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Abstract:
We develop an agent-based model of foraging behavior based on ecological parameters of the
environment and prey characteristics measured in the Mbaracayu Reserve Paraguay. We then compare
predicted foraging behavior from our model to the ethnographically observed behavior of Ache
hunter-gatherers who inhabit the region and show a close match for daily harvest rates, time
allocation, and species composition of prey. The model allows us to explore the implications of social
living, cooperative hunting, variation in group size and mobility, under Ache-like ecological conditions.
Simulations show that social living decreases daily risk of no food, but cooperative hunting has only a
modest effect on mean harvest rates. Analysis demonstrates that bands should contain 7-8 hunters
who move nearly every in order to achieve the best combination of average harvest rates and low
probability of no meat in camp.
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Introduction 
 Scenarios of cooperative hunting have loomed large in the study of human evolution and 
in ecological models of social behavior in hunter-gatherers (Alvard 2012). Indeed, many authors 
have proposed that by hunting cooperatively, ancestral human foragers were able to greatly 
increase their success rates on important prey and could thus achieve higher daily hunting returns 
than could be achieved by solitary hunters (Smith 1981; Hill 2002; Alvard & Nolin 2002).  This 
increase in harvest efficiency has been hypothesized to be the basis for the evolution of human 
prosociality (Tomasello et al 2012) and for the optimal residential band size observed in different 
hunter gatherer populations (Hill & Hawkes 1983; Smith 1985; McMillan 2001).  Here we 
examine the impact of cooperative hunting and group size on overall economic gains for the 
Ache hunter-gatherers of Paraguay, through simulations of solitary and cooperative hunting 
using agent based modeling and measured parameters on prey distribution patterns and observed 
outcomes of hunting pursuits.  
 In this paper we adopt the conceptual framework of Optimal Foraging Theory (OFT) and 
divide resource classes into habitats, patches and prey (Stephens & Krebs 1986; see 
Supplementary Online Material (SOM) for discussion). Although foraging patterns in hunter-
gatherers have frequently and productively been examined using the framework of Optimal 
Foraging Theory, (Winterhalder  & Smith 1981; Kaplan & Hill 1992), the standard OFT models 
are limited when the complexity of the foraging behavior being modeled makes analytical 
solutions difficult or intractable.  OFT is generally based on maximization modeling where a 
limited number of constraints and known benefit and cost functions of different alternatives 
allow researchers to determine which specified foraging strategy will maximize the mean harvest 
energy gain rate of single foragers (Stephens & Krebs 1986).  When cost-benefit functions are 
complex, when multiple foragers interact in ways that change those functions and when 
hierarchical search and pursuit strategies include habitat choice, patch decisions and prey choice 
within habitats and patches models can become intractable. Likewise, when patches are 
characterized by time-variant returns, and when foraging decisions depend on what has taken 
place before and after resources are exploited, algebraic models are sometimes difficult to 
develop and simulation modeling is appropriate (eg. Houston et al 1988).  For example, there is 
no formal combined “prey and patch choice” model in OFT (Stephens & Krebs 1986), because 
the decision whether to take a specific prey type depends on how long different patches will be 
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exploited as they become depleted, and optimal patch staying time is dependent on which prey 
and other patches will be exploited.  Determining the rate maximizing solution in this case 
requires iteration. OFT modeling is also difficult if foraging behavior affect the densities and 
encounter rates of target prey or patches through time. Indeed depletion through exploitation is a 
violation of one assumption of the classical prey choice model (Stephens and Krebs 1986).  
Incorporation of prey depletion into optimal foraging models is best accomplished by computer 
simulation rather than the solution to static maximization models (eg. Winterhalder 1986, 1988; 
Krivan & Eisner 2003). 
 Agent-based Modeling (ABM) is well suited to handle these problems.  ABM is a form 
of computer simulation that allows agents to act on a defined landscape, interact with each other, 
and produce cumulative effects on that landscape.  A variety of measures concerning the effects 
of individual decisions and actions over long periods of simulated computer time can be 
generated (Railsback and Grimm 2011).  The outcomes of different behavioral decision rules can 
be measured directly and compared.  This can include prey harvest rates and species composition 
of harvest, as well as prey densities and distributions on the landscape over time.  These 
properties make agent based modeling an ideal tool for examining the foraging decisions of 
multiple actors in a landscape that changes over time due to the actions of the foragers 
(Railsback and Grimm 2011). 
 In this paper we develop an agent-based model of hunting in eastern Paraguay in order to 
examine the consequences of grouping and cooperative hunting living under ecological 
conditions similar to the Ache foragers. The empirically grounded agent-based model, can be 
employed to explore different foraging scenarios including solitary vs group hunting, various 
group sizes, and differing mobility patterns in order to understand the forces favoring group 
living and cooperative hunting. 
 
The Ache of Paraguay 
 The Northern Ache are a hunter-gatherer population that lived isolated in the forests of 
Eastern Paraguay until the 1970s.  The Ache are one of the best studied groups of modern 
hunter-gatherers with key research and quantitative analyses previously covering topics such as 
prey choice and diet (Hawkes et al 1982; Hill and Hawkes 1983; Hill et al 1987), hunting success 
(Hill and Kintigh 2009), time allocation to activities (Hill et al 1985; Hurtado et al 1985), food 
sharing (Kaplan and Hill 1985), mating, parental investment, growth and life history (Hill and 
Kaplan 1988;  Hill and Hurtado 1996; Walker and Hill 2003), cooperation during foraging (Hill 
2002), cooperative breeding and kin helping patterns (Hill and Hurtado 2009), and social 
structure (Hill et al 2011).  The Northern Ache had neither agriculture nor domestic animals, 
from the earliest 17th century reports of their existence to contact in the 1970s (Hill and Hurtado 
1996).  Instead, they lived as forest nomads, moving camp every few days and harvesting wild 
game, honey, fruits, palm starch, insect larva, and other plant foods. Foraging-dependent Ache 
observed in the 1980s subsisted primarily on mammalian game, which accounted for about three 
quarters of the energy in their diet (Kaplan et al 2000).  Honey, insect larva, and extracted palm 
starch made up another 20% of the diet with fruits and other plant foods accounting for less than 
5% (Kaplan et al. 2000).  Sexual division of labor among forest living Ache was pronounced, 
with men hunting about 6 hours daily while women cared for children and transported household 
items to each new camp, foraging on average less than 2 hours daily (Hill et al. 1985; Hurtado et 
al. 1985). Cooperation in all realms of food acquisition and daily life was extensive (Hill 2002).  
Analyses of quantitative data on food sharing demonstrates band-wide division of game with no 
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kin bias, and extensive, but slightly kin-biased sharing of vegetable and invertebrate foods 
(Kaplan et al. 1984; Kaplan & Hill 1985). Foraging bands generally consisted of 7-9 families, 
with more than half the individuals of a band being unrelated to each other by blood or marriage 
(Hill et al 2011). 
 
