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SCIENTIFIC SUBSTANCE & SIGNIFICANCE 

Globalization is not a new phenomenon, but it is posing new challenges to humans and natural 
ecosystems in the 21st century. From climate change to increasingly mobile human populations to the 
global economy, the relationship between humans and their environment is being modified in ways that 
will have long-term impacts on ecological health, biodiversity, and system sustainability as well as the 
viability of local economies. These challenges are perhaps nowhere more evident than in island 
ecosystems, as they represent both the greatest vulnerability to globalization and also the greatest 
scientific opportunity to study the impacts of global changes. The diversity and endemism that 
characterize island ecosystems, such as the Galapagos Islands of Ecuador, draw attention to science and 
conservation, but also highlight the threats to the environment caused by tourism and migration as well 
as global environmental threats from climate change, invasive species, and such global factors as 
trafficking in shark fins. In the Galapagos, like many other places around the globe, complexity is 
anchored in the fact that complex systems are often nested within other complex systems, for example 
in our case global tourism demands, global climate change, migration primarily from the Ecuadorian 
mainland reflecting attractions to the Galapagos as well as pushes in certain areas of the mainland, 
invasive species altering the terrestrial landscape, and the fragile ecology and iconic species of the 
coastal environment. Incorporating multiple complex systems within a theoretical and modeling 
approach is challenging, and has not received the attention it deserves given that this is the reality in the 
empirical world.  

Within the complexity community, an increasingly popular tool to examine relationships and 
test scenarios is agent-based models (ABM).  An ABM is a type of spatial simulation method that posits 
equations and other functions describing processes driving social and environmental change and then 



calibrates the parameters of those relationships to simulate the effects of different forces on outcomes. 
There are several unique aspects of ABMs that set them apart from more conventional statistical 
modeling. First, relationships are specified at the micro level. In an ABM, agents, with various attributes, 
interact with other agents in a dynamic manner via social and spatial networks within a dynamic 
environment according to a set of algorithms that can be theoretically and/or empirically based. Second, 
feedback loops and critical thresholds are extensively represented, particularly by allowing potentially 
nonlinear aggregations of micro behaviors to change larger social units such as communities which, in 
turn, feedback onto micro behavior. Feedbacks can operate via compositional effects, social networks, 
spatial relations or through the environment, and can involve learning and adaptation of agents. Third, 
rather than seeking a statistical or deterministic solution, agent's actions and their effects are solved 
computationally, allowing the specification of highly nonlinear and complex underlying equations. 
Stochastic components can be included in the models. Fourth, ABMs allow for analysis of such concepts 
as synergy, emergence, and tipping points that are more difficult to handle in other approaches.  

 Nevertheless, ABMs remain controversial.  One important critique is that, in practice, when an 
ABM is parameterized and calibrated, it usually does not account for traditional problems of 
endogeneity, selectivity, measurement error, and uncertainty.  Thus ABM simulations lack credibility 
across significant portions of the social sciences. Further a tension exists between keeping the models 
simple so that one can “see” the processes operating and making them sufficiently complex so that 
results have the possibility of mimicking reality, which in turn runs the risk of turning the model into a 
“black box.”  Relatedly, there are open questions about verifying and validating ABMs, in part because 
there have not been empirical trials with ABMs and statistical approaches using the same data. Also, 
comparisons across models are difficult because reporting standards have not emerged and ABMs often 
use algorithms that are difficult to describe using mathematics.  Without exaggerating too much, these 
controversial aspects of ABM-style modeling has led conventional social scientists to largely ignore 
results from ABM models, made it difficult to publish results from ABM models in the very best social 
science journals, and made it difficult to obtain funding to collect the appropriate data to better inform 
ABM models.  Within the ecological communities, the situation is not quite so stark.  Rather, there the 
proliferation of diverse ABMs has made it difficult to compare results, and human behavior tends to be 
treated in an overly simplified manner. 

