Chapter 3 )
Sedentary Sites b

Randall Haas

Abstract Nearly every part of the world witnessed the process of human sedenta-
rization during the Holocene Epoch. Agriculture, circumscription, and ecological
structure are among the major drivers previously proposed to account for this transi-
tion from residentially mobile to sedentary lifeways. This analysis explores an alter-
native mechanism, which considers the appearance of continuously occupied sites
among residentially mobile (i.e., non-sedentary) individuals to be a key component
in the trajectory to sedentism. Drawing insights from Archaic Period settlement pat-
terns in the high Andes and a simple computer simulation, such “sedentary sites”
are shown to be an emergent property of the interaction of two basic human behav-
iors—population growth and recursive mobility. Recursive mobility refers to the
preferential occupation of certain places on landscapes as a result of human restruc-
turing of environments and consequent recycling of cultural materials. The simula-
tions reveal gradual emergence of continuously occupied sites by residentially
mobile individuals, which accounts for the protracted nature sedentarization
observed archaeologically. The model further offers a socioecological context for
emergent residential sedentism among individuals themselves and a mechanism for
plant domestication that does not require individual sedentism.

Keywords Mobility - Sedentism - Foragers - Emergent agriculture - Andean
archaic - Lake Titicaca Basin - Simulation

Nearly all of the world’s contemporary human populations are what anthropologists
would consider residentially sedentary. Individuals tend to inhabit sites year-round
for many sequential years and even multiple generations in some instances.
Anthropology long-ago showed that this wasn’t always the case. Throughout the
Pleistocene, the vast majority of humans were residentially mobile, moving at least
once a year, often more frequently. During the Holocene, residentially mobile
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lifeways gradually gave way to increasingly sedentary ones independently in differ-
ent parts of the world. This sedentarization process was part and parcel to a host of
socioeconomic transformations related to subsistence, hierarchy, private property,
inequality, disease, and innovation to name a few. Robert Kelly (2013, p. 78) sug-
gests that “...the transition from a nomadic to a sedentary existence was the crucible
of significant, pervasive, and permanent changes in the social and political lives of
hunter-gatherers....” How residential sedentism evolved is therefore a perennial
topic of anthropological inquiry.

Several models currently exist and collectively consider the roles of food produc-
tion, competition, and territoriality in compelling mobile individuals to take up per-
manent residence. Early models were tightly coupled with the transition from
foraging to farming economies given the intrinsic connection between farming and
place. Land preparation, planting, tending, harvesting, and storage serially tether
farmers to agricultural places, or farms. Early scholars who subscribed to progres-
sivist paradigms of human social change saw residential sedentism as an obvious
cultural advance that naturally followed from the “discovery” of agriculture
(Bettinger et al., 2015). Subsequent scholarship, fueled largely by ethnographic
hunter-gatherer observations, revealed that the transition was not so obvious. To
ethnographic foragers, farming was laborious and only taken up under extreme cir-
cumstances such as forcible coercion by colonial powers. Ethnographic and experi-
mental studies of subsistence economics show that, in fact, many foraging pursuits
generate considerably higher energetic returns on labor investment than farming
(Barlowe, 2006). Although agricultural surplus and storage promises a degree of
economic resilience to environmental perturbation, reliance on a narrow agricul-
tural food base simultaneously creates new insecurities that can lead to catastrophic
collapse.

Even more problematic for the agricultural model was the simple fact that
domestication is a process that requires time—if not incredible foresight—to trans-
form wild plant species to their domesticated forms (Smith, 2001). Wild types tend
to pale in productivity relative to their domesticated counterparts. The seed stalks of
teosinte, for example, produce no more than a dozen thick-skinned seeds while the
stalks of its modern domesticated form, maize, produces roughly 800 densely
packed, thin-skinned kernels (Smith, 1995). It would therefore seem that food pro-
duction was more likely to have been a consequence of sedentism rather than a
cause. However, there are at least some empirical cases of agriculture preceding
sedentism, leading Kelly (1992, 2013) to conclude that the relationship between
sedentism and agriculture is unclear.

A series of ancillary challenges would have further complicated the transition to
food production among early hunter-gatherers (Kelly, 2013). Sedentism rendered
previously mobile individuals susceptible to a host of new diseases and pathologies
as people lived in increasingly sustained proximity to waste. Land tenure created
new tensions that threatened social cohesion. Inter-personal conflicts could no lon-
ger be easily resolved with residential moves, potentially raising inter-personal vio-
lence rates. So while it is clear that mobile populations did ultimately transition to
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sedentary ones, empirical findings suggest that the process was anything but
straightforward.