Source data 
 In the sections below we develop an agent based model of Ache foraging, simulate the 
behaviors and resultant outcomes for a small population of foragers living in an Ache-like 
landscape.  We discuss the fit between empirically observed behaviors and the predicted 
patterns, as well as the implications of the model for measuring the benefits of grouping and 
cooperative foraging in this type of ecology.  This is possible because Hill and colleagues have 
collected a large body of quantitative data on Ache environment and foraging patterns over the 
past 30 years.  Here we quickly list the databases and relevant publications employed for this 
exercise, and then below we provide methodological details about the precise values employed in 
each model: 
 
1) Resource density and encounter rates – Encounter rates with prey are based on a random 
transect censusing of game animals between 1994 and 2003.  Transects were walked by a team 
of Ache hunters who measured time and distance with GPS units, and recorded all encounters 
with any vertebrate species >0.5 kg in size. The total linear distance of all transects was 
11,306,200 meters with perpendicular detection distances ranging from a few meters to more 
than 50 meters depending on species. This means that even many rare species were encountered 
sufficiently to include in the model (the main exception being nocturnal-arboreal species that are 
extremely difficult to detect by diurnal transect methods).  Importantly, we asked native research 
assistants to record whether or not game encounters “would have allowed for a pursuit” of the 
prey individual detected.  Thus, the encounter rates we report here adhere to the definition of 
sequential prey “encounter” as specified by foraging models (“encounter” = a decision 
opportunity to pursue or ignore a prey type).  Details of methods and game densities are 
published by Hill et. al. (1997, 2003) and elaborated in the SOM. 
 
2) Time allocation -  Time spent hunting each day has a defined mean of 355 minutes determined 
from focal man follows in the 1980s.  Details of methods are published in Hill et. al. (1985). 
 
3) Criteria of prey choice, outcomes of prey pursuits – OFT and empirical studies suggest that 
maximizing long term energy gain rate can account for the suite of prey items that are pursued 
by foragers.  Problems arise when choices must be made between plant and animal foods but this 
paper examines only decisions about hunting choices.  A review of the models, empirical 
evidence from the Ache, and details of methods for measuring pursuit time, probabilities of 
success, mean game weights, food energy, and return rates for different resources are provided in 
Hawkes et. al. (1982), Hill and Hawkes (1983), Hill et. al. (1987). 
 
4) Reproductive parameters of harvested game – Relevant parameters of population dynamics 
comes from the conservation and population biology literature for neotropical game species in 
our model (see especially Robinson & Redford 1986; Alvard 1993).  Importantly, these studies 
show that body size is strongly related to maximum reproductive rates for neotropical mammals. 
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Model description 
 This section provides an overview of the agent-based model. Detailed model 
documentation and Netlogo code can be found in the Supplementary Online Material (SOM) at 
http://www.openabm.org/model/3902/version/2/view. The model aims to capture the main 
decisions of hunters, their movement, and prey acquisition on an empirically grounded 
landscape.  
 
The landscape  
 The model landscape consists of 58,408 one-hectare cells, which corresponds closely to 
the current area of the Mbaracayu Forest Reserve in Paraguay where ecological data were 
collected.  This region of Paraguay is classified as Upper Parana Atlantic Forest, and constituted 
the last refuge of the Ache tribe when the final band made permanent peaceful outside contact in 
1978. Each 100x100 meter cell in the model was assigned a vegetation type based on ground 
truth transects and subsequent supervised GIS classification with remote sensing using the 
Landsat 7 TM image with 6 optical bands and one thermal band (Naidoo and Hill 2006).  Ache 
research assistants walked approximately 11 million meters of random transect between 1994 
and 2003.  Each 200 meters they recorded the vegetation type of the immediate area (visible 
radius of about 30m).  Ache assistants initially distinguished 68 different forest types, but later 
Hill et. al. (1997) lumped these into 7 major vegetation classes easily distinguished by 
anthropologists and the Ache: 1) meadow/grassland; 2) large bamboo forest; 3) riparian forest; 4) 
high forest; 5) low forest; 6) small bamboo understory; and 7) liana forest. 
 Figure 1 shows the vegetation landscape map used in our agent-based model. Each cell 
was assigned vegetation type, and then subsequently, corresponding prey encounter rates based 
on initial vegetation-specific encounter rates, growth, migration, harvest, and the recent passage 
of a hunter (inducing game to flee or “hide” for some time period). 
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Figure 1. A screenshot of the model vegetation map (following the Mbaracayu Forest Reserve of 
Paraguay). 
 
