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Abstract: Scholars have long debated the extent to which pre-Columbian (pre-1492 CE) indigenous cultures
modified and ‘domesticated’ the landscapes of Greater Amazonia. Compelling evidence to support large-scale
pre-Columbian landscape modification can be found in the forest-savanna mosaic environments of northern
Bolivia, where the Casarabe Culture constructed hundreds of earthen settlement mounds, integrated by a vast
causeway-canal network. Operating between 400 and 1400 CE, recent research suggests this culture practiced
a form of low-density agrarian urbanism. However, as just two mounds have been excavated in any detail and
few palaeoecological data are available, little is known about the extent to which this culture modified the
surrounding forest and savanna ecosystems. Here, we present the results of experiments conducted with an
exploratory agent-based model of the Casarabe Culture, which we developed to generate hypotheses regarding
how they utilised this landscape under a range of different scenarios. Based on our model outputs, we hypothe-
sise that the Casarabe Culture only modified localised areas of the landscape, driven by their desire to maximise
cultivation on land with ‘desirable’ environmental characteristics. For this same reason, land that possessed
characteristics desirable to the Casarabe Culture is likely to have been intensively modified. More than suffi-
cient forest and savanna was locally available to most settlement mounds to facilitate cultivation without the
Casarabe Culture needing to encroach into undesirable areas, but their close spacing also suggests that a level
of inter-settlement cooperation may have been necessary. The outputs of our model will play an important
role in guiding future research on the Casarabe Culture, identifying viable sites of interest for archaeological
and palaeoecological fieldwork. They can also be compared with future empirical research as it becomes avail-
able, improving our understanding of past underlying human-environment interactions on these landscapes.

Keywords: Agent-Based Models (ABM), Human-Environment Systems, Amazon, Pre-Columbian, Sensitivity
Analysis, Land Use

Introduction

1.1 The extent to which Amazonian landscapes embody a legacy of pre-Columbian (pre- 1492 CE) human activity
has long been debated (Bush et al. 2015; Montoya et al. 2020; Stahl 2002; Viveiros de Castro 1996). Compelling
evidence that their activities led to large-scale landscape domestication can be found in the Llanos de Moxos
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(LM), a large (120,000 km2) seasonally flooded forest-savanna mosaic landscape in northern Bolivia. Although
primarily used for cattle ranching and mechanised rice agriculture today (Denevan 1963; Gobierno Autonomo
del Beni 2019; Lombardo 2023), the LM is well-known for its wide abundance and variety of earthen structures
built by pre-Columbian cultures during the late Holocene (Erickson 2006; Lombardo et al. 2011). Perhaps most
prominent are the earthworks of the LM’s southeastern sector, a region occupied by the now-extinct Casarabe
Culture between 400 and 1400 CE (Jaimes Betancourt 2012, 2015). On this landscape, the Casarabe Culture con-
structed over 189 earthen mounds (lomas), each covering up to 20 ha in surface area and potentially reaching
20 m in height, integrated within a dense matrix of causeways, canals, and lakes (Figure 1; Lombardo & Prümers
2010). Recent LiDAR scans highlight the scale and spatial complexity of these features, which have led to the
Casarabe Culture being proposed as the first-known case of low-density agrarian urbanism in pre-Columbian
Amazonia (Fletcher 2009; Prümers et al. 2022).

1.2 Little is known about the extent to which this culture utilised and modified the forests and savannas surround-
ing their earthworks. They are known to have utilised a variety of cultigens, including maize, manioc, squash,
yams, peanuts, beans, cotton, peppers, and various palm fruits (Bruno 2010, 2015; Dickau et al. 2012). Unlike
modern indigenous groups, which primarily subsist on manioc (Dufour 1994), local archaeobotanical records
(Dickau et al. 2012; Lombardo et al. 2025), as well as skeletal carbon isotope studies (Hermenegildo et al. 2024),
show that maize was the Casarabe Culture’s main dietary staple. However, questions remain regarding the
specific locations and extent to which the Casarabe Culture chose to modify the surrounding landscape. This
culture is known to have utilised their extensive canal and pond system as a drainage and irrigation network
to cultivate maize in the open savannas (Lombardo et al. 2012, 2025; Whitney et al. 2013), constituting a previ-
ously unknown form of agriculture employed by pre-Columbian Amazonians. Yet, they could have also culti-
vated crops in forested areas, similar to modern indigenous groups (Holmberg 1969; Huanca 1999; Piland 1991),
though likely using different methods (Denevan 1992a). Some scholars argue that this culture deforested the
wider landscape, mobilising it for agriculture and enriching it with economically useful species (Erickson 2006;
Erickson & Balée 2006). Others propose that their environmental impact was more localised, and that regional
forest cover was maintained (Whitney et al. 2013). This raises questions around the extent to which the forests of
the southeastern LM are largely natural or were domesticated by the activities of the Casarabe Culture (Erickson
2008; Langstroth 2011).
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Figure 1: (A) Map showing the earthworks constructed by the Casarabe Culture in the southeastern LM. Green
and yellow colours demarcate areas of tropical forest and open savanna, respectively. The locations of the
earthworks have been modified from the structures identified by Lombardo & Prümers (2010) to incorporate
six mounds and additional causeways/canals that were identified after the study’s publication. The red box
highlights the northeastern quadrant of the region modelled in our experiments below. (B) Inset map displaying
map A in relation to central South America. This is set against a categorised version of the terrestrial ecoregions
of Olson et al. (2001). Colours denote ecoregions dominated by tropical forest (green), savanna (light green),
yungas (dark green), tropical dry forest (gold), altiplano (yellow), and desert (orange). Figure modified from
Hirst et al. (2025a) under a CC BY license.

1.3 In this study, we describe the development of, and experiments conducted with, a bespoke agent-based model
that we constructed to explore how the Casarabe Culture might have utilised and modified the southeastern LM
for maize-based agriculture. A modelling approach is ideal for addressing this question given the limited data
available for this culture. Agent-based techniques are particularly suitable because they treat system character-
istics, such as anthropogenic landscape modification, as the emergent product of choices made by individual
decision-makers (Railsback & Grimm 2019), enabling human behaviour to be explicitly modelled. Our model
is designed to function as a ‘virtual laboratory’ (Magliocca & Ellis 2016), capable of exploring how the south-
eastern LM might have been utilised by the Casarabe Culture across a range of plausible ‘What if?’ scenarios
(Cegielski & Rogers 2016; Davis 2016). It explicitly focuses upon both the quantity and spatial distribution of
land cleared of vegetation and converted to maize monoculture (Lombardo et al. 2025). Although the Casarabe
Culture could have also grown maize in other ways (e.g., through polyculture agroforestry), we make this as-
sumption for computational simplicity.

