path("E:/OroGrande") or
concorde_path("/Users/macuser/Desktop/Concorde)TSP"
OG<-read.table("OG.txt", header=F)

#Kendall’'s horse shoe (Hamiltonian arc)

horse_shoe_plot <- function(mds, sigma, threshatdean(sigma), ...) {
plot(mds, main = paste("Kendall's horse shoe whtk't, threshold), ...)
| <- which(sigma > threshold, arr.ind=TRUE)

for(i in 1:nrow(l)) lines(rbind(mds[l[i,1],], mdsfi,2],]))
}

#shuffle data
x <- OG[sample(nrow(0G)),]
sigma <- SoS(x)

#Two different options for computing the mds mathbxt use only one at a time in the
following code

#Option 1: multidimensional scaling algorithm fprimary treatment of ties’ or ptt
# (Kendall 1971 pp. 229-233; Kruskal 1964).

#* probably much preferred when any one value €f@ample, zero) occurs frequently
#in the similarity matrix” (Kendall 1971 p. 229)

library(MASS)
mds<-isoMDS(1/(1+sigma))$points

#Option 2: multidimensional scaling algorithm feetondary treatment of ties’ or stt
#(Kendall 1971 pp. 229-232; Kruskal 1964).

library(vegan)

mds <- monoMDS(1/(1+sigma),model="local")$points
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#plot Kendall's horse shoe

horse_shoe_plot(mds, sigma)
#find order using a TSP
library(TSP)

tour <- solve_TSP(insert_dummy(TSP(dist(mds)), lab&ut"), method = "concorde",
control = list(rep = 15))

tour <- cut_tour(tour, "cut")

lines(mdsJtour,], col = "red", lwd = 2)

#because of the shuffling of the original data ma®G, need to look at both x and
#mds to determine the identity of the points in pha

R Codefor LAN-264 Seriation
Detrended Correspondence Analysis
#decorana_264.csv (below)

0.b._2.3 3.3,

0.b._ 3.4 49,0.b._ 5.0 7.1,0.b._7.2_12.4Myt. 24.\8t. 3.5 4.9,Myt. 5.0-
7.1,Myt._7.2_8.9,0._dama_barrel,0.b._barrel
35,15,727,0,0,0,198,1,1,7,0
48,0,94,8,5,0,33,1,1,0,0
51,3,24,5,2,0,1,2,0,240,0
68,1,31,2,0,0,5,0,0,14,0
73a,1,3,8,2,0,0,2,1,200,0
10,0,0,234,4,0,0,1,40,0,0
64,0,28,119,112,0,3,7,9,1,0
61,0,0,36,130,0,0,0,0,2,0
45,2,12,4,355,2,15,0,120,301,3
43,7,69,294,1994,1,0,12,20,3,0

library(vegan)
x<-read.csv(file="decorana_264.csv",header=T)

LAN264.dca<-decorana(x)
summary(LAN264.dca)
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scores(LAN264.dca)

plot(LAN264.dca, disp = "sites", type = "n")
ordipointlabel(LAN264.dca,disp="sites",col="blue")
points(LAN264.dca, disp = "sites", pch = 21, cdred”, bg = "yellow", cex = 1)
abline(v=-0.7130,col=3,Ity=3)

TSP Seriation

library(MASS)

library(seriation)
LANZ264<-t(matrix(c(15,727,0,0,0,198,1,1,7,0,
0,94,8,5,0,33,1,1,0,0,

3,24,5,2,0,1,2,0,240,0,

1,31,2,0,0,5,0,0,14,0,

1,3,8,2,0,0,2,1,200,0,

0,0,234,4,0,0,1,40,0,0,

0,28,119,112,0,3,7,9,1,0,

0,0,36,130,0,0,0,0,2,0,

2,12,4,355,2,15,0,120,301,3,
7,69,294,1994,1,0,12,20,3,0),10,10))
concorde_path("/Users/macuser/Desktop/ConcordejTSP"
x1 <-prop.table(LAN264,1)

xla<-round(x1,digits=4)

x1lb<-as.table(x1a)

write.csv(x1b, file = "LAN264Prop_1914 10 Burialsvt)
y<-dist(x1)

y<-as.matrix(y)

write.csv(y, file = "y.csv", fileEncoding = "macram") #MAC Excel

write.csv(y, file = "y.csv", fileEncoding = "UTF-1f&") #Windows Excel
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order<-c(seriate(dist(x1),method="TSP",control£hstthod="concorde")))

get_order(order)
[1] 6 7 810 9 5 3 4 2 1 #seriation ondgrof burials.

Corresponding LAn-264 burials for the get_orderéoydesult (above).

1=B35
2=DB48
3=B51
4 = B68
5=B73a
6 =B10
7 =B64
8 =B61
9=B45
10 = B43

TSP seriation result with the correct chronologuaia¢ction.

B35->B48->B68->B51->B73a->B45->B43->B61->B64->B10

#metric MDS to generate x-y coordinates for shawhe burials and Hamiltonian path

loc<-cmdscale(y)
x_1<-loc[,1]
y_1<-locl,2]

%Matlab Code to make a plot (Figure 6.5) of the T&sllts.
%Raw data for LAn-264 seriation plot
A=[-0.219210195991725 -0.635320911141974;
-0.14694394734727 -0.55920210399092;
-0.566882125462284 0.414450230179661;
-0.316707260810887 -0.326564764855316;
-0.575056595225354 0.501664980062944;
0.291384116990324 -0.0293107321595351;
0.368799902041548 -0.000587402683148962;
0.556921439925786 0.179621486940755;
0.044956156372251 0.287571490120415;
0.562738509507611 0.167677727527119];

%labels correspond to their seriation order.
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labels = cellstr( num2str([35 48 51 68 73 10 6446H43]") );
plot(A(:,1), A(:,2), r.")
%Need Matlab function drawarrow.m

function drawarrow(x1,x2,y1,y2,len)

%DRAWARROW connecting two points with a line withr@avhead
%drawarrow(x1,x2,y1,y2,len) draw an arrowed lir@nfr(x1,y1) to (x2,y2),and len is the
length of the arrow side.

%(x1,y1)-->(x2,y2)

cita=pi/12; % default angle between the two sides@w is 30
cos_cita=cos(cita);
sin_cita=sin(cita);

x=[x1 x2];
y=[yl y2];

% r is the ratio of the length of arrow side to thigtance between the two points.
r=len/sqrt((x1-x2)*(x1-x2)+(y1l-y2)*(y1l-y2));

% you can change the color of line here, defadtiras black.
hdl_line=line(x,y,'color',[0 0 0]);

pl x=x2;

pl_y=y2;

p2_x=x2+r*(cos_cita*(x1-x2)-sin_cita*(y1l-y2));
p2_y=y2+r*(cos_cita*(y1l-y2)+sin_cita*(x1-x2));
p3_Xx=x2+r*(cos_cita*(x1-x2)+sin_cita*(yl-y2));
p3_y=y2+r*(cos_cita*(y1l-y2)-sin_cita*(x1-x2));

% you can change the color of arrow here, defaldiras black.
hdl_head=patch([p1_x p2_x p3_x],[pl_y p2_y p3_Y}.'’k
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%Commands to draw the labeled Hamiltonian pathHerLAn-264 TSP seriation using

