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Abstract

A well-known challenge in archaeological research is the exploration of the
social mechanisms that hunter-gatherers may have implemented throughout
history to deal with changes in resource availability. The agent-based model
(ABM) Cooperation Under Resource Pressure (CURP) was conceived to
explore food stress episodes in societies lacking a food preservation
technology. It was particularly aimed at understanding how cooperative
behaviours in the form of food sharing practices emerge, increase and may
become the prevailing strategy in relation to changes in resource availability
and expectancy of reciprocity. CURP’s main outcome is the identification of
three regimes of behaviour depending on the stress level. In this work, the
model’s robustness to the original selection mechanism (random tournament) is
assessed, as different dynamics can lead to different persistent regimes. For
that purpose, other three selection mechanisms are implemented and
evaluated, to identify the prevailing states of the system. Results show that the
three regimes are robust irrespective of the analysed dynamics. We
consequently examine more in detail the long-term archaeological implications
that these results may have.
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1. Introduction

Natural resources and their distribution are paramount for understanding life at
different scales. Regarding the human species, the role played by resources is
even more significant, as resource availability is also the material basis upon
which any social behaviour or strategy emerges and evolves over time. The
resource exploitation strategies implemented by human societies constitute a
transversal topic of interest for many research fields. In particular, the paradigm
known as Human Behavioural Ecology-HBE (Nettle et al., 2013) addresses in
the form of archaeological studies not only functional explanations linked to
carrying capacities, resource exploitation, productive aspects including
technology and consumption or mobility and reproductive strategies, but also
historical ones, related to the origins of agriculture, intensification and
colonization processes, among others (see a review in Bird and O’Connell
(2006)).

Within the most common archaeological discourse, it is often assumed that
whenever resources become scarce for the existing population, human
societies tend to modulate this unbalance between population and resources
through changes in the production/consumption sphere. These changes might
include different strategies ranging from risk minimization (Smith, 1972; Minc
and Smith, 1989; White et al., 2011; Zeder, 2012; Ryan and Rosen, 2016) to
changes in demographic dynamics (Speth, 2004; Williams et al., 2015).
However, due to the intrinsic nature of Archaeology, which deals mainly with
material remains, it is not straightforward to reconstruct the social domain and
the food distribution patterns through them (Enloe, 2003). Consequently,
several archaeological studies have focused on very specific examples such as
the study of the development of trade and interchange systems (Dyke, 1999;
Chapman, 2008) or the study of (communal) storage structures or technologies
(see a review in (Angourakis et al., 2015)).

Leaving aside the archaeological limitations due to its materiality, we know from
Ethnography, Ethnoarchaeology, and Ethnohistory that hunter-gatherer (HG)
societies use not only specific technologies but also social organizational
measures to deal with the different scenarios produced by the heterogeneous
temporal and spatial distribution of resources. Good examples of social
organisational measures among HG are mobility, aggregation, and fission
dynamics, which are included in Binford’s packing model (Binford, no date).
Another particularly relevant social measure is sharing, a complex phenomenon
around which several debates regarding its economic and social function
continue to exist. Sharing appears in diverse contexts where it can be explained
in pursuit of different objectives ranging from showing the own reproductive
potential to sheer survival. In the present study, we focus on the facet of food
sharing that allows dealing with future possible subsistence instability through
indirect reciprocity; the surplus is shared with other community members in the
hope that they will do the same in the future ((Winterhalder, 1986; Bird, 1997;
Borgerhoff Mulder and Schacht, 2012) among others).

From all the above, it appears clear that to understand the complexity of social
dynamics beyond material remains and ethnographic narratives, simulation
tools such as Agent-Based Modelling (ABM) provide a good framework for the
exploration and analysis of social contexts.



ABM allows expanding our frames of reference for several issues that range
from the very empirical to theoretical matters, as it offers the possibility to move
from the micro to the macro scale studying emergent properties. In this sense,
modelling becomes a theory building tool (Verhagen and Whitley, 2012;
Whitley, 2016) in which, when going back to reality, it is extremely important to
extend the conclusions of the model in accordance with the aim for which it was
developed, as different models can be built for different purposes: generating
theory, prediction, classification, etc., and its conclusions should not be
extrapolated elsewhere.

ABM models work towards improving the Social Sciences in general
engendering debates about new paradigms within the framework of what has
been called generative social science (Epstein, 1999).

When linked together with Ethnography and Ethnoarchaeology, ABM models
based on ethnographical knowledge allow exploring how societies behave in
relation to resources (if they are shared and how) once they have been
acquired. It is worth noting that the variety of variables necessary to understand
social mechanisms makes computer simulation particularly suitable for their
analysis, as modelling allows generating multiple environmental scenarios on
variable spatial and temporal scales (Rautman, 1993; Morrison and Addison,
2008), see (Lake, 2014) for a review of social simulation in archaeological
studies.