 We will comprehensively attack these problems with a distinguished interdisciplinary team 
having expertise in statistical modeling, ABMs, and collecting and analyzing complex social and 
ecological data. We address parameterization, feedback mechanisms, calibration of equations and 
algorithms, transparency of the model, reporting standards, uncertainty, and validation issues, and by so 
doing we will bridge disciplinary linguistic, methodological and conceptual divides. If the results 
convincingly demonstrate the utility of ABMs for studying complex systems, then the impact on 
understanding broad-scale social and ecological interactions and change will be profound. The research 
community will be in a better position to go from micro to macro and then back to micro. If our results 
confirm skepticism about ABMs, then the proposed research will be instructive to the scientific 
community and to the parts of NIH and NSF that have been seeking to invest in ABMs and in 
understanding complex systems more generally. 

 The work proposed here, admittedly at an early stage of development, aims to accomplish two 
goals.  First, using available data supplemented with expert opinion and qualitative data to be collected 
as part of this project, we will develop an ABM model that has sub-models that incorporate complexity 
from global tourism, climate change, migration streams, urbanization, invasive terrestrial species, 
LULCC, and the human-environment interactions of a fragile, and increasingly developed, coastal 
environment. This modeling will not only be a “proof of concept” approach, but will also have results of 
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interest in their own right.  Second, we will tackle head-on the skepticism of statistically sophisticated 
social scientists towards ABM-type models. David Guilkey, a well-known econometrician at the 
University of North Carolina and a skeptic about the utility of ABMs in causal analysis, will be part of the 
team designing the ABM.  The idea is to highlight all the points at which the ABM we develop is using, 
data, rules & tools, that would be considered questionable from an econometric perspective, and then, 
working as a team, design a data collection and analysis approach that could be analyzed both by ABM 
and econometric experts to see the extent to which the ABM and statistical approaches give similar 
results, and if not, why not.  In short, this is the statistical and modeling equivalent of a “cook off.”  
Funding for the data collection and analyses for this “cook off” is not part of the present project; rather 
we would apply to NIH, and possibly NSF for the necessary funds towards the end of this project. The 
significance of both the proof of concept and being able to bridge the chasm between those using ABM-
type models and more conventional statistical models is that serious progress in understanding complex 
systems will require a better understanding of the strengths and weakness of both approaches, and 
preferably a functional combination of the two.   

During the past three decades, dramatic changes have threatened the social and ecological sub-
systems of the Galapagos Islands. Beginning in the 1970’s, the Islands have experienced exponential 
population growth. Thousands of new residents began to migrate from the mainland attracted by the 
promise of lucrative opportunities linked to the islands’ rich marine and terrestrial ecosystems and 
“pushed” by the lack of economic opportunities in many parts of mainland Ecuador. The local 
population has grown from under 10,000 in 1990 to an estimated 35,000 residents today, and the 
number of tourists has increased from about 41,000 in 1990 to nearly 185,000 by 2010. In 2007, in 
response to the direct and indirect effects of the expanding human imprint in the Galapagos, UNESCO 
placed the islands on the “at risk” list of World Heritage Sites, and, similarly, the Ecuadorian 
Government declared an “ecological emergency” for the islands.  

While it is obvious at a superficial level that jumps in tourism levels and population migration 
impact the environment and vice versa, less is known about the explicit pathways through which this 
occurs. The challenge in moving scientific understanding beyond the obvious is graphically illustrated in 
Figure 1. The three main elements are land (cover and use), resident population, and tourism. Each 
influences one another. With causality likely going in both directions, untangling effects is extremely 
difficult, hence the need to consider both ABMs and structural equation modeling. 

 

 

Figure 1. Representation 
of the principal dynamic 
elements in the 
Galapagos Islands. 

 

 

 

 

 

 



RESEARCH PLAN 

A critical ingredient for the proposed effort is a moderately isolated population, not buffeted by 
too many influences, yet with the likely prospect of experiencing substantial change during the 4 year 
project and with moderate data collection costs. The Galapagos Islands are such a place, offering one of 
the best approximations to a society-wide natural experiment in the social sciences. While isolated, 
there is penetration by dynamic outside influences (e.g., sharp increases in tourism, illegal immigration, 
and climate change) that will produce social and ecological change. Politically part of Ecuador, 
Galapagos is 1000-km from the mainland.  The principal mode of entry or exit is by airplane. The 
population on Isabela Island, the study area, is small (~2,500 today), but growing and dynamic.  

