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Abstract

We synthesize the study of coupled natural and human systems across sites and cultures through a process of simplification and
abstraction based on multiple dimensions of human-nature connectedness: satisfaction of basic needs, psycho-cultural connectedness
and regulation of use of natural resources. We thus provide both a place-based and general understanding of value-driven anthropogenic
environmental change and response. Two questions guide this research: what are the crucial stakeholder values that drive land use deci-
sions and thus land cover change? And how can knowledge of these values be used to make decisions and policies that sustain both the
human and natural systems in a place? To explore these questions we build simulation models of four study sites, two in the State of
Texas, United States, and two in Venezuela. All include protected areas, though they differ in the specifics of vegetation and land
use. In the Texas sites, relatively affluent individuals are legally converting forests to residential, commercial, and industrial uses, while
in Venezuela landless settlers are extra-legally converting forests for purposes of subsistence agriculture. Contemporary modeling tech-
niques now facilitate simulations of stakeholder and ecosystem dynamics revealing emergent patterns. Such coupled human and natural
systems are currently recognized as a form of biocomplexity. Our modeling framework is flexible enough to allow adaptation to each of
the study sites, capturing the essential features of the respective natural and anthropogenic land use changes and stakeholder reactions.
The interactions between human stakeholders are simulated using multi-agent models that act on forest landscape models, and receive
feedback of the effects of these actions on ecological habitats and hydrological response. The multi-agent models employ a formal logic-
based method for the Venezuelan sites and a decision analysis approach using multi-attribute utility functions for the Texas sites, dif-
fering more in style and emphasis than in substance. Our natural-systems models are generic and can be tailored according to site-specific
conditions. Similar models of tree growth and patch transitions are used for all the study sites and the differing responses to environ-
mental variables are specified for each local species and terrain conditions.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The age-old human activity of clearing forested land to
grow crops or to build roads and houses became global in
scope during the last century; its continued and rapid
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increase has led to the recognition that land use/land-cover
(LU/LC) change represents a major global environmental
challenge for the 21st Century (Houghton, 1994; Lambin
et al., 2001; Lepers et al., 2005; Moran and Ostrom,
2005; Ojima et al., 1994; Walker, 2004; Watson et al.,
2000). The social sciences examine patterns of human
‘‘development’’, while the natural sciences study ecosystem
succession and biogeochemical processes. However,
recently social scientists have recognized the impact of ecol-
ogy on human behavior (Evans and Moran, 2002; Kellert,
1997) and ecologists have recognized the importance of LU
history as a fundamental part of ecological understanding
(e.g., Foster et al., 1998; Harding et al., 1998). The interac-
tions between natural and human systems produce com-
plex emergent LU/LC change dynamics that can be best
analyzed through coupled natural–human (CNH) systems
models. These models need to account for interactions
between human stakeholders and the natural landscape,
interactions among the human stakeholders, and reactions
of stakeholders to perceived changes in the natural envi-
ronments resulting from their actions.

The study of CNH systems resonates with geography
along several axes. It helps address the calls by Openshaw
(1994, 1995) to develop methodologies within human geog-
raphy that seek computational solutions to problems
involving both numeric and symbolic data (Parker et al.,
2003). It also serves as a prospectus for bridging the divide
between human and physical geography (Fig. 1). Further-
more, human environmental attitudes and values are inti-
mately linked with the concept of place in geography and
philosophy (Buttimer and Seamon, 1980; Callicott et al.,
2006). The distinction made by many geographers between
place and space and its hierarchical nesting has an analog
in the way spatial scale is treated in spatial models (Shepp-
ard and McMaster, 2004; Tuan, 1977). Recent discussions
of the history of these concepts illustrate their relationship
to human environmental values and how much human-nat-
ure connectedness and interaction can be embedded in the
concept of place (Agnew and Smith, 2002; Casey, 1993,
1997; Entrikin, 1991; Malpas, 1999, 2001; Schein, 1997;
Snyder, 1995; Smith, 2001; Tuan, 1973). Place is considered
to be more than simply a locality within a region by includ-
ing a dynamic web of linkages and social interaction

between individuals and interdependences with other
places (Massey, 1999; Oakes, 1997). While this notion
focuses on the social aspects, place is treated as a geograph-
ical expression of intersecting actions, human and non-
human (Oakes, 1997). At the same time, the stretching of
those interactions across space connects places and the
peoples who live in them with other places and peoples.

The mutual interactions of humans with their natural
environments particularly under long-term historical and
pre-historical perspectives have been the subject of system-
atic study by geographers and others for many years (e.g.,
Gomez-Pompa and Kaus, 1990, 1992; Gragson, 1998;
Kasperson et al., 1995; Redman, 1992, 1999; Sauer, 1927;
Turner, 1976; Turner et al., 1990a; Vidal de la Blache,
1926). While studying the mutual interactions of humans
with their natural environments is not a new idea, recently
developed mathematical and computational techniques
have increased our capacity to understand such mutual
interactions.

Contemporary multi-agent modeling techniques now
facilitate simulations that represent the behavior of human
systems. These models capture essential features of the
decision processes and stakeholder values that lead to LU
changes – and the effects of these changes on environing
natural systems, as simulated by process-based models
(see bottom diagram of Fig. 1). Moreover, computational
capabilities allow increasingly sophisticated analysis of
the emergent patterns of CNH systems, currently recog-
nized as a form of ‘‘biocomplexity’’. Several unique aspects
characterize the study of biocomplexity: multiple temporal
and spatial scales, multiple levels of biological organiza-
tion, interacting feedbacks and nonlinear behavior (Ander-
son, 2003; Cottingham, 2002; Covich, 2000; Dybas, 2001;
Michener et al., 2001; Pickett et al., 2005).

Multi-agent models are proving to be an effective tool
for the study of CNH systems and integrated environmen-
tal and ecosystem policy analysis (Bousquet and Le Page,
2004; Hare and Deadman, 2004; Parker and Meretsky,
2004). Applications of agent-based models for simulating
human decisions and subsequent LC change have been
expanding rapidly (Deadman et al., 2004; Evans et al.,
2001; Hoffman et al., 2002; Ligtenberg et al., 2001; Parker
et al., 2003; Schneider and Pontius, 2001). Agent models
have been applied to analyze the effectiveness of Greenbelts
in delaying development (Brown et al., 2004), to landscape
changes in suburban areas (Loibl and Toetzer, 2003), and
to tropical deforestation (Huigen, 2002; Lim et al., 2002;
Manson, 2002). Such studies are particularly useful where
increased demand for use of natural resources is accelerat-
ing changes in LU. Characteristics of these models include:
the fruitful linking of models among themselves and with
geospatial technologies (Arima et al., 2005; Bhaduri
et al., 2000; Mas et al., 2004); the importance of socio-eco-
nomic and demographic factors (Walker et al., 2002;
Walker, 2003); the explicit consideration of human-induced
drivers (Aspinall, 2004); the ability to separately model LU
change as a result of these drivers that in turn affects LC

Human Natural

Agent-based
Human Decisions

Process-based
Ecosystems

Fig. 1. Coupled natural–human systems (top) mutual feedback (bottom)
modeling approach.
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change (Brown et al., 2000); the links to stakeholders and
potential management applications (Pahl-Wostl, 2004,
2005); and the integration of multiple spatial scales (Evans
and Kelley, 2004).

Landscape ecology also recognizes the importance of
spatial patterns in ecological processes and in the dynamics
of LC change, where humans are considered agents or enti-
ties that participate actively in the landscape (e.g., Brandt
et al., 2002; Lundberg, 2002; Zube, 1987). This is parti-
cularly useful when considering fragmentation and bio-
diversity conservation (Metzger, 2000). Identifying the
importance of agents in landscape ecology, Haber (2004)
states that research must include the role that humans play
mentally, not just materially, in the ‘‘people–landscape
interaction’’ through loops of actions and reactions.

Values drive the decisions of the human stakeholders in
a geographical place (Lambin et al., 2001). For purposes of
modeling, these values should be expressed quantitatively
in a functional form that represents competing factors that
influence stakeholders’ actions. The conventional way of
doing this is by means of a monetary metric. This approach
has been criticized for reducing the complex and multifac-
eted suite of human values to a single type, economic value
(Hargrove, 2000; Norton, 1991; Rolston, 1985). Econo-
mists protest that money is only a metric for expressing
otherwise incommensurable values (Freeman, 1993). How-
ever, when people are asked what they would be willing to
pay for things that they regard as ‘‘priceless’’ – cultural
icons, natural beauty, and dependable ecosystem services
among them – they often feel uncomfortable and some-
times enter ‘‘protest bids’’ (Sagoff, 1988). Finding alterna-
tive ways of quantifying values in multi-agent models of
CNH systems has been a motivation for our research.
We will describe our approach more fully below.