Even though social simulation is not yet considered a mainstream approach in
Archaeology (Whitley, 2016), its application is increasing exponentially (Wurzer,
Kowarik and Reschreiter, 2015), and there already exist good examples of the
use of ABM to address not only resource management (see Freeman and
Anderies (2012) and references therein) but also other social phenomena such
as cooperation.

Previous research on cooperation and HG societies has dealt with specific
topics like cooperative breeding (Smaldino et al., 2013) or cooperative
strategies for the sake of production, being cooperative hunting the most
relevant example (Henrich et al., 2001; Alvard and Nolin, 2002; Hill, 2002;
Stiner, Barkai and Gopher, 2009).

Other research pieces in the field have focused on specific ethnographic case
studies, such as those devoted to the Ache (Janssen and Hill, 2014) and the
Maasai (Aktipis, Cronk and de Aguiar, 2011), or on sharing phenomena of other
resources aside from food, such as territories (Freeman and Anderies, 2012).

The model of cooperation and punishment by Bowles and Gintis (2004) is also
aimed at explaining collective phenomena such as food sharing and defense.
Particularly, it suggests that cooperative behaviours may well be sustained
thanks to strong reciprocity since even if it is an individual behaviour that
coexists with other distinct behavioural patterns, it produces a social dynamic
and has benefits at the social level.

In the light of the above, we aim to explore how social mechanisms regarding
food sharing practices (reciprocity) change in relation to variation in resource
availability (subsistence stability and instability). Specifically, we are interested
in the conditions allowing the emergence of sharing and its maintenance, as
well as in the scenarios that would promote its disappearance.



For this reason, we designed the CURP model, an ABM specifically conceived
to offer some insights into how HG societies lacking food preservation
technologies may face changing resource availability through social
mechanisms of resource redistribution (Pereda, Santos and Galan, 2017). As it
has already been stated, both cooperation and sharing are complex
phenomena which can be analysed from different perspectives. However, both
in CURP and in this paper, cooperation is modelled just as food sharing.

Agent-based simulation models have been argued to work as theoretical
experiments (Edmonds and Hales, 2005) which can help to formally illustrate
the implications of a particular set of assumptions in a specific context under
study (for instance, in the context of the social phenomena). Although a
simulation result can be understood as a valid sufficiency theorem (Axtell,
2000), it is not easy to infer from just a set of simulations if the results are a
consequence of the model core set of assumptions or if they are caused by
accessory aspects (Galan et al., 2009, 2013). This is particularly important
when simulation is used as a tool for the analysis and interpretation of social
phenomena, since the ABM used is just a particular instance of a more abstract
conceptual model, which could be implemented in different equivalent ways, all
of them valid in principle, but whose different dynamics can lead to different
stable regimes of the system (Galan and Izquierdo, 2005). Therefore, in this
work, we delve further into the CURP model and check the robustness of its
results to the evolutionary mechanisms (how individuals share resources and
with whom). Similarly to previous social simulation research (Edmonds and
Hales, 2005; Galan and lzquierdo, 2005), we use several evolutionary selection
mechanisms -all of them compatible with the original conceptual idea- to better
understand how wide is the range of applicability of the conclusions of the
CURP model, and to try to identify which aspects are consequence of the
particular dynamic and which results are robust to the specific adaptive
mechanism (persistent regimes of the system). Hence, the aim is to find the
prevailing stable areas of the system (once the transient period is over and the
initial dynamics do not influence the dynamics anymore), in order to conduct a
detailed interpretation of the results in the context of HG, based on those
persistent regimes found and not on the specific dynamics to reach them.

2. The CURP agent-based model
2.1 Description of the model

The CURP model was built in NetLogo (Wilensky, 1999) under the framework of
evolutionary game theory and inspired by the hypothesis that a decrease in
resources would promote cooperation in terms of food sharing whenever
reciprocity is possible, but once resource scarcity reaches a given threshold and
reciprocity is less probable, cooperation may become a non-satisfactory
strategy. The EGT framework used in this paper not only can be interpreted by
natural selection models but also other decision models driven by a gradual
change, in which the strategies that are more successful at a given moment are
more likely to persist in the future (Sandholm, 2010; Izquierdo, Izquierdo and
Vega-Redondo, 2012).

Here we succinctly depict the core dynamics of the model and detail the
assessment of the model’s robustness to the evolutionary mechanisms, which



is one of the main contributions of the present work. For further details on the
singularities of CURP, please refer to Pereda et al (2017) or directly to the
model, (available at openABM; https://www.openabm.org/model/5287/).

In CURP, resource pressure is modelled stochastically using two different
parameters: (i) prob-resource (the probability of acquiring resources) and (ii)
min-energy (the minimal proportion of the resource unit each agent needs to
survive).

