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ABSTRACT

The emergence of coupled natural and human landscapes marked a transformative interval in the human
past that set our species on the road to the urbanized, industrial world in which we live. This emergence
enabled technologies and social institutions responsible for human-natural couplings in domains beyond
rural, agricultural settings. The Mediterranean Landscape Dynamics Project (MedLand) is studying the
interacting social and biophysical processes associated with these novel socioecological systems and
their long-term consequences using a new form of 'experimental socioecology' made possible by recent
advances in computation. We briefly describe the MedLand modeling laboratory, a hybrid simulation
environment that couples models of small-holder farming and herding, landscape evolution, and
vegetation change managed through an interaction model. We then review three examples of
experimental socioecology carried out in this laboratory. These examples offer new insights for scale-
dependent thresholds in agropastoral productivity, long-term sustainability of alternative land-use

landscape strategies, and identifying signatures of human and climate-driven landscape dynamics. We conclude
with an overview of new directions for this interdisciplinary research on Anthropocene human-earth
systems, including: modeling more diverse decision-making strategies for land-use, developing more
sophisticated models of vegetation dynamics and fire ecology, and generating digital proxy data for more

robust model validation against the empirical record.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

A travel brochure for the Mediterranean might portray a
landscape of fertile plains and rocky coasts, backed by rugged
mountains; a place of ancient cities and picturesque villages,
perched amid terraced hillsides; a rural countryside with fields of
wheat and barley and stands of olives, almonds, and fruit trees;
where the rich heritage of past civilizations can be seen in
abundant monuments and ruins. The same region also could be
described through different lenses as a degraded landscape of
denuded mountains and eroded ravines that has suffered repeated
deforestation, where sediments from upland erosion have buried
coastal plains and filled harbors, where soils are exhausted and
plant communities are ravaged from over-grazing, and where
thousands of years of human occupation have left no patch of the
original, natural environment. The Mediterranean is one of the
world's oldest coupled natural and human systems, the place
where humans transformed themselves from harvesters of wild
plants and animals to managers of complex socio-ecological
systems (SES) (Simmons, 2007). An exemplar of the complex
interactions between human and earth systems that characterize
the Anthropocene, some parts of the Mediterranean have suffered
serious declines in productivity, but many other portions—and
especially the western Mediterranean (bordering Spain, France,
and Italy in Europe)—have maintained productive rural landscapes
that have supported dense urban populations for millennia. In
many respects, the western Mediterranean embodies fundamental
questions of sustainability and its paradoxes: How can the earth
sustain a human population rapidly growing toward 10 billion and
not only maintain human life, but also quality of life? In seeking
such a goal, how can we successfully manage a continually
changing landscape that is driven by interacting human and
natural forces, and perceived through different cultural lenses as
both beauty and degradation? We are endeavoring to contribute
answers to such questions though research on the origins of
coupled natural and human landscapes in the western Mediterra-
nean. A better understanding of how social and biophysical
systems became so closely coupled, and the cascade of con-
sequences from this coupling, can help us better anticipate the
impacts of the global coupling of SES that we face in the world
today.

2. The emergence of coupled natural and human systems

Archaeologists have long proposed that the transition from
hunter/gatherer to farmer was the result of feedbacks that involved
changing productivity of domesticates, decrease in time allocated
to hunting and gathering, displacement of wild resources, new
patterns of subsistence risk and uncertainty, and changes in
landscapes (Braidwood et al., 1983; Flannery, 1986; Fuller et al.,
2012; Ullah et al., 2015; Vigne, 2011). These feedbacks led to an
increasingly close co-evolution of the social and natural worlds, in
which alterations of landscapes resulting from human decisions in
turn influenced changes in social organization, wealth, power,
technology . .. and abilities to manage and alter landscapes. As
Rindos (1980) pointed out, it was not the domestication of plants

and animals per se, but changes in relationships between humans
and the natural world that have had the greatest impacts on human
societies.

The modern Mediterranean basin exemplifies the complex
coupling of natural and human landscapes in an SES; people have
not simply replaced the natural environment with an artificial one.
Rather, much of the landscape change in this region, especially in
rural areas, has come about through anthropogenic rearrangement
of biophysical components. Many of the cereal grasses, legumes,
and tree crops that characterize Mediterranean agriculture were
components of its early Holocene woodlands, as were the many
common domestic animals. Pine/oak/juniper woodlands with
scattered olives, almonds, and pistachios, and stands of cereal
grasses, legumes, and herbs in clearings have been rearranged into
fields of cereals and legumes (Fig. 1a); hillslopes and kitchen
gardens of herbs; and ‘woodlands’ of olive, almond, and pistachio
orchards interspersed with scattered pines, oaks, and junipers
along field borders, around houses, and on upper slopes. Sheep,
cattle, and goats still graze in these rearranged plant communities,
as they did when people hunted them instead of herding them
(Fig. 1b). Sediments released by vegetation clearance have been
relocated via water transport from upland slopes to extend coastal

i

Fig.1. Coupled natural and human landscapes in the Mediterranean: (a) wheat field
and (b) goat herd in northern Jordan. Photos by Isaac Ullah.
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plains into new fields and pastures, or have been captured or
transported anthropogenically onto slopes and secured by terrace
walls instead of plant roots.