1.4 We first describe our model, which integrates archaeological, ecological, ethnographic, and topographic data
to produce a recreation of the southeastern LM within a simplified, gridded landscape. On this landscape, a
representation of the Casarabe Culture is generated as an aggregation of agents, each representing a nuclear
household unit. These agents are the main subjects of our experiments, and function as the primary drivers of
landscape modification within the model. Following this, we discuss a number of sensitivity experiments that
were conducted to assess how much of the virtual landscape these agents modify for maize-based agriculture
under a variety of parameter assumptions. In doing so, we also identify which of the model’s parameters most
greatly influence the amount of modified land. Finally, we alter the criteria used by these households when
selecting new farming sites to explore how changing their preferences impacts upon the spatial distribution of
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modified land. The outputs generated by these experiments not only help to elucidate how the environmental
impact of the Casarabe Culture may have manifested on this landscape, but also provide potential underlying
motivations driving its transformation.

Model Overview

Purpose, environment, and initialisation

2.1 The purpose of our agent-based model, MoundSim LandUse, is to simulate the land claimed and modified
by the Casarabe Culture for maize-based agriculture under various plausible ‘What if?’ scenarios (Cegielski &
Rogers 2016). As little is known about this culture’s agricultural practices, we instead take an exploratory ap-
proach by encoding human behaviour as a set of simple, logical rules, which follow the principles of bounded
rationality (Gigerenzer & Selten 2001; Simon 1955). We parameterise this behaviour using ethnographic data
sourced from modern indigenous groups living both within the LM (Holmberg 1969; Ringhofer 2010) and be-
yond (Binford 2001). While there are clear limitations to such an approach (Roosevelt 1989), it enables us to
conduct a preliminary exploration of how the Casarabe Culture utilised the landscape in lieu of obtaining fur-
ther empirical data. MoundSim LandUse has been developed in NetLogo 6.3.0 (Wilensky 1999), and a full ODD
(Overview, Design + Details) description is available within the Supplementary Information (Grimm et al. 2006,
2010; Müller et al. 2013).

2.2 The model landscape consists of a 359× 416 grid of land patches that together reproduce a 1500 km2 quadrant
of the southeastern LM. Upon initialisation, the user can select between one of four different quadrants to model
within the 4500 km2 region where the Casarabe Culture’s earthworks have been mapped in detail (Lombardo &
Prümers 2010). Each land patch represents a single hectare, within the known range of modern indigenous field
sizes (0.3 - 2.5 ha; Beckerman 1987; Denevan 2001). These patches possess variables to denote their primary
land cover type, and elevation. They also possess a binary productivity score, determined by whether they
contain the fertile sediments deposited as a vast alluvial lobe in this region by a climate-driven avulsion of
the white-water (mineral-rich) Rio Grande during the late Holocene (Lombardo et al. 2012). These variables
are parameterised by raster datasets that are imported when the model is initialised. In our experiments, we
concentrate on the northeastern modelled quadrant, an area extensively covered by fertile alluvial sediment
and where the mounds are most densely packed.

2.3 Inhabiting this virtual landscape are household agents intended to represent nuclear family units of two adults
and three children. This size was selected to simplify the complex family dynamics associated with Amazo-
nian indigenous groups (Binford 2001). As the large size and lengthy occupation period of the earthworks in-
dicates the Casarabe Culture was sedentary (Jaimes Betancourt 2012, 2015; Prümers et al. 2022), we assume
these agents permanently reside atop mound settlements, which are encoded as a second agent-type to which
the households are linked. Upon initialisation, settlement agents spawn at locations where mounds have been
identified on the real landscape (Lombardo & Prümers 2010), each possessing a user-defined number of house-
holds. As the earthworks are interconnected (Prümers et al. 2022), we also assume that all settlement agents
are occupied contemporaneously. For simplicity, we assume that each settlement agent spawns with the same
number of attached households, and that these households remain attached to their allocated settlement
throughout the simulation. Each timestep within the model equates to one year, with simulations running for
1000 years to match the current known occupation duration (Jaimes Betancourt 2012, 2015).

Household decision-making

Claiming/transforming land

2.4 The scale and interconnectedness of the Casarabe Culture’s earthworks implies that they operated at a supra-
communal political level (Lombardo & Prümers 2010; Prümers et al. 2022). However, in MoundSim LandUse,
human decision-making is abstracted to the household level, as there is little information regarding how such
a political structure would have affected their agricultural practices. Household agent behaviour centres on
obtaining five resources commonly sought by Amazonian indigenous groups: maize; foraged tree crops; fuel-
wood; palm leaves; and animal protein. Our agents are satisficers (Simon 1955), making decisions to claim,
cultivate, and extract resources from the landscape to meet their requirements. The number of households
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cannot increase during a simulation but can, depending on user preference, decrease if they fail to obtain suf-
ficient quantities of resources. In a recent article (Hirst et al. 2025b), we estimate that the Casarabe Culture
reached a population of between 10,000 and 100,000 people and our experiments here assume a population
size within this range. While the Casarabe Culture’s population size almost certainly fluctuated over time, mak-
ing this assumption allows us to incorporate regional population size into our experiments as an input.

2.5 The primary way for household agents to obtain resources is by claiming and cultivating patches of land. For
simplicity, only one crop exploited by the Casarabe Culture is incorporated into MoundSim LandUse; maize was
chosen due to it being the staple crop utilised by the Casarabe Culture (Lombardo et al. 2025; Hermenegildo
et al. 2024). Any claimed land patch is assumed to be converted to maize monoculture (Lombardo et al. 2025)
for simplicity, producing maize for a set number of timesteps, before being allowed to lay fallow. Our model
follows the cultivation system of the Tsimane indigenous group (Huanca 1999; Piland 1991). The Tsimane’s
land-use practices may differ from those of the Casarabe Culture (Roosevelt 1989). However, as the specifics of
the Casarabe Culture’s land requisition system remain unknown, the Tsimane’s provides the most appropriate
system to project backwards, given that they live in the western LM. In this system, all fallow patches remain
the property of the cultivating household until they can no longer be distinguished from the natural vegetation,
encoded in MoundSim LandUse as two regeneration variables (discussed below). Moreover, we assume that
when a forest patch is cultivated, agents practice swidden fallow management, planting and protecting useful
forest species (Denevan 2001). This produces forest resources to which the owner household enjoys exclusive
access rights.

2.6 Households claim new land patches depending upon whether they expect to produce sufficient resources from
their existing territory. This assessment is conducted with imperfect information; households can accurately
assess the spatial average of land productivity, but cannot account for interannual variability. For example, their
expected maize supply (Mes) is calculated as the number of cropland patches within their household territory
(nc), multiplied by the overall average maize yield per hectare of cropland (Mc). This value is further multiplied
by 0.85 due to the expected yield loss from pests (Ringhofer 2010):

Mes = 0.85× nc ×Mc (1)

2.7 The resulting estimate is compared with demand to assess whether the household expects to experience a
resource shortfall. Each household will always attempt to produce enough maize from their territory, but the
user can also set household agents to consider their production of tree crops, fuelwood, and palm leaves. Each
household can convert only 1 ha of forest or up to 2 ha of savanna per timestep. Although modern small-scale
farmers can clear up to 3 ha of forest annually (Fearnside 1980, 2006), the Casarabe Culture’s reliance on stone
tools would have made this task more arduous (Denevan 1992a).