 Not all possible prey species in the Ache territory were included in the model landscape. 
Over 500 edible vertebrate species inhabit the area, but most are rarely encountered or hunted 
and including them in the agent-based model would lead to a large increase in complexity and 
required computing power. Instead we incorporated economically important resources (ie. 
staples) into the model landscape.  The 10 most frequently harvested species, were first included, 
since each contributed at least 1% of the total prey biomass to the Ache diet (see Hill et al 2003).  
One species, nine-banded armadillo, is encountered in deep burrows, in surface sleeping nests, 
and as fresh tracks that can be followed to the animal.  Hence this single biological species 
accounted for 3 distinct prey types according to the definition of prey (see SOM discussion).  All 
other prey types each contribute less than 1% of the total diet.  But those with well-measured 
densities were included as well in order to verify that the computer simulation correctly predicts 
that they are economically unimportant.  Hence, the models analyzed in this paper include the 12 
most important prey types and 14 other vertebrate prey species in order to examine the potential 
effects of rare species in the Ache hunting economy (see SOM for scientific names). 
 For each 1 hectare cell with an assigned vegetation type, the expected encounter rate with 
all 26 prey types is calculated based on transect database tabulation (Table S2). Prey encounter 
rates include only encounters that could feasibly lead to a pursuit (as defined by Ache hunters).  
The encounter rates are tabulated and listed to produce a vegetation-specific measure of expected 
prey encounter rates (encounters/100m) for each of the 26 prey types in our model landscape 
(see Hill et al 2003). 
 Based on GPS measurements a hunter is assumed to move at a speed of 100 meters in 5 
minutes in all vegetation types (see SOM).  Given the mean hunt-day length of 355 minutes  see 
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above), hunters can potentially cover 7100 meters daily searching for prey in the 7 different 
vegetation types. 
 
Prey characteristics 
 Basic features of each prey item include mean weight of a harvested prey item, mean 
pursuit time if a pursuit is attempted after initial encounter, and mean probability of a kill 
(success rate) for all pursuits attempted (Table 1).  Measures of prey hunting parameters were 
extracted from our 1981-82 and 1997-98 focal man follow database (see Hill & Kintigh 2009).  
After the initial assignment of prey densities based on corresponding vegetation types, 
there are four ways by which prey encounter rates can change through time: 
 
1) Encounter rate suppression. When hunters pass through a cell or are in a pursuit, they frighten 
the animals in the cell to hide or move for some time period. This will reduce the probability of 
encountering a prey. The more hunters pass through a cell the more the encounter rate is 
depressed. The encounter rate is multiplied by !!!", where τS is a species specific encounter rate 
suppression parameters (see column 5 of Table 1) and NH are the number of hunters who have 
been so far during the day in the cell.  
2) Prey capture. When a hunt is successful an animal is caught and this animal must be removed 
from the landscape. Based on observed animal densities we can calculate the number of cells 
(nc) that are occupied by a single animal (Table S7 of SOM). If an animal is caught, the value of 
relative encounter rate in that cell and (nc-1) cells nearby are set to 0.  
3) Migration. Every 3 months there is an update of the relative encounter values by assuming 
that some animals in nearby cells move into “empty” cells after a conspecific has been harvested.  
4) Reproduction. Once a year we include a reproduction event. For simplicity we use a logistic 
growth function of the relative encounter rates.  The annual density independent growth rate 
(rmax) is defined for each species in column 7 of Table 2 based on data from Robinson & Redford 
(1986), Alvard (1993) and Fitzgerald (1994). 
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Table 1. Hunting related data for single hunters on 26 prey types.  
 Pursuit time 

(minutes) 
Success rate 
(probability) 

Weight 
(kg) 

Encounter 
suppression 

Density 
independent 
growth rate (rmax) 

Guan 5 0.0625 0.8 0.6 0.15 
Capuchin monkey 55 0.7 2.3 0.1 0.14 
9-B Armadillo nest 10 0.276 3.8 0.8 0.69 
9-B Armadillo burrow 25 0.33 3.8 0.9 0.69 
9-B Armadillo tracks 5 0.032 3.8 0.6 0.69 
Red Brocket deer 10 0.18 25.8 0.4 0.4 
Coatimundi 10 0.643 3.5 0.1 0.23 
Peccary (collared) 40 0.26 16.3 0.4 0.84 
Tegu lizard 30 0.61 2.3 0.9 0.1 
Paca 10 0.106 6.7 0.8 0.67 
Tapir 40 0.05 177 0.4 0.2 
Peccary (white lipped) 120 0.192 24.9 0.1 1.25 
King vulture   10 0.05 2.4 0.6 0.15 
Piping Guan   5 0.0625 1.78 0.6 0.15 
Howler monkey 55 0.7 4 0.1 0.17 
Naked-tail armadillo 10 0.276 4.87 0.8 0.39 
Agouti 30 0.7 1.8 0.6 1.1 
Tinamou   5 0.0625 1.1 0.6 0.15 
Tayra 30 0.25 3.2 0.6 0.28 
Rabbit 5 0.1 1 0.6 11.51 
Boa constrictor 5 0.8 8 0.9 0.1 
Crab eating fox 10 0.1 4.8 0.4 0.23 
Collared anteater 55 0.7 1.6 0.8 0.48 
7-B armadillo 10 0.276 1.28 0.8 0.69 
Black vulture 10 0.05 1.6 0.6 0.15 
RB toucan 5 0.03 0.4 0.6 0.15 
 
 Some prey are also characterized by vulnerability to cooperative pursuit.  Ache hunters 
often call for help and engage in multi-hunter pursuits of these species. Observed hunts between 
1980 and 1997 in which KH was present at the beginning and the end of pursuit, recorded all 
hunters who joined the pursuit, and the prey killed by any hunter were used to determine the 
relationship between pursuit group size, required time per hunter and mean success rate per 
hunter for these species (see SOM for details).  Table 2 presents the data for the pursuit times 
and success rate for different group sizes of cooperative hunting events for five important species 
in the model.  Other species are either not cooperatively hunted or we have no information to 
construct the relationship between pursuit group size and relevant parameters of the hunt. 
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Table 2: Success rate and pursuit times for different group sizes during cooperative hunting 
events on five cooperatively pursued species. 
# hunters 1 2 3 4 5 6 7 8 9 10 

  Pursuit time (Hours) per hunter per pursuit     
Capuchin  0.900 0.691 0.707 0.814 0.999 1.278 1.682 2.258 3.081   
Coatimundi 0.130 0.109 0.121 0.152 0.204 0.284 0.408 0.597 0.888   
Paca 0.200 0.274 0.330 0.376 0.417 0.453 0.486     
9-B 
armadillo 0.136 0.084 0.066         
WL Peccary 2.000 1.221 0.994 0.910 0.889 0.905 0.947 1.012 1.098 1.207 
             