%function drawarrow.m

drawarrow(A(1,1),A(2,1),A(1,2),A(2,2),0.045)

hold on;

drawarrow(A(2,1),A(4,1),A(2,2),A(4,2),0.045)

hold on;

drawarrow(A(4,1),A(3,1),A(4,2),A(3,2),0.045)

hold on;

drawarrow(A(3,1),A(5,1),A(3,2),A(5,2),0.045)

hold on;

drawarrow(A(5,1),A(9,1),A(5,2),A(9,2),0.045)

hold on;

drawarrow(A(9,1),A(10,1),A(9,2),A(10,2),0.045)

hold on;

drawarrow(A(10,1),A(8,1),A(10,2),A(8,2),0.01)

hold on;

drawarrow(A(8,1),A(7,1),A(8,2),A(7,2),0.045)

hold on;

drawarrow(A(7,1),A(6,1),A(7,2),A(6,2),0.045)

text(A(1,1), A(1,2), labels(1), 'VerticalAlignmeypiottom’, ...
'HorizontalAlignmefitght’);

text(A(2,1), A(2,2), labels(2), 'VerticalAlignmeyiottom’, ...
'HorizontalAlignmetéft');

text(A(3,1)-0.015, A(3,2)-0.02, labels(3), 'Vertidhgnment','bottom’, ...
'HorizontalAlignmefitght’);

text(A(4,1), A(4,2), labels(4), 'VerticalAlignmeyibp', ...
'HorizontalAlignmefitght’);

text(A(5,1), A(5,2), labels(5), 'VerticalAlignmeypiottom’, ...
'HorizontalAlignmefitght’);

text(A(5,1), A(5,2), labels(5), 'VerticalAlignmeypiottom’, ...
'HorizontalAlignmefitght’);

text(A(6,1), A(6,2), labels(6), 'VerticalAlignmeypiottom’, ...
'HorizontalAlignmefitght’);

text(A(7,1)+0.025, A(7,2)-0.075, labels(7), 'Vesdislignment','bottom’, ...
'HorizontalAlignmefitght’);

text(A(8,1)-0.005, A(8,2)-0.025, labels(8), 'Vedialignment','top’, ...
'HorizontalAlignmetéft');

text(A(9,1), A(9,2), labels(9), VerticalAlignmeyibp', ...
'HorizontalAlignmefitght’);

text(A(10,1)-0.02, A(10,2)+0.02, labels(10), 'VediAlignment','bottom’, ...
'HorizontalAlignmetéft');

xlabel('metric MDS Dimension 1)

ylabel('metric MDS Dimension 2")

title(LAN 264 M5a-b Burials’)
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Ford Diagram
#Ford_1914.csv

15,727,0,0,0,198,1,1,7,0
0,94,8,5,0,33,1,1,0,0
1,31,2,0,0,5,0,0,14,0
3,24,5,2,0,1,2,0,240,0
1,3,8,2,0,0,2,1,200,0
2,12,4,355,2,15,0,120,301,3
7,69,294,1994,1,0,12,20,3,0
0,0,36,130,0,0,0,0,2,0
0,28,119,112,0,3,7,9,1,0
0,0,234,4,0,0,1,40,0,0

#R script

library(plotrix)

x<-read.csv(file="Ford_1914.csv",header=F)

x1<-as.matrix(x)

x2<-prop.table(x1,1)

x3<-100*x2

dimnames(x3) <- list(NULL, NULL)

xaxlab=c("Oliv_2.3-
3.3","0Oliv_3.4_4.9","Oliv_5.0_7.1""Oliv_7.2_12.4Myt_2.4 3.4""Myt_3.5 4.9""Myt
_5.0_7.1""Myt_7.2_8.9","O_dama_barrel","O_bip_ledfy
yaxlab=c("35","48","68","51","73a","45","43","61"64","10")
battleship.plot(x3,,mar=c(2,5,5,1),xaxlab=xaxlal|gh=yaxlab,maxxspan=0.60,maxysp
an=0.48)
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%Matlab code to convert the Brainerd-Robinson podita matrix (BRP) for the Malibu
%data to an adjacency matrix, using a p-value fiutioreshold) of 0.05.

BRP=[0 0.84903 00.7783800000 O;

0.84903 0 0 0.55415 0 0 0.00002 0 0 O;
0000.41550.82429 00 0 0.21306 0;

0.77838 0.55415 0.4155 0 0.1248 0 0 0 0.14685 O;
000.82429 0.1248 0 0 0 0 0.29932 0;
0000000.3278 0.00012 0 0;

0 0.00002 000 0.3278 0 0.45502 0.2323 0.23425;
000000.00012 0.45502 0 0.40675 0.90496;

00 0.21306 0.14685 0.29932 0 0.2323 0.40675 3691
0000000.23425 0.90496 0.01359 O];

I=length(BRP);
threshold = 0.05;
form =1l
forn=1:
if BRP(m,n)<=threshold
A(m,n) = 0;
else
A(m,n)=1;
end
end
end

The following Matlab code computes the Fiedler gest(the eigenvector corresponding
to the 2nd smallest eigenvalue d of the Laplacfahe@graph of A+A"). p is the
permutation obtained when v is sorted. In my anglggprovides a seriation of the

Malibu M5a-b burials, where the order of the bugriehnnot be determined because their
values in v (and likewise in p) are equal. A shdutdthe adjacency matrix of a connected
graph.
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%Matlab code for Fiedler vector analysis

A=[0 1 0 1 0 0 0 0 0 0;
1 0 0 1 0 0 0 0 0 0;
0 0 0 1 1 0 0 0 1 0;
1 1 1 0 1 0 0 0 1 0;
0 0 1 1 0 0 0 0 1 0;
0 0 0 0 0 0 1 0 0 0;
0 0 0 0 0 1 0 1 1 1;
0 0 0 0 0 0 1 0 1 1;
0 0 1 1 1 0 1 1 0 0;
0 0 0 0 0 0 1 1 0 0];
n = size (A,1);

opt.disp = 0; %turn off printing to eigs
opt.tol = sqrt(eps);

S = A|A'|speye(n); %compute the Laplacian of A
S=diag(sum(S))-S;

[v,d] = eigs(S,2,'SA",opt); %find the Fiedler vexcty
v=v(;,2);

d=d(2,2);

[ignore p] = sort(v); %sort itto get p

%Matlab code to plot the results
%need vline2.m

set(gcf,'Color',[1 1 1])

subplot(1,2,1)

plot(sort(v),".-");

xlabel('index i')

ylabel(‘'fv(i)")

title('Sorted Fiedler Vector')

set(gca, 'XTick',1:10, "XTickLabel',{'48' '35' '683a’' '51' '45' '61' '64' '43' '10'})
axis('tight’)

axis('square’)

vline2([2 6], {'m--', 'g:'}, {'first cut’, 'secondut’}, opts)
subplot(1,2,2)

spy(A(p.p),'r)

title('Sorted Adjacency Matrix')
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Table L.1. Laplacian of A.

2 -1 0 -1 0 0
-1 2 0 -1 0 0
0 0 3 -1 -1 0
-1 -1 -1 5 -1 0
0 0 -1 -1 3 0
0 0 0 0 0 1
0 0 0 0 0 -1
0 0 0 0 0 0
0 0 -1 -1 -1 0
0 0 0 0 0 0

v (Fiedler vector)=

-0.4187
-0.4187
-0.1593
-0.2519
-0.1593

0.5086
0.3060
0.2497
-0.0032
0.3470

sorted v =

-0.4187
-0.4187
-0.2519
-0.1593
-0.1593
-0.0032

0.2497
0.3060
0.3470
0.5086

d= 0.3983

P=[2145398710 6]
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Baxter and Cool 2010:2384 provide the followingdRst. Copy and paste into R.

data.boot <- function(y,h){boot(y, peak.test, R=998im = "parametric",ran.gen = shrunk.gen,
mle = c(length(y),h),h = h)}

peak.test <-function(y,h)

{dens <-density(y,h)

length(peaks(dens3y))

peaks <-function(x){
| <-length(x)

xm1l <-c(x[-1],x[l])
xpl <-c(x[1]x[-1])
X[X>xml & x>xpl]

}

shrunk.gen<-function(d,mle){

n<-mle[1];h <-mle[2]

v<-var(d)

i<-sample(n,n,replace=T)

(d[i]+h*rnorm(n))/sqrt(1+h"2/v)}

For example, the diameters for Bévella damasmall barrel beads from LANn-264 Burial 68 are
entered into R as the vector: a<-(3.6, 4.1, 42,44, 4.7,4.9,5,5.2,5.3,5.9, 6.2, 6.5).
The critical bandwidtth, is determined by using the function peak.test d&@rmine the
critical bandwidth for the Burial 68 data to fowgaimal places using peak.test, start by
determining the critical bandwidth to two decimbges. Then, compute the midpoint
(0.39+0.38)/2=0.3850. Then compute peak.test(85).i R and repeat the bifurcation

procedure until convergence on the critical bandlwid four decimal places (see Table M.1 for

the sequence for Burial 68).
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Table M.1. Sequence for determining the optimaldwadth of the kernel density estimate of the
diameter distribution of th®livella damabarrel bead sample from LAn-264 Burial.68

Bandwidth| Number of Modes
0.39
0.38

0.3850
0.3875
0.3888
0.3881
0.3884
0.3886
0.3885

NFEFNNEFENNDDNRE

Hall and York 2001 provide a correction formudlafor h, (also see Baxter and Cool

2010:2381).

