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ABSTRACT
Recent research emphasises the importance of both within-group cooperation and between-
group competition for human sociality, past and present. We hypothesise that the shift from
foraging to food production in eastern North America provided novel socioecological
conditions that impacted interpersonal and intergroup interactions in the region, inspiring
both greater cooperation as well as competition. We predict that (1) successful exploitation
of this indigenous crop complex encouraged greater cooperation leading to site aggregation
in high-quality locations as expected by an ideal free distribution with an Allee effect, and (2)
continued population growth driven by the domestication and adoption of the crop complex
eventually inspired a shift from positive to negative density dependent settlement dynamics,
driving declines in site suitability. Our results demonstrate that there was an increase in both
site clustering and site location quality coincident with crop management and domestication
in the Middle Holocene, and that territorial violence appears at this time as well. Site quality
later declined after c. 3000 cal BP, also as predicted. These results indicate that managing
and domesticating plants inspired an Allee effect and led to greater within-group
cooperation, but was also related to the rise of territorial between-group competition in the
region.
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Introduction

Understanding competitive behaviours from a neo-
Darwinian perspective is often relatively intuitive, but
it is well established that natural selection can also pro-
mote cooperation under a variety of circumstances
(West, El Mouden, and Gardner 2011). As much
work has demonstrated, both cooperation and compe-
tition are viable means to accomplish goals and often
co-occur in cases where within-group cooperation
aids in between-group competition (Axelrod and
Dion 1988; Axelrod and Hamilton 1981; Bowles
2006; Buckner 2019; Chaudhary et al. 2016; Gat 2019;
Hausken 2000; Nowak 2006; Puurtinen and Tapio
2009; Sachs et al. 2004; Traulsen and Nowak 2006;
Willems, Hellriegel, and van Schaik 2013; Willems
and van Schaik 2015). Thus, cooperation and compe-
tition are often two sides of the same coin.

Ideal distribution models, as developed by Fretwell
and Lucas (1969), can provide a useful means by
which to understand cooperative and competitive inter-
personal and intergroup dynamics (Codding, Parker,
and Jones 2019; Robinson et al. 2019). The simplest for-
mulation of an ideal distribution model, the ideal free
distribution (IFD), predicts that as population density
increases in a habitat, per capita fitness (referred to as

suitability) declines (Figure 1(a)) due to the effects of
interpersonal competition for resources. This is
known as negative density dependence. At the point
at which individuals could obtain equivalent fitness
benefits by residing in a different habitat, they should
begin to do so. The IFD can therefore be used to derive
several hypotheses (Codding and Bird 2015). First,
upon colonising an empty landscape, individuals will
initially occupy the highest-suitability habitat. Second,
the IFD predicts that a greater number of individuals
will choose to reside in the highest-suitability locations
as long as suitability declines with population density at
the same rate across habitats. Third, the model predicts
that as population density in a region increases, high-
suitability habitats will fill up to a point at which indi-
viduals could do equally well to reside in the second-
highest quality locations rather than compete with
numerous conspecifics in prime locations. As such,
the IFD has often been used by archaeologists to
develop hypotheses about colonisation of landscapes
(Giovas and Fitzpatrick 2014; Kennett, Anderson, and
Winterhalder 2006; Miller and Carmody 2016; O’Con-
nell and Allen 2012; Winterhalder et al. 2010) and
spatial distribution of populations (Codding and Bird
2015; Codding and Jones 2013; Jazwa and Jazwa 2017).
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Importantly, however, increasing population den-
sity does not necessarily reduce per capita fitness in
line with the expectations of negative density depen-
dence. Proximity to other individuals may increase
opportunities for mating, alliance-building, alloparent-
ing, cooperative resource exploitation, and cooperative
defense which may all benefit individuals’ fitness. For
these reasons, Fretwell and Lucas (1969) developed a
variant of the IFD which incorporated an Allee effect.
Allee’s Principle (Allee 1931, 1949) states that under
circumstances in which proximity to conspecifics pro-
vides fitness benefits, there can be a positive relation-
ship between population density and mean individual
fitness. Therefore, increasing population density in a
habitat can have a positive effect on habitat suitability
(Figure 1(b)), such as by providing opportunities for
interpersonal cooperation. However, this positive den-
sity dependence only persists up to a point. Once opti-
mal group size is exceeded, cooperation no longer
increases per capita fitness and suitability declines
due to negative density dependence as in the simple
formulation of the IFD. Any additional individuals
added to the habitat after the utility curve peaks
would decrease fitness for all. Thus, the IFD with an
Allee effect can also be used to predict that after the
optimal group size is reached and the benefits of
cooperation wane, competition with conspecifics drives
expansion into lower-suitability habitats (Codding,
Parker, and Jones 2019). The IFD and Allee’s Principle
therefore provide powerful tools with which to investi-
gate the circumstances under which cooperation and
competition dominate past social patterns.