  Success rate (mean kills) per hunter per pursuit 
Capuchin 0.700 0.400 0.304 0.260 0.238 0.226 0.221 0.221 0.224   
Coatimundi 0.643 0.398 0.329 0.305 0.303 0.312 0.332 0.359 0.396   
Paca 0.106 0.163 0.210 0.252 0.289 0.324 0.357     
9-B 
armadillo 0.276 0.216 0.196         
WL Peccary 0.192 0.130 0.109 0.099 0.093 0.089 0.086 0.083 0.082 0.080 

 
 Ache hunters generally share prey amongst all band members present in a camp (Kaplan 
et al 1985).  This presents a potential conflict between the goals of maximizing individual 
hunting return rates (for signaling hunting prowess), or maximizing the food that will be 
consumed by band members, including the hunter himself (see Smith 1985 for a discussion on 
the distinction between “members vs. joiners rules” for optimal pursuit group size). Data show 
that capuchin monkey and coati hunters could maximize their own individual hunting return rate 
by pursuing encountered prey items alone, but that the total meat consumption rate for band 
members will be increased by calling for companions to join a pursuit.  For the other three 
species considered (paca, armadillos, peccaries), pursuit group sizes above one hunter lead to 
higher return rates for all participants including the finder (Figure S4).  Thus, individuals who 
encounter these prey should be expected to call for others to join a pursuit regardless of whether 
their goal is to maximize their own individual hunting return rate, or the daily food consumption 
rate of members of their residential band (including themselves). 
 
The hunters 
 There are two types of agents in our models; hunters and camps. Hunters move 
throughout the day and sometimes they belong to a specific camp. The movement of hunters is 
modeled at a 5-minute resolution.  During each time step they may move/search or hunt/pursue 
prey. Camps move on a daily basis or they remain in the same spot for some days.  At the 
beginning of the day the camp location for the end of that day is determined.  
 Hunters initially move in the approximate direction of the camp for the end of the day.  
Each time step that a hunter is not in pursuit, the hunter moves to an adjacent cell and then 
checks the list of potential prey species in random order to determine whether an encounter takes 
place in that cell.  If a prey type is encountered, the hunter decides whether to pursue, and the 
hunter terminates its search through the list of remaining potential prey in that cell. The decision 
to pursue is based on the expected return rate of the encountered prey type and the experienced 
return rates in previous RD days.  If the hunter is successful in its pursuit it will remove one 
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animal from the landscape.  
 If a hunter is in pursuit during any time step, he remains in pursuit until the mean prey 
type pursuit time expires (a defined number of time steps required for each prey type). If the 
hunter is not in a pursuit, he checks whether there is still time to search for prey. If so, the hunter 
can either turn and move forward one cell, or continue moving forward in his previous direction.  
There is a probability pS that the hunter continues walking straight, and thus a (1-pS) probability 
that the hunter reorients. As the remaining time left in the day decreases, the hunter becomes 
more likely to reorient directly towards the next campsite.  Ongoing pursuits are allowed to 
continue to termination near the end of the day even if this requires more time than the average 
model foraging day.  In the case of an extra long foraging day due to pursuit, a new time budget 
is calculated for the next day that will result in an average hunting time per day of 355 minutes 
over the long run. 

 
Figure 2: Flow chart of the model for one hunter during one day. T is the time in minutes during the day. 
The model is run in steps of 5 minutes for variable T. 
 
 In order for hunters to join in cooperative pursuits, they must move though the landscape 
in a coordinated fashion. In the cooperative hunting versions of the model different hunters start 
off in similar directions at the beginning of the day and then try to stay within a specified 
distance, but not too close. As a consequence agents adjust generally their direction every 5 
minutes. Ethnographic observation shows that Ache hunters regularly listen for the locations of 
other hunters and make calls throughout the day to coordinate their movements. In our 
cooperative hunting models, if the distance with the nearest hunter is smaller than minimum-
allowed-distance Dmin, the hunter adjusts his direction to increase the distance using the 
procedure ‘separate’.  
 When our agent-based model allows cooperative hunting, the hunter who encounters an 
appropriate prey type (Table 2) checks whether other hunters available within a certain radius, 
Dmax. Hunters within the specified radius join the pursuit and the success rate and pursuit times 
on Table 2 are used in the simulation. 
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Model analysis  
 This section presents a set of simulations designed to examine how well the agent based 
models can predict observed Ache hunting behavior and how assumptions of alternative models 
affect the results. We start by defining a Null model. This is the simplest possible model, based 
on the basic input data and essentially solves for the overall foraging return rate in the same way 
as OFT prey choice models do (SOM). Given the relative amounts of each vegetation type and 
the encounter rates for each prey type in each vegetation habitat, we can estimate the expected 
mean encounter rate for each prey type.  If we assume that all encounters lead to solo pursuits, 
and employ the measured success rate for each species and the associated mean pursuit times we 
can estimate the expected daily harvest weight and percentage of time an agent will spend 
searching. No prey depletion, migration or reproduction takes place. This Null model (N) 
predicts a harvest of 3.36 kg per day, slightly higher than the 3.20 kg/day day-weighted average 
or the 2.66 kg/day hunter-weighted average daily harvest observed over 20 years of Ache 
foraging (Hill & Kintigh 2009)). The percentage of total time spent searching is 81% in the Null 
model compared to the observed 68% (Hill et al 1985). Finally, when we compare the percentage 
contribution of each species to the total harvest from the Null model and the observed foraging 
sample (SOM) we find a Pearson correlation coefficient r of 0.87. The Null model fits 
reasonably well and provides a benchmark for comparison with more complex models discussed 
below. 
 We explored modifications of the Null model that simulate hunters residing in camps 
together at night, searching in a coordinated fashion, engaging in cooperative pursuits, and 
varying camp size and movement frequency, while also incorporating prey population dynamics 
over time (Table 3). Outcomes of the various models are calculated from 100 replicate runs of 
each model over one year of foraging. The first simulation model consists of 15 hunters, who 
move around on the landscape in Brownian motion, (Individual Random Movement, IRM). The 
hunters stop after 355 minutes, and continue hunting the next day from their endpoint the 
previous day. If we assume that there is no depletion of prey types due to harvest, and use the 
empirically observed encounter rates and pursuit outcomes, we find that the IRM daily harvest 
rate is 7% lower than the Null model. This is because the Null model allows for more than one 
encounter in a single time step, leading to a higher estimate of expected daily meat harvest than 
is possible in the simulation.  If we modify the IRM model to allow for depletion of the prey 
types after a successful pursuit, the average daily harvest declines another 5%. 
 Other simulation models that we explored all assume that hunters reside in camps.  The 
default camp model consists of three camps each containing 5 hunters. Camps move each day to 
new location randomly chosen to be 2 kilometers away from the current location. We then 
compare three types of hunting patterns. In the first model (Camps with Uncoordinated Search, 
CUS) hunters move from camp to camp without reacting to each other’s movement trajectories. 
This means that the individuals randomly move around, but start and end in a camp with four 
other hunters each day and share the results of their hunting success. The result of group living is 
a drop in meat harvest per hunter per day from 2.95 kg to 2.41 kg. This is because hunters 
interfere with each other by harvesting available prey and frightening game (encounter rate 
suppression), especially in the beginning and end of the day when they are all near the camps. 
However, the proportion of days that a hunter (and presumably his family) is without meat, after 
equal sharing by all members of the camp, decreases from 53% to 8%. Hence, if reduction in 
daily risk of no meat is useful, hunters might prefer to live in camps, even though they acquire 
somewhat less food on average. 
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 The second camp-based model has agents moving during the day in a coordinated fashion 
but pursuing each prey type individually after an encounter (Camps with Coordinated Search, 
CCS). The average daily harvest drops slightly, from 2.41 kg/day to 2.26 kg/day due to 
encounter rate suppression of hunters trying to stay near each other and occasionally overlapping 
search areas throughout the day.  
 