Processes to be Modeled 

 The Galapagos is experiencing rapidly changing migration flows which the government is trying 
to legally limit. There is migration of legal, contract workers from the mainland, illegal migration from 
the mainland in search of better paying jobs, likely inter-island migration to Isabela Island as it increases 
tourism activity, out-migration of young adults for mainland education career opportunities, forced out-
migration of illegal migrants, circular migration of those from the mainland who work in boat-based 
tourism jobs, and migration from farms in the highlands to tourism and related jobs at the coast. 
Migration flows are known to exhibit strong feedback loops working through social networks and ethnic 
enclaves. Migration changes the labor and housing markets as well, and can lead to increasing 
importation of invasive plants which can affect household livelihoods, tourism, and environment.   

 Land use/land cover change (LULCC) due to farm abandonment and linked to the spread of 
invasive species, is an increasing problem as many farmers move to higher-wage employment 
opportunities in tourism, fisheries, construction and service industries located in urban settings. In 
addition, urban expansion and the attendant expansion of the urban infrastructure have implications for 
tourism and the sustainability of fragile coastal ecosystems.  

Further, El Niño and La Niña events perturb the social-ecological system. In general, El Niño 
years bring a reversal of oceanic flows, curtailing local upwelling and diminish the availability of 
phytoplankton, with devastating implications for local fisheries and iconic species, particularly, the 
Galapagos penguins, sea-lions, and marine iguanas. Conversely, La Niña events generally bring a 
strengthening of cold, nutrient rich waters, disadvantaging terrestrial flora and fauna (e.g., Darwin 
finches, giant tortoises, and land iguanas) through reduced rainfall, thereby, restoring fisheries, but 
negatively impacting tourism by depressing emblematic species through increased mortality and 
migration to alternate environments.  

 Finally, household assets and income are important as mediating variables in these processes. 
Heavy in-migration can lead to a decline in earnings from excess labor supply if demand does not rise 
sufficiently in magnitude. Land abandonment can lead to a decline in income originating from the farm 
sector. Important institutional constraints can arise because only those who are legal residents can own 
land and illegal residents are in a weak position in the labor market.    

Data for the Human Dimension 

The social science analysis will begin with population census data. We currently have census files 
at the individual and household level for three censuses: 1990, 2001, and 2006. We have access to the 
fall 2010 census and the earlier 1962, 1974, and 1982 censuses. For every individual listed on the 
household roster, we know where they were born, where they lived 5-years ago, and how long they 
have been living in their current place of residence, as well as such items as age, sex, and education.  



The first step will be to describe historical migration patterns. We will calculate the total 
population, broken down by whether they lived on that island their entire lives, moved there more than 
five years ago or in the last five years.  

We will also examine historical changes in occupations, and the extent to which households are 
increasingly diversified in the occupations held by their members. For each working-age individual, we 
have primary and secondary occupations. Since censuses collect information on a household basis, we 
can characterize households on the diversity of household members’ occupations. Our expectation is 
that households have become more occupationally diversified. 

Our understanding of household needs and expenditures in the Galapagos will come from the 
Living Conditions Survey of the Galapagos (2009), conducted by the Ecuadorian census bureau (INEC). 
This survey provides migration information (e.g., birthplace, time lived in current location, previous 
residence and reason for migration, as well as information on previous household members who out-
migrated). The survey also includes information on occupations, assets, other economic activities, 
household expenses, and agricultural activities.  

A key data set to understand rural land use dynamics is the new Ecuadorian Cadastral System 
(SIGTIERRAS). This data set will provide information about property lines, land tenancy, topography, and 
hydrology.  

 We will also use the two most recent agricultural censuses, CNA II and CNA III, conducted in 
1974 and 1999/2000 respectively. For both CNA II and CNA III, all agricultural production units were 
included. For CNA III, digital maps, satellite imagery, aerial photographs and topographic maps were 
used to identify and locate agriculturally productive areas. The CNA questionnaires asked land owners to 
respond to basic questions about household demography, characteristics of agriculturally-productive 
land parcels, crops cultivated, access to equipment and infrastructure, the existence of livestock, and 
the use of hired labor. We will use the CNA data to examine trends in agricultural production and see 
the role of migration in the agricultural sector. 