The overarching question that gives geographical mean-
ing to the research presented in this paper is whether LU
and consequently LC can be made sustainable over the
long term. More specifically we address two questions:
what are the crucial stakeholder values that drive LU deci-
sions and thus LC change within the different formal (legal)
and informal (cultural) governance structures in a place?
And how can knowledge of these values be used to guide
decisions and policies that sustain both the human and nat-
ural systems in a place?

The purpose of this paper is twofold. First, we present a
conceptual synthesis of CNH systems that could poten-
tially shed light on the geographical questions posed above.
To this end we look at four study sites, two in the United
States and two in Venezuela (Fig. 2), where there exists a
tension between exploiting natural resources for economic
gain and preserving the natural character of the landscape.
Second, we describe models designed to explore these ques-
tions at two of these study sites, one in Texas and one in
Venezuela. We use a general modeling framework that is
flexible enough to allow application to many different sites,
but that also captures the essential features of the respec-
tive natural and anthropogenic LU/LC changes and stake-
holder reactions in these places. Such a framework permits
a consistent analysis of how differences in environmental
values drive patterns of site-specific LU change while pro-
viding the opportunity for generalizations. The interactions
between human stakeholders are simulated using multi-
agent models that act on forest landscape models in the
form of LC change; the multi-agent models then receive
feedback about the effects of these actions through ecolog-
ical habitat metrics and hydrological responses provided by
the forest landscape models. Stakeholders and policymak-
ers can then see the potential effects of their current LU

Fig. 2. Study sites in North and South America; two sites in Texas, USA and two in Venezuela.
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decisions on the place they inhabit and reconsider those
decisions to better satisfy their value priorities.

Our CNH models were designed to capture essential
features of the decision processes and stakeholder values
that lead to LU changes in our study areas. The goal of
the models is to address the questions stated above by
revealing LC trends and, more importantly for policy mak-
ers, sensitivities of LU change to stakeholder actions,
including the spatial distribution of stakeholders with dif-
fering values. Of particular interest to the field of human
geography are our methods of quantifying values. In our
Texas sites model, stakeholder values are represented
explicitly within a statistical decision analysis framework
using multi-attribute utility functions (see, for instance,
Keeney and Raiffa, 1993). The utility functions encode
value tradeoffs and uncertainties inherent in stakeholder
decisions as agents respond to economic opportunities
within local governance and cultural contexts. For exam-
ple, when landowners consider whether to sell or hold onto
their land, they weigh the additional wealth they will obtain
from selling against the bio-cultural integrity of the place
that they inhabit. Agents within our model evaluate the
worth of each action available to them according to a
multi-attribute utility function and then select that action
with the highest expected utility. Compared to a purely
economic metric, we consider this to be a far more realistic
way of capturing the values that drive LU decisions that
people actually make.

Our models are dynamic, not only with respect to LU/
LC change, but also in regard to the stakeholder values that
drive such changes. Agents may alter their character in
response to the decisions of other agents, to local changes
in the formal and informal governance structures of their
localities and to the LU/LC changes they ‘‘perceive’’,
reflecting the evolving values of real stakeholders. For
example, in response to LU change that results in increased
local flooding due to loss of permeable surface area to devel-
opment, homeowner agents in our Texas models may adjust
their value structure so as to place a higher weight on the
perceived environmental effects of a development rather
than focusing primarily on a development’s effect on home
values. Homeowner agents may also affect change in the
government agents by voting in a government that places
higher weight on environmental consequences of develop-
ment policy than on business relations and maximizing
the tax base. The models do not explicitly model larger cul-
tural shifts in values. However, the models are sufficiently
flexible that scenarios of such ‘‘value dynamics’’ could be
incorporated into the framework. For now, we have pre-
ferred to take the epistemologically more conservative
approach and concentrate on value changes that are
responsive to local conditions, temporally as well as spa-
tially, because assumptions about future large-scale social
shifts in values are speculative and the belief that they will
occur is often influenced by wishful or apocalyptic thinking.

In the following pages we provide a brief description of
the study sites, and then discuss a conceptual synthesis

based on several dimensions of CNH systems connected-
ness. We then give a description of the model methodology,
sample results of simulation runs, and comment on the pat-
terns that emerge. Models are then compared to contribute
to the conceptual synthesis process. We indicate how our
approach to studying biocomplexity in the form of CNH
systems can be synthesized across sites and cultures
through a process of simplification and abstraction to
achieve a general method applicable to many forested land-
scapes subject to anthropogenic disturbance. This synthesis
helps explore relations among people, place, and environ-
ment by merging modeling efforts with place-based under-
standing of environmental attitudes and values of diverse
human stakeholders. It is also intended to be useful for
stakeholders and policymakers in taking prudent decisions.
Each one of our sites is a place not only by virtue of its
scale in relationship to the space in which it is located,
but also because of the way its natural and human systems
intertwine to form its character.

2. Study areas

2.1. Overview of general characteristics

Our study sites (Figs. 3 and 4) are: (1) The Greenbelt
Corridor in North Texas (Monticino et al., 2004, 2005);
(2) the Big Thicket in southeast Texas (Callicott et al.,
2006); (3) the Caparo Forest Reserve in western Venezuela
(Ablan et al., 2003; Quintero et al., 2004; Terán et al.,
2005); and (4) the Upper Botanamo watershed, most of
which is part of the Imataca Forest Reserve in eastern
Venezuela (Delgado et al., 2005). All the sites include pro-
tected areas: a narrow riparian gallery forest in North
Texas; the Big Thicket National Preserve, in southeast
Texas; and the Caparo and Imataca reserves in Venezuela
which are regulated by law for forest management.

Analyzing across sites allows us to generalize and under-
stand the fundamental principles of LU/LC change, as we
will discuss later in the synthesis section. We take advan-
tage of the commonalities as well as the uniqueness of
the study sites. Although the two Texas sites are both tem-
perate, they differ in dominant vegetation; likewise in the
two sites in Venezuela, the vegetation also differs, but both
consist of tropical species. In the Texas sites, relatively
affluent individuals are legally converting forests to resi-
dential, commercial, and industrial uses, while in Venezu-
ela, landless and impecunious people are extra-legally
converting forests for the purposes of subsistence agricul-
ture.

The study sites also share many similarities. For
example, they have relatively flat relief and a similar precip-
itation range (approximately 1100–1600 mm annually).
Ecological processes and services are common across sites:
biodiversity, water (quantity and quality), and habitat frag-
mentation. Threats to the natural systems are also com-
mon, LU change, resulting in deforestation. Seasonality
is present in all sites, although those in Texas are temperate
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(four seasons – spring, summer, fall, winter) and those in
Venezuela are tropical (two seasons – wet and dry).

2.2. Texas sites: Big Thicket and Greenbelt Corridor

Near the Gulf of Mexico, the Big Thicket is one of the
most biologically diverse regions in North America (Gun-

ter, 1993). Its legally preserved areas, administered by the
US National Park Service, are small and tenuously con-
nected by riparian corridors (Cozine, 2004). They are
located in a matrix that is lumbered, farmed, mined (oil/
gas extraction), and residentially developed. The climate
is humid subtropical with rainfall evenly distributed
throughout the year. The region was so unsuited to agricul-

Fig. 3. Study sites in USA: the Greenbelt Corridor (GBC) of the Trinity River in North Central Texas and the Big Thicket (BT) in Southeast Texas.

Fig. 4. Study sites in Venezuela: the Caparo Forest Reserve (CFR) in the western plains and the Upper Botanamo Watershed (UBW), which covers part
of the Imataca Forest Reserve, in eastern Venezuela.
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ture and so difficult to traverse that it was not permanently
inhabited by any group of American Indians, who occa-
sionally ventured there only to hunt, or by French and
Spanish colonials (Callicott et al., 2006). During the mid-
19th Century, as Texas separated from Mexico and joined
the United States it was sparsely settled by Americans but
remained in a virtual wilderness condition until the turn of
the century, when timber harvesting and oil drilling began
in earnest. Because it was so wild and unsettled the Big
Thicket was a haven first for runaway slaves, then draft
dodgers and conscientious objectors during the Civil
War, and, in the 20th Century, for outlaws and fugitives
from justice—despite the inroads of the timber and oil
industries (Cozine, 2004).