The model was designed as an artificial society of N agents, each one of them
defined by three state variables: given-energy, correlation, and fitness, being
given-energy and correlation the variables that define the agent’s strategy.

Given-energy is the proportion of the resource unit that the agent under
consideration wills to share. Correlation establishes the probability of choosing
a donee among the set of possible donees, an agent with correlation 1 will
choose the most previously cooperative individual and one with correlation -1
the least cooperative.

Fitness is defined as the number of time periods in which the energy obtained
by the agent was greater than min-energy, since the conventional definition of
fitness intending to maximize the expected resources may not be the most
suitable for HG without food preservation techniques. This particular definition
of fitness, which dissociates the resources obtained by the agents from the
payoffs (and implicitly assumes diminishing marginal returns), makes the CURP
model and its conclusions only applicable to societies without food preservation
technologies.

Each simulation scenario is defined by the study parameters (see Table 1),
which are exogenous variables established by the user that remain constant in
each run.

[TABLE 1]

The procedure is the following: in each time period, each agent draws
resources and gets a unit of energy with a probability equal to prob-resource.
Then, each agent that succeeded and obtained resources shares them in two
steps. First, it selects a donee from a set of the population of size sharing-
tournament-size, constituted by agents who did not get resources (by
themselves or from other donors). The selection of a donee from this set is
done according to the value of the agent’s correlation. Second, she gives the
selected donee a given-energy proportion of the unit of energy she has. It is
important to note that the proportion of energy shared by a donor (given-energy)
Is not conditioned by the min-energy survival threshold, which implies that the
donor can end up with less energy than the minimum necessary for her own
survival.

No donee will receive any more energy from other donors if she gets more
energy than the survival threshold established by min-energy.
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Finally, at the end of each time period, each agent’s fitness, i.e., the number of
non-starving periods, is updated. The fitness value increases by a unit if the
agent has more energy than the min-energy survival threshold.

This process of acquiring and sharing resources with the subsequent update of
fitness is repeated rounds-per-generation time periods. Once the model has run
rounds-per-generation times, each agent updates her strategy by changing the
values of her correlation and given-energy variables as follows: first she
samples strategy-tournament-size people agents of the population and then she
imitates the strategy with the highest fitness if it is greater than hers, unless it is
affected by the prob-mutation probability, in which case she randomly chooses
a strategy from the strategy space.

Pereda et al (2017) proved using statistical learning analysis that the results of
the model depend mainly on two parameters: prob-resource and min-energy,
the two variables which define resource pressure. Consequently, to understand
the system dynamics and to study the emergence of cooperation and indirect
reciprocity via simulation, the two-study parameters prob-resource and min-
energy were evenly sampled over the range [0.2, 0.8] in steps of 0.1, to fully
map the outcome space of the model (the details of the parametrisation can be
found in Pereda et al (2017)). Again, each parametrisation was run 5 x 103
generations, being replicated 100 times.

2.2 CURP Previous results

Hunter-gatherer societies implement a wide variety of strategies that change
according to the different socio-ecological contexts they face. In the CURP
model, the different settings are characterized by distinct population volumes
and by specific distributions and concentrations of resources, the latter being
reproduced through the parametrization of both the probability of finding
resources as well as the need of a specific amount of energy for survival.
Therefore, the model sheds light on the social realm, enlightening the
underlying patterns behind the emergence of two particular social behaviours:
cooperation in terms of food sharing and indirect reciprocity.

In HG societies, food sharing is a specific form of cooperation which, when
implemented, helps to deal with mid-stress scenarios, where it constitutes a
mechanism both to face future risks of food scarcity and to manage food
surplus. At the same time, cooperative strategies enhance the emergence of
social links that reinforce both sharing practices and other communal
behaviours (Briz i Godino et al., 2014).

The first study of CURP showed that after the initial transitory dynamics, three
different persistent regimes could be identified: low-stress regime, intermediate-
stress regime and high-stress regime. Along these regimes, the emergence and
disappearance of cooperative behaviours is the most relevant trend, which
shows how cooperation (food sharing) depends both on changes on the
possibility to survive (changes in N-people and min-energy) as well as on the
expectancy of reciprocity (correlation and given-energy).

The three persistent regimes identified by Pereda et al. are:

1. Low-stress regime (low values of min-energy and high values of prob-
resource): Under these circumstances, different strategies produce



maximum fitness. Survival is therefore very likely. Consequently,
changes in the strategy space are driven by random drift. Strategy
selection is not important and the average strategic behaviour of the
population remains at almost constant values.

2. High-stress regime (high values of min-energy and low values of prob-
resource): Very unstable behaviour is the main characteristic of this
regime. The high threshold of min-energy and the scarcity of resources
promote the emergence of low-given strategies. At the same time, new
strategies to ensure survival are permanently explored by the agents,
mainly because no situation is satisfactory enough.