Allee Effects and Food Production in Eastern
North America

Investigating the circumstances surrounding the inde-
pendent domestication process that occurred in preco-
lonial eastern North America, we hypothesise that the
shift from foraging to food production created novel
socioecological conditions which impacted human
sociality in the region. The crops independently dom-
esticated there between 5,000 and 2,000 cal BP include
goosefoot (Chenopodium berlandieri var. jonesianum),
sumpweed (Iva annua var. macrocarpa), pepo gourds
(Cucurbita pepo spp. ovifera), and sunflower
(Helianthus annuus var. macrocarpus) (Black 1963;
Crites 1993; King 1985; Price 2009; Smith 1985, 2011;
Smith and Yarnell 2009). Erect knotweed (Polygonum
erectum var. watsoniae) is now known to have been
phenotypically domesticated as well (Mueller 2017,
2018). Maygrass (Phalaris caroliniana), little barley
(Hordeum pusillum), and giant ragweed (Ambrosia
trifida) lack the morphological markers commonly
associated with domestication, but occur in such
large quantities with other species that do show such
characteristics that they are considered to have been
intentionally planted (Cowan 1985a, 207; Gremillion
2004, 216; Smith and Yarnell 2009). While these
crops were domesticated between 5,000 and 2,000 cal
BP, increasing abundance of these resources in archae-
ological sites implies management potentially millen-
nia prior to 5,000 cal BP (Mueller 2017). We expect
that managing, and eventually domesticating, these
plants provided new incentives to interpersonal

Figure 1. Two variants of the ideal free distribution model (IFD). Panel a. shows the standard IFD, wherein population increases in
Habitat 1 (H1) drive declines in suitability (i.e. declining per capita fitness for individuals residing in that habitat). At point i, suit-
ability is equivalent to that of H2, the previously-unoccupied habitat of second-highest suitability. Both habitats, H1 and H2, are
then populated together with H1 always maintaining higher population density for any give suitability. Panel b. shows the
Allee-variant of the IFD, wherein the suitability of H1 increases with population due to an Allee effect. After a certain population
density is reached, however, the initial positive density dependence shifts to negative density dependence and suitability declines.
At point i, suitability in H1 is equivalent to the starting suitability of H2 with no occupants. Due to an Allee effect in H2, suitability
increases with population to a given point. Therefore, residents of H1 and any newcomers leave H1 to settle in H2 until point ii,
where the suitability of both H1 and H2 is again equivalent. After this point, both habitats will be populated together with H1
always maintaining higher population density for any given suitability (figure after Codding and Bird 2015).
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cooperation and coordination of subsistence beha-
viours that would have amplified already-present
Allee effects among forager groups. Certainly, foragers
cooperate often and Allee effects are not unique to
food-producers. However, the nature of these high-
yield, managed plant resources likely provided incen-
tives to cooperation not experienced by foragers in
the region.

In the beginning of the Middle Holocene (8200-
4200 cal BP), prior to the domestication of these plants,
foragers in interior eastern North America experienced
steady population growth (Miller 2014, 2018; Miller
and Carmody 2016; Weitzel and Codding 2016) that
likely packed people into the landscape (Carmody
2014). This population packing, combined with
increasing intensification of subsistence activities to
include more abundant but lower-return prey items
like shellfish (Weitzel 2019), is expected to have
inspired foragers to engage in territorial defense.
Dyson-Hudson and Smith’s (1978) economic defend-
ability model suggests that territorial defense becomes
a viable strategy when the resources being defended
are both dense and predictable, which are character-
istics of many lower-ranked plant and animal resources
like goosefoot and shellfish. Central place foraging
models have shown that it would have made sense
energetically for foragers to have relocated plants like
goosefoot into their home territories, or further pro-
moted already-local plants, due to increased territorial-
ity (Carmody 2014) as the costs of travelling to distant
patches of more profitable resources (e.g. hickory nuts)
in adjacent territories became too high (Zeanah 2017).
Territorial defense necessitates cooperation with other
individuals (Codding, Parker, and Jones 2019; Willems,
Hellriegel, and van Schaik 2013; Willems and van
Schaik 2015), thus territoriality can be expected to
inspire the positive density dependence of an Allee
effect.

Increasing territoriality is not the only way to incen-
tivize interpersonal cooperation in this context; charac-
teristics of the plants themselves may as well. Many of
the plants domesticated in the region are highly pro-
ductive and largely self-sufficient seed-bearing annuals.
Goosefoot, sumpweed, sunflower, and erect knotweed
all produce abundant seeds every year and do so with-
out requiring much special attention through practices
like plowing, irrigation, or weeding (Smith 1987; Smith
and Yarnell 2009), though for some species like erect
knotweed certain low-intensity management practices
like thinning can boost productivity (Mueller et al.
2017, 4). Of course, archaeologists know very little
about what labour and processing activities these
people actually practiced, and how high yields or
efficiency from exploiting these plants may have
been. However, numerous contemporary experiments
(Asch and Asch 1978; Cowan 1985b; Gremillion
2002, 2004; Munson 1984a; Smith, Cowan, and

Hoffman 2007) do suggest that these crops could
indeed have been productive even without great labour
investments and, bearing in mind the problems with
experimental archaeology, we consider this a useful
starting point for understanding such subsistence
behaviours.

Native people who began to manage these plants in
the Middle Holocene could have therefore tended rela-
tively large garden plots with minimal labour inputs,
especially once these plants became phenotypically
domesticated and capable of providing many times
more seeds per plant. Thus, increasing returns to
scale are possible as one unit of additional labour
investment in managing the crops can result in more
than one unit of yields. While it is possible, and indeed
common, to obtain increasing returns to scale through
non-cooperative means such as the use of technology
(Faris 1961, 1219–1220; Lall, Norman, and Langemeier
2001) or innovations like domestication, for such an
economic situation to lead to an Allee effect, the inputs
which produce greater outputs must be supplied by
multiple individuals, otherwise there is no benefit to
proximity to others.