Tourism data will come from several sources. First, every person entering Galapagos must fill 
out an arrival card, which includes age, sex, nationality, city of residence, and where the person will stay. 
Through the Galapagos National Park we will have access to this data, collected since 1979. We can 
identify tourist streams and how tourist characteristics relate to where they stay. We expect increases in 
older tourists and land-based tourists.  We know whether tourists are staying in a hotel or a boat, and 
the name of that hotel or boat. We know the locations of hotels and the itineraries of boats. 

 We will also use data from the tourism survey conducted by Quiroga and Mena (2009). These 
data were obtained from tourists as they entered the Galapagos. It has more detail than the arrival 
record form, including estimated expenditures, planed tourist activities, and which destinations other 
than the Galapagos they considered when planning their trip.  

Mapping the Environment 

We will focus on changes in the cultivation of the highlands, spread or eradication of invasive 
species, and urbanization of the coastal community of Puerto Villamil. The relation between agriculture 
and invasive species can be either positive or negative depending, in part, on the intensity of agriculture. 
Low to moderate intensity agriculture would increase the problem of invasive species. Agricultural land 
abandonment would initially decrease intensity, but even when it reaches zero, invasive species do not 
simply go away once the processes that brought them are stopped. Stable degraded, i.e., invasive-
dominated, systems could result. Urbanization of Puerto Villamil is occurring, mainly as a result of 
tourism and the arrival of migrants from the Ecuadorian mainland. 



Using multi-temporal remote sensing imagery and new hyper-spatial satellite data  (WorldView-
2), LULC patterns will be classified – agricultural crops, pasture, invasive species, i.e., Guava (Psidium 
guajava), forest, lava, beach, and urban (Walsh et al. 2008).  To assess contemporary classification 
accuracy, we will stratify the study area by class type and accessibility, and then randomly sample 
approximately 30 field samples per class. We will split the samples for calibration (40%) and validation 
(60%). At each site, we will determine the LULC type, estimate percent cover of all woody and 
herbaceous species present, and note the present/absence of invasive species. We will generate an 
error matrix, user/producer errors, and the kappa-statistic according to best practices. For historical 
periods, we will use a combination of Landsat MSS & TM satellite imagery and aerial photography that 
extend from the early 1960s to 2007 and cover each decade. During summer 2009, every building in 
Puerto Villamil (~1000 structures) was geo-located using a GPS. Attribute data were collected for each 
structure (Walsh et al. 2010). We will compare the urban classification results achieved using 
WorldView-2 satellite data to the field data and derive an error assessment through standard 
procedures.  

ABM of Population-Environment Interactions 

Our starting point is a preliminary ABM of the Galapagos Islands (Miller et al. 2010), developed 
by Walsh’s graduate seminar and built using NetLogo software, a multi-agent, programmable modeling 
environment (http://ccl.northwestern.edu/netlogo/). The first step will involve Guilkey, Mena, Quiroga, 
and Rindfuss, critiquing this model from the perspective of their disciplines (economics, geography, 
anthropology, and sociology/demography, respectively). The idea is to lay out the model’s rules and 
assumptions, start to specify how they could be modeled econometrically, given the appropriate data, 
and begin to make the model incorporate more of the complexity in the real world. In years 1 & 2, we 
will experiment with the preliminary model, using the relatively simple user-interface to engage the 
project team by studying pattern-process relations for a virtual Isabela Island. In years 3 & 4, 
incorporating insights from the various analyses, we will make the model suitably more complex. Among 
the elements we will consider adding are the primary employment sectors, agent characteristics, 
composition and spatial pattern of a dynamic environment, and exogenous shocks through climate 
change.  

Below we describe steps and elements in moving from the existing preliminary model to one 
that incorporates the complexity of the systems affecting the Galapagos Islands in general and Isabela in 
particular. At every point, we will be asking what assumptions are being made about endogeneity, 
selectivity, measurement error and related econometric issues. As they are identified, we will then ask, 
what data and analyses would be needed to address the issues statistically. Simultaneously, we will be 
building a catalog of the strengths and weaknesses of the ABM and the econometric approaches.  

We model the Galapagos Islands as a system with a mix of positive and negative feedbacks 
(Miller et al. 2010). We may find that temporal and spatial structures of labor allocation to agriculture 
and tourism develop based on interactions of agricultural productivity, abundance of invasive species, 
and increased urbanization. Such a system would indicate self-organization in that the overall pattern is 
a reduction in dimensionality of the problem. Alternatively, we might find that the system cannot be 
maintained without exogenous factors (e.g., climate change) which can produce system behaviors that 
are difficult to distinguish from self-organization and are characterized as Highly Optimized Tolerance 
(Carlson & Doyle 1999). 