In his 1998 article titled “Cheating at Musical Chairs,” Michael Rosenberg
(1998) suggested that sedentism emerged at the intersection of population growth
and variably productive resource environments. In this view, increasing population
increases resource competition and thus the benefit of territory defense. At some
critical point along the continuum of population growth and increasing competition,
it paid to occupy the best territories continuously rather than abandon them season-
ally, which would risk ceding prime territory to other groups. Kelly similarly con-
cluded that “...the only reason hunter-gatherers would not move is if there is no
place to which to move” (Kelly, 2013, p. 106), and the most likely impediment
would have been a packed landscape, at least in homogeneous environments. He
advances a separate model for the emergence of sedentism in heterogenous environ-
ments. Deriving insight from ecological patch-choice models, and echoing Childe’s
(1929) propinquity theory, he argues that *“...sedentism is a product of local abun-
dance in a context of regional scarcity” (Kelly, 2013, p. 107).

The trouble with population packing models is that it is hard to imagine a hunter-
gatherer landscape that is not packed—i.e., at carrying capacity—when one consid-
ers the counter-intuitive reality of exponential population growth. Richerson et al.
(2001) show that even under the most conservative demographic estimates such as
an initial colonization of a massive continental landscape the size of Asia, exponen-
tial growth is expected to rapidly induce density dependent effects in under
200 years. Population packing is practically instantaneous. Even as humans raise
capacity via social and technological innovation, exponential growth follows on the
heels of carrying capacity. With exponential growth, Rosenberg’s and Kelly’s mod-
els would seem to anticipate packed populations and thus residential sedentism
from the get-go. Clearly this is not the case as residential sedentism was a relatively
late phenomenon in human history.

In what follows, I present an alternative model for the evolution of sedentism that
is independent of agriculture, population packing, or environmental structure. The
model instead considers that incipient forms of sedentism may arise at the intersec-
tion of population growth and recursive mobility, which I define shortly. It envisions
that the early stages of sedentism were less about people and more about sites
becoming permanent fixtures of socioeconomic landscapes. Incipient sedentism is
seen a quantitative increase in the average duration of site occupancy and concomi-
tant reduction in the duration of occupational hiatuses resulting in eventual year-
round habitation of prominent sites in the settlement systems of residentially mobile
people. The model therefore makes a distinction between sedentary people and sed-
entary sites with the latter likely preceding the former. I further speculate that the
shift to more continuously occupied sites would have simultaneously increased
social interaction at few prominent sites in the settlement system creating new
socioeconomic tensions and opportunities that could have catalyzed residential sed-
entism. The inspiration for this argument ultimately derives from archaeological
observations on Andean settlement patterns. I therefore begin with a summary of
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those observations to provide empirical grounding before elaborating on the model,
which ought to generalize beyond the Andean case.

3.1 Settlement Patterns in the South-Central Andes

Settlement pattern analysis is among the major contributions of South American
Archaeology to world archaeology. Gordon Willey’s (1953) examination of prehis-
toric settlement patterns in the Viru Valley, Peru in the 1940s was seminal. Prior to
this, archaeological research tended to be site-centric, emphasizing excavation of
particular sites with analysis of site structure and material contents. Willey’s regional
focus showed how placing individual sites into broader social landscapes could gen-
erate novel insights into the broader socioeconomic landscapes of past societies.
Today, settlement survey and analysis is standard archaeological practice around
the world.

The South-Central Andes is one part of the world where settlement pattern analy-
sis has figured prominently in modelling human social change. The Lake Titicaca
Basin of highland Peru and Bolivia serves as the primary empirical case under con-
sideration here. It is particularly suited to settlement pattern analysis because previ-
ous archaeological fieldwork has generated robust baseline data with good
geographic and chronological control spanning periods of major socioeconomic
transformation including the transition to residential sedentism.

The Lake Titicaca Basin lies at over 3800 meters above sea level and is domi-
nated by expansive rolling hills grasslands dissected by streams and flanked by
mountains. The region is one of few in the world to witness the endogenous emer-
gence of residential sedentism, food production, and socioeconomic complexity
(Smith, 1995; Feinman & Marcus, 1998). The state of Tiwanaku thrived between
1.5 and 1.0 ka. It was characterized by intensive agriculture, monumental architec-
ture, long-distance exchange, and complex craft economies that included textile,
metal, and ceramic production (Janusek, 2004; Kolata, 1996; Moseley, 1992;
Stanish, 2003). Many of these economically complex behaviors can be traced to the
preceding Formative periods, 3.5-1.5 ka (Bandy, 2004, 2005, 2006; Browman,
1981; Capriles et al., 2008; Hastorf, 2008; Janusek, 2004; Kolata, 1996; Plourde &
Stanish, 2006; Schultze et al., 2009; Stanish, 2003; Stanish et al., 1997, 2005;
Hastorf, 1999).