3. Intermediate-stress regime: In this regime, cooperation and indirect
reciprocity emerge. Strategies characterise by retaining the resources
strictly necessary for survival and giving the rest to the population in a
structured manner, since strategies of positive correlation are favoured
(the agents that gave more are the ones that receive the most).
Consequently, it can be asserted that the population self-organises in an
indirect-reciprocity system in which the norm is to share what is not
necessary for survival, with the expectancy that the rest of the population
will do the same in the future (indirect reciprocity implies that one
cooperates with individuals who did cooperate with other members of the
population in previous stages, and whose reputation is therefore
positive). Thanks to cooperation sustained through indirect reciprocity,
the probability of communal survival is significantly increased at a
population scale and the probability of being behind the threshold is
collectively reduced.

3. Methodology
3.1 Evaluation of the robustness of the model to the selection mechanism

In some models it can be difficult to faithfully represent the real dynamics of the
system under consideration, since the dynamics can be unknown,
unobservable, or simply different to the ones we are considering. This motivates
the use of plausible hypothesized mechanisms that could have been at work to
analyse the stability areas of the system (and not so the transient dynamics),
since the system could reach different persistent regimes depending on the
particular dynamics imposed (Galan and Izquierdo, 2005).

To test the conclusions obtained from the CURP model and to gain confidence
in the robustness of the three regimes initially identified, here we explore the
impact on the results of different selection mechanisms. More specifically, the
selection mechanism used in the original paper, i.e., random tournament, is
compared to other three mechanisms: roulette wheel (due its popularity
(Mitchell, 1996)), and two truncation and threshold selection algorithms (Lynch
and Walsh, 1998): standard deviation and average selection; this last two
mechanisms have been used in some of the most influential works in game
theoretic social simulation about cooperation (Axelrod, 1986; Takahashi, 2000),
and it has been proved that they can lead to different persistent regimes in
comparison to other evolutionary mechanisms (Galan and Izquierdo, 2005). The
aim of this comparison is to check if the three regimes appear irrespective of the



selection mechanism i.e., that the system tends to them regardless of the
internal dynamics imposed.

The selection of strategies happens every rounds-per-generation time periods.
In the original model (Pereda et al., 2017), the strategy selection process
follows a random tournament: each agent chooses a random sample of other
agents and imitates the best strategy, i.e., the strategy of the agent with the
highest fitness in the sample; at the same time, she randomly chooses a
strategy between the strategy space with a probability equal to a mutation
parameter. One of the reasons for this approach is that both selection and
mutation can be easily interpreted as social imitation and individual exploration,
i.e. people usually tend to imitate the best behaviour, although they occasionally
explore new alternatives.

In the present work, the three new selection mechanisms, i.e. roulette wheel,
standard deviation and average selection have been implemented without
changing the mutation process with respect to the original design. In the new
mechanisms, just after rounds-per-generation time periods, the old generation
of agents is replaced by a new one composed by replications of some of the old
agents, chosen according to the specific selection mechanisms.

In the roulette wheel mechanism, agents are given a replication probability
directly proportional to their fitness in the current population. Then, to replace
the old generation, n-people agents are sampled stochastically to constitute the
new generation. In the standard deviation mechanism there are two reference
values: population average and population average plus standard deviation.
Agents with fitness greater than, or equal to the population average are
replicated once, while agents with fitness equal to or greater than population
average plus a standard deviation are replicated twice. Finally, the average
selection mechanism is similar to the mechanism of standard deviation. In this
case, all agents with fithess equal to or greater than the population average are
replicated twice. In order to keep the population size constant, in the standard
deviation and average selection mechanism, we randomly eliminate or replicate
agents of the new generation.

3.2 Results

In the present contribution, we have defined a set of experiments that
correspond to a subset of the different scenarios of resource pressure studied in
the original paper. In particular, (see Table 2) we have chosen three cases of
the intermediate-stress regime, one of the high-stress regime and one of the
low-stress regime. The parameterization of the model corresponds to the one
defined in the original work (Pereda et al., 2017). Each experiment was run
5x10° generations (to be sure that the stationary was reached) and replicated
100 times.

[TABLE 2]

Figure 1 shows the average values of correlation and given-energy obtained for
each scenario after 100 runs. The results do not vary significantly with respect



to the ones obtained in the original work. It is only in the low-stress scenario that
the new experiments show greater variability. The reason behind this change is
the fact that with the new selection mechanisms the probability of changing the
strategy is greater in comparison to the random tournament, where the
probability of change was mainly driven by mutation. The new selection
mechanisms implemented, aside from the mutation probability, in the case of
equal payoffs, mix and shuffle the population strategies more intensively than
the random tournament, allowing to move more in the average population
strategy space at each run. In any case, the average results of correlation and
given-energy are equivalent to the original ones for the three regimes identified,
which means that the conclusions obtained by Pereda et al. are robust in all the
identified regimes, i.e., that the three regimes are stability points of the system
under consideration, since they are not affected by the different dynamics which
can be imposed to the system.