Conversely, if several individuals cooperate to har-
vest a field of goosefoot, this need not always lead to
increasing returns to scale. Yields from the harvest
would be divided up among each participating individ-
ual just as each individual contributes to the labour
inputs in exploiting those crops. This would result in
constant returns to scale, where the inputs from an
extra individual’s labour result in proportionate
increases in yield (i.e. a one-to-one relationship
between costs/inputs and benefits/outputs). No matter
how many individuals cooperate in the harvest, the
yields would still be divided up among them all and
each individual’s return rate (yields per time spent har-
vesting) would remain the same as if the entire field
were harvested by one individual (Ugan 2005). There-
fore, in the absence of other factors like strong task-
specific specialisation, cooperation would not likely
have provided an energetic benefit in harvesting crops.

However, opportunity costs (the loss of benefits
available from other unchosen activities) arising from
scheduling conflicts could incentivize more rapid,
and therefore cooperative, harvesting if other activities
must also be undertaken at the same time. Overall
yields could therefore be much greater with
cooperation and this could be adaptive when immedi-
acy is required. Furthermore, cooperation may have
helped to mitigate risk in the face of future discounting
(the fact that future payoffs are not certain and must
therefore be ‘discounted’ in accordance with the associ-
ated risk of not obtaining them [Tucker 2006]). While a
field of goosefoot may provide equivalent per capita
return rates regardless of how many individuals
cooperate to harvest it, cooperation is capable of redu-
cing the overall time to harvest the field. If future
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uncertainty in the continued availability of the crop
incentivizes immediate harvest to prevent crop loss to
weather, other animals, or rival groups, cooperation
can pay off. Per capita return rates remain constant
in this scenario, but overall yields increase. A single
individual harvesting a field obtains the same return
rate as cooperating individuals, but they may lose out
on harvesting the whole field due to competition with
forces of nature or other groups.

There is reason to think that more rapid harvest of
these domesticates would be preferred to minimise
opportunity costs. The seed-bearing plants managed
and domesticated in eastern North America ripen
only for relatively limited periods of time in the late
summer and autumn (Carmody 2014; Hollenbach
2005, 2009). Prime harvest time therefore co-occurs
with the ripening of mast resources like acorn and
hickory (Munson 1984b, 468; Petruso and Wickens
1984; Schopmeyer 1974, 695; Seeman and Wilson
1984; Talalay, Keller, and Munson 1984) and also
important autumn hunting (Reidhead 1981), thus
creating scheduling conflicts and opportunity costs.
Furthermore, while seeds from these crops can theor-
etically persist on stalks into later autumn (Carmody
2014, 272, 288; Hollenbach 2005, 220–221), delaying
harvest is risky due to competition with other humans
and animals who consume such plants. Future dis-
counting should therefore incentivize more immediate
exploitation of such crops earlier in the season.

Beyond decisions concerning harvest, management
and domestication of plants occurred in a broader con-
text of regional ecosystem engineering in the form of
land clearing (Delcourt and Delcourt 1987, 1997,
1998; Delcourt et al. 1998). Clearing landscapes via
fire or other means need not be a cooperative activity,
but burned habitats have been shown to be more profi-
table to exploit (e.g. Bird, Bliege Bird, and Codding
2016). This could inspire people to live in proximity

to others engaged in burning to free ride and take
advantage of such previously modified ecosystems.
Thus, population aggregation on the landscape may
occur for reasons other than cooperation, but reasons
which are nonetheless Allee effects characterised by
positive density dependence.

For these reasons, we first predict that the successful
exploitation of the indigenous crop complex managed
and domesticated in interior eastern North America
required an elevated degree of cooperation. This was
due to the additional scheduling conflicts and risk aris-
ing from such intensive subsistence activities as well as
coordinated territorial defense and the benefits of
proximity to anthropogenically-modified environ-
ments. We expect that human responses to these cir-
cumstances strengthened pre-existing Allee effects,
inspiring a shift from negative to positive density
dependence settlement pattern dynamics. We antici-
pate that this would have led to a return to, and the
aggregation of people in, high-suitability habitats as
the per capita benefits of proximity to other individuals
increased the suitability of these habitats. Second, we
expect that high-yield farming of domesticated crops
led to increased human population growth in a contin-
ued context of population aggregation. We predict that
this eventually inspired a return from positive to nega-
tive density dependent settlement pattern dynamics,
driving dispersal back into lower suitability locations
later in the Holocene.

Materials and Methods

To test these predictions, we analysed attributes of 726
archaeological sites located in interior eastern North
America near the confluence of the Mississippi,
Missouri, Illinois, Ohio, and Cumberland rivers
(Figure 2). These sites all fall within the study area of
Weitzel and Codding (2016), defined according to a

Figure 2. The study area in interior eastern North America, centred on the confluence of the Mississippi, Illinois, Missouri, Ohio, and
Cumberland rivers. This study area is defined by a 95% confidence ellipse around the seven sites with the earliest evidence for
domestication (Weitzel and Codding 2016). The 726 archaeological sites analysed herein are shown plotted on top of net primary
productivity (NPP) values for the region.
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95% confidence ellipse around the seven earliest sites
exhibiting evidence of domestication in the region.
Site locations and dated occupation data were obtained
from the Canadian Archaeological Radiocarbon Data-
base (CARD) (Martindale et al. 2015).

