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Synthesis of Drivers, Patterns, and Trajectories of LCLUC in Island Ecosystems
Project Goals
Our approach to synthesize LCLUC patterns on islands and to assess the drivers of change as
follows: (1) Perform a meta-analysis for global islands by focusing on the socio-economic, geographic, and
biophysical drivers of LCLUC, and assess the role of satellite remote sensing for characterizing the
composition, pattern, and structure of LCLUC on islands; (2) Primary Island Sites (Hawaiian Islands,
Galapagos Islands, Puerto Rico) will be characterized by an assembled social-ecological data set, including,
population census data, tourism data, environmental data, and a blended multi-resolution, satellite image
stack; (3) Develop a dynamic systems model of the Primary Island Sites, informed through statistical
analyses and case study models, and determine if a single synthetic model can be generated that is
capable of capturing social- ecological dynamics to understand the drivers of LCLUC on each island; and
(4) Once the operating protocols have been tested and dynamic systems models developed for the
Primary Island Sites, we will perform sensitivity analyses to assess model performance by varying data
inputs of stocks, flows, rates of exchange, and feedback loops to determine the impacts of variables on
model outcomes. We will apply the dynamic systems models developed for the Primary Island Sites to the
Secondary Island Sites and test model performance using sensitivity analysis. Through the analyses of the
Primary and Secondary Island Sites, we will explain the impacts of tourism, demographics, environmental,
and economic transitions on broader LCLUC issues, decision-making, and the politics of change.

Project 1 - Social-Ecological Drivers of Land Cover/Land Use Change on Islands: A Synthesis of
the Patterns and Processes of Change
Abstract
Island ecosystems around the world are undergoing considerable change as a consequence of
complex social-ecological forces that operate at a range of space-time scales. From the molecular or
landscape level, and over short- or long-term periods, the forces of change impact islands in important
and conspicuous ways. Often manifested through land cover/land use change (LCLUC), globalization and
climate change are among the dominant forces that shape islands and alter their trajectories. A metaanalysis of published literature on islands for 1988-2018, a synthesis of island databases, and spatial
analyses of island conditions and characteristics were performed using maps and graphics to report
findings. Data acquired from multiple satellite platforms and sensor systems are embedded in the papers
analyzed in the meta-analysis, and the processes that impact islands were discussed relative to tourism,
population migration, globalization, and climate and environmental change.
Introduction
Globalization in the 21st century is posing new challenges to humans and natural ecosystems
(Carter et al. 2014, Sun 2014). 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, ecosystem goods and services, human
activities, land cover/land use change (LCLUC), and system sustainability (Kerr 2005, Uyarra et al. 2005,
Zhang & Walsh 2018). These changes and challenges are perhaps nowhere more evident than in island
ecosystems (Zhao et al. 2004, Charles & Chris 2009, Miller et al. 2014, Mena et al. In Press). Influenced by
rising ocean temperatures, extreme weather events, sea-level rise, tourism, population migration and
development, and invasive species (MacDonald et al. 1997, Tye 2001, Alongi 2007, Walsh et al. 2008,
Brewington 2013, Walsh 2018), islands represent both great vulnerabilities as well as scientific

opportunities for studying the impacts and significance of global change on ecosystem processes and
sustainability (Schwartzman et al. 2000, Mejia & Brandt 2015, Johannes de Haan et al. 2019).
Human migration and tourism have brought profound changes to the natural environment in
places like the Hawaiian and Canary Islands, and beyond (Juan et al. 2008). With the rise in global wealth,
pressure on unique island ecosystems increases as more people seek to visit and experience these
“special” places, thereby introducing new threats to island sustainability. While islands are often
geographically remote, relatively small in size, irregular in shape, and varied in their morphological,
ecological, human, and topographic settings, they are also fragile and highly sensitive to changes caused
by natural and anthropogenic factors. Processes such as climate change, urbanization, agricultural
extensification, deforestation, and population migration are increasingly associated with the “temporary”
migration of tourists to islands (Walsh and Mena 2013). These forces and factors of change are often
manifested as drivers of LCLUC that occur across a range of space-time scales and whose patterns and
trajectories can be assessed through satellite remote sensing (Benitez et al. 2018, Rivas-Torres et al. 2018).
While islands are fundamentally different in their geography, ecology, protection, and intensity
of human use and development, they share similar concerns, although at different scales and within
different socio-economic and political structures. Islands are increasingly burdened by tensions between
population-environment interactions and their trajectories of change (Ernoul and Wardell-Johnson 2013,
Walsh et al. 2019). This paper presents the findings of a meta-analysis of papers published between 19882018 referenced in selected databases. After reviewing 309 socio-economic papers and 406 remote
sensing papers for global islands, we synthesized the diverse drivers of LCLUC on islands, mapped the
number of reviewed papers by selected geographic regions, and contextualized the findings relative to
defined threats to island ecosystems. We focused on island sustainability and the exogenous and
endogenous processes that impact islands and their LCLUC patterns. The central questions that motivated
our work are as follows:
•
•
•
•

What are the space-time patterns of social-ecological change affecting island sustainability?
How do local and global forces of change threaten island ecosystems?
How can complex adaptive systems be used to examine islands and alternate trajectories of change?
How can a unifying template be developed for the assessment of global island ecosystems?

What follows is an interpretation of findings from the meta-analysis, a description of the general
importance of islands to society and ecosystem goods and services, challenges to island sustainability, and
considerations for future work in distilling the primary processes of change on islands, leading to a
generalized Dynamic Systems Model of islands and the processes of change.
Challenges & Opportunities for Island Studies
Islands are microcosms of larger mainland systems, but their smaller size, crisp boundaries,
restricted access, and often historic isolation make them more manageable to study and measure factors
that threaten their social-ecological sustainability. Oceanic islands may have been isolated through time
as a consequence of their geography, for example, but development pressures linked to the expanding
human dimension and demands of burgeoning tourism markets produce distinct LCLUC patterns. Islands
with high-value amenity resources and iconic species also attract large numbers visitors and associated
resident populations to support the expanding tourism market. Projected LCLUC patterns for islands for
the year 2100 indicate that change on islands will exceed that of continental areas (Kier et al. 2009).
Further, the Human Impact Index, a measure of the current threats to LCLUC and development, is
significantly higher on islands compared to continents (Kier et al. 2009). Many of the contemporary LCLUC
drivers associated with the human dimension are tourism-related, and island tourism is a main component
of global tourism. Historically, deforestation, agricultural extensification, establishment and expansion of