This rearrangement of landscape components has both social
and biophysical consequences. Human land-use decisions are
predicated to an important degree on the spatial arrangement of
biophysical features of landscapes: the placement of suitable soils
on surfaces of suitable slopes for cultivation, and the placement of
sufficiently nutritious plant cover for grazing within walking
distance (especially for pre-industrial societies that are the focus of
our research, but distance is still important today). Such decisions
are also determined in part by human-constructed landscape
features like terraces (that can hold suitable soils with suitable
slopes); storage and processing facilities (e.g., threshing floors,
grain silos, milling facilities); and animal corrals and barns
sufficiently close to fields, pastures, and dwellings.

Biophysical processes are likewise altered by anthropogenic
rearrangement of landscapes. One significant effect is changes to
biodiversity at multiple scales. Many of the plants and animals
found throughout the Mediterranean region today were originally
distributed in a patchwork of local ecosystems. Anthropogenic
rearrangement extended the ranges of these organisms across the
entire Mediterranean, and in many cases throughout the world. For
example, the wild ancestors of wheat, barley, sheep, goats, olives,
and lentils lived in a mosaic of small-scale, non- or partly-
overlapping habitats. They now co-occur throughout the Mediter-
ranean Basin and have become components of human managed
ecosystems across the world (Fig. 1). As a result, biodiversity may
be decreased at the scale of single fields, compared to the pre-
agricultural woodland communities. But it is increased at meso-
scales, where many plants and animals that once occupied distinct
habitats now co-occur, and there is greater homogenization at the
scale of the entire Mediterranean Basin.

Terrestrial surface processes and associated landforms were
reorganized in other ways. Replacement of woodland by bare soil,
bare soil by crops, and crops by weedy or woody fallow fields alters
the susceptibility of surface sediments to erosion (Fig. 2). Physical
alterations such as soil loosening through cultivation, compaction
through trampling, and slope changes due to terracing affect the
location and intensity of water-mediated surface dynamics. Soil
formation can be retarded through sheet erosion, burial of the
surface by upslope mineral sediments, or nutrient depletion from
cultivation and grazing. It can also be accelerated by the addition of
nutrients (e.g., manuring), aeration from cultivation, or by
thickening due to redeposition of upslope organic sediments.

Fig. 2. Terraced olive grove and barranco erosion in eastern Spain. Photo by Michael
Barton.

Grazing and anthropogenic burning can alter plant succession
dynamics, which in turn affect soil chemistry, and erosion risk,
while orchards and terracing can mitigate these impacts by helping
to stabilize slopes and soils (Fig. 2).

These changes in biophysical processes in turn influence human
land-use decisions, with consequences that can cascade over years,
decades, and centuries. These interactions can occur as positive
feedbacks between social and biophysical drivers that accelerate
rates of landscape change, as negative feedbacks that can maintain
landscape and social stability, or as path dependencies that can
lock in land-use practices and make it difficult for societies to adapt
to exogenous environmental changes like those due to climate.

Understanding the causes and consequences of these long-term
interactions between human and natural forces is an important
key to the questions of sustainability raised previously. However,
the complex nature of both social and ecological systems, and the
even more complex interactions between human and natural
systems severely limit our capacity to intuit the causes of change
and consequences of human action, and reductionist analytical
approaches designed to isolate linear cause and effect relation-
ships are often ineffective (Dawson et al., 2010). These inherent
difficulties in studying Anthropocene earth systems are further
exacerbated by the need to track these dynamics over time frames
much longer than can be observed directly.

These issues of non-linear causality and long time-scales have
made quantitative, process-based modeling especially important for
scientific study of Anthropocene SES (Kelly Letcher et al., 2013;
Rounsevell etal., 2014; Verburg et al., in press). Model-based science
provides tools for exploration and analysis of the multi-dimensional,
non-linear, and often counter-intuitive interactions between social
and biophysical processes that drive Anthropocene earth systems.
Modeling environments can be used as virtual laboratories to study
how system dynamics can play out over long-time spans (Bankes
et al,, 2002; van der Leeuw, 2004). They enable the testing of
hypotheses and the assessment of the significance of controlling
parameters and processes in resulting forms and interactions. Of
equal importance, experiments can be designed in these modeling
laboratories to examine counter-factual histories or future scenarios.
This is essential for systematically testing hypotheses about the
consequences of varying social or biophysical drivers in complex
SES—even though they did not happen in the real past or have not yet
happened in the present. We need model-based science if we hope to
effectively manage the coupled human and natural systems that
have expanded to global scales in today's world.