Given the socioeconomic complexity evident in the Tiwanaku and Formative
periods, it is not surprising that the associated settlement patterns have been charac-
terized as hierarchical in structure. Hierarchical settlement patterns are those in
which extremely large settlements—often termed primate centers—are circum-
scribed by second tier settlements, each of which is in turn circumscribed by third
tier settlements, and so on (Christaller, 1966; Flannery, 1998). Following central-
place economic models and local ethnographic analogs, McAndrews et al. (1997)
attribute the observed hierarchical structure in the Tiwanaku valley to economic
integration in a nested hierarchy of political units (see also Albarracin-Jordan
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(1996)). More recently, Griffin and Stanish (Griffin, 2011; Griffin & Stanish, 2007)
have shown through computer simulations that hierarchical settlement structure
indeed emerges from complex interactions of ecological structure, economic com-
plementarity, and peer-polity competition. However, Haas and Tagliabue (2012)
showed that some of the structural properties of Tiwanaku and Formative Period
settlement patterns could also be emergent properties of basic mobility dynamics.

Surprisingly few sites dating to the preceding Archaic Periods (11-3.5 ka) have
been found near Lake Titicaca where Tiwanaku and Formative period sites are most
abundant (Bandy, 2006). Rather, a series of archaeological surveys away from Lake
Titicaca’s margins have revealed a robust picture of Archaic Period settlement pat-
terns. In 1994 and 1995, Mark Aldenderfer directed an intensive, systematic pedes-
trian survey of a 41-km? area in the Ilave region on the western side of Lake Titicaca
Basin with the goal of locating and examining pre-Formative Period sites (Craig,
2011). Survey crews documented 468 archaeological sites and recovered 100-percent
of stone tools visible on the surface of each site. In 1997, Cynthia Klink (2005)
conducted settlement surveys in the adjacent Rio Huenque valley documenting 151
Archaic Period sites. The surveys documented hundreds of temporally diagnostic
projectile points dating to the Early (11-9.0 ka), Middle (9.0-7.0 ka), Late
(7.0-5.0 ka), and Terminal Archaic (5.0-3.5 ka) periods allowing a degree of tem-
poral control toward settlement pattern analysis (Klink & Aldenderfer, 2005).
Subsequent surveys in other regions of the Titicaca Basin have documented many
additional Archaic sites and have permitted a clear picture of Archaic land-use pat-
terns and demography (Aldenderfer & Flores Blanco, 2011; Capriles et al., 2018;
Cipolla, 2005; Flores Blanco, 2017; Osorio et al., 2017).

While Early—Late Archaic period (11-5.0 ka) settlement patterns were biased
away from the Lake margins and the Formative and Tiwnaku Periods (3.5-1.0 ka)
toward them, Terminal Archaic Period (5.0-3.5 ka) patterns straddled the divide.
The demographic center of gravity appears to have shifted from the peripheries of
the Altiplano to the margins of Lake Titicaca during the Terminal Archaic—a transi-
tion that coincides with a rise in Lake Titicaca to its modern level (Cipolla, 2005;
Klink, 2005; Rigsby et al., 2003). Early ceramic traditions and subterranean house
structures appeared during the Terminal Archaic suggesting incipient forms of resi-
dential sedentism (Craig, 2011). Incipient food production, including the domesti-
cation of quinoa (Chenopodium quinoa) and potatoes (Solanum tuberosum), is also
thought to have emerged at this time, but empirical evidence remains equivocal
(Bruno, 2006; Rumold & Aldenderfer, 2016). Regardless, agricultural production
and pastoralism were fully underway by the Formative Period.

Prior to the Terminal Archaic Period, populations experienced a local peak dur-
ing the Late Archaic Period as indicated by high site densities and diagnostic pro-
jectile point counts (Cipolla, 2005; Craig, 2011; Klink, 2005; Marsh, 2016). Middle
and Late Archaic periods are marked by a residentially mobile hunting and foraging
economies as indicated by an absence of archaeologically detectable houses, com-
munal architecture, and ceramic technology (Haas et al., 2017; Haas & Viviano
Llave, 2015; Watson & Haas, 2017). Little is currently known about the
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socioeconomics of the Titicaca Basin’s first inhabitants of the Early Archaic Period
(11-9.0 ka).