human settlements, enhancements to community infrastructure, and development of port and transport
facilities associated with trade, fisheries, and commerce have supported an expanding human impact on
islands (Seddon et al. 2011). All of these factors have had direct and indirect consequences on LCLUC
patterns. On many islands around the world, migrating residents are “pulled” to islands to work in the
burgeoning tourism industry, often “pushed” from nearby continental settings or other island groups as
a result of poor economic conditions. Employment opportunities in global tourism continue to grow and
the expanding urban infrastructure meant to attract, service, and sustain long-term development is
affecting LCLUC and ecosystem goods and services in direct and indirect ways.
Sustainability
On islands, even on oceanic islands that have been seemingly isolated from the pressures
associated with continental settings, humans have become the primary driver of change (Moser et al.
2018). From the expanding human dimension seen through tourism, population migration, agriculture,
fisheries, and urban development, islands and their inhabitants are often incapable of managing such
rapid and extensive changes, posing challenges to long-term sustainability. The unforeseen consequences
of development, such as the introduction of alien and invasive species can result in ecosystem degradation
or loss, fragmentation, and depletion of natural resources that generate revenue for local residents and
attract tourists (Walsh and Mena 2016). The expanding human dimension on islands can degrade
biodiversity and endemism, jeopardizing the long-term ecosystem provisioning that supports the social,
terrestrial, and marine subsystems and economic vitality. The expanding human dimension is not the only
threat to island sustainability, however, as climate change and natural hazards further impact fragile and
sensitive island ecosystems (Brewington et al. 2014). Clearly observed in the Galapagos Island of Ecuador
is the considerable challenge of balancing the needs of economic development and resource conservation
(Walsh et al. 2014). As resident and tourist populations continue to increase and exceed the capacity of
local infrastructure to ensure environmental protection, the pressures on governance structures that
engage a broad range of policy actors become more pronounced (Zupan et al. 2018).
Island sustainability may be conceptualized along a resource conservation – economic
development gradient that represents a diversity of island forms and functions, shaped by exogenous and
endogenous dynamics, and social and ecological processes of change. Whether supporting protected
areas, iconic species, tourism sites, local communities, fisheries and agriculture, or urban and industrial
development, islands are increasingly linked to the human dimension, mainland forces, and other island
settings through the processes of globalization. Conservation and development efforts on islands require
continuous monitoring of social-ecological interactions and the multi-scale drivers of change to
implement adaptive management schemes and evaluate the desirability of outcomes. Figure 1 indicates
the complex interplay between island social and ecological systems and their dynamics. Further, it points
toward links between social-natural conditions and features related to island sustainability. The intent is
to acknowledge the complex interactions between people, place, and the environment, and their impacts
on island sustainability. Development and conservation are part of the sustainability discourse for islands
and the changing vulnerability of people in altered settings imposed by forces of change.
Island sustainability is influenced by a host of processes acting across spatial scales that range
from the molecular to the landscape, and over short- and long-term cycles. These space-time forces of
change are often seen through the direct and indirect consequences of processes of change, such as (1)
natural processes, including coastal erosion, ocean warming and acidification related to climate change,
tectonics, short- and long-term climate variability such as the El Niño Southern Oscillation (ENSO), and
natural hazards, (2) social processes, such as population migration and tourism, urban growth, and trade
and economic development, and (3) integrated social-ecological processes, such as the introduction of
alien species through the transportation of goods and materials, loss of ecosystem services through

habitat degradation, over-exploitation of fisheries resources, and saturation of visitor sites, impacting
amenity resources and iconic species.

Figure 1. Conceptual representation of an economic development and resource conservation gradient for islands
shaped by social-ecological forces of change and characteristics of island ecosystems (Zhang & Walsh 2018).

Tourism as a Driver of Change
The causes and consequences of LCLUC on islands involve, at a minimum, individuals, households,
and land parcels. Their combined influence is at the heart of evolving research in land change science.
Tourism is one of the most important global economic sectors and island tourism is a main
components of world tourism. Today, approximately 1.2 billion tourists travel outside their borders,
generating revenues in excess of $1.8 billion and contributing to an industry that accounts for over 14%
of GDP (World Tourism Organization 2017). As such, tourism has become an important and dynamic driver
of change on islands (Currie & Falconer 2014), especially those with high-quality, amenity resources and
access to iconic species and landscapes.
As an example of the challenges that confront island ecosystems, beginning in the 1970’s, the
Galapagos Islands of Ecuador began to draw thousands of new residents who were attracted by lucrative
opportunities linked to the islands’ rich marine and terrestrial ecosystems and employment opportunities
in construction, fisheries, and tourism (Gonzalez et al. 2008, Miller et al. 2010, Pizzitutti et al. 2014, 2017).
Development of the tourism industry and a boom in fishing has more than tripled the local population in
the past 15 years to over 30,000 residents. The number of tourists visiting the Islands has quadrupled over
the same period and is now over 225,000 per year (2018). This expanding human imprint on the islands
has contributed to (1) over-use of natural resources; (2) replacement of native and endemic species by
invasive flora and fauna; (3) extraction of marine resources at unprecedented rates; (4) expansion of
tourism and associated development into increasingly fragile environments; and (5) a dramatic increase
in human energy consumption and waste generation (Henderson et al. 2006, Brewington 2013, Walsh et

al. 2018). Recognizing these threats, in June 2007, UNESCO declared the Galapagos archipelago a World
Heritage Site “in danger” as the Ecuadorian Government declared an “ecological emergency”. UNESCO
removed the Galapagos Islands from their list of World Heritage Sites “at risk” in July 2010, but much
remains to be done to stem the flow of migrants to the islands and to reduce human impacts on the
vulnerable ecology (Figure 2).

Figure 2. Aerial view of the community of Puerto Ayora and the adjacent Galapagos National Park on Santa Cruz
Island. Urban infilling has eliminated most open space within the urban zone due to the restricted area allocated for
development.

A central challenge in the study of global island ecosystems is their remoteness and inaccessibility
(Gil 2003, Miller et al. 2018). Islands many be connected directly or indirectly to other islands and
archipelagos, or nearby continents. They are relatively small, occurring singularly or arrayed in
archipelagos, irregular in shape, and varied in their ecological, economic, cultural, and topographic
settings. Islands are also shaped over time through human and natural circumstances, impacted by
episodic and continuous forces of change with historical and contemporary implications. Numerous
factors serve to link islands to other islands and continents, with many factors having roots in historical
and contemporary periods that involve economic, political, social, and biophysical forces (Pazmino et al.
2018).
Meta-Analysis of Island Literature
The dominant outcome variable that we sought to understand regarding island systems is LCLUC.
We searched eight databases – PubMed, Scopus, Web of Science, GeoBase, GeoRef, PAIS, IBSS, and
Environment Complete – to identify papers published between 1988-2018 on islands and the socialecological drivers of LCLUC. Initially, we searched the databases with a “broad brush” approach that
yielded thousands of papers. Boolean operators effectively reduced the number of papers and provided
a more targeted search whose outcome variable was LCLUC and the social-ecological drivers of change.
We separated our searches into dominant domains – socio-economic/LCLUC and remote
sensing/LCLUC. For the socio-economic search, details on the screening process as the first step in the
meta-analysis are provided in Chapter x. Literature results were classified into two tiers, Tier 1 included
those that were considered to be of significant value due to their methodological content and Tier 2
included relevant but less-analytical papers. Table 1 summarizes the results for the socio-economic/LCLUC
domain search that are reviewed elsewhere in this book.

Dominant Factor
LCLUC
Economic change, economic modeling
Other modelling, simulations
Urbanization
Agriculture, Deforestation, Reforest
Tourism
Population, Migration & Fertility
Climate Change
Totals

Tier 1 Papers

Tier 2 Papers

48
19
35
16
23
29
18
8

160
138
120
65
125
77
65
11

196

761

Table 1. Socio-economic/LCLUC search results for Tier 1 and Tier 2 categories.

We also conducted searches of the remote sensing literature using the same eight databases, but
with a slightly different goa: to categorize papers by islands, archipelagos, and countries as well as by the
types of remotely sensed data, drivers, methods, and products. We identified 406 papers that were
further defined by satellite type, classification approach, change-detection method, sensor fusion
approach, pixel vs. object-based image analysis, image time-series analysis, and vegetation indices.
Three selected databases are briefly described below that provided us the greatest utility in
meeting project goals. First, the United Nations Environmental Programme’s (UNEP) “Global Distribution
of Islands” (Depraetere & Dahl 2007) dataset contains boundary files and global distributions for islands
greater than 0.06 km2 in size. This dataset, also known as the Island Biodiversity Programme of Work
(IBPow) database, was developed in collaboration with the Institut de Recherche pour le Dévelopement
(IRD) and has existed since 2005. The shapefile is based on the Global, Self-Consistent, Hierarchical, HighResolution Shoreline (GSHHS) Database after Wessel & Smith (1996). Second, the “Threatened Island
Biodiversity” database includes almost 2000 islands for nearly 1200 critically endangered and endangered
terrestrial vertebrate species, collated from almost 1500 scientific literature sources, management
documents, and databases, and from the contributions of more than 500 experts (Spatz et al. 2017). The
dataset also contains information on vulnerable seabirds, the presence of invasive vertebrates, and
important island characteristics, such as island size and human habitation that are often used in setting
conservation priorities. Third, the “Bioclimatic and Physical Characterization” database provides
information about the world's islands – standardized dataset to perform a comprehensive global
environmental characterization for 17,883 of the world's marine islands greater than 1.0 -km2 (∼98% of
total island area) (Weigelt et al. 2013). We used island area, mean temperature, mean precipitation,
seasonality in temperature and precipitation, historic climate change, elevation, isolation, and past
connectivity as key island characteristics and drivers of ecosystem processes from this database.
Global Island Databases and the Meta-Analysis
The unique biogeographical conditions of oceanic islands that give rise to their high endemism
(geographic isolation, reduced surface area) are also the causes of high extinction (Whittaker &
Fernández-Palacios 2007, Moser et al. 2018). Islands are speciation and extinction hotspots that make
them important sites for biodiversity conservation worldwide (Keitt et al. 2011). For example, endemic
plant species in islands are more likely to be threatened, especially in small islands (Caujapé-Castells et al.
2010). In comparison to mainland biodiversity hotspots, islands or island groups are disproportionately
vulnerable to invasive species (Reid et al. 2005, Kueffer et al. 2010, Bellard et al. 2014, Van Kleunen et al.
2015). In addition, 80% of known species extinctions since 1500 have taken place in islands, despite islands
representing less than 5% of the earth’s landmass (Ricketts et al. 2005). Despite their relatively small