Our research in the Mediterranean is helping to develop and
test model-based research protocols for SES. It combines
computational modeling of the interacting social and biophysical
processes that drive long-term landscape dynamics with empirical
studies in the social and natural sciences. In this paper, we present
a brief overview of this integrative approach and some examples of
modeling research into the coupled human and natural systems
that define the Anthropocene.

3. The Mediterranean Landscape Dynamics Project

The Mediterranean Landscape Dynamics (MedLand) project
was begun in 2004 to develop a computational laboratory for
quantitative modeling of land-use/landscape interaction dynam-
ics, supported by empirical fieldwork in the social and natural
sciences. This work adds new computational approaches to a long
and rich history of prior empirical research on prehistoric human
societies and past ecosystems across the Mediterranean region.
The MedLand Modeling Laboratory (MML) integrates several
different types of models that are dynamically coupled to permit
high-resolution, realistic simulation of socio-ecological system
dynamics.
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As with real-world SES, simulating the interactions between
human activities and landscape processes creates model and
computational complexities that can multiply rapidly. Organizing
the MML as modular, composable, heterogeneous components
helps to manage overall model complexity (Davis and Anderson,
2004, p. 200; Sarjoughian, 2006). This approach has been shown to
facilitate the creation and use of heterogeneous simulation models
that remain computationally efficient while the number of model
components and the frequency of their interactions increase,
potentially by a few orders of magnitude (Gholami et al., 2014;
Sarjoughian et al., 2013).

The main components coupled in the MML include an agent-
based model (ABM) of households practicing subsistence agricul-
ture and/or pastoralism, a cellular automata landscape evolution
model (LEM), an associated model of vegetation change, and an
interaction model that manages the dynamic couplings between
the ABM and LEM. Paleoclimate models run independently, with
their results input as parameters to the LEM (Barton et al., 2012,
2010b; Mayer and Sarjoughian, 2009; Mitasova et al., 2013; Soto-
Berelov, 2011). We discuss these components in more detail below.

Several different platforms are used for the ABM component. As
with the LEM, described below, some agent based simulation has
been developed combining the Python programming language and
raster (i.e., cellular) processing modules of GRASS GIS (Neteler
et al., 2012; Neteler and Mitasova, 2008). More complex decision
and land-use algorithms for agents have been written in DEVS
(Discrete-Event System Specification) Suite (http://acims.asu.edu/
software/devs-suite/; Kim et al., 2009) and Repast (North et al.,
2013, 2007). All platforms used for modeling are open-source to

make them widely accessible to others, and to ensure transparency
in the computational algorithms used and program structure.

Selecting households as the base agent in an ABM for simulating
land-use decisions and practice mirrors the organization of known
small-scale subsistence farmers (Banning, 2010; Flannery, 1993;
Kohler and van der Leeuw, 2007). Household agents select patches
of land needed for fields and pasture, using decision algorithms
informed by past farming and herding experience, household food
and fuel needs, the relative importance of plant cultivation versus
animal herding and perception of potential patch productivity
(Mayer et al., 2006). Published studies of subsistence farming—
with emphasis on the Mediterranean and xeric landscapes—
parameterize land-use practices in the MML, including the way
land is assessed and land-use decisions made, and the caloric
returns from common Mediterranean domesticates (cereals,
legumes, ovicaprines, cattle, pigs) (Al-Jaloudy, 2006; Araus et al.,
1997; Corbeels et al., 2000; Gibbon, 1981; Hillman, 1973; Hirata
et al., 1998; Kamp, 2000, 1987; Khresat et al., 2008, 1998; Kramer,
1982, 1980; Nyerges, 1980; Stuth and Sheffield, 1991; Thomson,
1987; Thomson et al., 1986; Ullah, 2013, 2011; Watson, 1979).
Because of our focus on the initial emergence of coupled natural
and human landscapes, we have emphasized modeling the first
nutritionally significant domesticates in the Mediterranean
region—cereal grasses (primarily wheat and barley) and ovica-
prines (sheep and goats). However, adding other plants and
animals (e.g., legumes, tree crops, cattle, pigs) that became
increasingly important with greater human dependence on
managed ecosystems could be accomplished with minor changes
to the software.