In an effort to evaluate the extent to which hierarchical settlement patterns were
cause or consequence to economic complexity, Haas and colleagues (Haas et al.,
2015; Haas & Kuhn, 2019) evaluated Archaic Period settlement structure under the
initial expectation that the hierarchical settlement patterns observed during the
Formative and Tiwanaku periods should have been attenuated during the Archaic
Periods. Whereas Formative and Tiwanaku period sites were expected to be highly
variable in size including small and extremely large sites, Archaic Period sites were
expected to exhibit a much narrower range of size variation. Surprisingly, however,
the mathematical properties of settlement hierarchy were found to be virtually con-
stant across all time periods (Haas et al., 2015). Settlement systems from the Early
to Terminal Archaic periods are hierarchical in structure with each time period
exhibiting a large “primate center” sequentially nested among smaller sites in hier-
archical fashion. Followup analyses showed that such hierarchical patterns do not
reflect residential sedentism or hierarchcial social organization but are rather emer-
gent properties of recursive residential mobility strategies in which foragers prefer-
entially occupy previously occupied places on landscapes. Such recursive mobility
practices would have served to leverage economic benefits that come with recycling
cultural infrastructure and materials (Haas & Kuhn, 2019; Haas et al., 2019).
Though I gloss over the mechanics of this model at the moment, they are critical to
the model of sedentary sites to be presented below. I will therefore elaborate on the
mechanics in the next section.

Settlement pattern research in the Titicaca Basin has revealed a consistent pattern
of nested hierarchical structure. While it has been argued that these structural prop-
erties reflect incipient forms of ayllu social organization or hierarchical social orga-
nization associated with socioeconomic complexity (Albarracin-Jordan & Mathews,
1990; Griffin & Stanish, 2007; McAndrews et al., 1997; Stanish, 2003), more recent
studies have found comparable structural properties among even the earliest resi-
dentially mobile hunter-gatherer settlement patterns in the region and outside the
Andes (Haas et al., 2015), thus challenging hypotheses that see settlement hierar-
chies as indexes of social hierarchy or any other form of complex social order. It
may simply be that micro-scale mobility patterns are sufficient to drive the emer-
gence of macro-scale hierarchical patterns from the bottom up rather than from the
top down via hierarchical social organization. I have argued elsewhere that the
empirical pattern can be understood as the result of recursive mobility in constructed
landscapes and may have provided a context for the emergence of complex social
behaviors such as sedentism, agricultural, and hierarchy (Haas & Kuhn, 2019; Haas
et al., 2019). My goal here is to explore how the dynamics of recursive mobility
interact with other fundamental hunter-gatherer behaviors to affect emergent com-
plexity in human societies.
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3.2 The Model

I propose a simple model for the evolution of sedentism that operates at the intersec-
tion of two basic human behaviors—population growth and recursive mobility. The
model considers that these two behaviors naturally and gradually give rise to perma-
nent occupation of sites. To be clear, it is does not anticipate permanent occupation
by individuals. Rather, the model anticipates the gradual emergence of continuous
occupation of sites by residentially mobile people. To show how it works, I begin by
discussing the two independent variables first before presenting an analysis of their
interaction.

Population Growth The first behavior of the model is rather uncontroversial and
requires little explanation. All biological populations necessarily reproduce and
undergo periods of population growth. Humans are no exception. Although human
populations certainly experience periods of population stability and decline, it is
undeniable that human populations have experienced net growth over the species’
existence, and recent archaeological research shows that such growth was likely
sustained throughout the Holocene even if punctuated by geographically and tem-
porally localized peaks and troughs (Peros et al., 2010; Shennan et al., 2013). In one
particular case study, forager populations appear to have sustained a net growth rate
0.04% over approximately 6000 years (Zahid et al., 2015). Such rates are low in
absolute terms but are nonetheless comparable to growth rates experienced by early
agricultural populations. So it seems clear that early, residentially mobile popula-
tions generally sustained growth at approximately 0.04% throughout the Holocene.
I therefore assume this value in the working model.