Human Population Reconstruction

To reconstruct human population levels throughout
the Holocene, we created a non-normalized summed
probability distribution (SPD) of the 3721 radiocarbon
dates contained in the CARD from the 726 sites in our
study area. We created this SPD using the rcarbon
package (Bevan, Crema, and Silva 2018) and calibrated
all radiocarbon dates using the IntCal13 calibration
curve (Reimer et al. 2013). To mitigate the impact of
preferential dating of certain archaeological contexts
by researchers, we used the binPrep function in the
rcarbon package to create smaller SPDs for all dates
falling within 250 years of each other, and them com-
bining these smaller SPDs into our single larger one.
To minimise the effect of the calibration curve on our
SPD, we applied a running mean of 200 years across
our SPD. These methods follow those of Shennan
et al. (Bevan et al. 2017; Palmisano, Bevan, and Shen-
nan 2017; Shennan et al. 2013; Timpson et al. 2014).

Site Suitability

To analyze site location quality, we calculated the mean
Net Primary Productivity (NPP) of a 10 km buffer
around each site location based on MODIS17 NPP
data (Running, Mu, and Zhao 2011). NPP is a measure
of plant energy production with energy expended
during respiration subtracted. Following Codding and
Jones (2013), we used contemporary NPP as a proxy
for habitat suitability assuming that environmental
changes throughout the Holocene had spatially con-
sistent effects on NPP. NPP values were obtained
from the raster imagery made available by the Univer-
sity of Montana’s Numerical Terradynamics Simu-
lation Group (Running, Mu, and Zhao 2011). This
NPP imagery was created using data from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS)
collected fromNASA’s Terra satellite. NPP values aver-
aged across 2010–2014 were used in these calculations.
To ensure comparability to our next proxy, we calcu-
lated the average NPP of all site locations with radio-
carbon dated occupations during 250-year intervals
from 0 to 11,750 cal BP.

Site Aggregation

Given the challenges of observing individuals in the
archaeological record, evaluating interpersonal
cooperation is not possible for this region given the
available data. Therefore, to investigate our

hypothesised Allee effect, we are forced to scale our
analysis up to the site level. Data on site size could
reveal information about Allee effects, but in the
absence of such information, we look to the aggrega-
tion of sites as a proxy for cooperation. Individuals
belonging to the same group need not always reside
at the same site. Especially in the Middle Holocene of
eastern North America when logistical mobility arises
(Binford 1980; Eder 1984, 851; Kelly 1992, 53), groups
are split between different sites. Therefore, situating
several sites in closer proximity permits individuals
residing at each to cooperate with each other.

To evaluate site aggregation, we calculated the Near-
est Neighbor Index (NNI) proposed by Clark and
Evans (1954) on all sites dated to 250-year bins span-
ning 0-11,750 cal BP. The NNI reflects the mean dis-
tance from a point in space to the nearest
neighbouring point divided by the mean distance
between points expected under the assumption of com-
plete spatial randomness (CSR). If the observed nearest
neighbour distance is the same as the nearest neigh-
bour distance expected under CSR, the NNI will be
equal to 1. NNI values of greater than 1 reflect dis-
persion (points are further apart than would be
expected at random) and values less than 1 reflect clus-
tering (points are closer together than expected at ran-
dom). P-values for each bin were calculated according
to the z-score of each NNI value, expressing deviation
from a value of 1 (CSR). We selected 250-year bins as a
compromise between fine-grained temporal resolution
and a bin width large enough to ensure that a reason-
able number of sites could be assigned to it. To ensure
that our results are not sensitive to bin width, we repli-
cated this analysis with 500- and 1000-year bins and
observed similar patterns (Supplementary Figures 1
and 2).

Because the 726 sites in the study region were
repeatedly occupied through time, ensuring the inde-
pendence of each data point in the analysis was impor-
tant. We therefore calculated the Clark-Evans NNI by
removing all sites from a bin which appeared in earlier
bins and calculating the mean nearest neighbour dis-
tance from this resulting point pattern to one contain-
ing all sites regardless of their potential reappearance.
This approach controls for non-independent data
points through time by allowing a repeated site to be
found as another site’s nearest neighbour, but not
allowing the repeated site to look for any nearest neigh-
bours itself.

However, another potential problem is that the site
locations recorded in the CARD were not discovered
by 100% survey of the study area: survey coverage in
the region is patchy. This incomplete coverage, com-
bined with the fact that site counts are not uniform
across all bins, creates potential for artificial clustering
to appear as a result of these biases. In this region, site
counts increase through time, likely due to growing
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human populations (Weitzel and Codding 2016). This
increase in sample sizes combined with patchy survey
coverage could possibly result in an NNI value indica-
tive of clustering, even if no clustering exists in the
underlying point pattern. This may, however, be unli-
kely to occur or bias our results given the spatial
scale of our analyses. Regardless, to control for this
possible biasing effect we added site counts per bin as
a covariate in the modelled relationship between the
NNI and time, thus modelling the NNI as a function
of time and holding the effect of site count constant.