Use the following R script to compulg (lamda_alpha), wherein this case is 0.05 (b, below).

al<- 0.94029

a2<-1.59914

a3<-0.17695

ad4<- 0.48971

ab<-1.77793

a6<- 0.36162

a7<-0.42423

b<-0.05

lamda_alpha <-(al*b”"3+a2*b”"2+a3*b+ad)/(b"3+a5*b" @4ara7)

Henderson et al. 2008 suggest using the forthulah, to compute the corrected critical
bandwidthh,(corrected) [hO_corrected].

Use the following R code to test if the Burial G8alis unimodal using the bootstrapping
procedure provided by Baxter and Cool 2010:2384.

ho<-0.3886
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hOcorrected<- lamda_alpha*ho

data.boot(a,hOcorrected)

The following output is produced.
Call:

boot(data =y, statistic = peak.test, R = 9999, sitparametric”,
ran.gen = shrunk.gen, mle = c(length(y), h3,

Bootstrap Statistics :
original bias std. error
t1* 10.4137414 0.5197973

Table M.2. Interpretation of above output.

original This identifies the number of modes being evaluatddch is 1 mode in this case.
t1* 1
bias This is the p-value, which in this case is not Bigant ata=0.05. Conclude that the

0.4137414 Burial 68 data is unimodal.

Table M.3. LANn-2640livella damabarrel bead diameter (mm).

Burial | 68 | 45| 51| 73a

1 3.6/3.7|4.7| 4.8
4 |38/4.7|5.1
41| 4 14751
4214.1|4.7| 5.2
4214.2|4.7| 5.2
44142|14.8| 5.2
4714.2|14.8| 5.2
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

4.9

5.2
5.3
5.9
6.2
6.5

4.2
4.2
4.3
4.3
4.3
4.4
4.4
4.4
4.4
4.4
4.4
45
4.5
45
4.5
4.5
4.5
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
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5.2
5.2
5.2
5.2
5.2
5.2
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.4
5.4
5.4
5.4
5.4
5.4
5.5
5.5
5.5
5.5
5.6
5.6
5.7
5.7
5.7
5.7
5.8
5.8

5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.4
5.4
5.4
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.6
5.6
5.6
5.6
5.6
5.7
5.7
5.7
5.7
5.7
5.7
5.7

5.7
5.7

5.8
5.8
5.8
5.8
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APPENDIX N

BOOTSTRAPPED AND JACKKNIFED COEFFICIENT OF VARIATIN
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R script to compute the Bootstrap and Jackknifea@d CV Confidence Intervals, and
histograms. The histograms require the R packag&MA

CV <- function(x) sqrt(var(x))/mean(x)

boot <-numeric(10000)

for (i in 1:10000) boot[i] <- CV(sample(x,replacepT

mean(boot)

var(boot)

truehist(boot,nbins="Scott",prob=FALSE,xlab = "Clagént of Variation (10,000 Bootstrap
Replications)", ylab="Frequency",main="Amavisca Bii#4 Olivella biplicata Wall Bead
Diameter (mm)")

truehist(boot,nbins="FD",prob=FALSE,xlab = "Coeféat of Variation (10,000 Bootstrap
Replications)", ylab="Frequency",main="Burial 64 M®3 Olivella biplicata Wall Bead
Diameter (mm)")

guantile(boot,0.975)

guantile(boot,0.025)

bias <- mean(boot) - CV(x)

CV(x) — bias

#Normality

CV(X) - bias - 1.96*sqgrt(var(boot))

CV(X) - bias + 1.96*sqgrt(var(boot))

#Efron

guantile(boot,0.025)

guantile(boot,0.975)
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#Halls

2*CV(x) - quantile(boot,0.975)

2*CV(x) - quantile(boot,0.025)

#Jackknife

jack <- numeric(length(x)-1)

pseudo <- numeric(length(x))

for (i in 1:length(x))

{ for (j in 1:length(x))

{if(j <1) jack[j] <- x[j] else if(j > i) jack[j-1] <- x[j]}
pseudoli] <- length(x)*CV(x) -(length(x)-1)*CV(jagk
mean(pseudo)

var(pseudo)

hist(pseudo)

truehist(pseudo,nbins="Scott",prob=FALSE,xlab =¢&dovalue"”,
ylab="Frequency",main="Burial 64 Mode 3 Olivellgpbcata Bead Diameter (mm)")

var(pseudo)/length(x)

mean(pseudo) - qt(0.975,length(x)-1)*sqrt(var(psglength(x))

mean(pseudo) + gt(0.975,length(x)-1)*sqrt(var(psglength(x))

Example of shell diameter vector file used as ratado compute the CV value with the
preceding R code.

## Example. Raw data vector for Burial 68 (Table).

x<-C(3.6,4,4.1,4.2,4.2,4.4,.47,4.9,5,5.2,5.3,520655)
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Table N.1. LAn-264livella damabarrel bead counts from four burials. Each cethmfirst
row consists of the burial number of the samplee fitst column is the bead diameter (cm). Raw
data for mode detection and CV analysis.

Diam.| 68| 45| 51| 73a
3.6 1
3.7 1
3.8 1
4.0 1] 1
4.1 1] 1
4.2 2| 5
4.3 3
4.4 1| 6
4.5 6
4.6 7
4.7 1| 15 5
4.8 3| 2| 1
4.9 1] 2
5.0 1] 1| 7
5.1 2 2
5.2 1| 1| 6| 4
5.3 1| 2| 7| 7
5.4 1] 6| 3
5.5 1| 4| 8
5.6 2| 5
5.7 4, 9
5.8 3| 10
5.9 1 21 9
6.0 3| 8
6.1 4
6.2 1 5
6.3 2
6.4 2
6.5 1 1| 2
6.6 1
6.7 1
Total | 14| 59| 52| 83
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Figure N.1Olivella damabarrel bead diameter CV bootstrap histogr:
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Figure N.20livella damabarrel bead diameter CV bootstrap histog
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Figure N.4.Olivella damabarrel bead diameter CV jackknife histogre
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APPENDIX O

BOSCHLOO’S AND BARNARD’S EXACT TEST
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| used the R Exact package and the following cod@®bschloo’s exact test.
#LAN-264 B35 vs. B48

data<-matrix(c(7,950,0,142),2,2,byrow=TRUE)

#LAN-264 B48 vs. B68

data<-matrix(c(0,142,14,39),2,2,byrow=TRUE)

#LANn-264 B68 vs. B51

data<-matrix(c(14,39,240,37),2,2,byrow=TRUE)

#LANn-264 B51 vs B73a
data<-matrix(c(240,37,200,17),2,2,byrow=TRUE)

#LAN-264 B73a vs. B45
data<-matrix(c(200,17,301,513),2,2,byrow=TRUE)

#LAN-264 B45 vs. B43
data<-matrix(c(301,513,3,2397),2,2,byrow=TRUE)

#LAN-264 B43 vs. B61

data<-matrix(c(3,2397,2,166),2,2,byrow=TRUE)

#LAN-264 B61 vs. B64

data<-matrix(c(2,166,1,278),2,2,byrow=TRUE)

#LAN-264 B64 vs. B10

data<-matrix(c(1,278,0,279),2,2,byrow=TRUE)
exact.test(data,alternative="two.sided"interval+5&,beta=0.001,npNumbers=100,method="B

oschloo”,to.plot=TRUE)
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Barnard’s exact test is appropriate for analyzingZcontingency tables consisting of
very small samples. This test is virtually unknowrthe social sciences and is often more
powerful for analyzing 2 x 2 contingency tablese(below) than the well-known Fisher’s Exact
Test. This test is computationally intensive and warformed using the MyBarnard Matlab
function by Cardillo (2010), which is available at:

http://www.mathworks.com/matlabcentral/fileexchat2®§ 60-mybarnardBarnard’s exact test

can also be performed using the R Barnard and tBeaRt packages which are less
computationally efficient than the Cardillo prograinused the MyBarnard function.
Background and Overview of Test

Barnard’s test is an alternative to Fishexaaot test. It is generally more powerful (for 2x2
tables) than Fisher's test, but is also more coatiouially intensive. The test was first published
by George Alfred Barnard (1945). Mehta and Senchaud2003:5) explain why Barnard’s test
is more powerful than Fisher’s under certain cands.