surface area, the importance of islands transcends their limited geographical extension; marine animals
are threatened with extinction because many of them, like seabirds, depend on island ecosystems for
breeding (Spatz et al. 2014). We need homogenous data about islands around the world to understand
the impacts that global change is having on island ecosystems, and how we can best conserve them and
their inhabitants.
A literature review for available databases and an online search for the keywords “island
database” and “global island database” revealed dozens of databases. These contain data about islands
in a diversity of formats (CSV, KML, SHP, PDF, GeoTiff, and Web access), though most are either limited in
geographic scope (are focused on a particular archipelago or region) or are not island-specific (including
continental areas). Most databases define islands as landmasses smaller than Greenland, but their lower
surface area limit is more variable, because it depends on the spatial resolution of the compiled data.
Most databases also exclude freshwater islands. The IBPow database, Global Distribution of Islands,
Global Island Database (version 1), is one of the first and most comprehensive efforts to compile
homogenous global data specifically about oceanic islands. The database includes shorelines, bathymetry,
topographic relief, place names, oceanic climatic data, and ecosystem classifications (Depraetere 2007,
UNEP-WCMC, Depraetere, & Dahl, 2010). This shapefile format archive (Wessel & Smith, 1996) converted
island shorelines >0.06 km2 into approximately 180,000 georeferenced polygons and assigned an “Island
ID code” as a unique identifier. This code is useful to homogenize the dataset because island names can
be variable across languages, local names, and spellings. In 2015, a second version of the Global
Distribution of Islands database was created using OpenStreetMap data (based on Landsat products) to
provide higher resolution geographic boundaries of approximately 460,000 islands. UNEP-WCMC has
since depreciated the former, and the latter dataset includes only island boundaries. However, both
datasets may be joined using their Island ID codes.
Subsequent efforts to collate physical and ecological data about global islands have built upon the
UNEP-WCMC framework and individual islands can also be joined using common identifiers. Weigelt et
al. (2013) made an essential contribution to our understanding of global island patterns through a physical
characterization of 17,883 of the world's oceanic islands >1 km2 (∼98% of total island area), using
WorldClim data. The authors considered key island characteristics and drivers of ecosystem processes,
including area, temperature, precipitation, seasonality in temperature and precipitation, elevation,
isolation, and past connectivity. These data may be joined with the Island Code field corresponding to
IBPow Version 1 (2010).
Another contribution came from a partnership between conservation NGOs and universities that
created the Threatened Island Biodiversity Database (TIB, http://tib.islandconservation.org/), a
compilation of nearly 2000 islands and 1300 threatened vertebrates (as classified by the International
Union for the Conservation of Nature, IUCN) that inhabit them. Similarly, they also created the Database
of Island Invasive Species Eradications (DIISE, http://diise.islandconservation.org/), a compilation of all
historical and current eradication projects on islands. The TIB and DIISE are the most comprehensive
reviews of threatened and invasive vertebrates in island ecosystems, as well as of efforts to eradicate
them (Jones et al. 2016, Keitt et al. 2011, Spatz et al. 2014, 2017).
Most recently, the Global Naturalized Alien Flora (GloNAF, https://glonaf.org/) was published and
made available online for free with a Creative Commons license (van Kleunen et al., 2019). GloNAF
currently lists the taxa of naturalized plants from 381 individual islands that comprise nearly one-third of
all regions included in the entire database (Van Kleunen et al. 2015). Linking these and other databases
can help quantify vulnerability to natural and anthropogenic drivers of change on island ecosystems
around the world (Pyšek et al. 2017).

The global island databases listed above compile their information at the scale of individual
islands. However, most available literature aggregates islands into more general categories such as island
groups, archipelagos, countries, or regions. This discrepancy presents a challenge when trying to link the
insights from a qualitative meta-analysis with quantitative online databases. To overcome this hurdle, we
manually linked islands that are part of more general island groups mentioned in the literature. For
example, if an article was about the Galapagos, we marked all individual islands that belong to the
archipelago to link the article with the specific Island ID codes. We did this for the 406 Tier-1 articles in
our meta-analysis. We then used the “tidyverse” and “splitstackshape” packages in R (Version 3.4.2) to
link the drivers of LCLUC from the literature review with individual islands.
The methodology above allowed us to ask questions at the scale of individual islands. For example,
Figures 3 and 4 suggest that islands in the Pacific Ocean may be better represented in the scientific
literature, but they also tell us something about global drivers of change. For anthropogenic drivers of
land use/land cover, most literature about Pacific Islands described the effects of climate change.
Meanwhile, Atlantic Ocean literature focused on urbanization. Most literature about islands in the Indian
Ocean was concerned with tourism. For natural drivers of land cover/land use, most articles about Pacific
Islands mentioned volcanoes, most about the Atlantic referenced hurricanes, and most Indian Ocean
articles mentioned tsunamis. It should be noted that the ocean categorization for individual islands (based
on IBPow Version 1) was likely based on political affiliations and might be different than what their
geographic location might suggest.
Drivers of LCLUC on Islands
Drivers of LCLUC that were identified from the meta-analysis were synthesized into socioeconomic factors, natural/biophysical factors, and geographic factors (Table 2). Depending on the
environment being studied in the reviewed papers, scholars categorized the drivers of LCLUC in different
ways. For instance, Agarwal et al. (2002) identified tropical deforestation as a major LCLUC occurring on
the east coast of Madagascar using defined classes of drivers – socio-economic (e.g., population growth
& economic development), physical (e.g., topography or proximity to rivers and roads), government
intervention (e.g., agricultural extensification and forest policies), and external (e.g., demand for exports
or financing conditions). In the Galapagos Islands, Percy et al. (2016) examined the potential of water
shortages and reliance on hydro-climatic, anthropogenic, and pedo-hydrologic gradients across the
archipelago to better understand the interactions between water and critical zone processes in tropical
ecosystems.
In Sicily and Sardinia, Italy, Fiorini et al. (2017) focused on urban expansion as a by-product of
increased tourism, with implications on protected areas. In Puerto Rico, Del Mar Lopez et al. (2001), Grau
et al (2003), Martinuzzi et al. (2006) and Pares-Ramos et al. (2008) describe the importance of urban
sprawl on LCLUC and associated agricultural abandonment as people migrate from the rural to urban
areas for jobs, mostly in manufacturing. This land transition resulted in the reforestation of agricultural
land and a change in the ecological function of abandoned farms through secondary forest succession.
Most changes were associated with distance to roads, nature preserves, and urban areas as well as terrain
settings of elevation, slope angle, and slope aspect. In Hawaii, several papers assessed coastal erosion,
shoreline change, and climate change, particularly, sea-level rise (Ferrier et al. 2013, Anderson et al. 2015),
changing fire fuels and behavior influenced by invasive grasses (Ellsworth et al. 2014) as well as changing
fuel moisture in non-native tropical vegetation (Ellsworth et al. 2017). Also, papers reported on Hawaiian
dry forests as well as species richness, canopy density, canopy height, and basal area that were affected
by a suite of biotic and abiotic characteristics (Pau et al. 2013).
In short, while there is likely a set of core processes of LCLUC in islands, there is considerable
variability in islands relative to their geographic position, degree of isolation, morphology, and human-

environment interactions. These differences shape the level of generalizability for analysis and modeling
that extend beyond local contexts and their geographic site and situation. Most of our papers used
satellite remote sensing to characterize landscape states and conditions, using multiple linear regression
to link hypothesized driver variables to selected outcome variables.
Table 2. Key drivers of island LCLUC that were synthesized from the socio-economic and remote sensing metaanalysis.