The Greenbelt Corridor study site is a region of north
central Texas located in a suburban and agricultural matrix
near the City of Denton in the floodplain of the Elm Fork
of the Trinity River between two reservoirs. Its protected
part covers �20 km2 of the Cross Timbers and Prairies bio-
geographic province of Texas and is administered by Texas
Parks and Wildlife. Historically covered by bottomland
hardwoods and oak-savanna uplands, the Greenbelt Corri-
dor is now patchy, ranging from open grassy areas to
stands of tall late-succession forest. The human history of
the area is no less romantic than that of the Big Thicket,
but its traces have been largely obliterated by far more
intense settlement than in the Big Thicket, first by farmers
and ranchers, then by suburbanites and exurbanites (Bates,
1976). The historic American Indian inhabitants followed
the mounted plains tradition and the county and its capital
city were named for an ‘‘Indian fighter’’ in service of Amer-
ican settlement (Allen, 1905). The area is presently experi-
encing very rapid residential and commercial growth, lying,
as it does, at the apex of the Dallas-Fort Worth ‘‘Metro-
plex’’ triangle. Denton County grew from a population of
273,575 to 531,450 from 1990 to 2004. From 1995 to
2000, the percent of developed land doubled from 13% to
26.8%; and in the 5-year period from 2000 to 2005, the
number of housing units increased by over 26% (NTCOG,
2005). Lessons learned from this study site are providing
guidance to the model currently being developed for the
Big Thicket site in southeast Texas.

2.3. Venezuela sites: Caparo forest reserve and Imataca

Forest Reserve

The Caparo Forest Reserve covers �1800 km2 of the
Venezuelan western alluvial plains formed from sedimen-
tary materials from the Andes. Its forests are in the transi-
tion between dry tropical forest and humid tropical forest.
Caparo was created in 1961 to support the development of
a logging industry, while preserving one of the more
productive forests of Venezuela. It is divided into three
management units (Fig. 4). Our study focuses on Unit I
(�530 km2), which includes an experimental unit, used
for research and educational activities. Currently, only
70 km2 of forest remain in the reserve, all located in the

experimental unit. Inappropriate forest management prac-
tices; contradictions between different governmental enti-
ties and policies; poverty; demand for arable land; and
politics have all contributed to deforestation in Caparo
(Ablan et al., 2003).

The Caparo area has experienced the typical agrarian
settlement process of forest reserves in the Venezuelan wes-
tern plains described by Rojas (1993). During the ‘‘First
stage’’ or ‘‘Primary cycle’’ a settler takes possession of a
parcel of land in the reserve and practices subsistence swid-
den (i.e., slash and burn) agriculture. Settlement may occur
on uncultivated land (previously deforested and unoccu-
pied) or on forested land, which is then cleared by the set-
tler. Typically, within 5 years the soils are exhausted, and
the harvests are no longer sufficient to sustain the settler
and his family. Some settlers try to expand their farms by
clearing and cultivating adjacent parcels. However, 5 years
later, they will end up facing the same situation.

The ‘‘Second Stage’’ or ‘‘Land Market Cycle’’ consists
of seeding pasture grasses to prevent soil erosion, and then
selling these newly created grasslands to larger landowners
for use as cattle pasture. After selling these grass-covered
lands, settlers may buy land from other more recent settlers
and try to switch from farming to ranching themselves, or
they may initiate a new primary cycle of invasions, or they
may work as ranch hands for the landowner that bought
pasture from them. This second stage involves two notable
positive feedback processes: (1) ownership of the cleared
parcels is granted to the settlers, under the Agrarian
Reform legislation, and then transferred, at very low
prices, to politicians, military officers, and cattle ranchers,
(2) who then use their political influence to support the pri-
mary settlement-cycle (Centeno, 1997). The upshot is that
small-scale cattle ranching begins to replace swidden agri-
culture as the dominant LU in the second stage.

The third stage, ‘‘Cattle Ranch Consolidation’’, leads to
large-scale cattle ranching as the main LU in previously
forested land. Large-scale ranchers buy deforested land
rights from the settlers and small-scale ranchers and con-
solidate pasture LC for cattle grazing, typically under the
auspices of a holding corporation. This process, character-
ized by the concentration of land ownership, leads to more
landless people, who then initiate the primary settlement-
cycle or turn to wage-earning work on the big ranches
(Sánchez, 1989).

The Imataca study focuses on an area of �2500 km2 in
the upper basin of the Botanamo River of the Guiana
Shield mostly within the federally protected Imataca
Reserve (Fig. 4). In this large reserve, associated with a spa-
tial precipitation gradient, there are, respectively from high
to low, evergreen forests, semi-deciduous forests (i.e., a mix
of evergreen and deciduous species), and scattered savann-
ahs within the forested areas (CVG TECMIN, 1987). The
canopy height of the evergreen forests typically exceeds
25 m. Imataca is considered to be one of the most valuable
forest reserves in Venezuela and South America, character-
ized not only by the abundance of commercially valuable
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timber species and genetic wealth, but also by overall
species richness and a variety of fragile ecosystems
(Miranda et al., 1998; UCV-MARNR, 2002).

Imataca is home to five indigenous ethnic groups, whose
livelihoods and cultures depend on their natural surround-
ings: the Warao, Arawako, Kariña, Akawaio and Pemón
Indians (Mansutti et al., 2000). The forests of the western
sector have been fragmented by agricultural and grazing
activities near the town of Tumeremo, located on the edge
of the reserve. Until the mid-17th Century, the region was
populated only by the Kamaracoto indigenous groups,
who practiced swidden agriculture, as the indigenous peo-
ples still do in the continuous forests of the Imataca; in
the late 18th Century, the Spanish founded a mission at
Tumeremo, a site selected because of favorable conditions
for cattle ranching, thus initiating the process of forest
fragmentation. By the 19th Century, cattle ranching encir-
cled public lands around Tumeremo in a five km radius;
latex began to be extracted and gold mined in the first half
of the 20th Century and the first timber concessions were
granted in the area in the second half of the 20th Century
(Callicott et al., in press).

Currently, 83% of the Botanamo study area is covered
by forests, of which 56% is designated for forestry use in
the Imataca reserve. About 12% of the area is in savanna
and cattle pasture. The remaining 5% is in subsistence agri-
culture, houses, and urban areas. Immigration is accelerat-
ing forest conversion. Timber extraction, mining, and cattle
ranching are the most profitable LUs; agriculture remains a

small-scale subsistence activity, which – because practiced
largely by the indigenous peoples on tribal lands– has not
resulted yet in the three-stage process characterizing
Caparo. Timber extraction and expanded mining for gold,
diamonds and other minerals represent the greatest threat
to the area.

3. Conceptual synthesis of coupled natural–human systems

In order to understand and provide guidance to achieve
balance between LU/LC change and preserving the natural
character of landscapes, a general analysis of the dimen-
sions in which human systems and natural systems inter-
face is necessary. We postulate that an important
characteristic of CNH systems is the ‘‘connectedness’’ of
the natural systems with associated human systems. We
identify three dimensions of connectedness: satisfaction of
basic human material needs, psycho-cultural relationships,
and regulation of the human use of natural resources. This
last form of connectedness can be further divided into two
modalities: formal and informal. We express these concepts
graphically by means of the diagrams in Figs. 5 and 6.

The horizontal axis in Fig. 5 represents a gradient of
satisfaction of basic human material needs—to what degree
local natural systems supply stakeholders with food, cloth-
ing, shelter, medicines, and so on. The vertical axis in Fig. 5
is psychological and cultural connectedness—to what
degree are stakeholders invested in local natural systems
for such things as personal and cultural identity, for
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Fig. 5. Location of the study sites in a two-dimensional cross-section of the multi-dimensional space of CNH connectedness.
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symbolic meaning, for religious practice, and such. The two
regulatory modalities are an enforced formal (legal) gover-
nance regime (horizontal axis in Fig. 6) and an informal
governance regime of social (cultural) traditions, mores,
and expectations (vertical axis in Fig. 6). We have approx-
imately located each of the four study sites in these graphs.
Future research will be necessary to express these relation-
ships more precisely.