Intergroup Violence

To assess the role of intergroup violence in shaping
patterns of population aggregation and distribution
across the landscape, we utilised Ross-Stallings’
(2007) dataset on skeletal indications of scalping and
decapitation from the central and lower Mississippi
Valley. Scalping and decapitation are types of ‘trophy
taking’ behaviours that may be more indicative of
intergroup violence than other signs of skeletal trauma
such as fractures, which likely reflect more general
interpersonal violence (Chacon and Dye 2007; Jacobi
2007; Mensforth 2001, 2007; Milner 1999; Ross-Stal-
lings 2007; Smith 1995). We complement Ross-Stal-
lings’ dataset with additional data on trophy taking in
Tennessee from Smith (1995) alongside more recent
radiocarbon dates obtained by Bissett (2014, 476)
from several of the sites with early evidence for trophy
taking recorded in Smith.

Statistical Methods

As we do not predict linear change in site clustering
and suitability through time, we use the mgcv package
(Wood 2019) to fit gamma-family generalised additive
models (GAMs) with inverse link functions. GAMs
join several linear models together through the use of
splines, thus allowing us to model non-linear trends
in the NNI and NPP through time. This flexible mod-
elling approach permits us to evaluate our anticipated
directional changes in these indices due to our pre-
dicted responses to demographic and subsistence
changes. Model goodness of fit was evaluated using
D2 (deviance squared) statistics (Guisan and Zimmer-
mann 2000) calculated using the modEvA package
(Barbosa et al. 2016). D2 statistics are rough analogues
of R2 statistics for models constructed based on maxi-
mum likelihood estimation of parameter values. We
also conducted likelihood ratio tests comparing our
fitted models to intercept-only models.

Data and Code Availability

To facilitate reproducibility of our results, all R code
used to conduct these analyses are included as

supplementary files (Supplementary Files 1 and 2)
and archived at https://doi.org/10.17605/OSF.IO/
EJFD8. Trophy-taking data compiled from Ross-Stal-
lings (2007) and Smith (1995) are supplied (Sup-
plementary Files 3 and 4) and a shapefile of our
study area limits are included as well (Supplementary
File 5). Data on site locations are not included here
at the request of the CARD managers, but are available
for download at their website with permission (https://
www.canadianarchaeology.ca/). NPP data are also
freely available for download on the webpage of the
Land Processes Distributed Active Archive Center
made available through the USGS (https://lpdaac.
usgs.gov/products/mod17a3v055/).

Results

Construction of a non-normalized summed probability
distribution using these data results in an SPD which
generally shows exponential population increase
through the Holocene (Figure 3(a)). This SPD is con-
structed based on 3721 dates divided into 1843 bins,
with each bin containing dates within 250 years of
each other. The SPD shows that human population
increased gradually from 11,750 to 3000 cal BP, but
began to increase more rapidly after c. 3000 cal BP.

A GAM of mean site NPP per 250-year interval as a
function of time (Figure 3(b)) reveals that time signifi-
cantly predicts site NPP (LRT: F = 2.482, df = 7.967, p <
0.05, D2 = 0.337). This model shows that average site
suitability broadly declined from 11,750 to c. 7500 cal
BP consistent with the negative density dependence of
an IFD. However, mean site NPP then increased from
c. 7500 to 3000 cal BP consistent with expectations of
a shift towards positive density dependence and an
IFD with an Allee effect. After c. 3000 cal BP, mean
site NPP declined again as predicted, possibly as the
optimal group size was reached and the Allee effect
could no longer maintain the positive density depen-
dent dynamics of the previous 4500 years. Interestingly,
after c. 1000 cal BP, mean site NPP increases again.

A GAM of the Clark-Evans nearest neighbour index
(NNI) through time holding site count per 250-year
interval constant (Figure 3(c)) indicates that these two
covariates significantly predict the NNI (LRT: F =
9.789, df = 6.018, p < 0.0001; D2 = 0.585). Site count
per 250-year interval does not have a significant effect
on the NNI (F = 0.731, df = 1.000, p = 0.398), but time
does (F = 11.452, df = 4.087, p < 0.0001). This suggests
that the effect of increasing site counts in a context of
patchy survey coverage is not significantly impacting
the NNI, thus alleviating our concerns about this poten-
tial complication. This model shows that there is a gen-
eral shift from randomly-distributed to clustered sites
through the Holocene. Between 11,750 and c. 9500 cal
BP, site distributions were not significantly different
from random. Between 9500 and 5000 cal BP, site
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distributions were mostly random, but with increasing
clustering. After 5000 cal BP, sites were significantly
clustered through all time periods.

Finally, data on trophy taking as a proxy for inter-
group territorial violence (Figure 3(d)) indicate that
this activity first appeared in the study area c. 7500
cal BP at the sites of Big Sandy and Eva, Tennessee,
where scalped individuals were identified (Smith
1995) from contexts dating between 7600–6300 cal
BP (Bissett 2014, 476; Miller 2017). While trophy
taking appeared as early as c. 7500 cal BP, it remained
relatively infrequent until 5000 cal BP. Between 5000
and 3000 cal BP, the frequency of trophy taking
increased substantially with 37 known cases of scalping
and decapitation from the study area. After 3000 cal
BP, trophy taking activities declined but remained pre-
sent at low frequencies until 1000 cal BP when trophy
taking increased dramatically with 74 cases of scalping
and/or decapitation.