[FIGURE 1]

As a consequence of all the above, the present work shows that the patterns
found about the stable regimes are resilient and robust to the different types of
dynamics. This suggests that even though the evolutionary dynamics of the real
system may be different from the dynamics implemented, the behavioural
mechanism of the population, in the absence of other processes, exhibits a
strong tendency towards the patterns explained in CURP.

4. Discussion

Once the robustness of the results of the CURP model has been assessed and
given that after considering a comprehensive set of dynamics, the confidence
on them has been strengthened, it makes sense to contextualise and analyse in
depth their implications from an archaeological and anthropological point of
view.

According to the model, in low-stress regimes, given the abundance of
resources, no adaptive pressure pushes the dominance of a sharing strategy
over the others, and the co-existence of different dynamic practices may
emerge. Cooperative behaviour (a norm for food sharing) becomes
predominant in the intermediate-stress regime and turns to be unstable in the
high-stress regime, where no strategy seems to be stable, and many individual
strategies change in an attempt to innovate for survival.

4.1 Low-stress regime

Within the model, the low-stress regime represents a positive balance between
population and resources where survival is highly probable. This sort of low-
stress scenarios is often transitory and barely found in reality, since most
environmental settings do not provide homogeneous resources (neither
spatially nor temporally), and, as we know from biology and anthropology, most
species/societies tend to increase population size with respect to the carrying
capacity of that socioecological context, stabilizing by absorbing minor
fluctuations due to density-independent factors that affect productivity (Hayden,



1972, 1986). It is a fact that population growth can be either brief (lasting a short
time) or protracted; in any case, low-stress regimes are not the prevailing
scenario in nature.

The transience of low-stress scenarios may be illustrated as the occupation of
new areas or as a result of managing new resources. This conjuncture can be
better exemplified as that of population processes, in which moderate
population densities face new contexts. In such situations, available resources
guarantee group survival until the society reaches a packed landscape (see
Theler and Boszhardt (2006)), which can be attained either by demographic
growth or simply by depletion of resources (which would produce “game sinks”,
as defined in (Martin and Szuter, 1999; Lyman and Wolverton, 2002)). This
makes the relationship with resources to change, being human populations in
some cases responsible for extinction events (Faith and Surovell, 2009). Even
though other causes such as forest clearance have been used to explain these
extinction phenomena, it has been argued that overkill caused by humans may
be the most plausible explanation (see reviews in Erlandson and Rick (2008) or
Meltzer (2015). The extinction events may be extreme, but they exemplify how
human agency effects on resource availability can make it move from low-stress
to intermediate-stress regime, where new mechanisms and strategies are
required to survive.

In accordance with all the above, in the CURP model, low-stress scenarios
correspond to contexts where no environmental or endogenous elements push
towards the selection of a particular strategy since all strategies are equally
likely to succeed in terms of survival. Therefore, in low-stress contexts, the
agents behave selecting their strategy indistinctly from the pool of possible
behaviours, or maybe just according to previous social behavioural patterns.
Besides this, and because of the absence of forces driving the development of
specific strategies, these contexts, although somewhat transitory, may promote
some slow transitions led by random drift mechanisms (Millstein, 2002; Bentley,
Hahn and Shennan, 2004). Some pieces of research have stated that random
drift and stochastic processes seem to play an important role when population
sizes are small (Doebeli, Blarer and Ackermann, 1997; Pérez-Losada and Fort,
2011). Eventually, it has also been claimed that in areas with dense and
predictable resources such as low-stress scenarios, competitive strategies may
be favoured to maintain exclusive access to resources (Field, 2008).

4.2 Intermediate-stress regime

The different scenarios tagged as intermediate-stress regime correspond to
contexts characterized by the discontinued appearance of resources of
intermediate energy. Within the model, the agents’ target is to maximize their
individual fitness. In the intermediate-stress regime, the prevailing behaviour of
the agents is to share resources after their individual needs for survival are met;
this cooperative strategy is a mechanism to deal with the future risk of scarcity,
which leads to both the maximization of individual fithess as well as to the
reinforcement of collective survival. The key concept here is that food sharing
and indirect reciprocity emerge as a consequence of individual fitness
maximization, since retaining an additional unit of resource diminishes the
probability of receiving resources from other agents.