2.8 If a resource shortfall is expected, households first determine whether to remobilise land they already own, or
instead to claim a new patch for agriculture. This decision is managed stochastically, with the chance of recul-
tivation dependent on a user-defined probability. If they choose to claim new land, households will optimise
their selection based on the limited information available. They can claim any unowned patch of land within a
user-defined radius of their home settlement, excluding all areas of open water and land designated as fallow.
In our experiments, this radius is set to 3 km to match modern ethnographic observations (Apaza et al. 2002;
Ringhofer 2010). Additionally, only a random subset of these patches is provided to them for consideration (Fig-
ure 1). The size of this subset is also user-defined, enabling the modeller to explore how the land modified by
households responds to changes in the quantity of information provided. New cultivation sites can be selected
in multiple ways:

1. A null model that forces households to select one candidate patch randomly.

2. Patches nearer to causeways and canals identified on the real landscape are preferentially selected. This
is calculated using imported datasets for each earthwork type (Lombardo & Prümers 2010).

3. Households select patches based on environmental characteristics they find ‘desirable’.

2.9 In the latter approach, households calculate utility scores (Usc) for each candidate patch:

Usc = Psc + Esc + Flsc −Dsc −Dfsc +Asc (2)

2.10 Each component of this utility score (productivity (Psc); elevation (Esc); flooding (Flsc); distance (Dsc); clear-
ance difficulty (Dfsc); and aggregation (Asc)) is calculated independently. They can also be weighted by the
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user to influence how much they contribute to overall utility (Pw, Ew, Flw, Dw, Dfw, and Aw). If weighted
equally, each component contributes the same score to the overall value.

Figure 2: Graphic illustrating the patch selection system in MoundSim LandUse. Households are able to culti-
vate any unclaimed, non-fallowed terrestrial patch within a user-defined radius of their settlement (red circle).
(A) Household agents consider a subset of the patches they are able to cultivate (red squares), selecting the
patch they consider to be optimal (black circle). This does not necessarily coincide with the true optimal loca-
tion(s) (gold squares). (B) The user can specify how many patches are considered when a new site is selected.
Increasing the number considered also increases the chance an optimal patch is chosen (yellow square). (C)
The user can specify the radius within which agents can select patches to cultivate. (D) Furthermore, the user
can specify whether only certain patch types can be cultivated.

2.11 A patch is considered more productive if it contains the fertile alluvial sediments deposited in the southeastern
LM during the mid-late Holocene (Lombardo et al. 2012). The productivity component (Psc) is therefore binary,
with patches containing this sediment possessing a score (P ) of 1 and those in other areas possessing a value
of 0:

Psc = Pw × (100× P ) (3)

2.12 The second component, elevation (Esc), ascribes higher utility to patches less likely to experience seasonal
flooding. This is based upon an imported elevation dataset that has been modified to remove the shallow (0.1
mm m−1) South-North gradient recorded across the LM (Lombardo et al. 2012). No additional utility is gained
from patches possessing an elevation higher than the lowest mound on the landscape (+2.04 m) because settle-
ments do not regularly flood, making flood risk sufficiently low above this height. Additionally, no further utility
is gained below -2 m, as we assume the lowest 5% of patches on the landscape are considered swamp and thus
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undesirable for agriculture. Patches therefore receive maximum utility at +2.04 m, which reduces linearly across
a 4.04 m range:

Esc = Ew ×max(0,min(100, (100× (E + 2)/4.04))) (4)

2.13 The flooding component (Flsc) represents the antithesis of the elevation component, ascribing utility to patches
in areas more likely to flood. Notwithstanding Lombardo et al. (2025), little is known about the season(s) in
which the Casarabe Culture farmed and, if they cultivated during the dry season, they may have prioritised
cultivating close to low-lying water sources. Utility is maximised at -2 m elevation and decreases as height in-
creases, providing no utility beyond +2.04 m:

Flsc = Flw × 100−max(0,min(100, (100× (E + 2)/4.04))) (5)

2.14 The distance (Dsc) component reduces utility further from the home settlement of the household agent. This
applies relative to the user-defined radius (Ra) within which households can cultivate, decreasing utility in a
non-linear manner with increased distance:

Dsc = Dw × 100× (
D2

R2
a

) (6)

2.15 The difficulty component (Dfsc) provides utility to patches that are easier to clear of vegetation. Each patch
possesses a vegetation score that reflects the amount of vegetation on the patch, with the maximum value
associated with the vegetation score of fully mature/regenerated forest (Vfmax):

Dfsc = Dfw × 100× (
V

Vfmax
) (7)

2.16 Finally, the aggregation component (Asc) increases utility if the patch borders land that is already being actively
used (Border), either as managed cropland or having been recently fallowed. The deciding household does not
need to be the owner of the neighbouring land, neither does it need to reside within the same settlement as
the household that owns it:

Asc = Aw × (Border → 100, ¬Border → 0) (8)

2.17 After calculating and combining these components, households select the patch with the highest utility. If mul-
tiple optimal patches are found, one is selected at random.

Alternative methods of resource extraction

2.18 Should a household fail to produce sufficient quantities of each resource, they can mitigate the shortfall in two
ways. Firstly, resources can be communally shared among households from the same settlement. This is coded
as a form of generalised reciprocity, where households with surplus resources assist under the expectation
similar help would be given if they experienced a shortfall (Sahlins 1972; Romanowska et al. 2021). Only maize,
fuelwood, and animal protein can be shared in this way. The spoils of successful hunts are commonly shared by
indigenous groups (Good 1987), and maize is typically stored and consumed on an annual basis (Piland 1991).
Palm leaves and tree crops are excluded because they can be rapidly sourced and consumed on demand for
a variety of purposes (Holmberg 1969; Smith 2015). We further assume none of these resources can be stored
interannually due to their rapid degradation in Amazonian environments (Denevan 1996).

2.19 Households can also extract resources from unclaimed forested patches in the area controlled by their settle-
ment, defined as the land within daily walking distance (7 km; Beckerman 1987; Binford 2001) that is closer to
it than to any other settlement on the landscape. This produces a division similar to the Thiessen’s polygons
(Hodder & Orton 1976) analysis of the Casarabe Culture conducted by Lombardo & Prümers (2010). While we
recognise that the canals and causeways of the southeastern LM can reach up to 17 km, travelling these dis-
tances typically involves crossing land more readily accessible to multiple other mounds. All resources except
for maize are obtainable via the extraction process, as this crop is domesticated and cannot survive without
human intervention.
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Resource shortages and agent death

2.20 Similar to the Artificial Anasazi model (Axtell et al. 2002; Dean et al. 2000), the ‘death’ of household agents in
MoundSim LandUse refers to the point at which a family unit ceases to exist. Over time, agents naturally dis-
solve and are immediately replaced by new ones as we assume children to grow up and start their own families.
However, households can also dissolve if they fail to obtain sufficient quantities of each resource through the
methods described above. The user can select whether any households experiencing a resource shortfall are ei-
ther marked as stressed or dissolve. The former is a variable which tracks whether households are experiencing
a shortage, but otherwise does nothing. With the latter, households abandon their territory and dissolve with-
out being replaced. If a settlement loses all its member households due to this process, it becomes abandoned
and loses control of its territory, which can then be claimed by other active settlements.