Table 3. Results of different model assumptions evaluated on five metrics. The first row contains 
estimates from actual Ache foraging data, the second row from the null model. Agent-based 
Models are: IRM = Individual Random movement; CUS = Camps uncoordinated search; CCS = 
camps with coordinated search; CCSP = camps with coordinated search and cooperative 
pursuits. Values between brackets are standard deviations. 
 Average 

weight 
(kg/day/hunter) 

% time 
searching 

% days no 
catch 
(individual) 

% of days no 
catch 
(camps) 

Pearon’s r 
predicted vs. 
observed prey 
composition 

Data 2.66-3.20* 69 52% <5%** n.a. 
Null model 3.36 81   0.87 
IRM 
(no depletion) 

3.13 
(0.11) 

81.6 
(0.17) 

50.2 
(0.60) 

50.2 
(0.60) 

0.87 

IRM (depletion) 2.95 
(0.09) 

82.9 
(0.19) 

52.9 
(0.64) 

52.9 
(0.64) 

0.87 

CUS 2.41  
(0.09) 

86.3 
(0.19) 

59.8 
(0.66) 

8.1 
(0.86) 

0.92 
 

CCS 2.26 
(0.10) 

87.2 
(0.18) 

61.5  
(0.57) 

10.2 
(0.82) 

0.92 

CCSP 2.82  
(0.11) 

81.2 
(0.31) 

61.2 
(0.66) 

8.6 
(0.78) 

0.96 

No encounter rate suppression 
IRM (depletion) 3.00 

(0.10) 
82.7  
(0.20) 

52.4 
(0.66) 

52.4 
(0.66) 

0.87 

CUS 2.99 
(0.12) 

82.5 
(0.24) 

53.0 
(0.64) 

4.4 
(0.73) 

0.88 

CCS 2.99 
(0.11) 

82.7 
(0.24) 

53.2  
(0.69) 

4.8 
(0.67) 

0.88 

CCSP 3.68 
(0.11) 

73.9 
(0.40) 

53.6 
(0.74) 

4.2 
(0.62) 

0.88 

* The mean observed daily harvest based on equally weighting each hunter or each sample day (Hill & Kintigh 2009). 
** This number was estimated by KH based on casual observation during long periods of observing hunting camps. 
 
 The final model evaluates hunters who live in camps and practice both coordinated 
search and cooperative pursuits (Camps with Coordinated Search and Cooperative Pursuits, 
CCSP).  In this model, agents stay fairly close together throughout the day and then form pursuit 
groups of more than one hunter for some prey, obtaining the payoffs from group pursuits 
specified in Table 2.  This strategy increases return rates by 17% over the expected daily returns 
from that obtained by hunters living in camps but not coordinating search and pursuit.  The 
chance of a zero meat day increases slightly from 8% to 9% (because men hunt together and 
success of individual hunters is not independent).  The measured outcomes for the 5 
cooperatively pursued prey types in our model implies that group pursuits take place both when 
the original finder of the prey achieves higher individual returns by inviting companions to the 
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pursuit, and also when the finder’s individual return rate decreases slightly by “inviting” others 
to the pursuit group (see SOM).  Regardless of the impact on individual hunting return rates, the 
mean daily consumption rate for the group (including the hunter and his nuclear family) 
increases for all prey types examined when cooperative pursuit groups are formed.  This is 
because joiners in group pursuits always obtain higher return rates in that pursuit that would be 
expected if they just continued searching for other game.   Compared to solitary hunting, the 
mean daily harvest rate from the simulated cooperative hunting pattern is 4% lower (2.82kg vs. 
2.95kg), and the probability of a zero return day is 83% lower (9% in cooperative camps vs. 52% 
for solitary hunters).   Thus, by camping together and engaging in cooperative search and pursuit, 
foragers living in an Ache-like environment pay a small efficiency cost but achieve considerable 
risk reduction. 
 The different agent-based models can also be evaluated by examining predicted dietary 
composition.  When we compare the correlation of the observed Ache harvest with the simulated 
composition of prey species harvested (by % weight harvested) we see an increase from r= 0.87 
for the Null model to r=0.96 with the CCSP cooperative hunting model (Figure 3). This along 
with the lower mean and more realistic daily harvest rate with cooperative search and hunting 
suggests that the CCSP cooperative hunting model better describes observed Ache foraging that 
does the Null model (Table 3). By including cooperative hunting we see notably better 
agreement with the observed data for species that are hunted cooperatively, especially paca. The 
largest discrepancy is for white lipped peccary which our simulation predicts should comprise 
19% of the harvest while Ache hunting data shows the species comprising 11% of the game 
killed (SOM Table S9). 
 