Although there are few exceptions in which HG societies store surpluses, this
mostly happens when the seasonal fluctuation of specific resources is well-
known and can be expected (Testart et al., 1982; Whelan et al., 2013), such as
in the case of Northwest American complex HG or Australian aboriginal groups
(Ames, 1994; Lourandos, 1997). Nevertheless, most HG societies usually face
unpredictability of resources through different types of mobility and sharing
(Smith, 2003; Hamilton et al., 2009). In those scenarios, reciprocity is a
mechanism to cope with the risk derived from environmental variability and
unpredictability of resource distribution.

Regarding concepts such as stress or risk, even though they are frequently
used in archaeological research, some authors claim the need for a proper
definition (see a discussion in Larson et al (1996)). Several definitions of risk
have been presented, in which the unpredictability over the possible outcome of
a situation plays a major role (Winterhalder, 1990), while others focus on the
idea of vulnerability or on surpassing a given threshold, such as that of
starvation. Moreover, it can also be distinguished between those risky situations
in which the possible results are known, but their probabilities are not, and
situations of incomplete knowledge, in which the range of possible outcomes is
unknown (Bamforth and Bleed, 2008). In both cases, unpredictability regarding
resource variability forces to change the range of social decisions, sometimes
with unknown or even unpredictable consequences (Rautman, 1993).

In HG contexts and in connection with risk minimization it is unavoidable to talk
about the tolerated theft hypothesis (Blurton Jones, 1987), which claims that
when someone is not capable of controlling a resource, she will allow access to
the resource to other members of the community, as long as the cost of
controlling it is much greater than the value of the resource itself (Bliege Bird
and Bird, 1997; Kagi, 2001; Gurven, 2004). This hypothesis, a clear risk
minimization strategy, has been considered as the origin of food transfer
dynamics, as it would provide the necessary conditions for the other types of
food sharing to emerge (Winterhalder, 1996).

In anthropological literature, reciprocity is used to understand how cooperation
could evolve between unrelated individuals. It is also defined as the mechanism
that explains how individuals make optimal decisions contingent on what others
do, as the same individual acts as receptor and actor (Alvard, 2001).

In the intermediate-stress context, the heterogeneous distribution of resources
happens to be a selective force that promotes the emergence and development
of specific resource re-distribution mechanisms within the social domain.
Reciprocal behaviour can be evolutionarily stable when individuals alternate
their roles as actor and recipient so that at mid-term, investments reach all
group members after some interactions (Melis and Semmann, 2010). In the
case of HG, those social mechanisms for resource redistribution may be
identified with the different sorts of food sharing practices, which are, in most
cases, related with high-density foods and, more particularly, with meat.

These findings regarding the emergence of food sharing in intermediate-stress
contexts may also assist to understand the phenomenon of the peopling of the
planet. While the main part of human evolution took place in tropical areas,

demographic growth, the occupation of new zones with lower or more disperse
plant productivity (such as the arid areas in Africa) and the growing seasonality



and heterogeneity of resources that extends towards higher latitudes, may have
lead humans to adjust to major variations in food availability through social
mechanisms such as food sharing (Barham and P., 2008).

For example, in the Arctic, where resources appear widely scattered, social
units are highly dispersed too, so that technological innovation, as well as
dynamic social organization, may have been paramount for survival (Hoffecker,
2005). Thus, it is in these mid-stress contexts where the social networks
established through cooperation for survival play an essential role in all aspects
of social life (Whallon, 1989). Until the 50s of the past century, most of the
studies focusing on the social and economic changes faced by the Inuit
communities of the North American Circumpolar regions, considered traditional
food sharing bound to extinction in the face of acculturation. However, sharing
as an institutionalized practice has survived and contemporary literature
confirms its persistence. Even if changes appear in their material and social
expression, sharing continues to be one of the organizational principles of Inuit
societies and one of its most important identity traits (Lévesque et al., 2000).

Consistently with all the above, it can be asserted that the cooperative
enterprise which we find in many small-scale societies is the result of a long-
term evolution related to limited and fluctuating resources (Handwerker, 1983).
Several ethnographic pieces of evidence point to sharing as a form of
cooperation on resource consumption that allows lowering the risk of shortages
(see Bhanu (2014) and references therein). During seasons of scarcity these
practices are reinforced so as to maintain the wellbeing of the whole group, and
especially of those members who are not capable of obtaining food through
their own efforts, such as children or sick and elderly people, as it has been
documented among the Pumé from Venezuela (Kramer and Greaves, 2011),
the Copper Inuit (Damas, 1996) or the Yamana (Gusinde, 1937) among others.
In fact, the habits of consumption can change if the situation requires it, through
strategies such as rationing of daily intake (Hamilton et al., 2009).