il { 1000 km

Fig. 3. Watersheds of the Wadi Ziglab, Jordan, and Rio Penaguila, Spain (color-shaded areas in relief maps maps) and their locations in the Mediterranean Basin.
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The LEM also is written in Python to use fast raster processing
modules and map algebra capabilities of the GRASS GIS geospatial
modeling environment (Mitasova et al., 2013). It iteratively evolves
digital landscapes by simulating soil creep, overland flow, rill and
gully formation, and channel flow of moderate scale in order to
calculate sediment entrainment, transport, and deposition. The
model activates underlying process equations as a function of
overland flow accumulation and topography, including a 3D
implementation of the Unit Stream Power Erosion/Deposition
(USPED) equation to simulate transport capacity on hillslopes and
rills, and the Stream Power equation to represent transport
capacity in channels; soil creep and reach-averaged shear stress
also can optionally be used if desired (Foster and Meyer, 1971;
Mitas and Mitasova, 1998; Mitasova et al., 2013, 1996; Moore and
Burch, 1986; Tucker and Bradley, 2010). The LEM calculates
divergence in sediment transport capacity from one cell to the
next, as water flows across a landscape, to estimate erosion
(increase in transport capacity) or deposition (decrease in
transport capacity) in each cell. The net erosion or deposition in
each cell is then added to the digital surface (i.e., DEM) to raise or
lower it accordingly at each cell; these processes are iterated over
multiple, annual time-steps to simulate three-dimensional land-
scape evolution. As well as soil fertility, the LEM also tracks soil
fertility, which can decrease with longer and/or more intensive
cultivation and increase with fallowing. A simple vegetation model
is embedded in the LEM, in which vegetation can be removed for
cultivation or by grazing and regrows, increasing resistance to
erosion, following a logistic grow curve scaled to a 50-year
succession interval based on empirical studies in the region (Bonet,
2004; Bonet and Pausas, 2007). As we discuss below, enhance-
ments to the MML in development include a more sophisticated
vegetation model.

The interaction model (IM) serves to dynamically couple the
ABM and LEM components of the MML, capturing computational
properties of human/landscape interactions that do not belong
entirely to either ABM nor LEM (Sarjoughian et al., 2015). This
reduces ABM and LEM model complexities by maintaining the
independence of models and their execution environment. The IM
approach also facilitates synchronizing and executing the ABM and
LEM models, helping to reduce the amount of time needed to run
simulation experiments.

The goal of our research is not to “digitally reconstruct” ancient
societies and their environments, but to study the evolution of
dynamic interactions between land-use and landscapes in the
Anthropocene. The MML was designed as an environment in which
to create quantitative models of landscape evolution and human
land-use, and then systematically vary initial conditions and
modeled processes in a controlled, experimental environment
(Bankes et al., 2002; Miller and Page, 2007; van der Leeuw, 2004;
Verburg et al., in press). We employ the empirical anthropological,
archaeological, and paleoecological records for parameterizing and
validating models, rather than as a basis for inferring the past. We
have used the MML to carry out a series of computational
experiments in long-term Anthropocene system dynamics, and
briefly summarize several of these below. They serve to illustrate
the potential of quantitative modeling to contribute to a better
understanding of the dynamics of coupled human and natural
earth systems.

4. Scale-dependent thresholds

One of the first set of experiments carried out in the MML
identified scale-dependent thresholds in the consequences of
small-holder agropastoral land-use (Barton et al., 2010a,b). The
simulations were situated in an environment based on the mid-
Holocene landscape and archaeology of northern Jordan (Banning,

2007, 1996; Ullah, 2011), in the catchment of the Wadi Ziqlab
(Figs. 3 and 4). Several parameters of the modeling environment
were varied. Simulated land-use was modeled for an equivalent of
two generations (40 years) in the context of communities based on
different sized prehistoric Neolithic sites: a farming hamlet of
about five households and a small village of about 20 households.
Occupants of these communities engaged in intensive horticulture
(i.e., repeated use of fields near the settlement) or shifting (or
swidden) cultivation (i.e., fields were used for several years and
then left fallow and new fields cleared), with or without sheep and
goat grazing in the surrounding countryside (Fig. 4). Grazing and
farming catchment configurations were determined using the
method outlined by Ullah (2011), such that the size and
configuration of pastoral and agricultural catchments were
determined using a ratio of people to sheep and goats of 20 and
a per capita amount of farmland of 1.36 ha.

Experiments carried out on the same landscape without any
human activity allowed us to establish a baseline from which to
calculate the net anthropogenic effects of these different
demographic and land-use scenarios. As noted above, the ability
to represent such contrafactual ecological dynamics (i.e., a
Holocene world without humans) is a little discussed but uniquely
important contribution of this kind of modeling that is impossible
with the analysis of prehistoric empirical data alone. Not only does
this provide a more comprehensive understanding of the response
of SES to changes in different social and biophysical parameters
than can be achieved through study of empirical data (i.e., what
could happen, rather than only what did happen), but it also
provides insight into the relative contribution of human and
natural processes to Anthropocene landscape dynamics.

In these experiments, human land-use had impacts on the
landscape in the form of erosion of sediment in some places and

Wadi Ziglab - hamlet ¥ SN
farming & grazing catchments WA AL
’ r - g
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Fig. 4. Catchments for modeling swidden cereal agriculture and ovicaprine grazing
for a farming hamlet and a small village (yellow triangles) in the Wadi Ziglab
(Jordan). Areas around each community used for cereal cultivation are colored dark
blue, and the larger grazing catchments are shaded light green. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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sediment accumulation in others. Some of the most interesting
results emerged from comparison of the consequences of
community size in the land-use scenarios with the greatest
anthropogenic impacts (shifting cultivation combined with
ovicaprine grazing) (Fig. 5). Below a community size threshold,
sediment accumulation in locations that enhanced economic
productivity balanced erosion in places that did not adversely
impact productivity. However, if a community following the same
land-use practices exceeded this threshold, the system experi-
enced a phase change in which loss of productive land due to
erosion greatly exceeded beneficial effects of sediment accumula-
tion. The exact threshold at which this phase change occurs is
likely dependent on local biogeophysical conditions; in the digital
environment of our experiments it was represented by the
difference in population between a tiny farming hamlet of around
20 people and a small village of around 100 persons. A longer
simulation run suggests that these disparities are most marked
within the first century after population increase, and then
ameliorate somewhat over the subsequent century (Barton et al.,
2010b Fig. 7).