Vegetation succession

2.21 Within MoundSim LandUse, vegetation succession is managed differently depending upon whether a patch has
the potential to become forested (Figure 3). This is based upon the land cover dataset imported into the model,
which defines whether patches are initially categorised as ‘natural’ areas of ‘Water’, ‘Savanna’, or ‘Old Growth
Forest’. For the purposes of this study, we define ‘natural’ and ‘old growth’ as land that has not been modified
by the Casarabe Culture. There is clear evidence (Lombardo et al. 2013) that humans have been utilising nat-
ural resources in the southeastern LM to varying degrees for millennia prior to the Casarabe Culture’s arrival.
However, our sole goal is to model the extent of the Casarabe Culture’s land use. As formerly forested land is
abandoned, it is assumed to undergo standard secondary succession (Finegan 1984; Peña-Claros 2003), during
which woody taxa rapidly establish, before maturing over longer periods of time (Rozendaal et al. 2019). This is
simplified within the model as a vegetation score that increases over time on a logistic scale, until it becomes
indistinguishable as ‘New Growth Forest’. Savanna forgoes woody succession, rapidly regenerating into ‘New
Growth Savanna’.

Figure 3: Graphic flowchart displaying ecological succession within MoundSim LandUse over time.

Simulation experiments

2.22 We conducted two interrelated experiments on MoundSim LandUse to explore the number and spatial distribu-
tion of land patches converted by households across a range of different parameter assumptions: (i) sensitivity
analysis, and (ii) agent preference. Both of these experiments were conducted on the northeastern quadrant of
our study area (Figure 1). The parameter values selected for these experiments are displayed in Table 1. A full
list of constants used in both experiments can be found within the Supplementary Information.
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Table 1: Parameters utilised within the MoundSim LandUse sensitivity experiments.

Parameter Medium High Low Metric Deviation Reference
Population 150 200 100 people per settlement ±33.33% Binford (2001)
Agricultural Radius 3 4 2 km ±33.33% Piland (1991); Apaza et al. (2002)
Probability of Reactivation 67 44.7 89.3 % ±33.33% Ringhofer (2010)
% Patches considered 3.6 4.8 2.4 % ±33.33%
Overproduction 15 20 10 % ±33.33%
Maize Productivity 1500 2000 1000 kg ha−1 ±33.33% Various (See Appendices)
Crop Cycle length 3 4 2 years ±33.33% Staver (1989); Beckerman (1987)
Minimum Fallow period 6 8 4 years ±33.33% Huanca (1999)
Savanna Regeneration Time 10 13 7 years ±30%
Forest Regeneration Time 40 28 52 years ±30% Huanca (1999)
Farm Size 1 ha Denevan (2001); Beckerman (1987)
Simulation Length 1000 years Jaimes Betancourt (2012, 2015)

Sensitivity analysis

2.23 A sensitivity analysis was conducted to observe how different parameter assumptions affected the amount of
land modified by household agents. This experiment consisted of 45 tests, within each of which two parameters
were varied between ‘low’, ‘medium’, and ‘high’ values. Each test therefore contained nine permutations, with
all non-varying parameters set to their respective medium values. 25 simulation runs were performed for each
permutation, resulting in a total of 11,250 runs being completed. During the experiment, households could
modify both the forest and open savanna, possessing no environmental preferences other than to select land
patches closer to their home settlement (Dsc).

2.24 During each timestep (t), a sensitivity estimate (St) was calculated for each varying parameter. First, the total
number of patches modified by households (npm,t) was calculated as the sum of cropland (nc,t), agroforestry
(naf,t), fallowed land (nfa,t), regenerated forest (nfr,t), and regenerated savanna (nsr,t) patches:

npm,t = nc,t + naf,t + nfa,t + nfr,t + nsr,t (9)

2.25 A mean value (µnpm,t) was then calculated for each permutation. Sensitivity estimates were derived by relat-
ing the amount of modified land when parameters were high (x+) and low (x−) compared to the extent when
medium (x) values were selected:

St =
((µnpm,t,x+ − µnpm,t,x−)/µnpm,t)

((x+ − x−)/x)
(10)

2.26 In both sensitivity estimates, values farther from zero indicate higher sensitivity to changes in the selected input
parameter(s).

Agent preferences

2.27 We conducted a second experiment to explore the spatial distribution of anthropogenically modified land when
different environmental characteristics were prioritised by household agents. During the test, household pref-
erences were set to one of three ‘preference pathways’ (Table 2). In the first, ‘Elev’, agents were assumed to
prefer cultivating land at higher elevation to avoid the detrimental effects of flooding. In the second, ‘ElevDif’,
households were still assumed to prefer higher elevation, but this was outweighed by the difficulty associated
with clearing more heavily vegetated land. Finally, in the ‘Flood’ pathway, agents were assumed to prefer cul-
tivating at low elevation to take advantage of low-lying water stores.

2.28 Irrespective of preference pathway, households preferred cultivating closer to their home settlement and, if
possible, cultivating next to land already being managed. Each pathway was tested at three different popula-
tion levels, set to 50, 150, and 500 people settlement−1. This equates to total populations of 2250, 6750, and
22,500 within the studied quadrant, enabling us to examine the impact of population across multiple orders
of magnitude. In total, the experiment consisted of nine tests, each of which was run 25 times (225 runs total).
Aside from population as described above, medium parameter values were used for all runs.
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Table 2: Preference systems used by households during the spatial distribution experiments conducted upon
MoundSim LandUse.

Parameter Symbol Description Elev ElevDif Flood
Elevation Bonus Ew Utility gained from patches at higher

elevation
1 0.5 0

Flooding Bonus Flw Utility gained from patches at lower el-
evation

0 0 1

Distance Cost Dw Utility gained from patches closer to
settlement

1 1 1

Difficulty Cost Dfw Utility lost from patches more difficult
to clear of vegetation

0 2 0

Aggregation Bonus Aw Utility gained from patches adjacent
to other managed land

1 1 1

Results

Extent of transformed land

3.1 During sensitivity experiments, household agents were observed to modify only localised portions of the land-
scape for maize-based agriculture (Figure 4A). The number of modified patches during each simulation run
varied between 18,767 and 30,458 (equivalent to 187.7− 304.6km2), reaching between 20,000 and 25,000 dur-
ing most simulations. This collectively represents between 12.9 and 20.9% of the total terrestrial (non-water)
land surface in the modelled quadrant. However, only a subset of this modified area (21.00 - 58.51%) is actively
managed as cropland or recently fallowed land at any one time. The remainder was abandoned by households
for sufficient time to regenerate into either New Growth Forest or Savanna.