Discussion

Our results are broadly consistent with our predictions.
Human populations generally increased through time,
with particularly evident growth after c. 3000 cal BP
(Figure 3(a)). Beginning at 11,750 cal BP, mean suit-
ability of site locations declined through time until
c. 7500 cal BP (Figure 3(b)). Mean site suitability
then increased through time until c. 3000 cal BP.
This shift from decreasing to increasing mean site suit-
ability is consistent with our predicted shift from nega-
tive to positive density dependence due to the
strengthening of prior Allee effects provided by the
management and domestication of plants beginning
in the Middle Holocene (8200-4200 cal BP). This
Allee effect increased the suitability of high-ranking
habitats by adding new incentives to aggregation, lead-
ing people to return to the higher-suitability locations
they had previously left in line with the IFD.

Figure 3. Panel a. shows the summed probability distribution of 3721 radiocarbon dates spanning the Holocene as a proxy for
human population levels. The earliest evidence for domestication dates to c. 5000 cal BP and domesticates continue to be used
towards the present. This time period in which domesticates were utilised is shown in dark grey. The plants that were domesticated
were managed prior to 5000 cal BP, but it is unclear how early this occurred. This time period is shown in light grey. Panel b. shows a
generalised additive model (GAM) of mean site net primary productivity (NPP) through time (LRT: F = 2.482, df = 7.967, p < 0.05, D2

= 0.337). Panel c. shows a GAM of the nearest neighbour index (NNI) through time, controlling for site counts per 250-year interval
(LRT: F = 9.789, df = 6.018, p < 0.0001; D2 = 0.585). An NNI value of 1 represents complete spatial randomness, while values greater
than 1 represent dispersion and values less than 1 represent clustering. Panel d. shows the frequency of trophy-taking (scalping and
decapitation) in the study area through time.
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After c. 3000 cal BP, greater human population
growth appears to have resulted in a decline in mean
site suitability, suggesting a return to negative density
dependence, as predicted. The Allee-effect variant of
the IFD does not predict unlimited positive density
dependence; after the optimal group size is surpassed,
negative density dependence takes over. It is possible
that somewhere around c. 3000 cal BP, populations
in habitats most suitable for seed cultivation exceeded
optimal size, triggering expansion back into lower-suit-
ability locations, consistent with our expectations of an
eventual return to negative density dependence. Begin-
ning c. 1000 cal BP, mean site suitability increased once
again. This is suggestive of a return to positive density
dependence due to Mississippian period economic and
social shifts, and possibly the rise of hierarchical social
organisation (Anderson and Cook 2017, 282; Milner
1999, 124; Milner, Chaplin, and Zavodny 2013, 97).
Such an increase in mean site suitability is also consist-
ent with IFD predictions concerning population
decline. The SPD for the region peaks c. 700 cal BP
and rapidly declines afterwards (Figure 3(a); Weitzel
and Codding 2016), suggesting that population decline
characterised the centuries both immediately prior to
European colonisation of the region as well as immedi-
ately after. Depopulation would theoretically result in a
return to higher-suitability locations under an IFD as
population density in higher-ranked habitats is
reduced. Further exploration of this post-1000 cal BP
shift in site suitability is needed to tease apart these
potential causes.

Prior to the advent of plant management and dom-
estication in the Middle Holocene, sites in the study
area were more or less randomly distributed (Figure
3(c)). Sites increasingly clustered as time progressed,
suggesting the presence of an increasingly strong
Allee effect throughout the Holocene. The shift from
randomly distributed sites in the Early Holocene to sig-
nificantly clustered sites after 5000 cal BP is consistent
with the management and domestication of plants
strengthening pre-existing Allee effects as concerned
subsistence activities, ecosystem engineering, and terri-
torial defense. Whereas mean site suitability fluctuates
non-linearly through the Holocene, site clustering
increases monotonically indicating that this Allee
effect progressively strengthened through time.

Data on the taking of scalps and crania as trophies
during violent conflicts indicate that this activity first
appeared in the Middle Holocene c. 7500 cal BP
(Figure 3(d); Miller 2017). This is coincident with the
shift from negative to positive density dependence in
our model of mean site suitability and the beginnings
of plant management in the region. That intergroup
violence first appears archaeologically at this time sup-
ports our prediction that territorial defense played a
part in the Middle Holocene Allee effect described
here. Incidences of trophy taking increased until

c. 3000 cal BP, just as mean site suitability increased,
suggesting that the positive density dependent
dynamics of this time period inspired not only
cooperation in subsistence, landscape modification,
and territorial defense, but that this cooperation posi-
tively covaried with intergroup competition as
measured by trophy taking. The positive covariance
of these two lines of evidence is consistent with the
expectation that within-group cooperation can facili-
tate between-group competition.