In the two sites in Venezuela, stakeholders derive more
of their basic human material needs directly from local nat-
ural systems than do the stakeholders in the Texas sites. In
the Caparo, however, the settlers can supplement their sub-
sistence livelihoods with purchased goods produced and
sold in the national and international marketplace. By con-
trast, the indigenous stakeholders in the Imataca derive
more of their livelihoods from local natural systems. Nor
are the stakeholders in the two Texas sites equally con-
nected in this dimension. The Big Thicket is more rural
and economically disadvantaged than the Greenbelt Corri-
dor and many stakeholders in the former farm, ranch,
hunt, fish, pump drinking water, and harvest timber. Many
stakeholders in the Greenbelt Corridor live in subdivisions
or on small ‘‘hobby’’ farms and ranches, meeting almost all
of their basic material needs through the international mar-
ketplace, although some grow gardens and keep livestock
to produce ‘‘organic’’ vegetables and meat. Thus, connect-
edness of stakeholders in the Greenbelt Corridor is less
than that of those in the Big Thicket on this gradient
(Fig. 5).

Across all four sites, the indigenous stakeholders of the
Imataca site have the greatest psycho-cultural connected-
ness, while stakeholders in Caparo have the least psycho-
cultural connectedness among all four sites. In Caparo,
landless settlers, cattle ranchers, and timber concessionar-
ies move in from elsewhere and are little invested in the
local landscape for personal or cultural identity or for spiri-
tual sustenance. In Texas generally, both personal and
cultural identity are strongly invested in the landscape.
Indeed, one of the values that may incline agents in the
Texas human systems models – which we describe in detail
below – to hold on to their land and not sell it is ‘‘tradition
value’’. But, we propose that psycho-cultural connected-
ness is greater in the Big Thicket than in Greenbelt Corri-
dor – in part because the Big Thicket has a long history of
inhabitants seeking refuge in nature (Callicott et al., 2006).
As the Big Thicket develops and more ‘‘settlers’’ (home-
owners) move in from larger metropolitan areas in the
region, stakeholders in the Big Thicket may, on average,
become less connected to the landscape than those in the
Greenbelt Corridor on this gradient (Fig. 5).

In the Texas sites, laws that are enforced and generally
obeyed govern most uses of natural systems. Most funda-
mentally, many LUs are legally constrained by land owner-
ship; residential, commercial, and industrial developers first
secure title to the lands they transform. Municipalities leg-
ally regulate LU through zoning and other restrictions,
such as building codes and water and sewage services.
Law on private as well as public property regulates sport

Enforced Formal/Legal Regulation

Ven CFR

Texas BT

Ven UBW

Texas GBC

Low

High
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Fig. 6. Location of the study sites in another two-dimensional cross-section section of the multi-dimensional space of CNH connectedness. This cross-
section represents regulation of use of natural resource.
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and subsistence hunting and fishing. The two Texas sites lie
very close to the same point on the enforced formal (legal)
regulation gradient, although in the Big Thicket – again
because of its ‘‘outlaw’’ heritage – LU may be a bit more
extra-legal than in the Greenbelt Corridor. LU in the Ven-
ezuela sites is also governed by formal laws but they are not
strictly enforced and obeyed (Fig. 6).

Supplementing enforced formal (legal) restrictions on
LU, social traditions, mores, and expectations constrain,
to various degrees, stakeholder LU in our study sites. In
a famous paper, Garret Hardin (1968) argued that in the
absence of formal legal regulation (‘‘mutual coercion mutu-
ally agreed upon’’), resource exploitation of commonly
held or publicly owned natural systems inevitably leads
to ‘‘tragedy’’. Subsequent research indicates that indige-
nous peoples have developed informal systems of regulat-
ing LU (Ostrom, 1990). Such systems are well developed
among the indigenous stakeholders in the Imataca, so that
site is located on the high end of this gradient. Such systems
are poorly developed in the other three sites: in Caparo,
indigenous social constraints on LU are not robust, and
in both Texas sites most stakeholders rely on formal legal
regulations to govern LU. In Texas there prevails a cultural
mystique about the sanctity of private property. Formal
(legal) regulation of LU is accepted as consistent with a cli-
mate of legal regulation of all sorts of actions, but Texans
commonly believe that each property owner should be free
to use his/her land any way he or she sees fit to do so. Thus
in the Greenbelt Corridor, one property owner allowed a
radio broadcasting tower to be erected in the face of oppo-
sition from neighboring property owners; another set up a
small cement plant in the floodplain on property adjacent
to the protected riparian gallery forest. Generally speaking,
Texas stakeholders do not expect to conform to regional
LU traditions nor to the wishes of neighboring property
owners; instead they expect formal (legal) regulation from
governmental stakeholders to constrain LU (Fig. 6).

The illustrations in Figs. 5 and 6 only aim to create a
conceptual basis for synthesis and generation of hypotheses
that could later be tested with the simulation models. We
are in the process of using one such hypothesis to compare
simulations results using a sustainability metric for com-
parison. For example, what happens if the government vig-
orously regulates resource exploitation and promotes
environmental protection to curb urban sprawl in Texas?
And compare that with what happens when the govern-
ment of Venezuela legislates environmental protection,
but its regulations are not enforced? The analysis would
also allow for an explanation of the interplay of the multi-
ple dimensions. For example, is the absence of legal regula-
tion in the Imataca compensated by high human-nature
connectivity, both psycho-cultural and in terms of satisfac-
tion of basic human needs, and a high degree of informal
regulation? At the moment, we are in the process of com-
pleting the Big Thicket and Imataca models so that we
can execute this analysis. In addition, sites not included
in this study could be located in these diagrams of multi-

dimensional space for generalized understanding of CNH
systems.

Even though these diagrams are only conceptual, they
could be used to develop a biocomplexity index of CNH
systems. Other research has been able to express forms of
biocomplexity in more quantitative terms. Anderson (2003),
for example, provides a three-dimensional model of the
biocomplexity of protistan communities (protists include
many microbes, including slime molds, protozoa and
algae). The three indices are biotic dimensions: species rich-
ness, spatial diversity, and patchiness of the distribution.
The index of biocomplexity is identified by the position
of the point and its geometric distance from the origin.

4. Modeling methodology

Our modeling framework is based on the essential fea-
tures of the respective natural and anthropogenic LU/LC
changes and stakeholder reactions (Fig. 7). The left hand
side depicts the human-system models based on agents that
interact under several social and economic scenarios and
receive feedback from the natural-system models, which
are depicted by the right hand side. In this block, landscape
and hydrological models are affected by agents’ actions,
and produce changes in habitat and water quality under cli-
matic and natural disturbance scenarios. These changes are
fed back to the human-system model. We have imple-
mented models for the Greenbelt Corridor site in Texas
and the Caparo Forest Reserve in Venezuela. We describe
these in the following two sub-sections. Table 1 summa-
rizes the techniques used in the models to describe agents
(human decision-makers). Further discussion of the scope,
strengths and weaknesses of each method is provided in a
section on the similarities and differences of human-system
models.

4.1. Texas: Greenbelt Corridor site

Each agent in the Texas human-system models has an
assigned value system, set of available actions and a deci-
sion framework. Agents respond to and interact with other
agents in the model, as well as to feedback from the natu-
ral-system model. The value systems of agents may change
in response to actions taken by other agents and to feed-
back from the natural system (Monticino et al., 2005).

4.1.1. Agents

Four main classes of agents representing stakeholders
are defined: (1) landowner agents represent owners of large
parcels of land suitable for residential, commercial, or
industrial development; (2) developer agents represent res-
idential, commercial, or industrial land developers; (3)
homeowner agents represent collections of residents within
the study area; and (4) government agents represent muni-
cipal governments that can approve, modify, or reject
development proposals. For the Big Thicket model (in pro-
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gress), timber companies and NGOs are also included as
agents.

4.1.2. Agent behavior: encoding values and directing

decisions

Several types of agents are defined within each agent
class and are characterized by value structures that deter-
mine the actions selected by the agent. A set of available
actions is specified for each agent. Agents select the action
that best conforms to their values. These values are quan-
tified within a statistical decision analysis framework (e.g.,
Keeney and Raiffa, 1993). Agents evaluate the worth of
each available action according to a multi-attribute utility
function and then select that action with the highest
expected utility. The utility functions encode the essential
value attributes and tradeoffs in stakeholder decisions.
For the Greenbelt corridor, utility functions were devel-
oped from focus group sessions for the landowner, devel-
oper, and government agent classes and from a formal
conjoint analysis survey for the homeowner agents. Cluster
analysis was performed to identify groups of homeowners
with similar values. A typical value structure was identified
for each cluster and then was used to define a homeowner
type. This set of homeowner types is used to populate the
model. Similar, but less formal, methods were used with
the focus group data to derive landowner, developer and
government agent types.