When comparing Fisher’'s and Barnard’s exact tés¢sloss of power due to the greater
discreteness of the Fisher statistic is somewlaebby the requirement that Barnard’s exact test
must maximize over all possible p-values, by choicthe nuisance parameter,For 2 x 2
tablesthe loss of power due to the discreteness domimatasthe loss of power due to the
maximization, resulting igreater power for Barnard’'s exact té3tit as the number of rows and
columns of the observed table increase, the mammiactor will tend to dominate, and

Fisher’s exact test will achieve greater power tBamard’s.
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APPENDIX P

DATA AND SAS CODE FOR ANALYSIS OF MEANS (ANOM) TEST
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#SAS code for the ANOM analysis in Chapter 6
data OGAfton; input Location$ Bead_Diam;
datalines;

OGL54.2
OGL54.2
OGL54.2
OGL5 4.3
OGL54.4
OGL54.4
OGL54.4
OGL54.4
OGL54.5
OGL5 4.5
OGL54.5
OGL5 4.5
OGL5 4.6
OGL5 4.6
OGL5 4.6
OGL5 4.7
OGL5 4.7
OGL5 4.7
OGL5 4.7
OGL5 4.7
OGL5 4.7
OGL5 4.7
OGL5 4.7
OGL5 4.8
OGL54.8
OGL5 4.8
OGL54.8
OGL5 4.9
OGL54.9
OGL5 4.9
OGL54.9
OGL5 4.9
OGL54.9
OGL5 4.9
OGL54.9
OGL5 4.9
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OGL54.9
OGL5 4.9
OGL54.9
OGL55.0
OGL55.0
OGL55.0
OGL55.1
OGL55.1
OGL55.2
OGL55.9
OGL5 6.2
OGL57.1
OGL57.4
OGL5 7.6
OGL59.1
Afton 4.3
Afton 4.4
Afton 4.6
Afton 5

Afton 5.2
Afton 5.3
Afton 5.4
Afton 5.4
Afton 6.2
Afton 7.3
Afton 7.3
Afton 8.1

title "ANOM Chatrt for Olivella biplicata Disc Bead'
proc anom data=OGAfton;

xchart Bead_Diam*Location / alpha=.1 method=smm;
label Bead Diam = 'Diameter_mm'

Location = 'Site’;

run;
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APPENDIX Q

DATA AND R CODE FOR FIGURE 7.1
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#To install this package, start R and enter:

source("http://bioconductor.org/biocLite.R")
biocLite("Rgraphviz")

library(Rgraphviz)

seg<-c(0,1,1,0,0,0,0,0,0,0,0,0,0,
1,0,1,0,0,0,0,0,0,0,0,0,0,
1,1,0,1,1,0,0,0,0,0,0,0,0,
0,0,1,0,1,0,0,0,0,0,0,0,0,
0,0,110,1,1,0,0,0,0,0,0,
0,0,0,0,1,0,1,1,0,0,0,0,0,
0,0,0,0,1,1,0,1,0,1,1,0,0,
0,0,0,0,0,1,1,0,1,1,0,0,0,
0,0,0,0,0,0,0,1,0,1,0,0,0,
0,0,0,0,0,0,1,1,1,0,1,1,1,
0,0,0,0,0,0,1,0,0,1,0,1,0,
0,0,0,0,0,0,0,0,0,1,1,0,1,
0,0,0,0,0,0,0,0,0,1,0,1,0)

HohokamCA.matrix<-matrix(seq,nrow=13,ncol=13,byroly=

rownames(HohokamCA.matrix)<-c("Santa Barbara Chia@hemash {1}", "Northern Channel
Island Chumash {2}", "Santa Monica Mountains Chum{&", "Southern Channel Island
Tongva {4}", "Mainland Tongva {5}", "Serrano {6}";Hopic {7}", "Cahuilla {8}", "Kumeyaay
{9}", "Lowland Patayan {10}", "Upland Patayan {11}"Salt River Hohokam {12}", "Gila
River Hohokam {13}")

colnames(HohokamCA.matrix)<-c("Santa Barbara Ch@hemash {1}", "Northern Channel
Island Chumash {2}", "Santa Monica Mountains Chum{&", "Southern Channel Island
Tongva {4}", "Mainland Tongva {5}", "Serrano {6}"Hopic {7}", "Cahuilla {8}", "Kumeyaay
{9}", "Lowland Patayan {10}", "Upland Patayan {11}"Salt River Hohokam {12}", "Gila
River Hohokam {13}")

am.graph<-new("graphAM", adjMat=HohokamCA.matridgemode="undirected")
plot(am.graph, attrs = list(hode = list(shape="lplext", fillcolor = "white",

fontsize=80)))
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APPENDIX R

DATA AND R CODE FOR COMPUTING THE WALKTRAP COMMUNITES OF THE

RECONSTRUCTED HOHOKAM/CALIFORNIA TRANSREGIONAL NETWRK
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Raw data (UCINET DL file, which defines the adjacgmatrix used to compute the Walktrap
Communities, and plot the Walktrap Community degdao and colored graph of the
reconstructed Hohokam/California transregional nekwCopy and paste the following text to
Notepad in MS Windows or TextEdit in Mac OSX. InXiledit also do: Format -> Make Plain
Text. In Notepad save as: PanRegNet.dat (withettengs in the bottom of the Notepad: All
Type, and Encoding: ANSI) and in TextEdit savelessgame file name (but uncheck the box net

to: if no extension is provided, usé.txt”).

DL N=13

Data:
0110000000000
1010000000000
1101100000000
0010100000000
0011011000000
0000101100000
0000110101100
0000011011000
0000000101000
0000001110111
0000001001010
0000000001101
0000000001010

install R package igraph and change directory (Fl€hange Dir...) to where the raw data file
PanRegNet.dat is located.

R script for walktrap community analysis

library(igraph)

G<-read.graph("PanRegNet.dat", format = c("dlI"gwdata input
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wt <- walktrap.community(G, steps = 4, merges = ERbhodularity=TRUE,
membership=TRUE) # computes Walktrap Communitigls modularity and default
membership

dend <- as.dendrogram(wt, use.modularity=TRUE) simates Walktrap Community
dendrogram

#Output from typing dend in R command window: @i@gram' with 2 branches and 13 #
members total, at height 2.190476

plot(dend, nodePar=list(pch=c(NA, 20))) # plots Wiedp Community dendrogram
wmemb <- community.to.membership(G, wt$merges,st@hich.max(wt$modularity)-1) #
determines Walktrap Community membership corresppgnitd the maximum (optimal)
modularity.

a <- wmemb$membership

G$layout <- layout.kamada.kawai # use force-basmmh&da-Kawai 2D graph drawing
algorithm

V(G)$color <- rainbow(3)[a+1] # the nodes of thetwork graph for each Walktrap community
are assigned a unique color.

plot(G)
To orient the graph (G) interactively (which in gse was to rotate the graph to a reasonable

geographic orientation), use the following R s¢rpbvided in the igraph package. In a Mac, a

new interactive plot of the graph will appear inXawindow (1 used XQuartz, which is available

at: http://xquartz.macosforge.org/landing/
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tkplot(G) #check orientation of G in the X windowhich you will need to estimate the number
of degrees to rotate the graph.

id <- tkplot(G)

tkplot.rotate(id,225) # For example, this commani@tes the graph 225 degrees clockwise.
tkplot.center(id) #this command centers the grapifné X window after it is rotated.

From the X window | exported the network as a pogisfile, and re-opened it with the with the
generic Mac picture file viewer, from which | savibe file as a .jpeg (maximum quality).
#Sequence of merges (merge matrix) of pairs of comimes by the walktrap community
algorithm (see Chapter 4, Figure 4.2).

wt$merges
[1][.2]
1] 1 2

2] 12 13
[3] 10 11
4] 7 8
5] 9 16
6] 6 17
[7] 3 4
[8] 15 18
9] 5 20
[10,] 19 21
[11,] 14 22
[12,] 23 24

#Modularity scores. Note that in the following tiirst merge step has a score of #-
0.04535148 and the eleventh merge step has themabscore of 0.34920639.

wt$modularity
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[1] 0.00000000 -0.04535148 -0.00453515 0.022878204761904 0.07482994 0.13945578
0.17800452 0.25850341 0.32653061 0.299319749Q(%K39 0.00000000
#Walktrap algorithm summary output.

wit

Graph community structure calculated with the walitalgorithm
Number of communities (best split): 2
Modularity (best split): 0.3492064
Membership vector:
[1]1111122222222

length(wt)

[1] 2 # two communities detected
sizes(wt)

Community sizes

12

58

#Which means, Community 1 has five members and Qamtgn2 has 8 members.