Recursive Mobility The second behavior of interest requires more explanation.
Recursive mobility is defined here as the propensity to habitually re-occupy loca-
tions on landscapes. For mobile populations, residential mobility serves to secure
spatially and temporally incongruous resources such as fall nut masts, spring tubers,
or summer fish runs (Binford, 1980; Kelly, 2013). Thus, exogenous factors play an
important role in dictating when and where to move. However, endogenous factors
may also play an important role in conditioning mobility decisions. One such factor
might include social interaction. Certainly mobility allowed periodic social interac-
tion and aggregation (Turnbull, 1968; Wiessner, 1982). Humans are also habitual
users of tools and infrastructure, and we might expect their material lives to influ-
ence movement patterns (Binford, 1982). One patent example is caching behavior.
Foragers can be expected to store tools in anticipation of future returns to a given
foraging location (Kuhn, 1995).

In a series of recent studies, I have suggested that even without intention, the
manipulation of environments also affects the calculus of human mobility (Haas
etal., 2015, 2019; Haas & Kuhn, 2019). Humans are habitual tool users. We engage
with some form of material culture for the vast majority of subsistence pursuits. We
also habitually construct houses and clothing to maintain homeostasis not to
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mention the various social purposes of such behaviors. It is often unnecessary,
impractical, or even impossible to move such tools and infrastructure among vari-
ous residential locations and so cultural materials are routinely left behind.
Regardless of whether such cultural materials are intentionally left behind in antici-
pation of future return (i.e., caching), those materials become potential resources for
future occupants of that space. Whether the same or different individuals, they can
realize cost savings in the acquisition, production, and transport of material neces-
sities simply by recycling previously used materials. Unoccupied sites thus become
defacto resource patches that preferentially attract human use.

The constructed dimensions of human environments are not only relevant to
understanding human mobility, they also entail surprising, archaeologically observ-
able structural properties when iterated many times. Preferential attachment to
places naturally generates extreme variation in site occupation intensity such that a
few locations in mobile settlement systems are reoccupied with great frequency and
most locations experience very little occupation. Mathematically, the structure of
variation appears hierarchical.

To understand why this is so, imagine a forager has exhausted resources at their
current location and intends to move to another location where resources are more
abundant. Two candidate resource patches are equidistant from the forager’s current
location. But one of the patches contains an unoccupied camp with flaked stone,
house-construction poles, and seed-grinding stones. Clearly the forager would pre-
fer the patch with the unoccupied camp because its occupation would entail savings
in the cost of house production and stone tool acquisition and transport. Once the
location is re-occupied, further improvements are made by adding infrastructure or
making repairs and depositing additional materials. Thus the site gains even more
material prominence relative to other places on the landscape. Thus develops a feed-
back loop in the attractiveness of certain locations. Of course that attractiveness is
tempered by finite resources. So while a centripetal force draws foragers in, a simul-
taneous centrifugal force pushes them out to other locations. What emerges is some-
thing of a randomized central-place mobility pattern in which foragers tack back
and forth between natural and culturally constructed environments. Importantly,
this model does not require environmental heterogeneity to derive variation in the
use-intensity of sites. Rather, environmental heterogeneity emerges endogenously
from the differential use and deposition of cultural materials among places on the
landscape.

To operationalize this conceptual model, we can imagine a forager who must
decide where to reside on some periodic basis—say weekly, monthly, or seasonally.
With some probability, m, the forager decides to move to the location of a previ-
ously deposited unit of material culture—say a house frame or stone tool. Then,
with some opposite probability, /-m, the forager’s movement decision is indepen-
dent of previously deposited material culture and instead is entirely based on some
exogenous factor such as a resource opportunity in a place without material culture.
Thus the forager moves to a novel place on the landscape. Previous simulations
show that when the value of m is high—on the order of 90%—simulated settlement
patterns are remarkably similar to empirical settlement patterns (Haas & Kuhn,2019).
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The rather uncontroversial suppositions of habitual tool use, human mobility,
and economic rationality along with empirical support from archaeology and eth-
nography would seem to justify the model of recursive mobility with strong attach-
ment to previously occupied places. The question examined now is how such
recursive mobility behavior interacts with population growth and to what effect.