Socio-Economic Factors
Tourism
Human Occupation Pattern
Rural Development
Urban Infrastructure
Population Growth
Population Density
Population Migration
Community Structure
Urbanization & Urban Sprawl
Household Demographics
Poverty & Social Inequalities
Number of Households
Household Livelihoods
Employment Patterns
Standard of Living
Technological Change
Land Tenure
Credit & Capital
International Development
Colonial policies
Globalization
Public Policy

Biophysical Factors
Invasive Species
Protected Area Status
Runoff: Erosion & Deposition
Land Manage Programs
Volcanic Deformation
Topographic Position
Natural Hazards
Drainage Patterns
Land Productivity
Soil Fertility
Herbivory
Freshwater Availability
Precipitation Patterns
Native, Endemic Species
Iconic Species and
Landscapes
Mangroves, Fisheries
Coastal Protection
Species Richness & Turnover
Climate Change & Sea-Level
Rise
ENSO Events
Ecosystem Services

Geographic Factors
Land Degradation
Island Types: Continental,
Oceanic
LCLUC Patterns
Geographic Position
Geographic Context
Geographic Isolation
Geographic Connectivity
Political Boundaries:
Community, Urban,
Protected Areas, Farm
Commercial Forests
Grazing, Agriculture
Agroforestry
Social-Ecological Barriers:
Fences, Lava Flows, Fire,
Reservoirs
Land Abandonment
Settlement History
Geographic Accessibility
LCLU Types
Fishery Zones
Infrastructure Zones
Road Type & Density

Figure 3 shows specific natural hazards that were identified through the meta-analysis, and Figure 4 shows
key processes. Wildfire and volcanos were most frequently related to islands LCLUC, but landslides, hurricanes,
flooding, and tsunamis were also important. As far as processes most represented in our meta-analysis,
urbanization was very important, followed by climate change, deforestation, and tourism. A range of other
processes were also represented, including agricultural intensification, grazing, land abandonment, and economic
and population growth.

Figure 3. Papers identified in our meta-analysis by natural hazard type.

Figure 4. Papers identified in our meta-analysis by processes of change.

Project 2 - Dynamic Systems Models of the Galapagos Islands
Abstract
The project team conducted a study of past and future trends of land cover/land use change (LCLUC) for
the Island of Santa Cruz (SC), Galapagos Archipelago of Ecuador. Remote sensing images over the past 30 years
were classified to analyze the dynamics of LCLUC. A description of several social-ecological drivers of land
cover/land use change were integrated in a quantitative System Dynamics Model that projected past trends into
the next 20-years to describe the social-ecological dimensions of the island as a single system. Due to their strong
influence on migration flows to Galapagos, the SC tourism economic sector expansion and Ecuadorian mainland
economic development were identified as the main exogenous drivers of change. The model represents the
influence of migration on SC population growth and the direct and indirect impacts of human communities on
LCLUC processes. Four land cover/use types were represented in the model: built-up, including all types of human

infrastructure, agriculture, invasive vegetation, and natural vegetation. The remote sensing imagery classification
shows that in 2019, 7.8% of the island surface was degraded by direct and indirect human activities and a large
proportion of this degradation was concentrated in SC’s rural humid vegetation area. Furthermore, the System
Dynamics Model outcomes suggest that under different tourism development scenarios in SC, the degraded areas
will continue to expand. If tourism follows the current trend of exponential growth, the degraded areas will double
in size over the next 20 years.
Introduction & Context of the Models
The impacts of growing human populations and exponentially increasing power of technology have
radically altered the rate of change of Earth ecosystems since the appearance of Homo sapiens on the planet
th

st

(Vitousek et al. 1997). In the 20 and 21 centuries, globalization has accelerated and expanded the alteration of
world’s ecosystems (Lambin and Meyfroidt 2011). Human modification of the environment is now impacting
worldwide biodiversity and ecosystems health, contributing to the global climate change, and altering the living
conditions of many human societies (Steffen et al. 2004). Furthermore, by directly hampering ecological
sustainability and ecosystems services, human impacts have put the ability of natural environments to sustain
societal needs at risk (Díaz et al. 2019). Global human impacts on natural ecosystems is often manifested as land
cover/land use change (LCLUC) (Foley, Jonathan et al. 2005). Expansion of agricultural and urban areas, soil
degradation, and coastal erosion are among the LCLUC effects of human transformations that can be assessed
through satellite remote sensing (Lambin et al. 2001; Rivas-Torres et al. 2018). Changes introduced by humans
and manifested as LCLUC are particularly evident in island ecosystems (Zhao et al. 2004). Due to their vulnerability
to climate change, habitat modification, ecosystem exploitation, alien species invasions, and disease
introductions, island ecosystems are among the most vulnerable environments to human changes and
globalization (Graham et al. 2017). For this reason, island ecosystems provide an opportunity to study the impacts
of globalization on ecosystem processes and to design strategies for enhancing the sustainability of human-natural
systems (Kerr 2005; Lim and Cooper 2009).
Over the last century, tourism has become one of the main driving forces of environmental change in
many islands around the world (Oreja Rodríguez, Parra-López, and Yanes-Estévez 2008; Orams 2002). Increased
human presence in islands either directly due to tourism or indirectly through migration in response to economic
tourism development, has led to profound impacts affecting island ecosystems worldwide in many ways, including
increased ecosystem exploitation, agricultural intensification, deforestation, invasive species introductions and
contamination (Macdonald, Anderson, and Dietrich 1997). The changes introduced by tourism to islands can be
detected and evaluated through remote sensing data (Rivas-Torres et al. 2018) and assembled in longitudinal
studies of LCLUC. These temporal LCLUC trajectories can be useful in identifying the relevant drivers of change
and trends in island environments (Walsh et al. 2008; McCleary 2013).
The Galapagos Islands environment is the perfect example of relatively pristine, and unique island
ecosystem that has attracted an increasing number of tourists in recent decades, leading to dramatic changes in
human and natural systems despite the fact that almost the entire territory of the archipelago is under a regime
of integral natural protection (Lu, Valdivia, and Wolford 2013; González et al. 2008). The economic boom
associated with tourism growth attracted sustained immigration to the islands from the Ecuadorian mainland
composed of people seeking improved living and working conditions (S. Kerr, Cardenas, and Hendy 2004).
Although LCLU information is of striking importance for managing tourism and protected areas (Kennedy et al.
2009), LCLU data for the Galapagos Islands are often incomplete and fragmented. Furthermore, a complete
analysis of past LCLUC trends is not available for extended areas of the archipelago. One of the first published
studies of land cover in the Galapagos was a map produced by the Galapagos National Institute (INGALA;
(Ministerio de Agricultura y Ganaderia et al. 1987). This map did not include some of the inhabited island of
Galapagos and was more recently updated by a higher resolution map produced by The Nature conservancy (TNC)
and the Ecuadorian government using remote sensing data collected in 2000 (The Nature Conservancy (TNC) and