The existence of social norms that promote sharing demonstrates the relevance
of this cooperative strategy for the sustenance of the group (Witherspoon,
1975). The members that obtain resources distribute them to the rest, or put
them into circulation within the group, in response to a socially established
obligation (Kishigami, 2004). These prosocial interactions result not only in the
provision of critical resources for group survival but are also encouraged as
ethical and social obligations (Collings, Wenzel and Condon, 1998; Fortier,
2001). These interactions are maintained through the development of different
social institutions, mainly normative (Horne and Cutlip, 2002; Kameda,
Takezawa and Hastie, 2005; Ziker, 2014), that may include different types of
sanctions (Horne, 2009). Through the reinforcement of social norms, sharing
becomes one of the main cultural features of HG societies. Cheater detection
mechanisms, as well as control mechanisms such as punishment, parcelling,
partner switching, ostracism, etc. provide solutions that allow reciprocity be
evolutionarily stable (Melis and Semmann, 2010). Accordingly, food distribution
is identified as an identity and solidarity symbol, and it is enormously antisocial
to consume food without sharing it (Witherspoon, 1975). This solidarity affects
all members of the group as the obligation reaches anyone who has more
resources than those that can be immediately consumed (Fortier, 2001).



In addition, the communication channels and social networks established
thanks to food sharing, provide the means around which other cooperative
behaviours belonging to different life spheres may be sustained, such as the
establishment of marriages (Kaplan et al., 1985; Hawkes, 1991) or political
alliances among others (see a review in Patton (2005)). Moreover, it has also
been argued that sharing accomplishes a signal function (Gurven et al., 2000;
Briz i Godino et al., 2014) that reinforces the set of cooperative behaviours that
accompany it.

4.3 High-stress regime

Within the regime of high-stress, the balance between population and resources
is modified. Resources become scarcer and surpluses disappear, which
translates into a growing difficulty to reach the survival threshold. Very unstable
behaviours characterise the mainstream trend in such cases. The agents are
continuously searching for survival strategies because no strategy is
sustainable or efficient enough; innovation is therefore continuously present
under high-stress conditions and this scenario might be useful to understand
transitional periods.

From an anthropological point of view, in contexts of high-stress such as crisis,
human societies tend to apply a wide range of responses to cope with the new
conditions; when the population surpasses the carrying capacity, several
mechanisms rebalance the situation so that the cycle may start again.

As we asserted in the introduction, in Archaeology, it is the production domain
that is mostly used to explain how societies managed these unbalances.
According to this, in crisis contexts, the mechanisms implemented can be
directed towards two solutions; on the one hand, towards bringing the
population back down through strategies such as migration (group fission),
infanticide or decline in fertility. On the other hand, other strategies can be
aimed at increasing the carrying capacity (increasing the productivity through
changes in extraction procedures); good examples of these strategies are
specialization (the exploitation of just a narrow range of resources (Byers and
Ugan (2005)) whose on-encounter return rates are greater than those of other
resources), diversification (increasing the productivity of a given territory
through an increase in the variety of the resources consumed including famine
foods or other resources (see Bicho and Haws (2008)), and intensification of
resource exploitation (an increase in the productive output per unit of land or
labour (see a discussion in Morrison (1994))).

These economic shifts have been identified in different archaeological periods.
At the end of the Upper Palaeolithic, both physical indicators of activity levels
and archaeological remains indicate an intensification and diversification of
resource exploitation (Villotte et al., 2010). Intensification has been extensively
used to explain large socioeconomic shifts such as the transition to agriculture,
which was preceded by a well-documented intensification of plant gathering
(Wohlgemuth, 1996; Weiss et al., 2004; Zeder, 2008) and animal management
(Munro 2004). Besides, economic intensification has been considered a
promotor of different social and organizational changes, including increasing



social complexity (Johnson, 1982; Schurr and Schoeninger, 1995; Fitzhugh,
2003).

It is interesting to note, that beyond the production sphere and the social
mechanisms that can be implemented to cope with unbalances, other
phenomena such as social learning, may speed up innovation rates particularly
in scenarios with high-density populations (Marquet et al., 2012). Therefore, in
high-stress contexts related to an increase in population, a plausible
explanation for the wide exploration of strategies could be that the bigger the
population, the higher the probability of knowledge and information
transmission. This fact, together with a higher probability of random drift due to
bigger population size, may explain the emergence of innovation in such
contexts.

According to the adaptive cycle, which is one of the earliest metaphors from
resilience thinkers that would latter give rise to resilience theory, extended
periods of growth in which relationships change from loosely to tightly
connected, are followed by release and reorganization processes (Nelson et al.,
2006; Lancelotti et al., 2016). Therefore, in the context of resource crisis,
organisational change is becoming an area of interest per se, as it provides a
wider perspective of how human beings face resource unbalances, beyond the
economic strategies mentioned.