#Determine approximate sampling distribution ofktr@p community modularity for E6d-
#Réyni G(13,21) random graph and compare to wadkteenmunity modularity of actual
#network model. Compute approximate p-value thaeoled modularity would likely occur by
#chance.
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library(igraph)
G<-read.graph("PanRegNet.dat", format = c("dI"))
G<-as.undirected(G)

wt_2 <- walktrap.community(G, steps = 4, mergdRUE, modularity=TRUE,
membership=TRUE)

N<-10000
(suml <- rep(0, N))

for(i in 1:N) {
g <- erdos.renyi.game(13, 21, type="gnm")

wt <- walktrap.community(g, steps = 4, mesg TRUE, modularity=TRUE,
membership=TRUE)

sum1l][i] <- max(wt$modularity)

}

hist(sum1, breaks=16, col = 4, border = terrairus(ll), xlab = "Modularity", main="Walktrap
Community")

abline(v = max(wt_2$modularity), col=2, Ity=2)
sum2<-0
for(i in 1:N) {

if (max(wt_2$modularity)<=suml1[i]) sum2 «ra2+1
}

p_value_1 <-sum2/N
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APPENDIX S
DATA AND R CODE FOR ERMS- RENYI RANDOM GRAPH ANALYSIS PART I

TRANSITIVITY AND AVERAGE PATH LENGTH
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DL N=13

Data:
0110000000000
1010000000000
1101100000000
0010100000000
0011011000000
0000101100000
0000110101100
0000011011000
0000000101000
0000001110111
0000001001010
0000000001101
0000000001010

library(igraph)

G<-read.graph("PanRegNet.dat", format = c("dI"))
G2<-as.undirected(G)

N<-10000

(suml <- rep(0, N))

(sum2 <- rep(0,N))

for(iin 1:N) {
g <- erdos.renyi.game(13, 21, type="gnm")
suml[i] <- average.path.length(g)+sum1[i]
sumz2[i] <-transitivity(g, type="average")#82[i]

}

sum3<-0
sum4<-0

for(i in 1:N) {
if (average.path.length(G2)<=sum1][i]) susa8um3+1
}

for(iin 1:N) {
if (transitivity(G2, type="average")<=suni2[sum4 <-sum4+1
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}

p_value_1 <-sum3/N
p_value_2 <-sum4/N

hist(sum1, breaks=16, col = 4, border = terraims{lL), xlab = "Average Path Length", main =
"Erdos and Renyi Random Graph (13 Nodes, 21 Edges)"

abline(v = average.path.length(G2), col=2, lty=2)

hist(sum2, breaks=16, col = 4, border = terraimus{ll), xlab = "Transitivity", main = "Erdos
and Renyi Random Graph (13 Nodes, 21 Edges)")

abline(v = transitivity(G2, type="average"), col48/=2)

398



APPENDIX T

DATA AND MATLAB CODE USED IN KRIGING ANALYSES
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The Matlab function wgsutm.m was used to convertS8&coordinates (Latitude,Longitude)
for each of the following sites into UTM coordinatdll coordinates were forced into the same
UTM zone and hemisphere (11S), for analysis usirggfunction (Table T.1).

Matlab script used to generate the forced UTM cioaités in Table.

Lat=[ 35.043627 34.640669 32.738964 34.03897 37.65%32.948094 33.611708 32.99869
33.187047 33.428864];

Lon=[-116.285902 -117.340629 -116.147392 -118.697%221.5549251 -112.717072 -
117.835807 -111.514665 -111.919597 -112.065064];

[X2,y2,utmzone2,utmhemi2] = wgs2utm(Lat,Lon,11,'N")

Table T.1. UTM coordinates for California and Anmeosites used in the kriging analysis.

Site Easting (Forced Zone 11Worthing (Forced Zone 11N)

Afton Canyon 565100 3878000
Oro Grande 468800 3833000
Indian Hill Rockshelter 579800 3623000

Malibu (LAn-264) 345200 3768000
Oatman Flat 1010400 3637000
Escuela 900500 3654000
ORA-225 422500 3719000
Grewe 1012700 3664500
Snaketown 973800 3683500
Las Colinas 959000 3709700
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Table T.2. Van Bergin Grewe Site Gulf of Califorsiaell. Source: Curated collection currently
at the Los Angeles County Museum of Natural Histtigs Angeles, California.

Number/Location Glycymerisbracelet | Laevicardium elatum Argopecten Total
fragment fragment ventricosus
A.4431-113 Site Il No 1 258 259
Provenience
A.4431-114 Site Il No 34 34
Provenience
A.4431-118 Site Il No 1 382 383
Provenience
A.4431-120 Site Il No 109 109
Provenience
A.4431-121 Site I 74 54 128
A.4431-144 Site 1l No 1 1
Provenience
A.4431-1850 Site Il House 2 2
2-J-3
A.4431-1851 Site Il (#4) 3 3
A.4431-1855 Site I 1 1
A.4431-44 1 1
Total 190 1 729 921
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Table T.3 Van Bergin Grewe Site Gulf of Califorsiaell. Source: Curated collection currently
at the Los Angeles County Museum of Natural Histtigs Angeles, California.

Number/Location Glycymerisbracelet Laevicardium elatum Total
fragment fragment
A.4431-1834 Site Il Fill (#28) 2 1 3
A.4431-124 Site 1l (203/22) 48 48
A.4431-125 Site Il 13 335 348
A.4431-1843 Cremation Area 3 1 1
(#14)
Total 16 384 400

Table T.4 Van Bergin Grewe Site Gulf of Califorsiaell. Source: Curated collection currently
at the Los Angeles County Museum of Natural Histtigs Angeles, California.

Number/Location Turitella Turitella Columbella | Conus | Total
leucostoma lentiginosa sp. sp.
A.4431-144 Site Il No 1 1 1 1 4
Provenience
Total 1 1 1 1 4
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Table T.5 Van Bergin Grewe Site Gulf of Califorsiaell. Source: Curated collection currently
at the Los Angeles County Museum of Natural Histtigs Angeles, California.

Number/Location Callinax (Olivella) Oliva spicata(probable Crassadoma | Total
damaSpire-ground species identification) gigantea
bead
A.4431-54 7 7

A.4431-1857 Site 1l #28 1 1

A.4431-1832 Site Il No 1 1
Provenience

Total 7 1 1 9

TableT.6. Table T.4 Van Bergin Grewe Site Gulf afli®rnia shell. Source: Curated collection
currently at the Los Angeles County Museum of Naltttistory, Los Angeles, California.

Callinax (Olivella)

_ Callinax (Olivella) biplicata Haliotis sp.
Number/Location o _ Total
biplicata “Barrel” Bead Spire-Ground Bead worked
A.4431-125 Site
5 5
Il
A.4431-1830 763 266 1029
Total 763 266 5 1034
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Table T.7. Snaketown data used in kriging analy&mirce: Snaketown shell data from Seymour

1990:797-976, Appendix E (House and floor fill &tits), 1964-1965 excavation.

House/Phase| Glycymeris Laevicardium Pecten Olivella Turitella | Total
sp. elatum sp. dama sp.
S5F:7 Sacaton 67 3 70
5G:1 Sacaton 14 6 20
5G:10 Sacaton 27 2 1 30
5G:2 Sacaton 24 1 1 1 27
5G:4 Sacaton 4 4
5G:12 Sacaton 4 4
6G:1 Sacaton 58 3 61
6G:2 Santa 10 1 11
Cruz
6G:3 Sacaton 23 28 51
Total 231 44 1 1 1 278
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Table T.8. Snaketown data used in kriging analy&mirce: Snaketown shell data from Seymour
1990:797-976, Appendix E (House and floor fill &tits), 1964-1965 excavation.