These results have implications for a noted pattern of human
population growth and socio-ecological change (the “Neolithic
Demographic Transition”) that occurred in many places during the
initial emergence of human-managed ecosystems (Bocquet-Appel,
2009). In southwest Asia, for example, archaeologists have noted a
period of expansion and growth in the size of human communities
after the initial transition from hunting and gathering to
agriculture (Guerrero et al, 2008). This was followed by the
abandonment of many of the large towns and dispersal of

population into small settlements (Kuijt, 2000). A subsequent
reorganization of land-use and associated technology (e.g., farming
of more diverse locales, use of animal-drawn plows, specialized
pastoralism, the use of ‘secondary’ animal products like milk and
wool) then drove a second expansion in human managed socio-
ecosystems and demographic changes accompanied by the first
appearance of urbanism (Quintero et al., 2004; Rosen, 2008;
Sherratt, 1983; Simmons, 2007; Twiss, 2007). Similar trends have
been noted for the initial farming economies across Europe
(McClure et al., 2009; Shennan et al., 2013) and China (Bellwood
and Oxenham, 2008; Pechenkina et al., 2002). The modeling
approach exemplified here allows us to more fully investigate
these non-linear changes in Anthropocene SES that initiated the
trajectory in subsequent centuries towards the densely populated,
urbanized, anthropogenic world of today.

5. Long-term sustainability in land-use strategies

Another set of experiments focused on other impacts of
different land-use and decision strategies on landscapes and
long-term human demography (Ullah, 2013). In different simula-
tion runs (Fig. 6), household agents of a community could
specialize in agriculture (80% of their calories obtained from plant
cultivation and 20% from domestic animals), pastoralism (20% of
calories obtained from plant cultivation and 80% from domestic
animals), or balanced agropastoralism (50% of calories obtained
from plant cultivation and 50% from domestic animals). This
yielded herd sizes ranging from 7 animals per capita (agricultural
strategy) to 26 animals per capita (pastoral strategy). Agent
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Fig. 5. Cumulative, anthropogenic erosion and deposition in the Wadi Ziglab (Jordan) watershed over 40 years of simulated shifting cultivation and grazing around a farming
hamlet and a small village. Cumulative deposition is shown in the upper graph and cumulative erosion is shown in the lower graph. Erosion and deposition are shown
separately because they have different consequences for land-use and often occur in different parts of the landscape (see text). Shading represents one standard deviation
around the central mean line for multiple simulation runs with the same initial parameter values.
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communities could also emphasize different land-use decision
strategies. ‘Hardworking’ agents searched for the best land,
regardless of the labor needed to clear and prepare it, while ‘lazy’
agents preferred land that had already been cleared or regrown
only to shrub-land (maqui/matorral) after fallowing. The farming
strategy of ‘Greedy’ agents affected the fertility of land more
intensely (2% versus 1% fertility decline per year) and maintained
herds at twice the density per hectare (0.3 versus 0.15 animals per
hectare) as was maintained by ‘good’ agents. Again, these
simulation experiments were situated in a virtual world based
on the mid-Holocene Neolithic farmers of northern Jordan
(Figs. 3 and 4).

One of the more notable results of this set of experiments might
help to explain the bifurcation of ecosystem management in the
Anthropocene into agriculturalists who specialize in plant

cultivation on the one hand, and pastoralists who specialize in
stock-raising on the other. Although agriculturalists may keep a
modest number of domesticated animals, and pastoralists may
engage in plant cultivation to a limited degree, there are very few
societies in which households place equal emphasis on plant
cultivation and animal herding (Ullah et al., 2015). In repeated
modeling runs of 500 simulated years, communities emphasizing
plant agriculture grew to a meta-stable equilibrium level around
which population varied (Fig. 6). Pastoralists experienced repeated
cycles of growth and population collapse, alternating between two
population size attractors, but at levels much lower than those of
agriculturalists. Balanced agropastoralist agent populations grew
slowly, sometimes exceeding pastoralist populations, but never
reaching the level of agriculturalists. However, agropastoral
populations experienced large boom/bust cycles, especially if they
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tried to maximize agropastoral returns (i.e., ‘greedy’ strategists).
Over longer time spans, agropastoralist populations often could
not recover from these larger ‘bust’ cycles. The findings showed
that in the short-term, all mixes of plant cultivation and animal
herding are equally viable. But over the long term, land-use that
emphasizes either agriculture or pastoralism may outcompete a
seemingly “balanced” strategy of equal parts agriculture and
pastoralism. That is, there are inherent trade-offs between
agriculture and pastoralism that eventually require either whole-
sale bifurcation of the two subsistence pursuits, or larger-scale
social management of agricultural and pastoral practices. This
insight recently received additional empirical support from a
global study of human subsistence practices in the present and
recent past (Ullah et al., 2015).