Growth and Recursive Mobility In the introduction, I argued that population
packing does not necessarily entail sedentism because human populations are nearly
always at carrying capacity. The recursive mobility model also does not entail sed-
entism. Like a body in motion that stays in motion in the absence of an external
force (Newton, 1803), a mobile individual recursively occupying places on land-
scapes ought to continue to do so unless compelled by some other interest to stay in
place. Might residential sedentism emerge when the populations of recursively
mobile populations grow? I will cut to the chase: the answer is no. There still is
nothing intrinsic to the combination of population growth and recursive mobility
that should compel a mobile individual to cease being mobile. Nonetheless, an
interesting and relevant dynamic does emerge. At some point in the trajectory of
population growth, the most prominent site in the system—the one that experiences
the highest frequency of re-occupation by mobile foragers—ceases to experience an
occupational hiatus. In other words, with enough people moving through con-
structed landscapes, there will eventually emerge a site that always has at least one
occupant and often more. With the addition of more individuals still, we should
expect a second site to similarly become permanently occupied and so on. In this
way, sedentism does not emerge at the intersection of growth and mobility, but con-
tinuously occupied places do naturally emerge.

Here is how it happens. Consider a single forager, or a forager family if you pre-
fer, occupying some place on the landscape. As in the recursive mobility model, that
forager uses material culture to interface with their environment whether to procure
nutrients, construct shelter, or care for family. In doing so, they modify their loca-
tion by aggregating materials, building shelter, digging storage pits, depositing
lithic materials, etc. In doing so, they create an archaeological site. We’ll imagine
that they deposit one unit of material culture per unit of time. At time two, the for-
ager decides where to reside next—either the location of a previously deposited unit
of material culture to take advantage of its utility or to a novel location on the land-
scape independent of cultural materials on the landscape. The forager iterates this
process, which results in preferential attachment to a few prominent sites and con-
tinuous creation of new sites.

Meanwhile, the forager and subsequent foragers reproduce with a probability of
0.04% resulting in population growth at that rate. Any new foragers also restructure
the landscape, are recursively mobile, and reproduce at a rate of 0.04%. The virtual
foragers do not prefer their own materials. All materials have utility to all foragers
and thus are fair game. These behaviors are allowed to repeat for some specified
amount of time, generating a virtual settlement system that we can monitor for
changes in the tempo of occupation at sites.



72 R. Haas
3.3 Results: Sedentary Sites

Figure 3.1 shows the results of a sample simulation allowed to run for 12,000 time
units, or ticks. We could imagine that a tick is a day, week, month, or season. The
particular temporal unit is not so important as long as it is assumed to be sub-annual,
and the particular values should not be taken to be meaningful, but I use them here
to illustrate the broad, relative trends in settlement dynamics. Panel A of Fig. 3.1
shows population growth in the simulation beginning at one forager and ending
with 400 foragers. Panel B shows site-size variation in the settlement system. Each
dot represents a simulated site. The x axis shows the size rank of the site, and the y
axis shows site size measured as number of deposited artifacts. Both axes are log
scale. The resultant pattern is clearly linear and thus log-linear given the log-log
scale of the graph. This log-linear structure is consistent with site-size variation
observed in human settlement patterns including hunter-gatherer, agricultural, and
state settlement patterns (Drennan & Peterson, 2004; Haas et al., 2015; Krugman,
1996; McAndrews et al., 1997; Newman, 2005; Stanish, 2003) and thus provides a
useful check on the model.

Panel C of Fig. 3.1 monitors the continuity of occupation of the largest site in the
system at each time step. This provides a way to track the highest degree of occupa-
tional continuity in the system. For each site in the system, if it is occupied by one
or more foragers at a given tick, the site’s occupational continuity value is incre-
mented by one. If the site is unoccupied at a given tick, the continuity is set to zero.
The greatest occupational continuity value is recorded at each tick. Panel C shows
an overall increase in maximum occupation continuity throughout the simulation.
However, from zero to approximately 5000 ticks, maximum occupational continu-
ity stays relatively low, below about 500 ticks and typically far fewer. In other
words, none of the sites early in the simulation exhibit long-term continuity of occu-
pation—they all experience occupational hiatuses at some point. Beyond 5000
ticks, site occupation history begins to change. The largest site in the system begins
to experience exponentially longer occupational continuity. Beyond approximately
8000 ticks, the largest site in the system ceases to experience occupational hiatuses.
Panel D shows the same data as panel C but with the y-axis log transformed to show
more subtle variation in the relationship. The graphic reveals that after 4000 ticks,
there is always at least one site in the system with an occupational continuity of two
or more ticks. Prior to that, the most intensively occupied site in the system at any
given time was just one tick.