Our agents will be tourists and people living in the Galapagos divided into the three types 
recognized in the 1998 Special Law for Galapagos: “permanent,” workers subject to the legal residence 
restrictions in their labor contracts, and “illegal.” Island residents will be organized into households and 



have characteristics based on census data. Tourists will have characteristics from entrance forms 
supplemented by the tourism survey data. 

The demographic module of the ABM will be a modified version of the demographic module 
developed for work in Northeast Thailand (Entwisle et al. 2008) and Ecuadorian Amazon (Mena et al. 
2011). The demographic module uses standard demographic projections techniques, and the fertility 
and mortality rates are those used by INEC. The migration rates will come from our analyses of census 
data and the 2009 Living Conditions Survey. We expect to use four occupational categories, and can 
expand as empirical data and model results suggest. Households will be classified as rural or urban, and 
variables based on their composition. The movement of tourists is from the detailed tourism data 
described above. 

For the landscape, we will know the composition and spatial structure of LULCC, the areal 
distribution of invasive species and their changes over time and space, trajectories of agricultural 
dynamics, and patterns of urbanization in Puerto Villamil. From the remote sensing analysis, we will also 
know the condition of adjacent farms and the surround Galapagos National Park.   

After the basic ABM model is running, we will run “experiments” designed to examine the 
effects of Figure 1’s six arrows which are referred to in the discussion below. These experiments will 
have substantive interest and be evaluated as an ABM tool relative to what an econometric analysis 
with appropriate data might accomplish. The following are experiments we expect to run: (a) Relax the 
number of tourists officially permitted and increase tourism by 20, 30, 40, and 50 percent. This will 
impact the need for tourism workers, and in-migration (arrow 2). It should also lead to urban expansion 
(arrow 5). (b) Allow more temporary labor from the mainland to work on farms and in the construction, 
tourism, fisheries, and service sectors. This will impact the land component (arrow 4). (c) Increase the 
number of tour boat operators and the size of boats accommodating more boat-based tourists. This 
should ease pressure on urban expansion (arrow 5), and the demand for more workers (arrow 2). (d) 
Increase the frequency and intensity of El Niño events, increasing the spread of invasive species and 
decreasing participation in fisheries. Land degradation, if sufficiently severe, should affect the demand 
for land-based tourism (arrow 6) and reduce the demand for additional migrants (arrow 3). (e) Increase 
the effectiveness of government policies that restrict immigration from the mainland. This should 
decrease the labor pool (arrow 1) and put less pressure on urban expansion and lead to more farm 
abandonment (arrow 4). (f) Increase the frequency of land abandonment and examine the possible re-
establishment of invasive species on farms, thereby, impacting LULCC (arrow 4).  

Model Validation  

A multi-prong approach will be used to understand the performance of our model under 
uncertainty. First, we will follow qualitative and epistemological traditions within the sociology of 
science. The basic idea will be to analyze the discussions that occur among the diverse members of the 
proposed project. The hypothesis is that the different approaches can yield different results because 
they focus on different concerns, privileging these concerns in their analyses while tending to dismiss 
other issues. Systematically documenting the various epistemologies will help the project contribute to 
broader understanding of differences between ABM and econometric tools.  

Second, a complementary approach to compare the modeling efforts will mathematically and 
computationally examine the sensitivity of the ABM to variations in input parameters. Sensitivity 
analysis will include results from now-traditional design of computational experiments (e.g., Kleijnen 
1998) by essentially treating the model like a “black box” with different outputs obtained by varying the 
inputs. 



 Third, we will share our model results with local experts in the Galapagos, a type of “reality” 
test. Structured model exploration by local experts is a form of “expert elicitation” that has long been 
used in some modeling and simulation communities, but is underutilized in much social and ecological 
science modeling. During the fourth project year, we will organize a meeting with local experts, 
including elected political leaders, officials from the Galapagos National Park, local business leaders, 
along with our econometrician. Among other benefits, the comments from local experts will further 
sharpen our understanding of similarities/differences between ABM and statistical approaches. 
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