6. Signatures of human and non-human landscape change

Many Mediterranean landscapes have experienced two broad
classes of surface change: 1) areally extensive erosion resulting in
soil loss, bedrock exposure, along with accumulation of eroded
soils and sediments in valleys and channels, and 2) incision
(sometimes very deep) of gullies and intermittent drainages, like
wadis and barrancos. We examined the first of these two types of
surface change in the earlier modeling examples described above.
In our most recent set of experiments, we focused on understand-
ing the second class of surface change. Specifically, we investigated
the relative impacts of anthropogenic changes to vegetation on the
incision of barrancos vs. extensive hillslope erosion (Barton et al.,
2015).

We situated these experiments in a virtual environment
modeled on the landscapes of central-eastern Spain (Figs. 3 and
7). This is a region characterized by numerous, deeply incised
barrancos (Fig. 2). While this incision is generally thought to be a
consequence of human activity in the latter half of the Holocene,

; 5km

Fig. 7. Simulated cumulative landscape change in the Rio Penaguila (Spain)
watershed after 300 years of farming and grazing by a village of 120 people using a
maximizing strategy of land-use (see text). Image shows a portion of the Rio
Penaguila watershed with colors indicating meters of erosion and deposition on
hillslopes and in a barranco channel (outlined in black for clarity). Village location is
indicated by black dot, and the farming catchment is shown by light red shading.
Modeled grazing took place throughout this small watershed, including on fallowed
fields. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

direct observation of modern gullying cannot provide empirical
data on the effects of human land-use on incision dynamics over
the span of centuries to millennia (Bintliff, 2002; Gutiérrez et al.,
2009; Hooke, 2006; Marzolff et al., 2011; Nogueras et al., 2000). In
order to model human impacts on incision, we first had to ‘restore’
the virtual landscape to a pre-incised state. This involved digitally
filling Holocene-incised barrancos in a watershed basin (Rio
Penaguila valley, northern Alicante Province) using spatial
interpolation techniques (Barton et al., 2015). All simulation
experiments were initiated in this restored virtual landscape of the
Penaguila basin (Figs. 3 and 7).

All simulation runs extended for 300 years. Two sets of
modeling experiments were run without human presence. In one
of these simulations of non-human ecosystem change, landscape
dynamics were modeled in a Mediterranean woodland environ-
ment, similar to the pre-agricultural Holocene vegetation of this
region, based on paleoenvironmental proxy data (Badal et al., 1994;
Carrion et al., 2010). The second set of experiments without people
ran in an environment denuded of woodland and covered with the
equivalent of sparse grassland, representing vegetation change
from the ‘pristine’ Holocene condition due to non-anthropogenic
causes, such as climate change. Six sets of experiments with
human land-use also were carried out. A single farming village was
situated in the basin at the location of the early Neolithic farming
site of Mas d’Is (Bernabeu Auban et al, 2008, 2003) with a
population of 30, 60, and 120 inhabitants. For each population
scenario, the community agents could adopt a satisficing or a
maximizing strategy for choosing land. All communities were
comprised of ‘agriculturalist’ agents as defined above, with 80% of
caloric needs met by plants and 20% by animal products. With a
satisficing strategy, a community would select land to farm and
graze until caloric needs were met. It would continue to use this
land unless it was unable to produce enough to satisfy caloric
needs, in which case the worst producing fields were abandoned
and new fields chosen from the surrounding area. For a
maximizing strategy, the community would drop any under-
performing fields and choose new ones every year. Not surpris-
ingly, maximizing strategies practiced by larger communities tend
to lead to more active surface processes of erosion and deposition
than satisficing strategies in small communities; likewise, surface
processes without human presence are more energetic in denuded
landscapes than they are in wooded ones (Fig. 8). Unexpectedly,
however, the results of these experiments suggest very different
erosional signatures for anthropogenic and non-anthropogenic
drivers of long-term dynamics of landscape change (Fig. 8).
Compared with the preagricultural, wooded, Holocene landscape,
non-anthropogenic denudation results in a large increase in the
amount of sediment lost from erosion of hillslopes, swales, and
other surfaces outside the barrancos, and an even larger increase in
the amount of sediment deposited in barranco channels. But non-
anthropogenic vegetation change generates modest amounts of
sediment accumulation on non-barranco surfaces, and minimal
incision in barranco channels. Shifting cultivation and grazing, on
the other hand, leads to modest increases over unpopulated
wooded landscapes in hillslope erosion and sediment accumula-
tion on non-barranco surfaces, considerably less than non-
anthropogenic denudation in both cases. But agropastoral land-
use results in very large increases in sediment transport in barranco
channels, with both erosion (in some areas) and deposition (in
other areas) exceeding the effects of non-anthropogenic denuda-
tion by orders of magnitude. As in the first example discussed
above, larger populations are associated with more incision and
less redeposition in these channels, and smaller populations with
less incision and more sediment accumulation.