Faced with making a decision, an agent defines a set of
possible consequences, {c1(A), c2(A), . . .,cm(A)}, and respec-
tive probabilities, {p1(A),p2(A), . . .,pm(A)}, for each avail-
able action A. The worth of consequence ci(A) is
evaluated with a multi-attribute utility function of the gen-

eral form U(ci(A)) = k1U1(ci(A)) + � � � + kn Un(ci(A)). The
functions Ui represent the partial utilities of value
attributes associated with the decision. The constants k1,
k2, . . .,kn P 0 indicate the relative value that an agent
places on the respective attributes. In particular, the rela-
tive magnitudes of the k0is and the form of the U 0is charac-
terize the value structure of each agent. The expected utility
of action A is E½U ;A� ¼

Pm
i¼1piUðciðAÞÞ. Agents select the

action with the maximum expected utility.
Each privately owned undeveloped parcel of land is

assigned a landowner agent. Two actions are available to
landowner agents – hold their land and maintain its current
use, or sell it. Landowners select an action based on the pos-
sible consequences with respect to three value attributes –
wealth, tradition value, and neighboring LU. Wealth is
the monetary return from an action – farming or ranching
income if the land is held, or profits received from selling
the land. Agents assess monetary return based on an eco-
nomic trend model for land prices and the present value over
a given time horizon for farm/ranch income. Each agent is
assigned an initial wealth and a partial utility for wealth,
UW, based on a decreasing marginal utility model, allowing
representation of landowners with different sensitivities to
farming/ranching income and changes in land prices. Tradi-
tion value represents the intrinsic worth of the land to the
landowner. A farm that has been in a family for several gen-
erations may have a higher tradition value than a recently
purchased ‘‘hobby’’ ranch. The partial utility for tradition,
UTr, is a non-decreasing function of the time that the parcel
has been owned by the agent. The neighboring LU attribute
indicates the positive externality effect of maintaining rural
LU when bordered by development. The partial utility for

Model output and metrics

Human system dynamics

Socio-economic
scenarios

Lumber

Government

Land owners

Agents

Feedback

Natural system dynamics

Cover maps Water quality

Hydrological
model

GIS & Remote
Sensing Info

Climate and natural
disturbance scenarios

Forest stand
model

Landscape
modelExternal factors

Fig. 7. Modeling framework illustrating major CNH components and their interaction.
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neighboring LU,UNL, is a decreasing function of the per-
centage of developed land bordering the landowner. To
evaluate the neighboring LU partial utility for selling or
continuing ownership, landowners project development
trends and look back to the state of neighboring LU
at the start of the simulation to evaluate whether devel-
opment trends have generated positive or negative exter-
nalities. The neighboring LU attribute influences the
interactions among landowner agents. If neighbors sell,
then a landowner is more likely to sell during the next sim-
ulation iteration. How strongly a landowner is affected by
his neighbors’ decisions is determined by the relative value
that the landowner places upon the neighboring LU attri-
bute. The overall utility function for a landowner is given
by U = kWUW + kTrUTr + kNLUNL. Attribute weights
kW, kTr and kNL indicate the relative value a landowner
places on wealth, tradition and neighboring LU. Land-
owner types are defined by their attribute weights, initial
wealth and wealth discount rate. For example, taking
kW = 0.8, kTr = 0.1, and kNL = 0.1 represents landowners
primarily interested in wealth maximization, while taking
kW = 0.5, kTr = 0.1, and kNL = 0.4 models landowners
placing a relatively higher value on their surroundings.

If landowner agents decide to sell, their parcels are
made available to developer agents. A development
potential model is used to select a development category
(residential, commercial, or industrial) for each parcel.
The development potential model scores the suitability
or potential for development of a parcel, deriving devel-
opment category probabilities that are then used to select
the development category. Factors used to estimate the
development potential of a parcel include distance to the
nearest major road, distance to the nearest road (major
or minor), population density within a specified radius
around the parcel, density of each development category
within a specified radius around the parcel, and the exis-
tence of natural impediments within or surrounding the
parcel – e.g., a flood plain. Three types of developer
agents are defined for each development category – envi-
ronmentally -sensitive, -moderate, and -insensitive. Devel-
oper agent types are characterized by the type of
development they are likely to propose. For example,
environmentally sensitive residential developer agents
are most likely to propose developments that preserve a
high percentage of existing tree cover and leave more open
space. Metrics defining the kinds of development propos-
als include housing density, percent impervious surface,
percent tree cover, and pollution emission. The likelihood
of selecting a given developer agent type is a function of
the current government agent type and the development
category. For instance, if a progressive government agent
is in office, then an environmentally insensitive commer-
cial developer is less likely to obtain a parcel than if an
economic growth government agent was in office.

As mentioned, homeowner agents represent collections
of municipal residents within a particular tract of land.
Homeowner agents are assigned a weight representingT
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the number of residents in the tract and their influence on
LU decisions. For example, agents representing a large
number of high-income residents are assigned a higher
weight than agents representing sparsely populated low-
income tracts. Homeowner agents have two actions avail-
able to them when faced with a development proposal in
their neighborhood – to protest the development, or not.
A homeowner agent’s utility function has four attributes
– economic property-value, residential setting, neighboring
LU, and community effort. The partial utility for economic
property-value evaluates the consequence of a proposed
development on the value of the agent’s home. Residential
setting represents the compatibility of residential develop-
ment within the agent’s immediate locality. Neighboring
LU corresponds to the suitability and perceived environ-
mental externality effect of development in a wider neigh-
borhood around the agent. Community effort measures
the perceived effort in taking a particular action. Four
types of agents are defined – apathetic, property-value,
neighborhood, and environmentalist. An apathetic home-
owner has a partial utility for community effort that
decreases rapidly as a function of perceived effort, making
it unlikely an apathetic homeowner will protest a develop-
ment proposal. Environmentalist homeowners place high
value on residential setting and neighboring LU and have
associated partial utility functions that give low evaluations
to environmentally insensitive development proposals.
Thus, environmentalist homeowners are likely to protest
most development proposals. Property-value homeowners
place high value on their property values and are sensitive
to decreases in property value, while neighborhood home-
owner agents place a high value on residential setting.
Homeowner agents may change type in response to devel-
opment decisions made by the government and to feedback
from the natural system feedback. For example, if a home-
owner agent with a property-value orientation protested a
commercial development that was eventually approved by
the government agent and localized flooding increased
because of parking lot runoff, then the agent is likely to
change to an environmentalist homeowner. Homeowner
agents may also change type by ‘‘backsliding’’ to less
engaged homeowners. Thus, we allow homeowner agents
value systems to change over time.

Presented a development proposal from a developer
agent, the government agent selects one of three actions –
approve, conditionally approve at a higher environmental
sensitivity level, or reject. Government agents select their
actions based on four attributes – business relations, citizen
relations, environmental consequences, and tax-base effect.
Three government agent types are defined – economic
growth, moderate, and progressive. Economic growth
agents place relatively high weight on business relations
and tax-base effect, while moderate and progressive gov-
ernment agents place more weight on community relations
and environmental consequences. A government agent’s
type influences their perception of the consequences of
actions. For instance, an economic growth government

agent will perceive environmental consequences of a poten-
tial action as less serious than may a progressive agent.

4.1.3. Simulation algorithm

Once initialized, the decision/information flow between
stakeholder agents and between the natural and human
systems proceeds according to the following algorithm.

• At the beginning of a time step (typically a 1 year incre-
ment), landowner agents decide whether to sell their
land. If the decision is to sell, the development potential
model is used to select a development category.

• A developer type is selected as a function of the current
government agent type. Developers submit proposals to
the government agent, and homeowner agents affected
by the proposals are notified.

• Homeowner agents decide whether to protest proposed
developments. Decisions are based on homeowner agent
type, the development proposal, and the type of residen-
tial development in which the homeowner agent resides.

• Government agents decide whether to approve, approve
with modifications, or reject development proposals.
Decisions are based on the government agent type,
development proposal, weights of the homeowner
agents protesting, and feedback from the natural-system
model.