Thus the model reveals that under conditions of population growth and recursive
mobility, continuous occupation of few prominent sites in a given settlement system
should emerge following a protracted period of low occupational continuity.
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Fig.3.1 Example output from a single simulation run after 12,000 time units (ticks). (a) Population
change. Exponential population growth at 0.04% after 12,000 arbitrary time units. (b) Site-size.
The resultant site-size distribution shown as a rank-size plot and revealing the log-linear structure
of settlement hierarchy. (¢) Maximum occupation continuity. Continuous occupation duration of
the most continuously occupied site showing that after 6000 ticks, the most continuously occupied
site becomes permanently occupied. (d) Maximum occupation continuity, log-scaled y axis. The
plot shows the same data as (¢) with the y-axis log-transformed to show that after approximately
3000 ticks, there is always at least one site with consecutive occupancy

3.4 Summary and Discussion

The appearance of residential sedentism was a watershed moment in the evolution
of human societies. While great opportunities for population growth and innovation
came with sedentism, great challenges in terms of disease and conflict were also
part and parcel. Such tensions have made it difficult for scholars to identify the
mechanism of emergent sedentism. Early thinking saw sedentism as a natural and
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logical outcome of the discovery of agriculture, but there are empirical and theoreti-
cal reasons to doubt such a causal relationship. Other hypotheses have suggested
that population packing was the key, but a potential problem with such explanations
is that human populations are virtually always packed given Malthusian population
dynamics leading to the untenable prediction that virtually all human societies in all
times ought to have been sedentary.

The analysis presented here does not answer the question of how people became
sedentary per se. At best, it suggests a key component in the pathway to human
sedentism. It may, however, suggest a pathway to sedentism if we are willing to
consider that sedentism can reside in places in addition to people. At the intersection
of two relatively basic human behaviors—population growth and recursive mobil-
ity—continuous site occupancy emerges following a protracted period of discon-
tinuous site occupancy. In this scenario, people do not become sedentary. Sites
become sedentary. Thus it may be that sedentism—at least early sedentism—may
reside in sites, not people.

The proposed pattern fits the empirical record qualitatively. Holocene human
populations all began as residentially mobile ones. Sedentism emerged over thou-
sands of years with sedentism appearing earlier or later in different places. The
model also aligns with the Andean case study that inspired the model. Settlement-
size variation seen in the model dynamics is consistent with the hierarchical struc-
ture observed empirically in the Titicaca Basin. Most sites associated with any given
archaeological period are relatively small, and extremely large sites are rare but
invariably present. The first 7000 years of human occupation in the Titicaca Basin
were marked by residential mobility as indicated by a clear lack of evidence for
substantial architecture and ceramics. Between 5.0 and 3.5 ka, the first sedentary or
semi-sedentary villages such as Jiskairumoko and Kaillachurro appeared. From the
early Formative Period onward, it seems apparent that numerous villages are occu-
pied on a permanent basis. This trajectory in settlement patterns seems to align well
with the dynamics observed in the model presented here.

The conclusions reached here furthermore resonate with observations made on
Batak mobility patterns. The Batak are a residentially mobile population in the
Phillipines. Based on long-term ethnographic observations, Eder (1984: 838)
“argue[d] that sedentariness [can be] seen as a threshold property of social groups,
while mobility is best seen as a continuous variable and an attribute of individuals
(albeit in their social organizational contexts)...” and that *... ‘the rise of sedentism’
in a particular group does not necessarily entail a decline in mobility.” The working
model thus offers a way to understand Batak situation in which *...some individuals
are present in the [primary] settlement throughout the year” while remaining resi-
dentially mobile.

While it may be useful to reconceptualize early sedentism as a quantitative
change in site occupancy dynamics as opposed to individual mobility, it is clear that
average residential mobility of individuals did decline over time. The current model
does not offer an explanation for that process. However, it may offer some clues to
how residential sedentism may of emerged, and I speculate here. We could imagine
that as residentially mobile populations grew and the occupation frequency of sites
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increased, human interaction rates necessarily increased especially at prominent
sites in the settlement system. Such heightened interaction frequency entails several
new dynamics that could trigger individual sedentism. First, increased inter-personal
interaction at certain sites would have created opportunities for economic coordina-
tion. Consider a scenario where a forager currently resides at a prominent site in a
settlement system. The next day, the forager decides it’s time to leave to pursue
some resource elsewhere. But another forager shows up with the intent to forage in
the vicinity. Because the first forager’s knowledge of local resources is likely greater
than the second forager’s, the first forager is likely a more efficient forager at the
location, so perhaps the two strike a deal where the first takes the place of the second
by continuing to forage the current locale while the second exploiting resources at
another site, and there is agreement to share in the spoils. In this mutually beneficial
way, a sedentary site could translate into sedentary individuals.