 
Figure 3. Correlation between the observed and simulated proportion of each prey species in the diet, 
comparing the null model (red squares, r = 0.87) to the cooperative hunting (CCSP) model (blue dots, r 
= 0.96).  
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 The CCSP model also accurately predicts other features of Ache hunting.  For example 
the frequency distribution of daily harvest by individual hunters in the CCSP model and 
observed Ache data over a 20 year period matches quite well (Figure 4). Our model assumes an 
equal weight for each individual of a prey species killed hence model harvest distributions are 
not as smooth as the continuous size distribution of harvested animals observed in real life.  
However, basic patterns agree quite well.  Most frequently in both the agent-based model and in 
real life, the hunter will not catch any prey. Large daily harvests are also rare in both the model 
and ethnographically observed hunting -- only on 2% of all days does a hunter catch 16 kg. or 
more.  The CCSP agent-based hunting model also allows us to determine whether Ache hunting 
patterns are sustainable over long time periods.  Results show that none of the important prey 
species will be extirpated by the density of hunters on the landscape that matches the actual 
ethnographically reported Ache population density in the pre-contact period (Figure S7).  
Finally, the modeled return rates for the different vegetation habitats are in general agreement 
with Ache informant reports (best for riparian forest due to high fruit densities, and between ~0.5 
to ~0.6 kg. per hour for other forest types:  Figure S8).  Other than the riparian habitat, Ache 
hunters show little habitat preference and typically hunt in all vegetation types on the landscape, 
sometimes even choosing at random which direction to head off at the beginning of a hunting 
day (sometimes asking a small child to point out a direction for them to search). 

 
Figure 4. Comparison of the frequency of different daily harvet sizes for the simulated and observed 
hunters. Observed values from Hill & Kintigh 2009.  Frequency is plotted on a log2 scale (successive 
doubling in each category). 
 
 The agreement between the simulated outcomes and observed Ache patterns may not be 
surprising since nearly every parameter in the model is based on actual field measurement in the 
home range of the study population.  However, one critical parameter that is estimated, rather 
than measured, is the encounter rate suppression caused by hunters sometimes overlapping each 
other’s search areas. The bottom section of Table 3 provides a sensitivity assessment of this 
unmeasured variable on other model outcomes. If hunters never frighten animals when they pass 
through a cell we observe no initial decrease in mean return per day when hunters reside in 
camps. Importantly, however, we also see no improvement in the fit between the observed and 
simulated harvest composition by prey species as hunters forage cooperatively. This rather poor 
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agreement with empirical observation suggests to us that encounter rate suppression is a real 
phenomenon in Ache hunting, and that the CCSP model that incorporates hunter overlap and 
interference is a better simulation of Ache foraging than one that assumes no hunter interference 
during search. 
  
Decision to pursue prey 
 All variants of our agent-based model incorporate the prey choice criteria of Optimal 
Foraging Theory (Winterhalder & Smith 1981; Kaplan & Hill 1992) and assume that hunters 
decide whether to pursuit an encountered prey based on the expected returns from a pursuit 
versus the averaged overall hunting returns from some relevant recent time period (the default is 
20 days).  Essentially prey are ranked by “profitability” upon encounter (kg meat expected per 
hour of pursuit), and only prey types with profitabilities above recent mean hunting return rates 
are pursued.  Alternative simulations specifying that agents pursue any encountered prey type 
regardless of profitability do not lead to important changes in the main outcome parameters of 
each model (Table S9). This is because only one prey type on our list (RB toucan) has a 
profitability lower than the mean long term hunting return rate (0.477 kg/hour), and almost all 
species that are ignored in the agent based models are fairly rare species, so decisions to pursue 
these prey are infrequent in any case (Figure 5).   
 
 

  
Figure 5.  Proportion of all encounters in which the prey type was ignored by agents in the CCSP model 
where agents decide to pursue if return rate upon encounter for the prey is higher than the mean hunting 
return rate for the past 20 days. 
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 An important observation emerges from simulation models that at first appears to 
contradict classic Optimal Foraging Theory. The “zero-one” rule (Stephens & Krebs 1986), 
which specifies that prey are either never taken or always taken upon encounter, is violated in 
agent-based models even when the prey choice criteria conform to OFT assumptions.  Instead 
there is an increasing probability that the lowest ranked resources will be ignored when 
encountered (Figure S9).  This feature of the agent-based simulations emerges because model 
hunters compare prey profitabilities upon encounter to the mean foraging return rate from the 
past 20 days, and there is considerable stochastic variation in that 20-day hunting return rate 
(Figure S10).  On some days, prey types that would generally be in the optimal diet are ignored 
because the agent has recently experienced a run of good luck and is comparing to a recent 
foraging return rate that is well above his general long-term average.  Hunters ignore low ranked 
prey when they have recently had good hunting success.  We believe that this aspect of the agent 
based models is probably a more realistic application of foraging theory than is achieved through 
static optimization models. Hunters must be flexible to environmental changes through seasons, 
years, local conditions etc., and must compare prey profitibilities to some recently relevant 
measure of overall hunting return rates.   Empirical fieldwork will probably confirm that the 
zero-one rule is in fact often violated ethnographically.  Instead, ethnographers will probably 
observe that lower ranked resources simply show higher rates of rejection than higher ranked 
resources when hunters are monitored for longer time periods. 
 