• Any changes in LU are passed to the natural-system
model, which informs the human-system model on the
LC and hydrological effects of the approved LU
changes. Homeowner agents may then modify their val-
ues – i.e., change type. Parcels that have become residen-
tial developments are assigned a homeowner agent.
Homeowner agent type and weight is a function of the
proposal type approved.

• Homeowner agents vote on the government agent type
that will be in power for the next time iteration. Differ-
ent homeowner agent types vote for the various govern-
ment agent types with different probabilities. Election
results are determined by the weights of the homeowner
agents casting ballots. The new government agent is in
place at the start of the next time increment.

• The next iteration begins again with the current set of
landowner agents deciding whether to hold or sell their
land.

4.1.4. Simulation scenarios and results
Land use change dynamics have been simulated for a vari-

ety of scenarios, varying by the initial distribution of land-
owner, homeowner and government types, and economic
assumptions. A common trend observed among scenarios
was a cascade of relatively rapid development with a subse-
quent leveling off at some percentage of developed land. Such
synchronicity is similar to the Kuznets city building eco-
nomic growth cycles (Berry, 1991) with development over-
shoot being followed by collapse. In the model simulations
rapid development is followed by negative homeowner
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response that results in the election of growth management
oriented local governments, thus slowing (at least temporar-
ily) further development. Similar resident responses to rapid
development have been documented (e.g., Austin, TX;
Eugene, OR; Loudoun County, VA) throughout the United
States (Duerksen and Snyder, 2005). The magnitude of the
‘‘stable’’ percentage of developed land appears to be a func-
tion of the time at which the cascade occurred and the geo-
graphic distribution of the landowner types. In fact, it
appears that a considerable portion of the observed variation
in the stable portion of developed land depends directly upon
the spatial interactions of the landowner types. Proactive
growth management strategies that account for values of
landowners have also been investigated. One management
policy employed by governments and NGOs for maintaining
undeveloped land is to create open space preserves. Typi-
cally, land or development rights are purchased based on
ecological concerns or when land fortuitously becomes avail-
able. Our simulations have examined the impact of targeting
land based on landowner values with the goal of leveraging
LU values of neighboring landowners to effectively protect
more land from development. Results indicate that open
space preserve strategies result in land other than that pur-
chased not being developed, while in the absence of open
space preserves such land was developed. The preserves
provide ‘‘development buffers’’ to landowners sensitive to
neighboring LU. In particular, open space strategies that
purchased parcels near landowners who place high value
on the neighboring LU attribute were generally more effec-
tive in slowing development than purchasing near wealth-
oriented landowners. Fig. 8 shows development results for
three simulations differing only in the initial locations of
landowner types under an open space preserve strategy of
purchasing near neighboring LU oriented landowners. The
figure illustrates the variation in dynamics attributable to
spatial distribution of landowner values. The proportion of
landowner types was the same in each case.

4.2. Venezuela: Caparo forest reserve site

Our model captures only the ‘‘First Stage’’ of the agrar-
ian settlement process of forest reserves in the Venezuelan
western plains, where Caparo is located. That is, a settler
occupies a parcel of land in the reserve and practices sub-
sistence agriculture that typically exhausts the soil within
5 years. Some settlers then expand their farms, resulting
in new deforestation, or move on to a second stage (not
modeled yet) that involves selling their occupation rights
to cattle ranchers.

4.2.1. Agents

Settlers, concessionaries, and the government officials
constitute the model agents. Settlers are people of limited
economic resources that practice swidden agriculture. They
arrive in the area aiming to improve their economic status
and to obtain title to the land that they have illegally occu-
pied. Concessionaries are timber companies that have been

granted rights to extract timber under government-super-
vised management plans. The governmental agent is
charged with stewardship of the reserves by overseeing tim-
ber extraction. Because settler’s activities are illegal and
accessing the site is difficult, direct surveys of the settlers’
values are impractical. Accordingly, the settler agents are
modeled using information from previous research
(CESIMO, 1998; Rojas, 1993; Sánchez, 1989). Because
the current version of the model emphasizes the first stage,
it includes 100 settler agents, but only one concessionary
agent and one governmental agent.

4.2.2. Agent behavior: encoding values and directing

decisions

Three different actions were coded for the government
agent, based on the policies they implemented, and simula-
tion scenarios were run using each: hands-off, pro-forestry
and agro-forestry policies. These three actions represent
possible future roles of the government at Caparo, all of
which have in fact been implemented during the past. Their
specification is as follows. First, the ‘‘hands-off’’ policy is to
neither interact nor interfere with the actions of the other
agents. Nor does the hands-off government agent have a
monitoring function. Second, the ‘‘pro-forestry’’ policy is
to keep settlers out of protected forest areas. This agent
has a monitoring function, and any settler found in Caparo
is evicted. Furthermore, if the concessionaire agent, in its
extraction process, finds a settler in the zone, the govern-
ment agent receives that information from the concession-
aire and the indicated settler agents will be removed from
Caparo in the government’s next monitoring and action
cycle. Third, an ‘‘agro-forestry’’ government agent also
monitors the forest area and acts to protect it; but when
it finds a settler agent, the settler agent is relocated to a
special area for agricultural activities. As in the case of
the pro-forestry government agent, the agro-forestry gov-
ernment agent receives information about settlement from
the concessionaire agent and the indicated settler agents are
relocated. Under both pro-forestry and agro-forestry poli-
cies the government agent monitors the concessionaire’s
harvest and plantation quotas. The concessionaire permit
is revoked for 3 years if it does not comply with its assigned
quotas. Monitoring is based on a function that identifies
the places that are more attractive for settlement (buffers
around rivers, borders, and roads).

The settler-agent behavior starts with a settlement func-
tion that considers those sites that are most attractive to
the settler agent: sites where LU is not monitored, such
as tree plantations, secondary shrubs, and fallow. At the
same time, this function models the movement of the set-
tlers, using vectors weighted by distance from rivers, bor-
ders, and roads—because they are the entry points to the
reserve. The 100 settler agents were placed in different ini-
tial locations. During the simulation they differ in extent
and duration of occupation as well as in their effects on
the forest environment. The logic implemented for a settler
agent’s expanding its territory is the following. If an area is
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‘‘perceived’’ as (a) not occupied, (b) not under surveillance,
(c) not previously occupied, and (d) its current LU falls
into one of the following categories: primary or secondary
forest; primary or secondary shrubs; fallow; plantation; or
logged forest, then the agent is allowed to settle or expand
(provided that it does not go above a certain maximum
limit for expansion).

The concessionaire agent extracts commercially valuable
tree species and creates and monitors forest plantations
(Ablan et al., 2003). When the concessionaire agent finds
a settler agent on its concession, it continues to work at
another site that is not occupied by settlers. There are
two actions available to the concessionaire agent, depend-
ing on the government agent’s policy. If the government
agent follows a hands-off policy, it ignores the settler agent.
If the government agent follows the pro-forestry and agro-
forestry policies, it removes the settler agent from the con-
cession. The concessionaire agent operates under a 30-year
logging cycle and it is allowed to harvest 1200 ha annually
from a set of ‘‘compartments’’ that rotate sequentially on
an annual basis. After the concessionaire agent harvests
timber on a site, the LU is changed to ‘‘logged forest’’.
Once the 30-year cycle is over, the concessionaire agent
can harvest the first compartment again.

Formally, each agent ‘‘reasons’’ forward to conditional
goals; and then backwards from the chosen goals to the
corresponding actions as means to achieve them. Whenever
the agent ‘‘observes’’ the achievement of one such goal in
its neighborhood, it will pursue the same goal. Changes
in the system state (global and local) are thus driven by
rules that encode agents’ preferences for actions. Those sets
of rules provide a clear, humanly understandable, account
of the agents’ intentions, particularly suitable for verbal
discussion and qualitative validation. One way of validat-
ing models is to see if they can simulate certain patterns
of behavior observed in the real world. If well built, one
may expect a certain level of correspondence between the
simulated and the real worlds. Qualitative validations,
however, are still essential because a model can produce
many different system states and the same states could arise
from different modeling assumptions. Mathematical analy-
sis of emergent patterns in multi-agent models helps to
validate modeling assumptions, but qualitative validation
based on the clarity and intelligibility of assumptions and
their correspondence to empirical information about actual
human values and behaviors is an important test of a mod-
el’s capacity to reliably identify trends and sensitivities and
thus inform individual choice and public policy.