These ideas of organisational change are perfectly coherent with the results of
the CURP model since they show how under high-stress regime social agents
try different alternatives, even though none of them stands out and becomes
predominant. According to previous research, cooperation best emerges in
contexts of stability (Nowak et al., 2004), while in high-stress regimes, instability
appears together with a decrease in cooperation. Whereas the promotion of
cooperation reduces intraspecific competition (Hamilton et al., 2009), high-
stress contexts would promote changes in organizational strategies and the
subsequent competitiveness.

When cooperative behaviours are not the primary strategy anymore, direct
competition for resources may appear even among groups with different
economic strategies (Bukach, 2004), leading to possible scenarios of conflict. In
circumscribed contexts in which the carrying capacity has been reached, both
environmental degradation and/or population stress have been commonly
understood as primary sources of conflict (Theler and Boszhardt, 2006; Field,
2008).

It could be asserted that in intermediate-stress regimes societies reach a
fluctuating equilibrium that enables the predominance of cooperation as a viable
coordinated survival strategy. However, high-stress regimes can also emerge
due to exogenous reasons that may lower resource richness with independence
of the socio-ecological setting and the population size variations. Such could be
the case of the Western Colonization and the Ecological Imperialism processes,
in which an overexploitation of resources may have lead indigenous societies in
a first instance to reinforce their cooperative strategies as a way to cope with
the new situation, and in other cases to cross the boundary separating
cooperative behaviour from other strategies that leave aside reciprocity. This
shift from intermediate-stress to high-stress regime may enlighten the social



breakdown of indigenous populations that induced the disappearance of their
traditional lifestyles, forcing them to change to survive.

5. Conclusions

CURP analyses how individuals in environments with changing resource
availability interact with other individuals either through cooperative (food
sharing) or selfish strategies, producing as result an aggregate social
behaviour. The model gives insights on how human societies may have faced
changes in resource availability due to the occupation of new territories, socio-
ecological changes or demographic growth among others.

We have assessed the robustness of the CURP model to some of the most
popular selection and learning mechanisms. Our analysis confirms that the
model leads to the same persistent regimes —low-stress, intermediate-stress
and high-stress— regardless of the dynamics imposed. The particular regime
reached by the population is determined by the resource pressure.

Once confirmed the robustness of the model, which strengthens our confidence
in the results obtained, a detailed archaeological and anthropological
contextualization of CURP results has been provided, indicating how societies
may implement, increase or lower food sharing strategies when facing stress of
different magnitudes. This helps to hypothesize and better understand possible
past behaviours and how resource crisis were overcome in the context of
hunter-gatherer societies. In particular, our results highlight the role of indirect
reciprocity as a population coordination mechanism that promotes cooperation
in the form of food sharing.
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CAPTIONS: lllustrations and tables

Table 1. Study parameters for each simulation scenario in the CURP model.

Table 2. Experiments of selection mechanisms

Figure 1. This figure shows the simulation results obtained for each evolutionary
or learning selection mechanism analysed, five combinations of parameters
have selected for each selection mechanism. Each subfigure shows the density
of the simulation results of the model in the space of the averaged strategies of
the population: (i) given-energy (horizontal axis) and (ii) correlation (vertical
axis) and two box-plots to summarize and compare the distributions. The
parameters prob-resource (p in titles) and min-energy (e in titles) correspond in
the left column to a high-stress regime, in the right column to a low-stress
regime, and the three central columns to mid-stress regimes. In this smoothed
colour density scatterplot, darker values (red) indicate a higher probability of the
simulation to be found in the corresponding averaged population states. The
outcomes obtained show that the results and conclusions of the model are
robust to the mechanisms analysed.



Parameter

Description

N-people

The number of agents.

Prob-resource

The probability that an agent obtains a resource unit at each time
period.

Min-energy

The minimal proportion of the resource necessary for survival.

Sharing-
tournament-size

percentage of agents from the population that obtained no
resource at a time period and that are susceptible of being chosen
by a particular donor.

Strategy-
tournament-size

percentage of agents from the population that a particular agent
takes into account for selecting a new strategy. The agent samples
strategy-tournament-size agents from the population and then she
imitates the best strategy, i.e., the strategy of the agent with the
highest fitness if the corresponding fitness is greater than her own.

Prob-mutation

The probability that an agent decides to follow a new strategy
randomly chosen from the strategy space.

Rounds-per-
generation

Number of time periods for which the values of the parameters that
define each agent’s strategy remain unchanged. Agents can
change their strategy every rounds-per-generation time periods.

Table 1. Study parameters for each simulation scenario in the CURP model.




Experiment prob-resource | min-energy
Low-stress regime 0.8 0.2
Intermediate-stress regime 1 0.6 04
Intermediate-stress regime 2 0.5 0.5
Intermediate-stress regime 3 0.4 0.6
High-stress regime 0.2 0.8

Table 2. Experiments of selection mechanisms
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