House/Phase | Glycymeris Laevicardium Olivella Cowrie Pecten | Total
sp. elatum sp. sp. sp.
8B:1 Sacaton 55 1 1 57
8E:16 Santa 2 1 3
Cruz
8F:4 Sacaton 1 1 2
8F:5 Sacaton 9 3 12
9E:7 Santa Cruz 2 2
9E:9 Santa Cruz 2 1 3
9F:3 Sacaton 7 1 8
9F:4 Sacaton 5 5
9F:10 Sacaton 4 2 6
9G:2 Santa Cruz 2 1 3
9G:3 Sacaton 10 10
Total 99 8 2 1 1 111
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Table T.9. Snaketown data used in kriging analy&mirce: Snaketown shell data from Seymour
1990:797-976, Appendix E (House and floor fill &tits), 1964-1965 excavation.

House/Phase Glycymerissp. | Laevicardium elatum Spondylusp. | Total
10D:3 Sacaton 6 6
10D:4 Santa Cruz 14 1 15
10F:1 Sacaton 1 1

10F:2_Complex Sacaton 1 1
10F:4 Sacaton 1 1
10F:5 Sacaton 3 3
10F:6 Sacaton 1 1
10F:8 Sacaton 22 3 25
10F:11 Sacaton 1 1

Total 48 5 1 54
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Table T.10. Snaketown data used in kriging analysirce: Snaketown shell data from

Seymour 1990:797-976, Appendix E (House and fldoartifacts), 1964-1965 excavation.

(cont.).
House/Phase Glycymeris Laevicardium Pecten | Olivella Spondylus | Total
sp. elatum sp. sp. sp.

10F:12 Sacaton 5 5

10F:18-Complex 4 4

Sacaton

10F:22 Sacaton 1 1
10F:23 Sacaton 7 1 8
10G:3 Sacaton 1 1
10G:4 Sacaton 2 1 3
10G:7 Santa Cruz 4 4
10G:8 Sacaton 7 2 9
Total 29 3 1 1 1 35
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Table T.11. Snaketown data used in kriging analysirce: Snaketown shell data from
Seymour 1990:797-976, Appendix E (House and fldoartifacts), 1964-1965 excavation.

House/Phase | Glycymerissp Laevicardium Pecten | Olivella Cerithidea | Tota
elatum sp. sp. sp.
10G:13 Sacaton 6 1 7
10G:15 Santa 9 1 10
Cruz
10I:1 Sacaton 41 2 43
10I:2 Sacaton 4 4
101:3 Sacaton 2 3 3 8
10J:1 Sacaton 1 2 1 4
10J:2 Sacaton 4 1 5
10J:3 Sacaton 2 5 2 9
10J:9 Sacaton 3 3
11F:1 Sacaton 1 (bilobed 1
bead)
11F:5 Sacaton 12 3 2 17
11F:10 1 1
Total 82 20 3 5 2 112
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Table T.12. Snaketown data used in kriging analysirce: Snaketown shell data from
Seymour 1990:797-976, Appendix E (House and fldoartifacts), 1964-1965 excavation.

House/Phase Glycymerissp.

Laevicardium elatum

11F:14 Sacaton 11

11H:1 Late Santa Cruz

111:3 Sacaton 3
11J:2 Sacaton 23
Total 37

Argopectersp. | Olivella sp. | Total
13
1 1 3
3
25
1 1 44

Table T.13. Snaketown data used in kriging analyisirce: Snaketown shell data from
Seymour 1990:797-976, Appendix E (House and fldlbartifacts), 1964-1965 excavation.

House/Phase

Haliotis rufescens Haliotis sp.| Total

5G:1 Sacaton

9E:9 Santa Cruz

10F:21 Sacaton

Total
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Table T.14. Las Colinas Pre-Classic Gulf of Cahfarshell. Source: Vokes 1988:321, Table 9.1.

Type(s) Count
Glycymeris giganteanaculata multicostata| 1426
Laevicardium elatum 1116
Argopecten circularis 54
Pecten vogdesi 40
Dosinia ponderosa 2
Spondylu&Chama 2
Olivella dama 88
Conus perplexigegularis 30
Turritella gonostomaleucostoma 6
Cerithidea albonodosanazatlanica 6
Columbella strombiformjduscata 5
Nassarius moestus 3
Crucibulum 2
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Theodoxus luteofasciatus 2
Oliva incrassata 1
Opalia 1
Morula lugubris 1
Total 2785

Table T.15. Las Colinas Pre-Classic Pacific CoastlsSource: Vokes 1988:321, Table 9.1.

Type(s) Count

Haliotis cracherodij rufesceng 15

Dentaliumsp. 1

Total 16
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Table T.16. Raw shell count data (with context)dusekriging analysis.

Site Context Pacific Coast Shefulf of California Shell

Afton Canyon Residential 14 1
Oro Grande Residential 72 8
Indian Hill Rockshelter Residential 1 5
Malibu (LAN-264) Cemetery 3092 782
Oatman Flat Burial 5 24
Escuela Burial 83 32
ORA-225 Residential 44 4
Grewe Burial/Residential 1034 1334
Snaketown Residential 4 634
Las Colinas Residential/Burial 16 2787

Matlab .m files, script and raw data used in kriging analyses.

%Need the following matlab functions (.m files)rahe Mathworks Exchange
%consolidator.m

%fminsearchbnd.m

%kriging.m (Ordinary Kriging by Wolfgang Schwangtjar

%oparseargs.m

%variogram.m

%variogramfit.m

%must open the above files (file->open)

%and then

%publish them (file-> publish filename.m)
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%before the following will work

% Ratio of total number of Gulf of California Shalttifacts in each of the ten assemblages
% divided by the total shell sample size (PC Sh&HofC Shell) for the corresponding
%assemblage (0>z<1)

%Raw data for kriging analysis

S=[56.51 387.81; 46.88 383.32; 57.99 362.27; 3838277; 101.04 363.74; 90.05 365.37; 42.25
371.94; 101.27 366.45; 97.38 368.35; 95.9 370.97];

r1=1/15; r2=8/80; r3=5/6; r4=782/3874; r15=24/29;:3@/115; r7=4/48; r8=1334/2368;
r9=634/638; r10=2785/2801;

z=[r1r2r3r4r5r6r7r8r9rl0];

%Matlab script used to perform kriging analysis.

x =S(;,1);

y =S(:,2);

z = transpose(z);

[X,Y] = meshgrid(20:120,340:400);

% X is a 61-by-101 matrix, with the first column 20’s, with each subsequent column
consisting of values of the previous column + 1, {spexample, the second column is all 21’s)
up to 120’s for the last (181 column.

%Y is also a 61-by-101 matrix, with the same stitetas X, accept the first column is all 340,
and the final column is all 400.

%Calculates 3D random field contour plots with &iteations plotted

%Create random field with autocorrelation and st#be[0,1]

Z = randn(size(X)); % returns an m-by-n matrix @ning pseudorandom values drawn from

the standard normal distribution, with an arrayghme size as X, which is 61-by-101.

Z = imfilter(Z,fspecial('gaussian’,[40 40],8));
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%imfilter(Z,h) filters the multidimensional array Z

%with the multidimensional filter h = fspecial('gaian’,[40 40],8). The result Z (or Z filtered)
%has the same size and class as the original Z (ofiltered). In this case, h returns a
%rotationally symmetric Gaussian lowpass filtesize hsize = [40 40] with standard deviation
%= 8.