Fig. 8. Simulation results of the Greenbelt Corridor illustrating the variation in the percentage of developed land over 25 years attributable to the spatial
distribution of landowner values, under an open space preserve strategy of purchasing from neighboring LU oriented landowners. Simulations initially
differed only in the initial locations of landowner agent types (the proportion of landowner types was the same in each case) (from Monticino et al., 2005).
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4.2.3. Simulation algorithm

The Caparo multi-agent model is spatially explicit (i.e.,
agents respond to other agents depending in part on their
mutual spatial locations) and is linked to a model of sec-
ondary forest succession, which is implemented in a cellular
automata format (Hogeweg, 1988). Cell transition rules are
defined using LU/LC state and time spent in this state,
occupation by a settler or by a concessionary agent, and
the compartment’s sequence that will be followed by the
concessionary agent as prescribed in the management plan.
A cell remains in the same state until the required transi-
tion time is achieved. In absence of agents’ actions, the
system path will be that indicated by natural succession.
The combined multi-agent cellular automata model pro-
ceeds as follows:

• A settler agent can occupy an unoccupied forest cell
changing its LU/LC to agriculture.

• The government agent can evict a settler from the occu-
pied area, with LU/LC changing back to unoccupied
forest.

• A settler agent can expand its occupation to neighboring
unoccupied cells.

• After 5 years, the soils are exhausted and then the settler
agent moves to another cell, changing the previously
occupied cell to fallow LU/LC.

• When a concessionary agent extracts timber, an unoccu-
pied forest cell changes to logged forest.

• To reforest, the concessionary agent acts on unoccupied
cells with fallow or secondary shrubs LU/LC. Then, the
LU/LC is changed to plantation.

4.2.4. Simulation scenarios and results

The model was run to simulate 65 years, with a 6-month
time step, from an initial state given by 1987 LU/LC (Poz-
zobón, 1996) under three policy scenarios: pro-forestry,
agro-forestry, and hands-off. The simulation time was cho-
sen because this is the estimated time for succession from
logged forest to mature forest. Fig. 9 shows the resulting
maps at the end of the simulation for each one of the policy
scenarios. The spatial pattern is more homogeneous and
less fragmented in the pro-forestry scenario, and more
heterogeneous and fragmented in the hands-off and agro-
forestry scenarios, particularly along the areas near the
perimeter. In these areas, pastureland patches fragment a

Fig. 9. Simulation results of the Caparo area at the end of the 65 years run for each type of government policy. The initial condition is the same in all
cases. Higher fragmentation of forest cover occurs under the agro-forestry and hands-off scenarios. From Quintero et al. (2004).
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secondary forest matrix (Fig. 9). In all the scenarios, the
original mature forest is replaced by logged and secondary
forest, but each scenario differs in the rate at which this
transformation occurs and in the relative influence of the
concessionary and the settler agents in the LU/LC change.

At the end of the simulation, for all scenarios the per-
centage of the total area in mature forest decreases to
about 15%, while agricultural LU is less than 2%. This
illustrates that the simulated primary cycle leads to an
eventual decline in agriculture followed by an increase of
cattle pasture, reaching 6% for the agro-forestry scenario
and almost 15% for the hands-off scenario. The average
time that a cell remains in agricultural use varies by sce-
nario from 2 to 3 years, and settlers repeats settlement of
a given cell at most once for all scenarios.

As the Big Thicket model is more complex than the
Greenbelt Corridor model, so the Imataca model is more
complex than the Caparo. And as the Big Thicket model
is still a work in progress, so is the one for Imataca. The
agents identified for the Imataca model include forest con-
cessionaries, cattle ranchers, mining concessionaries, small
miners, farmers, urban and ex-urban people, indigenous
people, and government operatives. Analysis of the social
system indicates that the forces driving LU/LC change
are the stakeholders’ economic conditions and distribution
patterns, the dynamics of migration and land tenure, and
health problems. So far, we have concentrated the study
on collecting field data to demonstrate the relation of forest
fragmentation to biodiversity and water quality. Both ter-
restrial and aquatic ecosystems were studied and compared
for contrasting forest LC (continuous vs. fragmented). The
variables analyzed include species richness, abundance of
trees and birds, and water quality. All these variables
responded to fragmentation. Water quality analysis indi-
cate that sewage in the populated areas and washing of
organic wastes from indigenous villages close to the rivers
increases conductivity and pH as well as phosphate concen-
tration and coliform bacteria.

In the Imataca model we are including variables that
describe how the terrestrial and aquatic systems influence
stakeholders’ perception of the land, as determined accord-
ing to their basic material needs, cultural values, and
beliefs. These are the basic drivers of changes in the
social-state variables—that is, in the spatial distribution,
migration, and mortality of the stakeholders. These vari-
ables, in turn, influence the rates of LU/LC change through
decision rules and utility functions.

5. Modeling framework for synthesis

5.1. Models’ uniqueness and commonalities

Our natural-systems models are generic and similar for
all sites, but parameterized to each site to account for dif-
fering species composition, hydrological response to defor-
estation, and ecosystem processes and functions. Thus,
changes in humanly perceived and valued ecosystem ser-

vices and amenities, such as water quantity and quality
and biodiversity, are similar across sites. We attempt to
use common elements (e.g., trees and water) to determine
the model structure so that the effects of LU/LC change
are integrated via the natural-system models. For this rea-
son, across sites we use models that are similar in structure,
e.g., patch transitions or forest succession models (Acevedo
et al., 2001). Dynamics within the vegetated-natural cate-
gory are dominated by succession, modeled using transi-
tion parameters estimated from detailed gap-model
simulations (Acevedo et al., 2001; Monticino et al., 2002).
The models use LC types based on remote sensing studies
(e.g., CWRAM, 2002; Newell et al., 1997; Pozzobón,
1996). For some sites we are also using hydrological models
and wildlife habitat models. The structure of each of the
natural-system models is generic enough to accommodate
all the various study sites in the project, and yet allow
the level of detail necessary to accurately represent specific
systems.

The human systems models use similar approaches but
are expressed in different forms. Table 1 summarizes the
techniques used to describe agents (simulated human deci-
sion-makers). For the Venezuelan sites the models employ
a formal logic-based method, specifying a set of rules that
define the actions to be taken by an agent, whereas the
models for the Texas sites emphasize stakeholder value
sets, following a decision analysis method based on utility
functions. These methods differ more in style and emphasis
than in substance. While the logic-based approach explic-
itly defines decision rules, it also implicitly defines a value
set and utility function for the associated agent. Similarly,
the decision analysis approach explicitly indicates a value
set, but it implicitly defines a set of decision rules.

These methods have been applied according to the needs
and circumstances of each study site. The data for Caparo
are based on existing literature and expert opinion (indirect
or secondary source) and thus rule-based models were
deemed more practical and appropriate to this case. In
the Greenbelt Corridor study there is sufficient empirical
primary data (from survey and focus groups) to support
a decision analysis based approach. In the Imataca site,
for additional methodological synthesis, we are in the pro-
cess of following a combination of the Caparo rule-based
method and the Greenbelt-Corridor decision analysis
method based on field surveys.

In all models, agents represent stakeholders – individu-
als, collections of individuals, private organizations and
government institutions – who take actions that affect
LU/LC change, directly or indirectly. In the Greenbelt-
Corridor model, only developer agents directly change
LU, whereas in the Caparo and Imataca models, most
agents directly affect LU. Interactions between model
agents can be characterized in terms of broadly overlap-
ping categories. All the models contain interactions in each
category; the difference between the models with respect to
agent interaction is mainly how explicit these categories of
interactions are. In the Greenbelt-Corridor model, spatial
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interaction among landowner agents and decision history is
less explicit; each agent does not directly react to the action
of neighboring agents, but to the current system state,
which contains the history of past decisions. For example,
a landowner’s decision to sell land is influenced by neigh-
boring development resulting from a neighbor selling land
(and not directly to the neighbor’s action of selling). On the
other hand, homeowner and government agents explicitly
interact. Government agents rule on development propos-
als based on homeowner protests, and homeowner agents
respond to the government agent decisions. The Caparo
model includes explicit spatial interactions and decision
history; agents react directly to others and to previous
actions. This makes the model more expressive (i.e., the
agents use this additional information for decision making)
but heavier for computation.