Parameter sensitivity 
 We tested the sensitivity of the model outcomes to somewhat higher and lower values of 
parameters that are not directly measured and observable, such as the length of memory for 
pursuit decisions, maximum degrees of adjustment in the coordinated movement, recruitment 
distance for cooperative pursuit, etc. (SOM, Table S11).  We did not detect any important effects 
of reasonable changes in parameter values, except if agents are programmed to always go in a 
straight line when hunting time is sufficient (PS = 1; the average meat per hunter per day drops 
from 2.82 kg to 2.49) and when the maximum distance from which hunters are recruited to 
cooperative pursuits is large (Dmax = 1 cell, harvest drops to 2.55 kg; Dmax = 5 cells, harvest 
increases to 2.95 kg). These sensitivities are little concern since we know that hunters do not 
always walk in a straight line, and that recruitment distance, Dmax, greater than ~ 200 meters (2 
cells) is very rare.  
 
Optimal group size and mobility 
 Agent-based models appear to accurately replicate many aspects of Ache foraging in a 
landscape that was constructed based on ecological parameters measured in the actual Ache 
environment.   This indicates model validity and allows us to use simulation to ask how changes 
in certain parameters of Ache social structure might affect economic outcomes.   These types of 
“what if” questions are one of the main goals of building simulation models.   
 Ache foragers have been observed to move camp almost every day in the post-contact 
period, and living in the forest they reside in groups of about 21 adults, living in perhaps 7-9 
families (Hill et al 2011). These features are built into the initial simulation models that we have 
described above (with 5 hunters per camp moving to a new campsite every day).  But, how 
would different group sizes and movement patterns affect mean hunting return rate or the daily 
probability of a camp obtaining no meat? To answer this, we maintain hunter density on the 
landscape constant (equivalent to the pre-contact Ache density in the core use area of 0.025 
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hunters/km2) and explore the hunting success of different group sizes with the same total number 
of hunters on the landscape.  
 Hunter group size simulations compared the probability of no meat and mean return rate 
for 1 camp of 15 hunters, 2 camps of 8 hunters, 3 camps of 5 hunters, 4 camps of 4 hunters, 5 
camps of 3 hunters, 8 camps of 2 hunters and 15 camps of 1 hunter in the model landscape. We 
also vary the movement frequency of the camps from a stay of 1, 2, 4, 8 to 16 nights in a single 
location. Results show that larger groups would obtain a lower mean harvest per hunter per day, 
(due to encounter rate suppression and local removal of caught prey); however, differences are 
small for camp sizes up to eight hunters as long as movement frequency is high (Figure 6). This 
is because the advantages of cooperative pursuit partially compensate for the effects of hunter 
depletion and encounter rate suppression.  On the other hand, declines in hunting returns are 
noticeably steeper with larger groups and when camps remain in one place for longer periods of 
time.  Eventually interference and depletion make large sedentary groups strongly 
disadvantageous.  A group of 15 hunters camping in one place for 16 days obtains only 68% of 
the daily meat harvest as do 3 groups of 5 hunters moving camp every day. 

 
Figure 6: Average meat per hunter per day for different days a camp remains at the same location and 
camp sizes with 1, 2, 4, 5, 8 and 15 hunters. 
 
 However, the average daily meat harvest per hunter is not the only useful metric to 
evaluate group size. Because the Ache practice band-wide sharing of game, and more hunters 
have a greater chance of making at least one kill, larger groups experience fewer days without 
meat. If we depict the relationship between average daily hunting return on one axis and the 
frequency of days without meat in a camp on the other, we find a clear tradeoff across the range 
of simulated group sizes (Figure 7). Which group size is “best” depends on the preferences of 
agents for more food vs. less variability in food intake.   
 Human nutritional preferences should generally be derived from the fitness impact of 
more food and less variation in consumption (the two “utilities”).  The lines on figure 7 are 
essentially empirically derived “budget constraints”; they define a suite of achievable outcomes 
under different possible group sizes and movement frequencies.    If higher mean capture rate 
and lower risk of no food both monotonically increase the fitness of hunters and their families, 
we can, in theory, specify different combinations of the two that would lead to equal fitness (in 
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economics these are “utility indifference functions”). The region further toward the upper right 
hand corner of Figure 7 represents the set of most desirable outcomes -- consisting of both high 
mean daily harvest rate and a low probability of days with no food.  The tangent point of a 
constraint function with the highest possible utility indifference curve specifies the optimal 
solution for a hunter that can chose to live in different sized groups. We have employed this type 
of indifference curve modeling previously to calculate optimal macronutrient combinations for 
hunter-gatherers in various ecologies (see Hill et al. 1987).   
 Indifference curve modeling suggests that living in a band with 7-8 hunters is an 
extremely likely choice for Ache foragers.   For example, if we assume that food intake and risk 
reduction are substitutable utilities at some constant rate, the indifference functions for these two 
are straight lines with a slope equal to the rate of substitution (SOM, Figure S13).  When mean 
harvest is the only thing that matters the indifference functions would consist of a set of 
horizontal lines on Figure 7.  If risk of no meat is the only thing that determines utility to a 
hunter, the indifference functions would be a set of vertical lines.  In between these two extremes 
are sets of lines that reflect some value of both risk reduction and more meat per day (a set of 
lines with slope between zero and minus infinity).  Note that almost all lines that are not vertical 
or horizontal will intersect with the budget constraint curve at its inflection point (around 7 
hunters moving camp every day).  Indeed considering all possible slopes from vertical to 
horizontal, 94% of all possible substitution functions predict camp sizes of 7 hunters as the 
optimal choice (Figure S13).   Furthermore, if risk and harvest rate are partially complementary 
(i.e., more harvest increases the value of less risk, and vice versa), the indifference functions are 
concave curves and the tangent point of the highest indifference function with the budget 
function will virtually always take place at the inflection point. 
 In sum, a group size of 7 hunters seems to balance average daily harvest and risk of a 
shortfall. This predicted optimal group size agrees well with the empirically observed northern 
Ache pre-contact mean band size of 11 adult men (Hill et al 2011).  Since a few men in each 
band are too old, too young or incapacitated and cannot hunt on any given day, somewhere 
around 7-8 men per day actually hunt in pre-contact Ache bands.  This is a remarkably good fit 
between the prediction from computer simulation and an ethnographically observed parameter of 
hunter-gatherer social structure. 
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Figure 7: Tradeoffs between average meat per hunter per day and frequency of days without meat for 
different group sizes and movement patterns of the camps. 
 