Alternatively, and at the other extreme, the posited dynamics would likely have
created conflicts that could have motivated individual sedentism. By increasingly
using the same site at the same time, competition for resources intensifies. If so, an
earlier occupant might stake despotic claim on the site (Winterhalder et al., 2010),
and others might concede, whether willingly or not. Here we see a context for
“cheating at musical chairs” even in the absence of population packing in the sense
envisioned by Rosenberg (1998) and Kelly (2013: 107).

It is also worth noting that sedentary sites offer a potential solution to a major
theoretical challenge associated with plant domestication. Residential mobility is
often thought to be at odds with the evolution of agriculture because cultigens left
unattended for long periods of time are vulnerable to predation by non-human con-
sumers. Pathways to domestication are thus easily disrupted. In the current scenario,
as occupation frequency increases, human introduced plants at prominent sites in
the settlement system receive defacto protection via serial occupation of the site.
Such protection could have allowed directional selection trajectories to persist with-
out perennial tending by singular individuals or families.

Scholars have emphasized the complexity of mobility, critiquing simple models
as simplistic. Eder, for example, argued that archaeological notions of mobility such
as Binford’s collector-forager dichotomy belie considerable diversity in multi-level
mobility repertoires of individuals and groups. Kelly (1992) reached a similar con-
clusion in his review of sedentism (see also Kelly (2013). The current treatment
implicitly acknowledges that complexity but reduces it to randomness in order to
isolate the interactive effects of two simple behaviors—population growth and
recursive mobility. The working model does not explicitly account for resource
patchiness, seasonality, kin structure, social relations, economy, or the variety of
other behaviors that could conceivably condition an individual’s or group’s mobility
decisions. Although it is certain that such factors contributed to emergent sedentism,
it also seems likely that the interactive effects of population growth and recursive
mobility cannot be excluded as principal drivers of sedentary sites in human settle-
ment systems.
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Appendix I: Simulation Code

###Model parameters###
###R Statistical Computing Language version 3.6.1 (R Core Team
2019) ###
###Code is bold. Comments preceded by pound sign.###
iter<-12000 #number of iterations
m<-.9 #probability of occupying location of previously deposited
material (Haas and Kuhn 2019)
g<-.0004 #population growth rate set to 0.04% (Zahid et al. 2016)
f<-data. frame (forager=1,site=1) #forager list initiated with for-
ager 1 at site 1.
s<-data.frame (site=1,materials=1,consec=1) #site table with cul-
tural material counts and consecutive occupations initialized with
site 1 a material count of 1, and consecutive occupations count of 1.
pop<-c(l) # vector to store population beginning with 1 at time 1.
sedentism<-c (1) #vector to store the maximum of consecutive occu-
pations without occupational hiatus from all sites beginning
with time 1.
####4#4#Start simulation
for (i in 2:iter){ #initiate simulation loop.

print (i) #show simulation progress.

fpopulation growth

for(j in l:nrow(f)){ #for each forager..

if (runif (1)<g) {#reproduce if random value between 0 and 1 <
growth rate, g.

f[nrow(£f)+1,]1<-c (max (£$forager)+1,£f$site[j]) #add new forager

to list.

}

#end growth

#move forager

if (runif(1)>m){ #if random number > than m.

site<-max (unique (s$site) )+l #select random new site location,
i.e., create new site

s[nrow(s)+1,]<-c(site,1,1) #add new site to site table

}

else { #otherwise

site<-sample(s$site,l,prob=s$materials) #select a random material
(artifact) location at an existing site. This is simulated by sam-
pling sites weighted by prob of material count.

}

#end move forager

#fdeposit material )
(continued)
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f[j,2]<-site #update foragers home sites.
s[which (s$site==site) ,2]<-s[which(s$site==site) ,2]+1 #increment
material count at occupied site

}

popl[i]<-nrow (f) #update the population growth list

os<-unique (f£$site) #occupied sites
s$consec[which(s$site%in%os==FALSE) ]<-0 #if site is unoccupied,
reset consecutive occupations to zero.

s$consec[which (s$site%in%os==TRUE) ]<-s$consec[which(s$site%in%os
==TRUE) ]+1 #if site 1is occupied, increase consecutive occupa-
tions by one.

sedentism[i]<-max (s$consec) f{#find the site with the highest fre-
quency of consecutive occupation and add to the list.

}
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