3.2 The land modified by household agents is unevenly distributed in space (Figure 4C), concentrated in areas
where settlements are more densely packed. For example, at Loma Alta de Casarabe (red box) a mound set-
tlement surrounded by five other sites, up to 90% of the land within a 3-km radius is modified under baseline
parameter assumptions. By contrast, the proportion is much lower where settlements are more isolated, some-
times barely exceeding 26%. Despite this spatial variation, however, no settlement exploited every patch within
the baseline 3-km modifiable radius, indicating our imposed limit does not unduly constrain household agent
behaviour. It should be noted that while settlements situated adjacent to the quadrant boundaries typically
record lower proportions of anthropogenically modified land, these patches may also fall into the territory of
settlements located outside of the modelled quadrant. For this reason, any estimates in these areas should be
treated as conservative.

3.3 The pattern of land utilisation by household agents is characterised by a rapid rate of old growth conversion
during the first 250 timesteps, followed by negligible increases thereafter. During the initial stage, modification
rates are commonly shown to reach 4 km2 year−1 (400 patches, Figure 4B). Yet they rarely exceed a few dozen
patches after 250 timesteps, deteriorating further to 0.024 km2 year−1 by the end of each simulation. This
pattern is driven by households increasingly choosing to cultivate land that has already been modified. This
behaviour is best observed in Figure 5, which displays the results of a separate experiment to compare the
number of patches modified when (A) households preferentially select patches closer to their home settlement,
versus (B) where households employ the null selection approach to select sites randomly. Under the latter
strategy, households are shown to be capable of modifying the vast majority of land within the modifiable radius
unless the regional population is extremely small (1125 people, 25 people settlement−1). Conversely, fewer
patches are modified when households choose to prioritise ‘optimal’ environmental characteristics, in this case
proximity to their home settlement. The most valuable of these patches are often immediately reclaimed as
soon as they become available. After 250 years, the total number of modified patches is sufficient to enable
households to indefinitely alternate between them without needing to further extend into areas of old growth.

3.4 This prioritisation of desirable land has implications for the proportion of modified land under active man-
agement, which is positively correlated to the total number of modified patches (Figure S1). This is caused by
agents systematically recultivating desirable patches as soon as they become available. Under higher levels of
resource demand, agents are shown to prefer intensifying cultivation on desirable land over further extending
into unused parts of their territory.
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Figure 4: (A) Graph displaying the quantity of land transformed by household agents for maize-based agricul-
ture. Each line reflects the mean value of 25 simulation runs associated with each parameter permutation. (B)
Graph displaying the marginal increase in the amount of land transformed by Household agents. Each point on
the graph represents the mean value of 25 simulation runs associated with each parameter permutation. The Y
axis has been capped at 0.5% growth per year to highlight the negligible values observed during later timesteps.
In both graphs, the amount of land transformed is expressed as both a percentage of the total number of terres-
trial (non-water) patches available in the northeastern quadrant of our study area, and the absolute amount of
land transformed in km2. Colour reflects the percentage of these patches that are either actively managed as
cropland or have been fallowed and not yet regenerated. Black lines reflect the amount of land transformed un-
der baseline (medium) parameter values. (C) Map displaying the mean percentage of land transformed within
a three-kilometre radius (the modifiable radius) over 25 simulations using baseline parameter values. Red box
denotes the location of Loma Alta de Casarabe. Error bars have been omitted due to the small variance ob-
served in patches cultivated under individual parameter combinations (< 1%).
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Figure 5: Comparison between the number of patches transformed for maize-based agriculture when (A) agents
preferentially cultivate patches closer to their home settlement, to (B) when agents select patches randomly.
This was a demonstrative experiment in which each population level was run 25 times. Each line represents
the average of 25 runs. In total 300 runs were performed. The amount of transformed land is expressed as a
percentage of the land modifiable by household agents (within a three-kilometre radius). Error bars have been
omitted due to the small variance observed in patches cultivated under individual parameter combinations
(< 1%).

Sensitivity analysis

3.5 Our sensitivity experiments show that the number of patches modified by household agents responds insensi-
tively to changes in baseline parameter assumptions. A 66.67% change in any one baseline parameter typically
generated a shift of between 1.5 and 3% in the number of modified patches (21.8−43.6km2; Figure 6). However,
this responsiveness substantially varies depending on the parameter being altered. The two parameters which
provoke the greatest response are regional population size and maize productivity, each generating 4-5% shifts
in the total percentage of modified land. This is unsurprising given that both directly affect the balance between
resource demand and supply; the former modifies total agent demand, while the latter influences the land-
scape’s ability to meet these requirements. Nonetheless, both still produce less-than-proportionate responses
to the initial parameter change, driven by the preference to intensify cultivation in response to increased re-
source demand. Other parameters within the model are even less influential. For some, this is expected; the
size of agricultural radius should hold little influence on the amount of modified land as households never come
close to fully exploiting the land made available to them. In others, such as the rate at which vegetation regen-
erates, the reason is less clear. Multiple potential factors may explain this insensitive response, including the
availability of land relative to demand reducing household reliance on regenerating patches, and the imperfect
information used when new cultivation sites are selected.

3.6 The amount of land modified by households becomes less responsive to changes in most parameters over the
course of each simulation run. This is driven by the general reduction in old growth being claimed over time.
After 250 timesteps, sufficient desirable land has been cultivated to allow agents to indefinitely survive with-
out needing to claim additional areas of old growth. The only parameter which deviates from this trend is the
quantity of information provided to household agents when selecting new cultivation sites. Households will
occasionally cultivate old growth due to the imperfect information provided to them; unable to assess every
available patch, households sometimes cultivate in suboptimal locations despite more desirable land being ac-
cessible. Even after the equilibrium at 250 timesteps becomes established, the number of modified patches can
still increase due to these suboptimal selections. Thus, unlike other parameters, the model sensitivity to agent
knowledge increases over time. By the end of each simulation, sufficient suboptimal decisions have accumu-
lated to make this one of the most influential parameters, rivalling population size and maize productivity.

3.7 This experiment also emphasises the importance of our choice to model the process of claiming and converting
land at hectare-scale spatial resolution. The decision made by households when claiming new land is whether
their expected shortfall warrants cultivating an additional hectare of farmland (Figure S1). Thus, changing base-
line parameter values will only generate a response if households choose to cultivate either more or fewer land
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patches. For example, while reducing maize productivity increases the quantity of modified land, increasing
it does not produce an equivalent response (Figure 7). Maize productivity is an influential parameter, but our
medium estimates already enable households to survive by cultivating maize on just one hectare of land. Even
if productivity were to increase further, households are still obliged to cultivate one hectare because the model
operates at this resolution.