ZmaxCol = max(Z,[],1);

ZmaxColT = transpose(ZmaxCol);

MaxZ = max(ZmaxColT) %emaximum value in array Z

ZminCol = min(Z,[],1);

ZminColT = transpose(ZminCol);
MinZ = min(ZminColT) %minimum value in array Z

j=61;
k =101,
Zstand = zeros(j,k); % Preallocate matrix
form = 1;]
forn=1:k

Zstand(m,n) = (Z(m,n) - MinZ)/(MaxZ - MinZ%Scales the values of Zstand to [0,1]
end
end
Zp = Zstand; % 61-by-101 array of normally disttdaiand autocorrelated pseudorandom
numbers between 0 and 1
contour3(X(1,),Y(:,1),Zp,100)
view(-15,25)
hold on;
plot(x,y,".k','MarkerSize',25)
for i = 1:length(z)
zp = 0:0.02:z(i);
plot3(x(i),y(i),zp, ".k','MarkerSize',4.5)
plot3(x(i),y(i),z(i),”K','LineWidth’,2)
end
title('One Hundred Contour Random Field with Sitecations')
xlabel('Easting/10000")
ylabel('Northing/10000")
zlabel('Filtered and Scaled Normally Distribute@&sorandom Numbers','FontSize',8)
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% 3D kriging prediction plot

v = variogram([x y],z,'plotit',false,'maxdist’,75);
[dum,dum,dum,vstruct] = variogramfit(v.distanceal,i,[],[],'model','stable’);
[Zhat,Zvar] = kriging(vstruct,x,y,z,X,Y);
contour3(X(1,:),Y(:,1),Zhat,100)

zlim([0 1.1])

view(-5,25) % view(-175,15)

hold on;

plot(x,y,".k','MarkerSize',25)

for i = 1:length(z)

zp = 0:0.02:z(i);

plot3(x(i),y(i),zp, ".k','MarkerSize',4.5)
plot3(x(i),y(i),z(i),”K','LineWidth',2)

end

title('One Hundred Contours of the Kriging Predics’)
xlabel('Easting/10000")

ylabel('Northing/10000")

zlabel('G of C Shell/(PC Shell + G of C Shell)")
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APPENDIX U

FOURIER ANALYSIS OF RECONSTRUCTED STREAMFLOW DATA
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%Fourier analysis of reconstructed streamflow daeqjuired for both the Salt and Gila River
%analyses.

year=x(:,1);

reINums=x(:,2);

Y = fft(reINums);

Y(2)=[];

n=length(Y);

power = abs(Y(1:floor(n/2)))."2;
nyquist = 1/2;

freq = (1:n/2)/(n/2)*nyquist;
period=1./freq;
plot(period,power);

axis([0 100 0 max(power)+30));
ylabel('Power");

xlabel('Period (Years/Cycle)');

%Label four strongest signals (with the correspoggieriod for each) in the plot of the Fourier
%analysis of the reconstructed Salt River streamtlata.

hold on;

index=find(power==max(power));
mainPeriodStr=num2str(period(index));
plot(period(index),power(index),'r.', ‘MarkerSi25);
text(period(index)+2,power(index),['Period = ',mR@riodStr]);
A=power;

[~, idx] = sort(A,'descend’);
mainPeriodStr2=num2str(period(idx(2)));
plot(period(idx(2)),A(idx(2)),'9.", 'MarkerSize',25
text(period(idx(2))+2,A(idx(2)),['Period = ',mainfedStr2));
mainPeriodStr3=num2str(period(idx(3)));
plot(period(idx(3)),A(idx(3)),'m.", 'MarkerSize',25
text(period(idx(3))+2,A(idx(3))-10,['Period = ',nrd?eriodStr3]);
mainPeriodStr4=num2str(period(idx(4)));
plot(period(idx(4)),A(idx(4)),'c.", 'MarkerSize', 25
text(period(idx(4))+2,A(idx(4)),['Period = ', mainfedStr4));
hold off;

title('Salt River (A.D. 850-1100)")
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%Plot of reconstructed Salt River streamflow whikb strongest cycle detected by the Fourier
%analysis for A.D. 850-1000.
B=relNums;
[~, idx] = sort(B,'descend’);
plot(year,reINums)
title('Salt River’)
xlabel('A.D.")
ylabel('Streamflow (million acre feet/year)’)
xstart=year(idx(1));
ystart=0;
height=max(reINums);
line([xstart xstart],[ystart ystart+height],'Colar);
A=power;
[~, idx] = sort(A,'descend);
hold on;
range=floor((1100-900)/period(idx(1)));
for i = 1:range

x = xstart+i*period(idx(1));

line([x x],[ystart ystart+height],'Color’,'r);
end
hold off;
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%Plot of reconstructed Salt River streamflow wkib second strongest cycle detected by the
%Fourier analysis for A.D. 850-1000.
B=relNums;
[~, idx] = sort(B,'descend’);
plot(year,reINums)
title('Salt River’)
xlabel('A.D.")
ylabel('Streamflow (million acre feet/year)’)
xstart=year(idx(1));
ystart=0;
height=max(reINums);
line([xstart xstart],[ystart ystart+height],'Colar);
A=power;
[~, idx] = sort(A,'descend);
hold on;
range=floor((1100-900)/period(idx(2)));
for i = 1:range

X = xstart+i*period(idx(2));

line([x x],[ystart ystart+height],'Color’,'r);
end
hold off;
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%Label four strongest signals (with the correspoggieriod for each) in the plot of the Fourier
%analysis of the reconstructed Gila River streamftiata.

hold on;

index=find(power==max(power));
mainPeriodStr=num2str(period(index));
plot(period(index),power(index),'r.', ‘MarkerSi25);
text(period(index)+2,power(index),['Period = ',nR@riodStr]);
A=power;

[~, idx] = sort(A,'descend’);
mainPeriodStr2=num2str(period(idx(2)));
plot(period(idx(2)),A(idx(2)),'9.", 'MarkerSize',25
text(period(idx(2))+2,A(idx(2))+4,['Period = ',mdMeriodStr2]);
mainPeriodStr3=num2str(period(idx(3)));
plot(period(idx(3)),A(idx(3)),'m.", 'MarkerSize',25
text(period(idx(3))+2,A(idx(3))+2,['Period = ',mderiodStr3]);
mainPeriodStr4=num2str(period(idx(4)));
plot(period(idx(4)),A(idx(4)),'c.", 'MarkerSize', 25
text(period(idx(4))+2,A(idx(4)),['Period = ', mainfedStr4));
hold off;

title('Gila River (A.D. 850-1100))

%PIlot of reconstructed Gila River streamflow witle strongest cycle detected by the Fourier
%analysis for A.D. 850-1100.
B=relNums;
[~, idx] = sort(B,'descend’);
plot(year,reINums)
title('Gila River")
xlabel('’A.D.")
ylabel('Streamflow (million acre feet/year)’)
xstart=year(idx(1));
ystart=0;
height=max(reINums);
line([xstart xstart],[ystart ystart+height],'Colar);
A=power;
[~, idx] = sort(A,'descend’);
hold on;
range=floor((1100-900)/period(idx(1)));
fori = l:range

X = xstart+i*period(idx(1));

line([x x],[ystart ystart+height],'Color’,'r");
end
hold off;
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%Plot of reconstructed Gila River streamflow witie second strongest cycle detected by the
%Fourier analysis for A.D. 850-1100.
B=relNums;
[~, idx] = sort(B,'descend’);
plot(year,reINums)
title('Gila River")
xlabel('A.D.")
ylabel('Streamflow (million acre feet/year)’)
xstart=year(idx(1));
ystart=0;
height=max(reINums);
line([xstart xstart],[ystart ystart+height],'Colar);
A=power;
[~, idx] = sort(A,'descend);
hold on;
range=floor((1100-900)/period(idx(2)));
for i = 1:range

X = xstart+i*period(idx(2));

line([x x],[ystart ystart+height],'Color’,'r);
end
hold off;
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APPENDIX V

BIOECONOMIC MODEL

XPPAUT CODE

422



#simple bioeconomic model with individual entry.