Discussion 
 
 In this paper we have developed an agent-based model of Ache hunting and explored the 
benefits of cooperative hunting and various grouping and mobility patterns.  Several important 
conclusions emerge. First, the agents in our model mimic quite closely a variety of hunting 
outcomes observed for Ache foragers over the past 30 years, including the frequency distribution 
of total meat obtained per hunter per day, the percent of time searching, the percent of days with 
at least one kill, and the relative contributions of various prey types to the overall harvest. The 
closest correspondance of the model to empirical observation results from a model including 
living in intermediate-size groups, coordinated searching and cooperative pursuits for some 
species.  Importantly, the models accurately replicate Ache foraging, based on inputs that were 
all measured in the Ache environment.  The only oversight that might potentially change the 
basic economic predictions of the simulation would be the discovery of high profitability 
resources in the Ache environment that have not been included on our potential prey list.  We 
readily acknowledge that we have not been able to measure mean pursuit time and success rate 
for all 500+ vertebrate prey in the environment.  Perhaps there is a highly profitable prey type 
that we haven’t included in the model?   But, we also know from transect monitoring that prey 
types not in our model are very rarely encountered.  Even if some high profitability prey exist 
and were always pursued when encountered, the inclusion of such prey in the model harvest set 
would have no significant impact on the diet composition, or mean daily meat harvest rate. For 
example, the largest vertebrate in Eastern Paraguay that is not on our prey list, (because there 
were no observed encounters during transect monitoring) is the capybara.  If capybara were 
actually present at ½ the density of the least common mammal on our model prey list, they 
would be encountered only once per every 11,667 hunter search hours (about one encounter each 
10 months for a band of 8 hunters).  If we were to further assume the mean pursuit time and 
success rate of capybara equal to that of deer and peccaries, the one capybara encounter would 
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require only 57 extra minutes of pursuit in that time, and produce an additional 4.6 kg. of meat 
on average. This would represent less than one tenth of one percent of the meat obtained during 
the elapsed 10 month foraging period, and require less than one ten thousandth of the time that 
would be expended on foraging for other prey during that time.  Clearly, a rare species, no matter 
how profitable, will not significantly change the overall Ache economy.   
 The second conclusion from our simulation study is that grouping does not significantly 
improve mean hunting return rate but has a large impact on consumption variance.  Indeed the 
mean meat consumption in camps of 5 men that hunt cooperatively is about 96% of what those 
men would obtain living in camps alone.  However, zero meat days are extremely rare in larger 
groups.  Hence if grouping is due to economic considerations it must be for the purpose of risk 
reduction, not cooperative production.  Likewise, once group living is chosen, the improvement 
in production due to cooperative pursuit is modest.  Five men who cooperatively search and 
pursue game obtain a 17% increase in production over the same five men hunting independently 
each day but sleeping in the same camp each night.  Cooperative hunting is probably not the 
reason why hunters live in groups.  Not surprisingly many hunter-gatherers live in residential 
camps of many men, but practice solitary hunting (McMillan 2001). Based on these results we 
hypothesize that group living among the Ache may instead allow for other types of social 
support (predator protection, cooperative childcare, camp building, tool manufacture, care of sick 
and injured individuals, etc.) or be an adaptation to frequent inter-group coalitionary violence. 
 Third, simulations show that Ache harvest patterns are sustainable over hundreds of 
years, at a forager density of about 0.1 person/km2.  This is about half the median forager density 
from a worldwide sample of warm climate foragers (Marlowe 2005), hence the simulation 
suggests that mobile hunter-gatherers specializing on terrestrial vertebrates usually do not 
threaten their suite of prey species with extirpation. 
 Fourth, agent based simulations suggest some modifications to predictions derived from 
static foraging models.  First, the zero one rule of prey choice is unlikely to be observed in real 
environments because foragers must compare prey profitability to some mean foraging rate that 
fluctuates stochastically over the time periods in which human memory is efficient.  Second, real 
foragers moving in space and time sometimes encounter multiple prey simultaneously but can 
pursue only one (unlike our Null model).  This means that when the mean encounter rates for all 
prey are incorporated into algebraic calculations of the expected return rate, an inflated estimate 
of the foraging return rate will be obtained. 
 Fifth, the observed Ache band size of about 7-8 hunters (about 21 adults) is very close to 
that which provides a robust solution to the tradeoff between mean hunting returns and reducing 
the risk of consuming no meat on any day.  This conclusion, however, is dependent on encounter 
suppression due to search overlap.  If hunters who searched areas recently searched by another 
did not experience vastly lower encounter rates, the benefits of cooperative hunting would favor 
larger group sizes among the Ache (Figure S14).  High mobility patterns of the Ache also make 
sense, but, Ache informants report that they typically remained in one camp for 3-5 days in the 
precontact period. Perhaps the recent extremely high mobility is facilitated by leaving weaker 
individuals behind at the reservation settlement.  The extreme nomadism predicted by the model 
and observed in the post-contact period (moving every day) is probably not optimal if there are 
any significant costs of transporting goods and children from one camp to another.  Nevertheless, 
staying in one place for too long is clearly disadvantageous.  Moving only 25 times per year 
instead of >100 leads to an 18% reduction in meat intake in our simulations.  In short, when prey 
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densities are low, encounter suppression is important, and harvested prey do not replenish at high 
rates, high mobility is favored. 
 
Conclusion 
 The agent based modeling approach to hunter-gatherer ecology and economics is a 
potentially valuable tool.  It allows for the incorporation of all basic assumptions from Optimal 
Foraging Theory, which has previously shown to be a productive way of understanding foraging 
behavior in both ethnographic and archeological studies (Winterhalder and Smith 1981; Bird and 
O’Connell 2006; Kelly 2013).  Importantly it also allows for the exploration of outcomes under 
alternative social scenarios and when foragers might chose between different decision rules and 
movement patterns.  Our demonstration that empirically observed foraging behavior can be 
accurately modeled in a well-characterized environment suggests that this approach should be 
explored for predicting foraging behavior in past environments where the model outcomes can 
be tested with archeological assemblages. 
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