Interestingly, after c. 3000 cal BP, the frequency of
trophy taking declines in this region. Other researchers
have commented on this period of relatively less vio-
lence between 3000 and 1000 cal BP, noting that
beyond just trophy taking, incidences of interpersonal
violence in general decline across interior eastern
North America (Milner 1999). Of the 106 sites with
evidence of interpersonal violence compiled by Milner
(1999), 24% of them dated to the Archaic period (c.
11,750-3000 cal BP), 69% dated to the Mississippian
period (c. 1000–500 cal BP), and only 7% dated to
the Woodland period (c. 3000–1000 cal BP). This
reduction in violence co-occurs with the return to
negative density dependent settlement patterns evident
in our site suitability data. This continued positive
covariance of site suitability and violence perhaps indi-
cates that expansion back into lower-suitability habi-
tats alleviated some population pressure and led to a
reduction in intergroup violence. A similar explanation
has been proposed by Milner (Milner 1999; Milner,
Chaplin, and Zavodny 2013). This hypothesis must
be further investigated to understand the relationship
between these patterns.

Furthermore, just as mean site suitability increases
again after c. 1000 cal BP, so does the frequency of tro-
phy-taking. This is likely due to increasing violence
during the Mississippian period (Dickson 1981; Milner
1999; Milner, Anderson, and Smith 1991, 2013; Steinen
1992) when archaeologists observe the rapid appear-
ance of fortified settlements (Milner 1999; Milner, Cha-
plin, and Zavodny 2013) and have noted aggregations
of people surrounded by buffer zones (Lambert 2002,
227; Milner, Chaplin, and Zavodny 2013, 97). The cor-
relation observed here between site suitability and
intergroup violence warrants further scrutiny.

Possible Alternative Explanations and Causes of
Equifinality

While our results are entirely consistent with our
hypothesis that the management and domestication
of plants inspired an Allee effect, additional forces
beyond an Allee effect may also have led to these pat-
terns. Domestication, by its very nature, increases
crop yields (Asch and Asch 1977, 21; Smith 1984,
166). Increased productivity of some or all habitats
on the landscape could be expected to increase their
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suitability and inspire people to relocate there. If these
habitats are those which were originally highest-rank-
ing, or if all habitats increase in suitability, this would
result in the pattern we observe here without any
need to invoke an Allee effect: a return to higher-suit-
ability locations coincident with plant management
and domestication. This phenomenon may explain
part of the underlying reason why individuals return
to higher-suitability habitats in our study area.

However, with no Allee effect, sites should not
aggregate together on the landscape as negative density
dependent dynamics should drive groups apart in an
attempt to maximise per capita benefits. As we observe
increasing clustering of sites through the Holocene, this
suggests that even if domestication raises the suitability
of habitats, there is an additional element of positive
density dependence at work. It is possible that the illu-
sion of aggregation could be created by uneven distri-
bution of sites between habitat types if sites become
increasingly located in habitats most suitable for farm-
ing. However, the crops domesticated in eastern North
America are, as discussed above, resilient and self-
sufficient annual weeds. They are found in all habitat
types across the region and therefore we do not expect
sites to relocate to land most suitable for farming as
nearly all land is suitable for farming these particular
crops (Carmody 2014).

It is also imaginable that if groups moved between
temporary sites in a circumscribed area, or if they
shifted settlements around slightly over relatively
small time scales (<250 years given the bins used in
this analysis of site clustering) this could create the illu-
sion of clustered sites when in fact the sites are not con-
temporaneous. Such changes could be plausible
alternative explanations for the trend in site clustering,
however seemingly not for increasing site suitability.
Mean site NPP would remain constant in either of
these circumstances, not follow the alternating up-
and-down pattern observed in these data.

Intensification may also have driven Middle Holo-
cene clustering in high-suitability locations. Shellfish
exploitation increased through the Early and Middle
Holocene due to the onset of the Hypsithermal and
possible resource depression (Weitzel 2019). This
could have led different groups to cluster around rivers
with abundant shellfish populations, not for reasons of
cooperation with others, but because of the location of
these resource patches. This explanation is not directly
related to the rise of plant management and domesti-
cation, but to the environmental and demographic pro-
cesses that drove it. Aggregating around rivers to
exploit shellfish could explain not only patterns in
site clustering, but potentially patterns of increased vio-
lence and site suitability as well, if NPP is higher
around rivers (which is not necessarily true). Future
analysis with additional data should seek to evaluate
this alternative explanation.

Modification of habitats (e.g. fertilisation, fallowing,
crop rotation, irrigation, etc.) to increase suitability
may also have inspired such a shift towards aggregation
in high-quality locations. Such activities can increase
the yields available from managing plants and are
often inspired by population growth approaching car-
rying capacity (Wood 1998). However, unless these
activities can also increase efficiency, such acts of inten-
sification would reduce habitat suitability as per capita
benefits would decline and individuals would continue
to disperse into lower-ranking locations (Kennett 2005,
32). Only if such modifications to the habitat would
increase both efficiency and yields would such an inno-
vation (following definitions in Morgan 2015, Table 1)
generate increasing suitability, promote positive den-
sity dependence, and stall or reverse dispersal under
the IFD (Kennett, Anderson, and Winterhalder 2006;
McClure, Jochim, and Barton 2006, 2009). Morgan
(2015, 199) notes that such innovations necessitate
increasing returns to scale to arise. Increasing returns
to scale could manifest in the duration of the modifi-
cation distributing input costs through time, or they
could arise through interpersonal cooperation as econ-
omic Allee effects like those described above. There-
fore, if habitat modification occurred in such a way
that both yields and efficiency were positively
impacted, suitability would increase (as energetic
efficiency is an accepted proxy for suitability [Suther-
land 1996, 9]) and individuals could be expected to
return to habitats from which they previously departed.