Centro de Levantamientos Integrados de Recursos Naturales por Sensores Remotos (CLIRSEN) 2006). The
combined 1987 INGALA maps and 2000 TNC map were used to create the first study of LCLUC in Galapagos, which
was limited to the rural areas of Santa Cruz (SC) and San Cristobal Islands (Villa and Segarra 2011) and to study
the anthropogenic degradation of the main islands (Watson et al. 2010). A series of studies (McCleary 2013; Walsh
et al. 2008) analyzed LCLUC in the rural areas of Isabela Island as the local working force shifted from agriculture
to tourism and impacted LCLUC in Isabela by increasing invasive species presence. More recently, Rivas-Torres et
al. (Rivas-Torres et al. 2018) developed a methodology to identify and map native and the spread of aggressive
invasive vegetation in island biomes, which showed that SC was the most infested island in the Galapagos
archipelago.
System Dynamics (SD) is a modeling technique created by J.W. Forrester (1961) that combines system
thinking with flow charts formalism to symbolize model parameters and rates of change. The casual connections
between systems elements are described by equations that are translated in a typical formalism of “stock and
flow” diagrams. SD and systems thinking have been used in several studies (Walker et al. 1998; McGrath 2010;
Georgantzas 2003; Law et al. 2012; Hernández and León 2007) to represent the dynamics of tourism destinations,
including islands, with the goal of analyzing the interactions between natural and human environments and
integrating different actions and relative impacts. Recently a series of studies were based on SD models to analyze
the complex interactions between different dynamic aspects of the Galapagos, including tourism, population,
invasive species introductions, tourism infrastructure (Pizzitutti et al. 2016), food supply system (Sampedro et al.
2018), and the connections between tourism development, the labor market, and demography (Espin, Mena, and
Pizzitutti 2019). In these studies, SD models were used to analyze how different scenarios of tourism development
influenced the islands as an integrated system.
We combined remote sensing analysis of past LCLUC trends with socio-economic data from SC Island to
build an SD model that represented the main drivers of LCLUC and projected possible scenarios of LCLUC for the
next 20 years. LCLUC over the last 30 years were analyzed and connected with the corresponding socio-economic
drivers. The detected changes, together with relevant data on tourism, demography, migration, the economy, and
the labor market in SC, were then used to inform the SD model. The model goal was to effectively represent the
interactions between SC human communities and the relevant LCLUC. The SD modelling approach presented here
provides valuable insights into the mechanisms through which tourism influences the economic and demographic
development and exerts social and ecological pressures on the SC Island system observed through LCLUC.
Moreover, the SD model for SC offers an understanding of possible future development and relative LCLUC
impacts.

Figure 1. The islands of Santa Cruz (left), the Galapagos archipelago (bottom right) and the location of the
Galapagos archipelago in South America (top right).

Methods
The Galapagos archipelago is located in the Pacific Ocean 1,000 km west of the South American coast.
Administratively the Galapagos Islands are part of the Republic of Ecuador and were declared the first UNESCO
World Heritage Site in 1976 (UNESCO 2019) due to the irreplaceable value of its unique ecosystems that inspired
Charles Darwin to write his seminal work “On the Origin of Species” (Darwin 1859). To protect the fragile natural
environment of Galapagos, the Ecuadorean Government declared 97% of the archipelago to be a nature reserve
and created the Galapagos National Park (GNP) in 1959. The remaining 3% of surface area was dedicated for
human settlement and agricultural activities. The archipelago was further recognized by UNESCO as a Biosphere
Reserve in 1984 and as a Ramsar site in 2011 (UNESCO 2019). In 1998 the Ecuadorean government created the
Galapagos Marine Reserve (GMR) to protect the 133,000 km2 of marine ecosystem around the islands,
establishing one of the largest marine reserves in the world.

With the advent of the Galapagos commercial tourism industry, in the 1970s, the annual tourist arrivals
in the archipelago increased from a few hundred to 275,817 visitors in 2018 and, correspondingly, the population,
according with the most recent National Population Census (INEC, National institute of Statistics and Census 2019),
increased from 4,037 inhabitants of 1974 to 25,214 inhabitants of 2010. The increasing permanent and temporary
human communities in Galapagos led to numerous impacts and challenges, including high rates of alien species
introductions (Tye, Atkinson, and Carrion 2008), native ecosystem losses due to plant invasions (Rivas-Torres et
al. 2018), land use/cover changes due to urban and agricultural expansion (Watson et al. 2010), depletion of
environmental resources (Bassett 2009), and environmental contamination (Lougheed, Edgar, and Snell 2002;
Wikelski et al. 2002).
Santa Cruz Island is 979 km2 in area and is located in the center of the archipelago (Figure 1). After the
first permanent modern settlement in SC was established, in the middle of the 19th century (Lundh 1995), the SC

population grew slowly until the tourism boom when, from 1,577 inhabitants in 1974, the population reached
15,393 inhabitants in 2010 (INEC, National institute of Statistics and Census 2019). The projected population of SC
for 2018 was 21,052 inhabitants. Like other inhabited Galapagos Islands, SC is strictly subdivided into protected
areas (88%) and inhabited areas (12%). Human activities have direct and indirect impacts on SC’s protected areas,
including the displacement of native land cover by invasive vegetation (Rivas-Torres et al. 2018) and predation of
native animal species by introduced animals like rats, dogs, cats, goats, and pigs (Kramer 1983). Human impacts
in the inhabited areas of SC are more evident and include different kinds of infrastructure, agricultural activities,
and pastures. Administratively, SC is a canton that is subdivided into three parishes: the capital urban parish of
Puerto Ayora (11,974 inhabitants in 2010) and the two rural parishes of Bellavista (2,425 inhabitants) and Santa
Rosa (994 inhabitants). SC’s central geographic location in the Galapagos archipelago has made this island the
main transportation hub. The main international airport of Galapagos is located just north of SC on Baltra Island
and receives the 75% of visitors. Nearly all tourism cruises of Galapagos begin in SC and it is estimated that over
the last 30 years SC received an average of 76% of all yearly touristic arrivals in Galapagos (Gobierno Autonomo
Descentralizado Municipal de Santa Cruz 2012). In 2018, the estimated number of tourists at the same time in SC
(i.e. the average number of tourists in SC on a given day of the year) was 3,070, corresponding to 208,435 annual
tourist arrivals.
Santa Cruz Land Cover Mapping
Decadal land cover mapping (1990-2019) for SC Island was implemented using multi-sensor satellite data
analysis of Landsat archive, SPOT, and Sentinel-2 imagery (Shao, et al. 2020). We explored the entire USGS
EarthExplorer Landsat archive and the Copernicus Open Access Hub for available Landsat 5, 7, 8 and Sentinel- 2
satellite images. Cloud-free satellite images were difficult to find for SC. We focused on 1990, 2000, 2009, and
2019 imagery for a decadal land cover mapping strategy. One cloud-free SPOT 4 HRVIR image from March 3, 2000
was available for the study area. For other years, we needed to combine multiple images to gap-fill cloud/image

gap areas prior to mapping. For example, the 2009 data required three Landsat ETM+ images to generate a cloudfree mosaic. For 2019, a near cloud-free (3.1% cloud cover) Landsat-8 OLI image was supplemented by a Sentinel2 image. We used the Fmask algorithm (Zhu, Wang, and Woodcock 2015) to automatically identify cloud/shadow
pixels. Radiometric normalization was used to develop seamless image mosaics as inputs for land cover mapping.
All Landsat, SPOT, and Sentinel-2 images were collected during the warm-wet season (December to June), during
which vegetation boundaries are better defined for land cover mapping (Rivas-Torres et al. 2018).
We considered seven land cover classes: invasive plant species, built-up, agriculture, forest/shrub, dry
vegetation, barren, and water. This classification scheme was similar to McCleary et al.’s (McCleary 2013) land
cover mapping scheme developed for Isabela Island, Galapagos. The invasive plant species class mainly included
Cuban cedar (Cedrela cedar). Training data points for each land cover class were obtained through visual
interpretation of satellite images and high-resolution Google Earth images. We used a Random Forest classifier
for image classification (Shao, et al. 2020). Random Forest is one of the most competitive classification algorithms
with respect to performance and ease of use (Conner, Shao, and Campbell 2016). Using commercial highresolution imagery (WorldView-2) and Google Earth imagery as a reference, we conducted accuracy assessments
for the 2019 land cover map. The overall accuracy was 84% (Kappa = 0.81). Similar accuracy levels are expected
for other mapping years because the same image classification procedures were used, and training data were
selected to be as consistent as possible.
System Dynamics Model for LCLUC on SC Island
The SC island SD model can be conceptually separated into two modules: the first is the socio-economic
module (Figure 2, right side of the diagram) that describes the LCLU drivers of change including tourist arrivals,
demography, the labor market, immigration, and emigration. The second module (Figure 2, left side of the
diagram) represents the LCLU dynamics. The model considers four classes of land cover: native land cover that
includes both naturally bare zones and zones covered with native vegetation, built-up land cover (human
infrastructure, buildings, roads, etc.), agricultural land cover (cultivated areas, pastures), and invasive vegetation
land cover. As showed in Figure 2, the model includes a simplified representation of SC population dynamics that
is based on several hypotheses. First, tourism and the Ecuadorean mainland unemployment are the only
exogenous variables to the model. No other exogenous variables, such climate change, changes to governmental
policies, or investments to strengthen environmental conservation or foster the development of specific economic
sectors are considered. Excluding climate change among the exogenous drivers of change was not based on the
limited importance of this variable to determine the future trajectories of LCLUC in SC, but rather because past
climate change impacts on Galapagos ecosystems, tourism, and demography have been small and are not
quantifiable, making them difficult to project into the next 20 years. A second hypothesis was that the feedback
loop between tourism and population was not counterbalanced by an opposing loop connected to the loss of the
island’s natural ecosystem touristic appeal. This second hypothesis implies that the increase in tourism arrivals in
SC will always translate into increases in labor demand, so if the level of mainland Ecuadorian unemployment is
low enough, immigration to the island will result in demographic growth. It is clear that over the long term, the
tourism increase will reduce the island’s natural environment touristic appeal and consequently the number of
visiting tourists. The counter-balancing effects of natural capital loss were represented in detail by Espin et al.
(Espin, Mena, and Pizzitutti 2019) but were not considered in the model presented here because their influence
over the next 20 years are difficult to evaluate and potentially irrelevant.