The two decision methods we have employed can be
mutually converted for further synthesis. For example,
decision rules can be formulated using utility functions
with binary values (0 or 1) assigned to agents that reflect
the type of agent and the agent’s beliefs and preferences.
Attributes, the associated partial utility functions, and
attribute weights can be specified to encode decision rules.
Likewise, decision analysis expressions can be converted
into logic, because each agent has an associated set of
observations, actions, outcomes, probability, and utility
of the outcomes. Using this set, selection rules can be
formulated that are combined with an instruction for the
agent to select the action with the greatest priority, and
eventually extended to include future-oriented processes,
such as planning. Decision analysis presents a connection
between decisions and patterns of LU change by providing
a framework for changing values (e.g., by changing attri-
bute weights) and investigating resulting changes in LU.

5.2. Functional commonalities

While actual human beings arrive at a LU decision on
the basis of a multitude of values and preferences, the
agents in our models characterize only the essential value
structures of the LU/LC decision processes; and the actions
available to them represent only broad categories of LU/
LC change. Thus, while a settler’s decision either to plant
maize or some other crop may be of great importance to
him, our models characterize only the essential decision
to clear forested land and convert it to agricultural use
rather than preserve it. Similarly, while home and lot size
may make a crucial economic difference to a residential
developer, our models characterize only LU/LC changes
following a landowner’s decision to sell forested land for
conversion to single-family residential development. More
generally still, whether poor settlers are clearing forests
for subsistence agriculture or wealthy developers are clear-
ing forests to build up-scale homes, the effects on the natu-
ral systems and ecological services are comparable.

Consequently, across sites, agents in the human systems
models exhibit functional similarities in their LU activities

and in their effects on LC change. Thus, we can pair them
in order to conduct cross-cultural and cross-site synthesis.
However, they operate under different legal and regulatory
conditions. In the Texas models, we consider the legal and
regulatory process of LU change in the US, including inter-
actions between economic conditions and government
agents, which in turn affect subsequent actions of landown-
ers. The Caparo model includes the Venezuelan legal
framework for LU and its enforcement or lack thereof.
Further, this imposes an important difference in ownership
or tenure. While the Venezuelan settlers and Texas devel-
opers may have similar functions, the developers own the
land that they impact; the settlers do not. Similarly in
the case of the timber concessionaries in Venezuela and
the lumber companies in Texas; the latter can own land
but the former cannot. The Caparo site is completely
within forest-reserve land that remains public property
unless it is removed from legal reserve status. The Texas
sites include land that can be publicly owned by the govern-
ment or privately owned by homeowners, NGOS, lumber
companies, or development companies.

All of the LU/LC classifications used by the models can
also be grouped. While there are many types used in the
model, they can be classified into four broad categories:
(1) developed land, (2) agricultural/ranching land, (3)
mature forest, and (4) forest in succession. The diagram
in the bottom of Fig. 10 illustrates the process at work in
all sites in which human decisions and natural systems
affect one another. The external factors are used to describe
factors that affect human decisions and that are out of the
agents’ control, including the current economic environ-
ment (stable, strong, declining, etc), current events such
as natural disasters, and federal policy.

6. Conclusions

Several different approaches have been reported in the
literature to model LU/LC change. Some models are
empirical, based on extrapolations of the patterns of
change observed over the past, with a limited representa-
tion of the driving forces of this change. The combined
multi-agent and patch transition model (including cellular
automata rules) allows representation of the human deci-
sions that drive the LU/LC change with the advantage of
a spatial representation that is able to capture the location

Human Decisions

Changes in LC

Ecosystem EffectsExternal factors

Fig. 10. Conceptualizing LC change and ecosystem effects. Common
approach to CNH interactions.
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and magnitude of the change. Simulations produced qual-
itative patterns of LU/LC change similar to those observed
in Greenbelt Corridor and Caparo. This helps validate the
overall modeling approach as other sites are studied and
more quantitative results are derived from the model.

Simulation results of the Greenbelt-Corridor model indi-
cated that considering agent values when formulating
growth management strategies might lead to more success-
ful outcomes. Agent interactions produced complex
dynamics, and the simulations revealed key sensitivities of
these dynamics. In particular, the principal drivers of LU
change were the land-price assumptions, sensitivities of
landowner agents’ decisions to changes in land prices and
neighboring development, and the spatial interactions
between landowners. While sensitivity to economic values
comes as no surprise, the simulations revealed another sen-
sitivity that could be of importance to governmental interest
in controlling sprawl, managing development, and sustain-
ing natural systems and their ecosystem services. Land-
owner agents that were assigned a relatively high value for
neighboring LU and/or tradition were more likely to hold
on to their properties if neighboring properties remained
undeveloped. Therefore if governments purchased proper-
ties or development rights for ‘‘strategic open spaces’’ from
landowners who sold at lower price-increase thresholds,
those neighboring landowners sensitive to neighboring
LU would resist the temptation to sell at modest increases
in land prices. Thus dollars for publicly owned open spaces
that might otherwise be spent on large tracts, could be more
efficiently spent on scattered, smaller parcels as these would
have a contagious effect on neighboring private proper-
ties—and in effect multiply open space per dollar spent.

At the same time, local governments would need to be
aware of the potential downside effects of such a strategy.
Lower density development generally results in higher costs
for local service provision, increased air and light pollution
and may result in leap-frogging development that would
exacerbate these problems. However, by directing develop-
ment toward landowner agents whose values are more
profit oriented the strategy would both concentrate devel-
opment into smaller areas and stretch public dollars spent
purchasing development rights or land parcels by leverag-
ing landowners whose values are oriented toward neigh-
boring LU and/or tradition. Such a strategy would
reduce the number of places characterized by cascading
development and ultimately help achieve the goal of mutu-
ally sustaining human and natural systems. Accordingly,
an important component of the current work in the Big
Thicket study area is a comprehensive LU value survey
of individual landowners in that region in order to analyze
LU change dynamics with specific placement of landowner
types (while respecting the confidentiality of survey
participants).

The Caparo model was evaluated by qualitative com-
parison of the results to the known history of LU change
in the area. Simulation results agree qualitatively with what
is known about LU change, tropical forest succession, and

forest management in the area. And again important sensi-
tivities were revealed. In Caparo, the models reveal that
vigorous enforcement of laws and regulations governing
all LU activities is the key to achieving a mutually sustain-
ing relationship between the human and natural systems of
the region. In Imataca, we hypothesize that ensuring the
rights of the indigenous inhabitants of the region will be
the most effective policy for achieving a mutually sustain-
ing relationship between the human and natural systems
in that region (Callicott et al., in press). Indigenous
patterns of subsistence have coexisted with the forested
character of Imataca from time immemorial. But as the
Caparo experience suggests, subsistence swidden agricul-
ture is compatible with sustaining forest LC only if popu-
lation densities remain low. Hence, also controlling
immigration will likely prove to be a key policy for main-
taining mutually sustaining natural and human systems
in the Imataca region. Once all the cycles of the conceptual
model of colonization are implemented, more quantitative
validation will be undertaken in Caparo, using landscape
indices (e.g., Turner et al., 1990b) to compare simulated
results with actual LU maps. Nevertheless, as stated by
many authors, such as Parker et al. (2003) and Bousquet
and Le Page (2004), the validation of agent based models
poses important challenges that are subject to further dis-
cussion and research.
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versidad de Los Andes. Facultad de Ciencias Forestales. Escuela de
Ingenierı́a Forestal. Departamento de Ingenierı́a. Mérida-Venezuela.

Quintero, R., Barros, R., Dávila, J., Moreno, N., Tonella, G., Ablan, M.,
2004. A Model of the biocomplexity of deforestation in tropical forest:
Caparo case study. In: Pahl-Wostl, C., Schmidt, S., Rizzoli, A.E.,
Jakeman, A.J. (Eds.), Complexity and Integrated Resources Manage-
ment: Transactions of the 2nd Biennial Meeting of the International
Environmental Modelling and Software Society (IEMSS), vol. 2.
IEMSS, Manno, Switzerland, pp. 840–845.

Redman, C.L., 1992. The impact of food production: short-term strategies
and long-term consequences. In: Jacobsen, J.E., Firor, J. (Eds.),
Human impact on the environment: ancient roots, current challenges.
Westview Press, Boulder, CO, USA, pp. 35–49.

Redman, C.L., 1999. Human Impact on Ancient Environments. Univer-
sity of Arizona Press, Tucson, Arizona, USA.

Rojas, J., 1993. La colonización agraria de las Reservas Forestales: ?un
proceso sin solución? Universidad de los Andes, Instituto de Geog-
rafı́a, Mérida, Venezuela, Cuaderno Geográficos 10, pp. 110.
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