It is also possible that the Allee effect argued for here
was unrelated to the origins of plant management and
domestication. Benefits from mating opportunities,
family relationships, or religious and ritual activities
all create Allee effects and while these are assumed to
have always played an important role in the lives of
Native peoples in this region, if they became more
important for some reason in the mid-Holocene, the
patterns observed herein could have arisen. Such social
relationships, or the habitat modification in the pre-
vious paragraph, could be other potential causes of
the patterns described here though as they both rep-
resent Allee effects, much of our explanation still
stands.

Despotism vs Allee Effects

Aggregation in higher-suitability locations is not pre-
dicted by the Allee effect variant of the IFD alone. In
fact, another ideal distribution model called the ideal
despotic distribution (IDD) could also be used to pre-
dict this same pattern. The IDD, in its original formu-
lation (Fretwell and Lucas 1969), results in a pattern
similar to the IFD. Under the negative density depen-
dence of the simple IFD, individuals expand into
lower suitability habitats when competition with
other individuals reduces per capita fitness. In
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comparison, the IDD predicts that the first individual
(s) to occupy a habitat will monopolise its resources.
This has the effect of lowering the per capita fitness
of newcomers, reducing the suitability of the habitat
for any given population density beyond one individ-
ual, and therefore inspiring departure for the next-
highest suitability habitat sooner under more extreme
negative density dependence.

The IDD has been used to understand the rise of
social inequality and hierarchy as particular forms of
despotism (Jazwa et al. 2017; Kennett et al. 2009; Prufer
et al. 2017). Bell and Winterhalder (2014) expanded
upon the basic IDD to argue that when dynamics
shift from an IFD to an IDD, despots have a choice
of just how despotic they wish to be. Monopolising
all resources will prevent any additional individuals
from joining them in the habitat. This could be advan-
tageous, but under certain Allee-like conditions, des-
pots can benefit from proximity to others. Therefore,
despots can make concessions and be less controlling
of resources to incentivize others to join them in
their habitat. Combined with some additional factors
(Mattison et al. 2016), this may be one way in which
social hierarchies and inequality develop, and the
emergence of despotic leaders could have societal
advantages such as helping to ensure within-group
cooperation (Glowacki and von Rueden 2015).

In the Middle Holocene of eastern North America, it
is an open question as to how stratified Native societies
were (Gibson and Carr 2004). The emergence of
greater sociopolitical stratification at this time is poss-
ible, however, and despotic concessions would be
capable of generating the patterns of increased site suit-
ability and clustering observed here. However, mean
site suitability and intergroup violence begin to
increase c. 7500 cal BP, which is a much earlier date
for the origins of social hierarchy in the region than
is commonly entertained. It may therefore be more
likely that this initial shift towards positive density
dependence in the beginning of the Middle Holocene
was inspired by an Allee effect, not despotism.

The simultaneous declines in mean site suitability
and in intergroup violence after c. 3000 cal BP could
be due to despotism as well. The appearance of des-
potic control of prime habitats could force a return
to negative density dependence without leading to
further increases in violence if such despots maintain
strict social control capable of pacifying others. This
is another possible explanation for reduced violence
between 3000–1000 cal BP, though others speculating
on this shift have also supported IFD-style expansion
of populations into marginal settings as the likely
impetus for reduced violence (Milner 1999; Milner,
Chaplin, and Zavodny 2013). However, certainly by
Mississippian times c. 1000 cal BP, despotism is at
play in interior eastern North America (Anderson
and Cook 2017, 282; Milner 1999, 124; Milner,

Chaplin, and Zavodny 2013, 97). The final increase
in mean site suitability and rates of violence at this
time may therefore reflect either a novel or strength-
ened Allee effect – potentially resulting from the wide-
spread adoption of maize horticulture – or the rise of
greater social stratification during the Mississippian
period. These various possible roles of social stratifica-
tion in driving (or resulting from) these patterns are all
hypotheses to be tested in the future.

Conclusion

Our results are consistent with our hypothesis that the
management and domestication of plants in eastern
North America during the Middle Holocene inspired
an Allee effect by incentivizing cooperative resource
exploitation, territorial defense, and general proximity
to others. This shift from negative to positive density
dependent settlement dynamics inspired aggregation
of sites in higher-suitability locations on the landscape.
The first signs of intergroup violence appear at this
time, suggesting that within-group cooperation in
line with this Allee effect may have facilitated
between-group competition. However, as human
populations rapidly grew after 3000 cal BP, likely due
to the widespread adoption of domesticates, people
expanded back into lower-suitability locations while
sites remained clustered. This return to negative den-
sity dependence was associated with a decline in inter-
group violence, possibly due to the alleviation of
intergroup tensions through expansion into lower-suit-
ability locations or the rise of social stratification (i.e.
despotism). Both rates of violence and mean site suit-
ability increase again after c. 1000 cal BP in the Missis-
sippian period suggesting either a new Allee effect, the
appearance or strengthening of despotism, or both.
These analyses support our hypothesis that plant man-
agement and domestication inspired novel socioecolo-
gical conditions, but they also generate further
questions about interpersonal and intergroup social
dynamics in precolonial eastern North America that
require further investigation.
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