Figure 2. LCLUC SD model of SC Island level zero diagram. Exogenous variables are in orange. Land cover variables are in
rectangular boxes.

Figure 3. Stock-flow diagram corresponding to SC resident population dynamics. In standard SD graphical format, the
“shadow variables” that pertain to other views or sub-modules of the model are shown between <...> brackets.

Socio-Economics Module
As shown in Figure 2, the principal, direct driver of LCLUC change considered in the model is the total
population or “floating population” of SC. The floating population is made up of the resident population plus the
number of tourists at the same time in Santa Cruz. Increases in the total SC population will result in a
corresponding increase in human impacts on the environment and in a consequent increase in LCLUC. Size changes
of SC populations are connected directly with the network of tourism development, mainland unemployment,
emigration to the mainland, and natural demographic dynamics. In Figure 3 we showed some the factors that are
directly connected with resident population changes in the SD model, including immigration, emigration, births,

and deaths. Both immigration and emigration to SC were determined by the ratio between unemployment in SC
and on the Ecuadorean mainland. The resident population is divided in two segments: children (“Pop 0 to 9”) and
the working age population.

Figure 4. Stock-flow diagram corresponding to Santa Cruz immigration, labor scarcity, and unemployment dynamics.

As shown in Figure 4, the working age population variable multiplied by the labor participation force
variable equals the “EAP” (Economically Active Population) whose changes are equal to the changes in the labor
force (“labor addictions” variable). Figure 4 shows also that the “annual immigration” variable is derived from two
variables: “other immigration” and “high skilled immigration”.
The labor market dynamics shown in Figure 5 contain five stocks: four employment sectors and one pool
of unemployed people. The employment sector data from the national census were aggregated to represent the
most relevant sectors for SC labor dynamics: tourism, fishing and agriculture, public sector, and others.

Figure 5. Stock-flow diagram corresponding to SC labor market dynamics. The acronym “fa” indicates fisheries and
agriculture.

A desired level of employment in each sector determines the number of employed people. For the tourism
sector, the desired level is determined by the desired number of employees per tourist and the total number of
tourists at the same time in SC. The fishing and agriculture sector (fa in Figure 5) has been connected with changes
in the tourism sector (González et al. 2008; Walsh et al. 2018), whose desired level is determined by the desired
number of employees per tourist and the total number of tourists at the same time in SC. For the public and other
sectors, the desired level of employment considers a desired number of employees per floating inhabitant. This
assumes that a larger population, including visiting tourists, will require a larger public sector to manage local
affairs and will also increase the demand for goods and services from other sectors. Each sector will hire the
number of people from the unemployed stock to reach a desired level. The unemployed pool changes following
the employees’ turnovers and firings from all sectors, and labor additions correspond to changes in the labor
force. As the pool of unemployed people decreases, it will be more difficult for each sector to hire the desired
levels of labor, which over time will increase immigration pressure to increase the population and therefore the
labor force through the unemployment ratio variable.
The population and employment sectors interact through the migration forces to and from SC based on
two effects (Figure 4). The first effect comes from the internal dynamics of supply and demand in the SC labor
market that are represented by the labor availability ratio. When there is less labor availability due to an increase
in demand or decrease in supply, the job market will be more attractive, increasing the immigration rate to SC.
The second effect comes from the external dynamics between the SC and Ecuadorian labor markets represented
by the unemployment ratio. Lower unemployment in SC will increase the incentives of mainland Ecuadorians to
immigrate only if the labor conditions in the islands are perceived as better. If Ecuador improves its labor
conditions, fewer people will be motivated to immigrate to SC. The same logic applies to the emigration rate. Low
unemployment ratios in SC will motivate people to stay on the Island, only if the labor conditions are perceived
as better than on the mainland. An additional factor determining immigration to SC is highly skilled immigrants,
as some jobs, especially in tourism, require highly qualified professionals that cannot be found locally (Kerr,
Cardenas, and Hendy 2004). The highly skilled migration value is not affected by the labor dynamics described
above because over the analyzed time horizon, a certain percentage of the jobs have always needed to be filled
by highly qualified immigrants.

Figure 6. Stock-flow diagram corresponding to SC LCLUC dynamics.

LCLUC Module
The LCLUC module connects the SC human dimension to LCLUC under the hypothesis that the main direct
and indirect LCLU driver of change in SC is human population. The built-up land cover clearly follows the increase
in SC residents since an expanding floating population requires more and variable infrastructure for tourism,
housing, roads, transportation, etc. The agricultural land cover also follows population change trends because
increases in tourist arrivals, correlated with resident population increases, may encourage the displacement of
workers from agriculture to tourism with a consequent decline agricultural land cover (Sampedro et al. 2018). On
the other hand, an increase in the island population may favor the development of production of local food and
stimulate agricultural activities (Gobierno Autonomo Descentralizado Municipal de Santa Cruz 2012). The area of
invasive vegetation is connected with the Galapagos human presence (Tye, Atkinson, and Carrion 2008; Pizzitutti
et al. 2016) with probabilities of introduction that increase with the increasing of human population and spread
speeds that depend on environmental conditions and invasive plant species adaptation to the archipelago
environment conditions.
Model Data and Fit to Historical Data
The data used to inform the model were obtained from several sources. The population, births, deaths,
labor for SC and unemployment in Ecuador data were from the national censuses of the Ecuadorean National
institute of Statistics and Census (INEC, National institute of Statistics and Census 2019). LCLU data were derived
from the classification of remote sensing images for this paper.
Data on tourism arrivals in SC were not directly available because tourists visiting Galapagos are counted
only when they board flights from the Ecuadorean mainland. For this reason, no reliable numeric or temporal
statistics on tourist presence by island are available. To estimate the number of tourists at the same time in SC
from tourism arrival statistics in Galapagos collected by the Ecuadorean Ministry of Tourism (Parque Nacional
Galapagos and Observatorio de Turismo de Galapagos 2018), we took advantage of the fact that the Population
National Censuses of Ecuador were carried out following a “de facto” method: all residents present on the day of
the census are counted, regardless of whether they are permanent or temporary. The non-permanent residents
in Galapagos are composed mainly of tourists and people traveling to the islands for work, along with few
Galapagos residents traveling from one island to another. Supposing that the proportion of non-permanent
residents to tourists at a given time were approximately the same in SC and in the whole archipelago, 𝑇SC, the
number of tourists at the same time in SC can be expressed as:
TSC = TG nRSC / nRG (Equation 1)
Where 𝑇G is the number of tourists at the same time in Galapagos and 𝑛𝑅SC and 𝑛𝑅G are the numbers of
non-residents counted by the census in SC and Galapagos, respectively. Because the number of tourists at the
same in Galapagos can be calculated by combining annual tourism arrivals and statistics on their stays (Pizzitutti
et al. 2016), and the numbers of non-residents in SC and Galapagos are known from the National Censuses, it is
possible to use Equation 1 to estimate the number of tourists at the same time in SC. The resulting number of
tourists at the same time in SC in the last 30 years was equal to 75.5% of the total Galapagos tourism presence.
Many model parameters were not known, including those describing the relationships between
unemployment and labor scarcity with immigration and emigration, those describing the connections between
desired levels of employment and the floating population and tourists at the same time and the parameters
connecting population with LCLUCs. To determine the right values for those parameters we calibrated the model
using historical data from a 30-year period, from 1990 to 2019. The calibration was carried out by varying the
values of the unknown parameters cited above and comparing the model outcomes with historical data relative
to the calibration period. The selected calibrated values corresponded to those that best reproduced the historical
data.