#define parameters----------------mom e
par al11=0.1,al12=0.1,al2=0.1,a3=0.1,A11=1, A12=1AR A22=1,AK=1,K0=0.5

par S=1,h=1.5,dk=0.05,1=0.05,K=0.3,spow=10,Lmaxy@thin=1,ycmin=1,gamma=0.9
par alphal=1,alpha2=1

par p1=50

par mul=2mu2=3

**

f(x,a,b) = if(x>0)then(x**b/(a**b + x**b))else(0)
01(y2,x2) = if(y2<x2)then(1)else(0)
02(y3,x3,z3) = if(y3>x3)then(z3)else(0)
g3(y4) = if(y4>0)then(y4)else(20)
04(y5,x5) = if(y5<x5)then(y5)else(x5)
[2max = min(1/(A21*x2*K), 1/(A22*x2*K))
svar = (A21/A11 + A22/A12)*x2*K/x1
[20pt = I2max*f(svar,1,spow)
[11opt = (1 - A21*x2*120pt*K)/(A11*x1)
[120pt = (1 - A22*x2*120pt*K)/(A12*Xx1)
12 = min(I2opt, gamma*Lmax)
111 = min(I11opt, gamma*Lmax-12)
112 = min(I120pt, gamma*Lmax-12-111)
[12evall = 112-g1(yp_local,ypmin)*g2(yc_local,ycnuelta_12)
[12eval2 = g3(112evall)
112t = g4(112, 112eval2)
I3_r=gamma*Lmax-(I111 + 112t + [2)
I3 = min(abs(delta_12)*g1(yp_local,ypmin),I3_r)
Y11 = A11*x1*I111*h
Y12 = A12*x1*112t*h
Y2 = (A21+A22)*x2*12*h*K
Y21 = A21*x2*12*h*K
Y22 = A22*x2*12*h*K
Y3 = A3*I3*x3*h
delta_12 = (yc_local - ycmin)/(A12*x1)
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Klc = Ko*(1 + alpha2*u)
yc_local = A12*x1*|12t
yp_local = A11*x1*11
yC_a = A22*x2*I12*K
yp_a = A21*x2*|12*K
LCpro = A3*x3*13

LCpt = x3*I3

totl = [11+112t+12+3
ri=1

r2=1

r3=1

Klc2 = (mul + alphal*u)/mu2

#define auxiliary quantitieS---------=-=-=-=-=--—=mmmmmmomm oo

#define right hand sides S —

dx1/dt = r1*x1*(1-x1) - al11*Y11 - al12*Y12
dx2/dt = r2*x2*(1-x2) - al2*Y2

#dh/dt = b(Y1,Y2) -d(Y1,Y2)

#dK/dt = AK*12-dK*K

dx3/dt = r3*x3*(1-x3/Klc2)-a3*Y3

du/dt = u*(1 - un2 - v*2) - (2*Pilpl)*v

dv/dt = v*(1 - un2 - v*2) + (2*Pi/pl)*u

#set initial conditions
init x1=1,x2=1,x3=1,u=1,v=0
#define some auxiliary variables

aux totlab = [2+111+112t
aux totlab_t = 12+I11+12t+I3

aux lwp =111
aux lwec =112t
auxla=12

aux lw = 111+12t

aux switch = svar

aux totlout = Y11+Y21

aux tot2out = Y12+Y22

aux totl2out = Y11+Y21+Y12+Y22
aux LCtradeout = Y3

aux LCF =Klc
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aux LCF2 = KLc2

aux ltrade =13

aux ltrader =13 _r

aux yp = yp_local

aux yc = yc_local

auxyca=yc_a

aux ypa=yp_a

aux yp_w_a =yp_local+yp_a
aux yc_w_a =yc_local+yc_a

aux yp_t =yp_local+LCpro+yp_a
aux Icp = LCpro

aux deltal2 = [12-112t

aux delta_p = abs(yp_local-LCpro)
aux delta_12out = delta_12

aux delta_yc = yc_local-ycmin

**

@ xlo=0,ylo=0,zl0=0,xhi=1.1,yhi=1.1,zhi=1.1
@ xp=x1,yp=x2,zp=x3

@ ulo=0,vlo=0,uhi=1,vhi=1

@ up=u,vp=v

@ bounds=100000

done
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APPENDIX W
DATA AND R CODE FOR ERMS- RENYI RANDOM GRAPH ANALYSIS PART II:

MOTIFS
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DL N=13

Data:
0110000000000
1010000000000
1101100000000
0010100000000
0011011000000
0000101100000
0000110101100
0000011011000
0000000101000
0000001110111
0000001001010
0000000001101
0000000001010

library(igraph)
library(R.utils)

G<-read.graph("PanRegNet.dat", format = c("dI"))
G2<-as.undirected(G)

#example of a three node motif in the Hohokam/Gatifa transregional network model
motif 3 <- graph.isocreate(size=3,number=3,direcikgd

#example of a four node motif in the Hohokam/Caiifa transregional network model
motif_4 <- graph.isocreate(size=4,number=4,direckgd

plot(motif_3,main="Motif 3")

plot(motif_4,main="Motif 4")

N<-10000

(sum3 <- rep(0, N))
(sum4 <- rep(0,N))

for(i in 1:N) {
g <- erdos.renyi.game(13, 21, type="gnm")
mygraphmotifs <- graph.motifs(g,3)
motif_3 <- mygraphmotifs[3]
motif_4 <- mygraphmotifs[4]
sumg3|[i] <- motif_3+sum3yi]
sumd4[i] <- motif_4+sumA4i]
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}
subplots(nrow=1, ncol=2)

hist(sum3, breaks=16, col = 4, border = terrairus(ll), xlab = "Number in Network",
main="Motif 3")

abline(v = mygraphmotifs_2[3], col=2, Ity=2)

hist(sum4, breaks=16, col = 4, border = terrairus(ll), xlab = "Number in Network",
main="Motif 4")

abline(v = mygraphmotifs_2[4], col=2, Ity=2)
mygraphmotifs_2 <- graph.motifs(G2,3)

suml<-0
sum2<-0

for(i in 1:N) {
if (mygraphmotifs_2[3]>=sum3[i]) sum1 <-sirrl
if (mygraphmotifs_2[4]<=sum4[i]) sum2 <-s@rrl
}

p_value_3 <-suml1/N
p_value_4 <-sum2/N
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APPENDIX X
DATA AND R SCRIPT FOR ERDS- RENYI RANDOM GRAPH ANALYSIS PART lIl:

BETWEENNESS CENTRALITY
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DL N=13

Data:
0110000000000
1010000000000
1101100000000
0010100000000
0011011000000
0000101100000
0000110101100
0000011011000
0000000101000
0000001110111
0000001001010
0000000001101
0000000001010

library(igraph)

library(R.utils)

G<-read.graph("PanRegNet.dat", format = c("dl"))
G2<-as.undirected(G)

a<-betweenness(G2)

N<-10000

(sum3 <- rep(0, N))

(sumb5 <- rep(0, N))

(sum7 <- rep(0, N))
(sum10 <- rep(0, N))

for(iin 1:N) {
g <- erdos.renyi.game(13, 21, type="gnm")
bc <- betweenness(q)
sumg3|[i] <- bc[3]+sum3]i]
sumb5J[i] <- bc[5]+sumb5Ji]
sum7[i] <- bc[7]+sum7[i]
sum10[i] <- bc[10]+sum10Ji]
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subplots(nrow=2, ncol=2)

hist(sum3, breaks=16, col = 4, border = terraimill), xlab = "Node Three",
main="Betweenness Centrality")

abline(v = a[3], col=2, lty=2)

hist(sum5, breaks=16, col = 4, border = terrairus{ll), xlab = "Node Five",
main="Betweenness Centrality")

abline(v = a[5], col=2, Ity=2)

hist(sum7, breaks=16, col = 4, border = terrairuill), xlab = "Node Seven",
main="Betweenness Centrality")

abline(v = a[7], col=2, lty=2)

hist(sum10, breaks=16, col = 4, border = terraiorsgl), xlab = "Node Ten",
main="Betweenness Centrality")

abline(v = a[10], col=2, lty=2)

SumA<-0
sumB<-0
sumC<-0
sumD<-0

for(i in 1:N) {
if (a[3]<=sum3]i]) sumA <-sumA+1
if (a[5]<=sumb5][i]) sumB <-sumB+1

if (a[7]<=sum7[i]) sumC <-sumC+1
if (a[10]<=sum10][i]) sumD <-sumD+1

}

p_value_3 <-sumA/N
p_value_5 <-sumB/N
p_value 7 <-sumC/N
p_value_10 <-sumD/N
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#Make plot and turn off axes and annotations (kbsls) to label them as desired
plot(a, type="0", col="blue", axes=F, ann=F)

#Calculate range from 0 to max value of a

g_range <- range(0, a)

#Make x axis using abbreviated regions and thetresponding numbers

axis(1, at=1:13,

lab=c("SBBC{1}","NCIC{2}","SMMC{3}","SCIT{4}","MT{5 }","SER{6}","HOP{7}","CAH{
8}","KUM{9}","LP{10}","UP{11}","GRH{12}","SRH{13}") )

#Make y axis with horizontal labels that displagks at

#every 4 marks. 4*0:g_range[2] is equivalent to£®,12).

axis(2, las=1, at=4*0:g_range[2])

#Create box around plot
box()

#Label the x and y axes

title(xlab="Region")
title(ylab="Betweenness Centrality")
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