Figure 6: Results of sensitivity analysis conducted on MoundSim LandUse. Left graph indicates individual pa-
rameter sensitivities over the course of simulation runs. Right-hand table contains the joint sensitivity of param-
eter combinations taken at Timestep 125. Colour reflects the overall sensitivity for the parameter, with darker
green colours indicating increased sensitivity.

Figure 7: Boxplot displaying the variation in the extent of transformed land under each parameter combination.
The extent of land is expressed as a proportion of the total number of available terrestrial patches.

Spatial distribution of transformed land

3.8 The outputs of our spatial distribution experiments enable us to generate spatially explicit maps of the land
modified by households when they are assigned specific environmental preferences (Figure 8). These maps
corroborate the results of our sensitivity experiments, showing that a substantial proportion of the landscape
remains untouched even when the experiment assumes a large regional population (500 people settlement−1).
The land modified by households from the same settlement is typically concentrated into localities that possess
optimal environmental characteristics. Throughout each simulation, all patches within these optimal localities
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are cultivated at least once. Since the mound settlements are located in such close proximity to one another,
these localities often overlap. However, in most cases there remains sufficient forest and savanna available for
the members of each settlement to cultivate in one of these ecosystems without needing to encroach upon the
other. As shown under the ‘Elev’ pathway (Figure 8A-C), most households are able to cultivate in forested areas
without needing to expand into the savannas even when populations are dense. Similarly, the forest is rarely
encroached upon in both the ‘ElevDif’ (Figure 8D-F) and ‘Flood’ pathways (Figure 8G-I). There are, however,
exceptions to this rule, where settlements are particularly closely spaced or where limited optimal land is avail-
able. For example, deforestation still occurs under both the ‘ElevDif’ and ‘Flood’ pathways if agent populations
are high or there is limited open ground within the 3-km modifiable radius imposed upon households.

3.9 The extent to which the patches within a locality are exploited depends upon the demand for land. Under
baseline parameter assumptions, any claimed land is expected to be modified between 4 and 16 times during a
simulation run (Median: 16.16, 4.48, and 5.33 times for the ‘Elev’, ‘ElevDif’, and ‘Flood’ pathways respectively),
equating to each patch being cultivated once every 62 to 250 years. This decreases to just a few conversions
when low regional populations are assumed (50 people settlement−1; Median: 3.68, 1.00, and 1.28 times),
driven by the greater availability of desirable land relative to collective household demands. Under this sce-
nario, the local landscape is used extensively, but less intensively, where much of the modified land receives
sufficient time to fully regenerate (Figure 9). In contrast, high resource demands and the preference for inten-
sification mean that desirable patches are often cultivated over 25 times per simulation when dense regional
populations are assumed (500 people settlement−1; Median: 34.80, 27.88, and 28.96 times). This exploitation
is particularly acute under the ‘Elev’ pathway given the longer regeneration period for forested land, which
reduces the availability of optimal land at any one time. As a result, households are forced to spread their culti-
vation more evenly as opposed to strategies which favour the open savanna, where rapid regeneration leads to
a more uneven distribution. This is exemplified in Figure 9 as, while all preference pathways show higher pro-
portions of actively managed land under a dense regional population, the increase is particularly severe for the
‘Elev’ pathway. However, even under dense populations, the median number of times each patch is cultivated
still falls far below the number expected when the land is fully exploited. The most desirable patches on the
model landscape at 500 people settlement−1 were cultivated almost twice as frequently as the median (Max:
76.24, 76.68, and 76.56 times).
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Figure 8: Maps displaying the spatial distribution of converted land under multiple population and household
preference scenarios. Other parameter values are retained at baseline (medium) levels. These maps are the
products of land displayed at timestep 1000. Colours reflect the mean number of times patches were cultivated
during a simulation. Orange and blue lines on the model reflect the known locations of identified causeways
and canals respectively (Lombardo & Prümers 2010).
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Figure 9: Proportion of terrestrial (non-water) land transformed by Household agents under multiple popula-
tion and household preference scenarios. This is separated into the amount of land actively managed as crop-
land, the amount of land retained by household agents as fallowed land, and regenerated Forest and Savanna.
Error bars have been omitted due to the small variance observed in patches cultivated under individual param-
eter combinations (< 10%).

Discussion

4.1 Each of the parameter combinations simulated in the above experiments represents a ‘What if?’ scenario of
how the Casarabe Culture could have modified the southeastern LM for maize-based agriculture (Cegielski &
Rogers 2016; Premo 2007). Using these results as a guide, we now develop multiple hypotheses regarding how
this culture utilised the real landscape.

Local versus regional landscape domestication

4.2 The purpose of our sensitivity experiments was to capture how the cumulative number of patches modified
by households varies across a range of behavioural assumptions. However, despite these differing assump-
tions, households only modified between 12.9 and 20.9% of the terrestrial land surface (187.7 − 304.6km2)
after 1000 timesteps. Moreover, only approximately one third of this land (mean: 34.6%) was actively managed
as cropland or fallow at any time (65 − 105.4km2). These results directly challenge prior studies which claim
the Casarabe Culture was responsible for large-scale deforestation in the southeastern LM (Erickson 2006; Er-
ickson & Balée 2006), and instead support palaeoecological evidence in suggesting their environmental impact
upon forest ecosystems was far more localised (Whitney et al. 2013). We cannot explain these results with the
3-km limit imposed on the behaviour of our household agents because (i) no settlement mobilised every patch
within this radius and (ii) even mobilised patches could have been exploited more intensively. The hectare-sized
farms cultivated by our agents fall within the 0.3 - 2.5 ha size range of modern indigenous fields (Beckerman
1987; Denevan 2001), making them reasonable approximations for the land mobilised by small-scale farmers.
Additionally, while MoundSim LandUse was found to be sensitive to population size, we incorporated high pop-
ulation density scenarios as part of our experiments. Our baseline assumption of 150 people settlement−1 is
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over twice the pre-Columbian population estimated for this region by Denevan (1992b) and Denevan (2003).
Our spatial distribution experiments also included the tentative 500 people settlement−1 proposed by Clark
Erickson for the medium-sized mound at Ibibate (Mann 2000), and land remained available even under this as-
sumption. Based on these results, we can therefore reinforce and extend the hypothesis originally proposed by
Whitney et al. (2013) that the Casarabe Culture had only local-scale impacts on the forests of the southeastern
LM.