Although climate parameters were not varied in these experi-
ments, the results match the dynamics proposed by McClure and
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for comparison.

colleagues (McClure et al., 2009) on the basis of archaeological data
for the reorganization of early farming societies and practices in
this region of Spain. Importantly, if these results are supported by
further modeling experiments and empirical testing currently
planned, they offer a way to differentiate human and non-human
(e.g., climate) drivers of landscape change in the evolution of
Anthropocene landscapes. They also have the potential to help to
better identify potential vulnerabilities to agropastoral practice
and climate change in modern agropastoral systems.

7. Future enhancements to the MML

While the modular, experimentation-oriented environment of
the current MML has produced valuable insights about the
dynamics of coupled human-biophysical systems and comparisons
with the empirical record, this work has also shown us ways in
which the MedLand laboratory could be extended and enhanced.
We are now recomposing portions of the core MML environment
to better support a wider range of research into long-term
dynamics of coupled human and natural landscapes, and improve
our abilities to validate model results with the empirical record.

One enhancement is to increase the diversity of decision
strategies that can be represented in the farming household
component of the MML. Initially, our households used a satisficing
strategy, which attempts to minimize production costs while
ensuring sufficient returns. This can also represent the combined
effects of attempting to optimize diverse goals in which farming/
herding returns are only one component. Building on the work
summarized in the second and third modeling examples described
above, we have begun to also implement decision strategies that

attempt to maximize net returns from land-use. Maximizing is an
agent decision-making approach widely assumed in many
economic and evolutionary models. Both maximizing and satisfic-
ing/multi-factor-optimizing decisions assume that an individual
evaluates costs and returns of different actions directly. However,
such direct evaluation also comes with a substantial risk of testing
subsistence practices that turn out to be sub-optimal or insuffi-
cient to maintain a household. Other decision strategies can allow
agents to avoid such risks (Boyd and Richerson, 1985; Henrich and
Henrich, 2007; Rendell et al., 2010). For example, an agent may
choose to copy the strategy of the most successful agent in a
community rather than evaluate alternative strategies directly. A
drawback to this approach is the difficulty in clearly ascertaining
the relative success of others, especially over short time spans.
Another decision strategy avoids such complications by allowing
an agent to simply follow the strategy of the majority of community
members. We are adding these additional strategies to our agents’
repertoire of decision logics, and enhancing the modeling
architecture to allow multiple types of decision logic to be used
in a single simulation.

Another area of major change in the ABM component of the
MML involves extending the flexibility of household and commu-
nity demographic processes. The current agent models were
developed with no rules for dynamically changing community
locations or the number of households during a simulation. This
has limited our earlier experiments to models involving sedentary
communities. Modification of the way we model households will
allow them to die/dissolve or to spawn new descendent house-
holds in response to the economic success or failure of land-use/
landscape interactions. In this way, simulated communities can not
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only grow or decline in the size of each household (as is the case
now), but also in the total number of households that make up the
community. It is important for the MML to be able to implement
both of these kinds of community-level demographic changes, as
they may have different effects on long-term socio-ecological
processes: one changes the number of decision-making agents (i.e.,
numbers of households) while the other does not. We are also
adding the capacity for households to ‘own’ patches of land across
multiple simulation years, rather than choose land at every cycle,
creating the potential for wealth differences among households.
Together, these enhancements permit more socially nuanced
experiments on the feedbacks between social decision-making and
environmental change.

We also plan enhancements to the LEM component of the
MML to better manage the large and complex data it produces
and to improve the ability to validate model results with the
empirical record of social and environmental change in the
Anthropocene (Verburg et al., in press). A powerful way to
validate complex models of socio-ecological systems is to test
their ability to generate model output that is similar to the
empirical record of known historical cases—a procedure followed
by many earth systems models today (Braconnot et al., 2012).
Currently, the MML produces spatially-explicit, digital represen-
tations of important components of socio-natural landscapes,
such as sediment supply, sediment movement, soil fertility, and
surface vegetation. It is necessary to compare these model
outputs with the archaeological and paleoecological proxy record
if the ability of the model to simulate long-term dynamics of
these systems is to be properly validated. But most proxy data for
past landscape change is derived from sediment samples (from
natural or artificial exposures, or cores), archaeological excava-
tions (including archaeological coring and geophysical survey),
and systematic collection of artifacts exposed on land surfaces.
While artifacts can serve as a proxy for human land-use,
phytoliths from sediment samples (silica microskeletons of
plants) can provide a proxy for vegetation cover (Elliott et al.,
2010), and cosmogenic isotopes (also from sediment samples) can
serve to estimate millennial-scale erosion rates (Granger et al.,
2013), the profound differences in the spatial and temporal
structures of model output and the empirical data collected for
the proxy record make model validation challenging.