Scenarios of Tourism Growth
As noted, the model only considered two main exogenous variables: tourism arrivals in SC and
unemployment on the Ecuadorean mainland. Here we supposed that mainland unemployment will remain
unchanged in the next 20 years and only tourism will modulate the changes in SC population dynamics over that
time. To project tourism development outcomes over the next 20 years, we considered three possible scenarios
of change for annual tourists visiting SC. The computation of tourist arrivals in SC for the three selected scenarios
were based on projections of the number of annual arrivals across the whole archipelago assuming that SC will
continue to draw the same proportion of total Galapagos tourists reported above (75.5%). The first scenario was
a Moderate Growth scenario based on the assumption that annual Galapagos tourists will change by the same
number of persons each year in the future as the average annual absolute change observed over the last 20 years.
The average annual absolute change observed over the last 20 years was 10,551 tourists per year, an increase of
6,584 for foreign tourists and 3,967 for domestic tourists each year. The second scenario was a High Growth
scenario based on the assumption that the number of tourists in Galapagos will grow by the same average annual
growth rate during each year in the future as it did over the last 20 years. The average annual growth rate for
foreign tourists over this time period was 6.8% and the average annual growth rate for domestic tourists was
10.7%. The third and last scenario was a scenario in which a Zero Growth policy was imposed on tourist arrivals
so that the number of arriving tourists remained constant and equal to the 2018 value. Table 1 shows the
projected number of annual arrivals in Galapagos and the corresponding arrivals in SC for each tourism growth
scenario.
2018

2028

2038

381,327

486,837

611,713

1,398,609

182,037

182,037

287,902

367,562

461,834

1,055,950

137,438,

137,438

Annual number of tourists visiting the Galapagos
Moderate Growth
High Growth

182,037

No Growth
Annual number of tourists visiting San Cristobal Island
Moderate Growth
High Growth

137,438

No Growth

Table 1. Projected annual tourist arrivals in Galapagos and SC under the three tourism development scenarios.

Past Trends of LCLUC on Santa Cruz Island
We subdivided the LULC classification for SC into three main areas: the urban area composed of Puerto
Ayora’s administrative zone, the rural area composed of the Santa Rosa and Bellavista parishes, and the remaining
protected areas. As showed in Table 2 and Figure 7, no invasive vegetation or agricultural land cover were
detected in the urban area. The main LULCC in this area over the last 30 years was the progressive broadening of
built-up land cover at the expense of native land cover. This increase of built-up land cover reflected the increase

in tourism flows and related expansion of coastal SC communities, as almost all tourism activities in SC are
concentrated in the urban coastal area of Puerto Ayora. We note that built-up land cover not only increased in
the SC urban area, but also in the rural and protected areas, denoting a growing demand for available land for
residential infrastructure. The lack of available space in Puerto Ayora has driven SC residents to seek more
affordable accommodations between Puerto Ayora and the village of Bellavista located only 5 km away (Figure 7).
This explain the increase in built-up land cover in the rural area around Bellavista that cannot be correlated with
economic development in that zone because the main economic activities, with the exception of agriculture, are
concentrated in Puerto Ayora (Gobierno Autonomo Descentralizado Municipal de Santa Cruz 2012). The slight
increase of built-up land cover within the protected area of SC corresponded to the establishment of the
residential area of “el Mirador” (see Figure 1) and other residential conglomerations between Puerto Ayora and
Bellavista in an zones that were formerly part of the GNP and that were added to the municipality of Puerto Ayora
administrative area as result of a land swap agreement between the GNP and the municipality of Puerto Ayora
(Gobierno Autonomo Descentralizado Municipal de Santa Cruz 2012). This new residential area of el Mirador is
extended 0.71 km2 and only 52% is currently occupied by newly built structures, but due to the high pressure for
residential infrastructure in SC, it is likely that the remaining available space will be occupied quickly in the coming
years.

Figure 7. SC maps of LCLU in 1990 and 2019. Only the island areas where LCLU were observed are showed.

1990

2000

2009

2019

0
0.49
0
1.35

0
0.79
0
0.95

0
1.21
0
0.63

0
1.24
0
0.59

0
0.01

3.67
0.08

5.62
0.19

4.01
0.91

Urban Areas
Invasive Vegetation
Built-Up
Agriculture
Native Vegetation
Rural Areas
Invasive Vegetation
Built-Up

Agriculture
Native Vegetation
Protect Areas
Invasive Vegetation
Built-Up
Agriculture
Native Vegetation
Total
Invasive Vegetation
Built-Up
Agriculture
Native Vegetation

45.88
67.66

50.96
58.84

53.45
54.29

54.32
54.27

0
0.03
0.31
860.54

2.11
0.06
0.18
856.27

4.68
0.13
0.12
855.31

15.14
0.37
0.32
844.64

0
0.53
46.19
929.55

5.78
0.93
51.14
916.06

10.30
1.53
53.57
910.23

19.15
2.52
54.64
899.50

Table 2. SC LCLUC from 1990 to 2019. Total area (km2) occupied by four land cover types across three administrative zones:
urban, rural, and protected areas.

LCLUC in the SC rural area showed an opposite trend over the last 30 years to what has been previously
observed in Galapagos rural areas where highly attractive working opportunities in the coastal towns due to rapid
tourism development have pulled a substantial part of the agricultural working force to tourism (González et al.
2008; S.J. Walsh and Mena 2013; McCleary 2013). This agricultural working force shift has led to a progressive
abandonment of agricultural areas that has facilitated the diffusion of introduced vegetation (S. Kerr, Cardenas,
and Hendy 2004). On the other hand, our LCLUC data showed that in the SC rural areas, agricultural land cover
increased by 18% over the last 30 years, a change that corresponds to an expansion from the 40% to the 47% of
the total rural area. This increase in the extension of farmed lands in SC was due to an intense flow of farmers that
immigrated, mostly illegally, from poor, rural areas of the Ecuadorean mainland (Gobierno Autonomo
Descentralizado Municipal de Santa Cruz 2012). These immigrants have restored abandoned farms in the area
around denoted as “El Cascajo” along the eastern border of the SC rural area, and around the parish of Santa Rosa
taking advantage of the active and growing population of Puerto Ayora that created a market for vegetables and
fruits. Active farming in rural SC was also confirmed by the relatively small extension of invasive vegetation
distribution in the areas where agriculture activities increased. According to the 1987 Galapagos map published
by the National Institute of Galapagos INGALA (Ministerio de Agricultura y Ganaderia et al. 1987), around 1990
the invasive vegetation cover in the rural area of SC was negligible. After 1990, invasive vegetation expanded
slowly to cover the 3.5% of the total rural area surface with remarkable expansions around the densely populated
parish of Bellavista. A more remarkable and alarming extension of invasive vegetation was observed in the
protected area, around the south western border of the agricultural area, where the invasive vegetation land
cover extension increased from 0 km2 in 1990 to 15.14 km2 in 2019. This increase was mostly due to human
disturbance of native ecosystems that facilitated the spread of invasive vegetation and their continued
transmission from rural areas to the adjacent GNP protected areas (Rivas-Torres et al. 2018).
SD Model Simulation Outputs: Population and Labor Dynamics
2018

2028

2038

0.25

0.27

0.02

0.01

0.41

0.56

Unemployment Ratio
Moderate Growth
High Growth
No Growth

0.27

Labor Scarcity Ratio (EAP/Desired Labor)
Moderate Growth
High Growth

1.20

No Growth

1.20

1.20

1.00

1.00

1.30

1.40

Table 3. SD model outputs: SC labor market dynamics. The unemployment ratio is defined as the ratio between
unemployment in SC and unemployment in Ecuador. The labor scarcity ratio is the ratio between the number of people in
the Economically Active Population (EAP) and the desired labor force.