4.3 A common conceptual framework in studies of historical ecology, such as the one undertaken at Ibibate (Erick-
son & Balée 2006), considers the landscape to be a palimpsest upon which the cumulative impacts of human
activity are recorded (Balee 2006, 2013). However, these studies often understate the capacity for humans to
overwrite parts of this palimpsest that they have already altered. This capacity is demonstrated in our results
through the rapidly diminishing rate at which areas of old growth vegetation are converted for maize agricul-
ture during each simulation run. Multiple factors that contribute to this pattern within MoundSim LandUse are
also relevant for the real Casarabe Culture, the first of which being the sedentary nature of our agents. When
testing an agent-based model of the indigenous Piaroa of the Upper Orinoco, Riris (2018) identified mobility as
an important driver of landscape modification, as humans were continually exposed to new, previously uncul-
tivated land. The Casarabe Culture represents the opposite of this scenario, whereby their sedentary nature is
evident through the size and spatial complexity of their earthworks (Lombardo & Prümers 2010; Prümers et al.
2022). In the model, sedentism leads generations of household agents to repeatedly interact with the same
subset of land patches, a pattern further reinforced by the competition from nearby settlements. Human in-
tervention might enrich the patches with useful species, potentially dissuading their future clearance (Balee
1989; Roosevelt 2013), but this relies on these species being identifiable, and the land being specifically val-
ued for their presence. Regarding the former, although tropical forests may take centuries to fully recover from
disturbance (Poorter et al. 2021; Rozendaal et al. 2019), indigenous communities may consider the land to be
available and suitable for cultivation within decades (e.g., the Tsimane; Huanca 1999). Regarding the latter, the
patch selection process systematically favours selecting previously cultivated patches. Land claimed early dur-
ing each simulation run is chosen by household agents because of its advantageous characteristics compared
with other patches, many of which are immutable (e.g., being located at higher elevation when agents seek to
avoid seasonal flooding; Hanagarth 1993). In some cases, cultivating secondary vegetation is even preferred by
indigenous groups due to the ease of clearance (Ringhofer 2010).

4.4 In MoundSim LandUse, these factors collectively drive households to repeatedly overwrite the same parts of
the landscape, alternating between previously cultivated patches. Even if collective household resource de-
mands were to increase, such as through population growth, our sensitivity analysis indicates that they would
prioritise intensifying cultivation in desirable areas. While the overall percentage of modified land only varies
between 12.9 and 20.9% during our experiments, the amount of that land being actively managed ranges from
20.99 to 58.51%. As such, we hypothesise that the areas that were cultivated by the Casarabe Culture were
intensively and repeatedly modified. This hypothesis is relevant to both archaeologists and palaeoecologists
because, if correct, these areas should display clear signs of intensive anthropogenic modification. This could
include the abundance and variety of economically useful species, even if many are only incipiently domesti-
cated and thus provide little definitive evidence of human activity (Balee 1989; Clement 1999).

Forest versus Savanna: Spatial distribution of modified land

4.5 Approximately 44.3% of the terrestrial land surface in the northeastern quadrant of our study area is covered
by forest (with savanna covering approximately 55.7%). As only between 4.5 and 7.2% of this terrestrial land
is actively managed by households during sensitivity experiments, our results suggest that the Casarabe Cul-
ture could have cultivated maize in the open savannas (Lombardo et al. 2025) without needing to farm it in the
nearby forests. Even in our spatial distribution experiments, which assumed dense regional populations (500
people settlement−1), forest incursions only occurred where the local availability of savanna was scarce. There
are multiple reasons why cultivating the open savannas would have been logical. While maize can be incorpo-
rated into many farming strategies (Denevan 2001; Levis et al. 2018), some degree of deforestation would be
necessary on forested land because of the crop’s shade intolerance (Gao et al. 2020). Yet, clearing even small
areas would have represented an arduous task for the Casarabe Culture. The best technology available to them,
stone tools, is highly inefficient (Denevan 1992a, 2001). These tools are also extremely rare in the southeastern
LM (Prümers 2015), which would have forced them to rely upon suboptimal improvisations made from teeth,
bone, and palm wood (Denevan 2001). Moreover, preserving local forest cover would also mean retaining ac-
cess to numerous forest resources that the Casarabe Culture are known to have exploited, e.g., palm fruit and
game (Bruno 2010; von den Driesch & Hutterer 2011). In MoundSim LandUse, we attempted to compromise by
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following the approach of modern Amazonian indigenous groups (Clement 1999; Huanca 1999; Posey 1998);
that if maize was grown in the forests, the Casarabe Culture would maximise their energy investment by us-
ing the same land to grow other useful species (Denevan 2001). However, our model outputs imply that this
decision should be reviewed; there would be no need to cultivate maize in the forests if a sufficient amount
could be grown in the open savannas (Lombardo et al. 2025). Moreover, numerous techniques can be used
to enrich forest ecosystems without the need for forest clearance (Levis et al. 2018). As such, we hypothesise
that since the Casarabe Culture cultivated maize in the open savannas, the practices of cereal-based agriculture
and agroforestry were likely divorced from one another spatially. These results raise an important question: if
the modern species composition of these forests (Erickson & Balée 2006; Townsend 1995, 2000) does reflect
a legacy of anthropic modification, what forms of landscape intervention did the Casarabe Culture practice in
these areas to produce them? Further work to record the species composition of these forests, in relation to
their spatial distribution (e.g., distance from the artificial mounds) could help to further elucidate how, and to
what extent, the Casarabe Culture shaped their biodiversity.

4.6 Our spatial distribution experiments highlight the non-random spatial distribution of settlements across our
study area. Despite the size and spatial complexity of the Casarabe Culture’s mounds suggesting they were
built by a large, socio-politically complex society (Prümers et al. 2022), they are very closely-spaced. The aver-
age distance between these features is just 2.7km, and the closest are situated less than 500 m apart (Lombardo
& Prümers 2010). For comparison, even the small indigenous communities living in Amazonia today regularly
travel up to 7 km from their home settlement (Beckerman 1987). Yet, previous archaeological research indi-
cates this close spacing had negligible effect on the contemporaneity and longevity of the mound settlements;
the three mounds with contemporaneous occupation periods of 1000 years are all located within 4 km of each
another (Jaimes Betancourt 2012, 2015). While our results suggest it might be possible for settlements in such
close proximity to coexist as rivals if population densities are low (≤ 50 people settlement−1), the size and
spatial complexity of these earthworks make this scenario highly unlikely (Lombardo & Prümers 2010; Prümers
et al. 2022). It would be unlikely for such rival settlements to avoid taking defensive countermeasures (e.g.,
buffer zones; Denevan 1996, 2001, much less actively share substantial portions of cultivable land with them.
For these reasons, we support the hypothesise by Prümers et al. (2022), based on extensive LiDAR mapping,
that the Casarabe Culture developed a form of low-density urbanism, in which case neighbouring mound set-
tlements were not rivals but instead belonged to the same socio-political network based on co-operation and
co-ordination. However, while our results support coordination among neighbouring mound settlements, the
impacts of such top-down organisation remain unclear, given that we simplified human decision-making to the
household level. We intend to explore this possibility in future work.