To help mitigate these issues, we are enhancing the LEM to
generate ‘virtual proxy data' that will be more comparable to
empirical paleoecological data. In each model cycle, the LEM will
generate ‘virtual artifacts’ in proportion to human activity and
settlement in each model landscape cell, it will generate ‘virtual
phytoliths’ for the plant communities in each cell, and it will
generate ‘virtual isotopes’ whose counters can increment or
decrement depending on which isotope is modeled. The ability of
the LEM to simulate erosion and deposition make it possible to
digitally ‘bury’ some of these virtual proxy data through simulated
sediment deposition, leave some exposed at the surface, and
eliminate others due to loss by erosion. To better manage the more
complex geospatial datasets generated by adding virtual proxy
data, we are using the new ‘temporal GIS’ capabilities in GRASS to
generate cumulative space-time cubes of model output. Temporal
GIS offers superior management of the kinds of 3D time-series
information generated by spatially explicit models like the MML.
The switch from a series of sequential 2D maps to integrated space-
time cubes will allow the LEM to build a cumulative digital
representation of the underlying stratigraphy beneath an evolving
digital surface (see analogous modeling in Clevis et al., 2006).

Finally, we are creating a more sophisticated process model for
vegetation using a simplified individual-based model or gap model
approach. Instead of species, we simulate plant functional types
based on responses to fire—including fire tolerance, resprouting, and

fire-stimulated recruitment (Pausas, 2006, 1999)—and plant life
forms (e.g., tree and shrub). This representation of vegetation cover is
combined computationally with terrain parameters from the LEM
and the potential for anthropogenic fire from the ABM to output
vegetation state maps that feed back into the ABM (affecting land-
use decisions) and as land-cover characteristics in the LEM (affecting
erosion potential). The enhanced vegetation model is coded in
Python to interact with raster processing modules of GRASS GIS.

8. Discussion

The emergence of coupled natural and human landscapes
marked a transformative interval in the human past that set our
species on the road to the urbanized, industrial world in which we
live—a life far different from that of other animals on this planet.
The shift by humans from consumers to managers of rural
landscapes ultimately underpins and enables many of the
technologies and social institutions responsible for human-natural
couplings in other domains. Our socioeconomic system today is
still supported by a food supply made possible because of the
emergence of coupled human and natural systems in rural
landscapes, underscoring the value of a better understanding of
their dynamics in the past, present, and future. And while
industrial agriculture is increasingly prevalent, a very large
proportion of humanity still lives in small, rural communities
and practices subsistence farming and herding quite similar to that
of the western Mediterranean SES in the mid-Holocene (FAO, 2014)

The integrated modeling and empirical science of the MedLand
project has the potential to offer new insights into the prehistoric
origins of human-environmental interactions that characterize the
Anthropocene. However, our research seeks to generate new
insights on the interactions and long-term dynamics of these
coupled systems more generally rather than simply create a digital
reconstruction of the human past. To this end, although we are
ensuring that our modeling systems can output results that are
comparable to real cases studies, as a way to evaluate the ability of
MML algorithms to simulate real-world processes, they are not
constrained by empirical data from also generating results that are
contra-factual. This distinction is extremely important. The
realized past is but one of many possible socio-ecological
trajectories. Our modeling framework needs to be flexible enough
to show us other possible outcomes of the same dynamics that
made the empirical proxy record of the past and could shape the
unrealized world of our future.

We do not expect that simple analogies between emergent
coupled human and natural systems from thousands of years in the
past translate directly into better land-use decision-making today.
The mid-Holocene and the twenty-first century manifest vastly
different scales at which population sizes, social complexity, and
energy sources can be leveraged to transform landscapes. Yet the
processes associated with the emergence of coupled natural and
human landscapes are ‘ancestral’ to those that drive the coupled
natural and human systems that dominate the modern world.
Moreover, disentangling the complex network of interactions
linking the social and natural worlds can be more straightforward
with the initial couplings of ancient SES than with their modern
descendants that are the result of millennia of cumulative changes
and co-evolution. And we must look at the past in order to
understand the long-term effects of different decision, practices,
and biophysical dynamics as these cumulatively build on each
other in complex ways. This will help us develop better theory to
account for the dynamics of these hybrid systems. In this sense, the
modeling experiments that we are carrying out serve as
hypotheses about Anthropocene SES dynamics that we test against
the record of the long-term past.
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The research described here exemplifies a new form of
‘experimental socioecology’ that has been made possible by recent
advances in cyberinfrastructure and computing technologies. The
methodologies that we are developing and applying—along with
the parallel work of others—opens a door to a transformation of
social science that can give it a more central role in interdisciplin-
ary research on the grand challenges (nearly all of which are human
challenges) that we face today. Innovative computationally-
enabled methodologies, new integrative theory of social dynamics,
and a renewed long-term perspective are all needed for future
research to develop more sustainable solutions to these challenges.
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