As shown in Figures 4 and 5, labor and population dynamics were strictly interconnected in the SD model
for SC Island. On one hand, labor was directly determined by the increase in tourist and resident numbers, while
on the other hand, employment rates and labor scarcity influenced net migration to SC that contributed to
population change. Migration had distinct effects on the SC labor-population systems. The first effect of migration,
coming from the internal dynamics of supply and demand in the SC labor market, was represented by the labor
scarcity ratio (EAP/desired labor). When there was less labor available due to an increase in desired labor, the job
market was more attractive and increased the immigration rate to SC. The high growth scenario showed a
decreasing labor scarcity ratio, which means that demand exceeded supply, increasing immigration. The moderate
growth scenario showed a constant ratio and in the no growth scenario the labor scarcity ratio increased,
reflecting a continuous excess of supply over demand. The second effect of immigration stemmed from the
external dynamics between SC and Ecuador’s labor markets represented by the unemployment ratio
(unemployment in SC/unemployment in the Ecuadorean mainland). Higher labor demand increased the stock of
employed people in the three scenarios. More employment incentivized Ecuadorians from the mainland to
immigrate, but only if the labor conditions in SC were perceived as better than in Ecuador. The relative
unemployment was reflected in the unemployment ratio. In the high tourism growth scenario, the unemployment
ratio decreased considerably fostering immigration and decreasing emigration. In the moderate growth scenario,
the unemployment ratio was almost constant and in the no growth scenario, the unemployment ratio doubled by
2038. This trend reduced immigration and increased emigration, reducing the labor force in Galapagos and
decreasing unemployment.
2018

2028

2038

24,655

33,385

30,762

66,299

24,230

30,464

351

438

1,783

4,171

192

184

4,832

6,217

7,656

15,485

3,634

3,829

Resident Population
Moderate Growth
High Growth

17,981

No Growth
Net Migration (Immigration – emigration)
Moderate Growth
High Growth

225

No Growth
Tourists (floating population)
Moderate Growth
High Growth

3,419

No Growth
Table 4. SD model outputs: SC population dynamics.

The interplay between the labor market, migration, and population was evident when population changes
are considered. Table 3 shows model outputs for the variables related to population dynamics for the three
tourism growth scenarios. The resident population increased in all three scenarios, even under the no growth
scenario. Immigration was the main driver of population growth in the high and moderate scenarios of tourism
arrivals because the net migration flow (immigration - emigration) increased exponentially under the high growth
scenario and linearly under the moderate growth scenario. In the third no growth scenario, the resident
population increase was driven by natural demographic dynamics. By 2038, the population is expected to be 4.7
times greater than the 13,938 inhabitants in the 2010 National Census under the accelerated growth scenario, 2.3
times under the moderate tourism growth scenario, and 1.6 times under the no growth scenario. Tourists who
are present at the same time that make up the non-resident component of SC’s total floating population will
increase over the next 20 years not only under the moderate and high tourism growth scenarios, but also in the
no growth scenario because in recent decades the lengths of tourist stays in Galapagos have increased (Pizzitutti
et al. 2016).
2019

2028

2038

24.00

30.50

24.00

30.50

24.00

30.50

2.70

3.70

3.10

6.70

2.50

3.20

59.10

64.40

62.70

84.90

58.10

61.50

889.90

877.20

881.10

853.69

888.90

880.60

Invasive Vegetation (km2)
Moderate Growth
High Growth

19.50

No Growth
Built-Up (km2)
Moderate Growth
High Growth

2.52

No Growth
Agriculture (km2)
Moderate Growth
High Growth

54.60

No Growth
Native Vegetation (km2)
Moderate Growth
High Growth
No Growth

899.50

Table 5. SD model outputs: SC Island LCLUC.

As shown in Figure 6, the SD model for SC Island connects the fluctuating population with LCLUC, linking
socio-economic changes with corresponding LCLU impacts. The model connects built-up and agricultural land
cover with direct changes in the human population, while invasive vegetation land cover is represented as a linear
projection of past trends. Native land cover is calculated as the difference between the remaining land cover types
and the total Island surface. As shown in Table 5, the three scenarios demonstrated an increase in built-up land
cover generated by infrastructure needs of the growing SC floating population. The moderate and no growth
scenarios had respective increases of 1.2 and 0.68 km2, while the high growth scenarios predicted an increase of
4.18 km. These built-up land cover increases are greater than the available extension of 0.34 km2 in the new

residential area “El Mirador”. Therefore, the simulation outputs seems to suggest that new areas will be converted
from protected to urban zoning and continue the trend of expansion of coastal communities toward the GNP
protected areas.
Given that the three scenarios considered in this study predicted an expansion in SC human communities
and that agricultural production has followed the growing population, the model predicted an increase in
agricultural LCLU. Under the high, moderate, and no growth scenarios over the next 30 year, the SD model
projected agricultural increases of 30.3, 9.8, and 6.9 km2, respectively. Actively farmed areas will increase from
48% of the total rural area of SC in 2018, to 75% under the high growth scenario and 57% and 54% for the
moderate and no growth scenarios, respectively. Considering that more extensive active farming helps control
invasive vegetation that disseminate from the rural areas into protected areas, GNP prevention and control efforts
may be improved. The model simply projected past invasive vegetation trends into the future. Without extensive
campaigns to control or eradicate them, their expansion is projected to continue undisturbed, especially in
protected areas. This would lead to an expansion of 11.0 km2 of invasive vegetation cover in protected areas.
As general remark we want to note that our remote sensing classification for SC seems to suggest that in
2019, 76.3 km2 (7.8%) of the island was degraded due to human activities either directly (agriculture,
infrastructure expansion) or indirectly (invasive vegetation spread). This differs from what was previously reported
by Watson at al. (Watson et al. 2010), who found that 14% of the surface of SC was degraded in 2000. This
difference was not due to a reduced human disturbance in SC but rather because Watson et al. considered the
entire rural area to be degraded by human presence regardless of LCLU while we did not consider rural areas
covered with native vegetation to be degraded. Considering the future trends of LCLUC described by our SD model
we found that under the moderate and no growth tourism scenarios, degraded areas would increase from 7.8%
to 10.1% and 9.7% of SC Island area, respectively, while the high growth scenario projected almost twice as much
(12.5%) total degraded surface.
Conclusions
We described the past and future trends of LCLUC in the Galapagos Island of Santa Cruz. We identified
the most relevant drivers of change in LCLU and integrated them in a System Dynamics model describing the
human and natural dimensions of the island, projecting past LCLUC trends into the next 20 years. The model
designated the processes of tourism growth and Ecuadorian regional economic development as the main
exogenous drivers of change, which remarkably influenced SC demographic dynamics through strong impacts on
immigration and emigration. In the model, we represented SC population dynamics as the main direct and indirect
drivers of LCLUC and described their impacts on four types of LCLU: built-up (including all types of human
infrastructure), agriculture, invasive vegetation, and native land cover. We classified remote sensing images to
analyze LCLUC in SC over a period of 30 years and connected the observed transformations with the corresponding
drivers of change. We found that 7.8% of the island surface was degraded by direct and indirect human activities
and that most of this degradation was concentrated in the humid vegetation zone of the SC rural areas. Moreover,
the SD model results indicated that, under different tourism growth scenarios, the degraded areas of the island
will continue to expand to the point of doubling in size under exponential tourism growth.
This study proposed a methodological approach where remote sensing image classification data was
integrated with demographic, social, and economic data to inform a model that described the relevant drivers of
LCLUC in a selected area. By joining different layers of information about SC we were able to describe the island
as an integrated system where many processes and factors interact at different temporal and space scales. This
description was integrated into a quantitative model that can be an important tool for policy makers and
stakeholders making decisions about the management of the fragile ecosystems of an island like SC and other
archipelagos like Galapagos more generally.