An elaborate hypothesis: Model limitations

4.7 The outputs of MoundSim LandUse emphasise the numerous benefits of combining exploratory agent-based
simulation techniques with empirical data collection (Premo 2007, 2010). For example, while our hypothesis
that the Casarabe Culture engaged only in localised forest clearance has already been supported by pollen data
(Whitney et al. 2013), our model provides additional conceptual clarity by forcing the user to specify the charac-
teristics and behavioural dynamics used to produce this pattern of land-use (Lake 2015). In doing so, we gained
insight into the potential mechanisms and motivations driving these patterns (Davis 2016; Premo 2010). For
example, as our results demonstrate, one potential explanation for the absence of regional-scale vegetation
clearance is the preference for intensive cultivation of desirable land, consistent with savanna phytolith data
(Lombardo et al. 2025). Another benefit of our ABM is the ability to examine how these patterns may vary at fine
spatial scales. As each agent acts autonomously with its behaviour informed by local environmental conditions
(Macal & North 2010), local factors (e.g., the scarcity of savannas) can cause the agents in specific areas to de-
viate from the wider regional trend. For this reason, the spatially explicit maps of modified land displayed in
Figure 8 can play a key role in guiding future archaeological and palaeoecological work, identifying these areas
as candidates for further study.

4.8 We stress that the primary goal of our highly simplified model is to explore how the Casarabe Culture could
have modified the landscapes of the southeastern LM, not to accurately reconstruct how they were modified.
This approach was made necessary by the paucity of available palaeodata; just two mounds have been exca-
vated in any detail (Jaimes Betancourt 2012; Prümers 2007, 2015) and published palaeoecological evidence
in our immediate study area is restricted to only two sites – a large lake (Whitney et al. 2013) and an artificial
pond (Lombardo et al. 2025). Modern ethnographic data can help to fill the gaps, but projecting this behaviour
backwards to pre-Columbian times is problematic for several reasons (Roosevelt 1989). Additionally, even if
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sufficient archaeological data were available, as with the Kayenta Anasazi (Axtell et al. 2002; Janssen 2009), re-
producing empirical trends is not necessarily sufficient to accurately reconstruct the past (Lake 2015; O’Sullivan
& Perry 2013). The outputs of MoundSim LandUse should therefore be treated as the first step in an iterative
process that can be further constrained as additional empirical data are obtained.

4.9 The limited empirical data surrounding the Casarabe Culture’s agricultural practices led us to implement house-
hold behaviour as a set of boundedly rational rules (Gigerenzer & Selten 2001; Simon 1955). This approach en-
abled us to directly tie environmental characteristics into the decisions made by household agents; the agent
preference pathways provided environmental and logistical reasons to cultivate in certain areas (e.g., clear-
ance difficulty; Denevan 1992a, 2001) without imposing restrictions upon them. However, we must recog-
nise the challenges associated with incorporating human behaviour into agent-based systems (Crooks et al.
2018; Schlüter et al. 2017). Environmental factors account for only a proportion of those considered when mak-
ing such decisions. Aside from the potential influence of top-down organisation (Lombardo & Prümers 2010;
Prümers et al. 2022), cultural factors could have significantly affected how the Casarabe Culture utilised the
landscape. This is demonstrated by the mounds themselves; reaching up to 20 m in height, these structures
vastly exceed the height needed to prevent regular inundation (Nordenskiöld & Denevan 2009) and therefore
imply a cultural purpose. We must also acknowledge that, given the Casarabe Culture inhabited this landscape
for a millennium (Jaimes Betancourt 2012, 2015), these factors may have changed over time. For example,
attitudes towards savanna cultivation may have changed alongside the construction of the causeway-canal
network (Lombardo & Prümers 2010).

4.10 Additionally, it is important to consider how the ecosystems of the southeastern LM have evolved over time. To
parameterise our model, it was necessary to rely upon the modern forest inventory datasets identified as an-
thropogenic (Erickson & Balée 2006; Townsend 1995), given the lack of appropriate alternatives (we compen-
sate for this in our model by reducing resource supplies). However, these inventories might record a legacy of
past human intervention, both from the Casarabe Culture as well as from the colonial era. Moreover, by utilising
modern land-cover data, we also implicitly assume that the current spatial pattern of the forest-savanna mosaic
has not significantly shifted over the past two millennia. This assumption is supported by palaeoecological data
(Whitney et al. 2013; Lombardo et al. 2025), but southwestern Amazonia is also known to have experienced a
climate-driven forest expansion beyond the LM during the late Holocene (Carson et al. 2014; Mayle et al. 2000).
As such, climate-driven changes to the abundance and composition of the Casarabe Culture’s forests over the
last two millennia, mediated by changes in flood and fire regime, cannot entirely be ruled out, which may have
implications for the availability and productivity of forest resources.

Conclusion

5.1 Our highly simplified agent-based model, MoundSim LandUse, represents an initial attempt to leverage infor-
mation currently available about the Casarabe Culture in order to explore how it may have modified the forests
and savannas of the southeastern LM. The outputs from this model allow us to hypothesise that, contrary to
previous claims (Erickson 2006; Erickson & Balée 2006), this culture only had a localised impact on forest and
savanna vegetation (Whitney et al. 2013). Household agents were capable of altering the vegetation cover more
widely, but their preference for cultivating land possessing desirable environmental characteristics (e.g., low el-
evation) drove them to repeatedly cultivate patches that they had already previously modified. For this reason,
we hypothesise that the land utilised by the Casarabe Culture is likely to display signs of intensive modification,
such as being enriched in economically useful species like the forests around the Ibibate mound complex (Erick-
son & Balée 2006). Our results further suggest that, since maize was cultivated in the open savannas (Lombardo
et al. 2025), the Casarabe Culture may not have needed to clear forests to grow cereal crops. However, due to
the close proximity of settlements, it may have been necessary for them to cooperate when making agricultural
decisions to avoid conflict, consistent with an urban society (Prümers et al. 2022). While the outputs produced
by exploratory models like MoundSim LandUse cannot, and are not intended to, reproduce the past (Premo
2010), these hypotheses can both inform, and be informed by, future empirical studies.

5.2 During sensitivity experiments, regional population size was identified as one of the most influential parame-
ters in determining the total amount of land modified by household agents. However, while the population es-
timates used in our sensitivity experiments were high compared to the 2.0 people km−2 proposed by Denevan
(1992b), the true population size of the Casarabe Culture remains unknown, and there are no estimates avail-
able in the literature. Many estimates for the broader region, such as the 0.15 people km−2 proposed by Stew-
ard (1949), appear unreasonably low considering the large, interconnected earthworks (Lombardo & Prümers
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2010; Prümers et al. 2022). A second article, further developing MoundSim LandUse, has been published to
help better constrain this demographic uncertainty (Hirst et al. 2025a).
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Details) description is available within the Supplementary Information (Grimm et al. 2006, 2010; Müller et al.
2013)). The model code is available at this link: https://github.com/JoeHirst-Reading/MoundSim_Land
Use.

Supplementary Information

The Supplementray Information files, including the full ODD, are available here: https://www.jasss.org/
28/4/5/SI.pdf and here: https://www.jasss.org/28/4/5/SI2.pdf
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