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i. ABSTRACT 

The effective management of modified ecosystems is a topic of global significance that 

addresses growing concern for the loss of biodiversity and ecosystem services caused 

by human activities such as land clearing, species introductions and carbon dioxide 

emissions. Both empirical ecological information and conceptual frameworks are 

necessary for making decisions regarding the management and restoration of modified 

ecosystems with limited resources. This PhD research addresses this need. It was 

focused on the Galapagos Islands, where the humid highlands of the inhabited islands 

provide a case study of ecosystems changed by human activities. The research is 

presented in three main themes: (1) the research and management of plant 

invasions— chapter 2; (2) climate change — chapters 3 and 4; and (3) historical and 

contemporary vegetation, processes of ecosystem change, and the extent of 

ecosystem modification — chapters 5, 6 and 7, which encompass the core of the PhD.  

A review of the research and management of plant invasions in Galapagos, one of the 

most prevalent contemporary ecosystem change agents, indicated that plant invasions 

are continuing and are changing ecosystems (chapter 2). It advocated a system for 

prioritizing sites (rather than species) for management in the modified highlands, 

suggested the community needs to be more involved in invasive plant management, 

and highlighted that improved information transfer between researchers and 

managers / practitioners could help achieve more effective management outcomes.  

Galapagos rainfall and temperature climate data were used to characterize the two 

seasons and two main climatic zones as a framework and baseline for predicting 

potential future changes (chapter 3). This illustrated that annual rainfall during the hot 

season (January – May) is variable from less than 100 mm up to nearly 2,000 mm in 

both the dry lowlands and humid highlands. Precipitation during the cool season (June 

– December) mainly affects the humid highlands with consistent precipitation of 

around 500 mm per year. Known responses of organisms to extreme climate events 

were documented using a literature review and expert workshop (chapter 4). These 

were used as a proxy for potential biodiversity patterns in response to climate change. 
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This analysis showed that most terrestrial biodiversity has thrived during wet periods, 

although some species appear to have had competitive advantage at those times. 

Biota of the dry lowlands was identified to be at greatest risk from a future warmer, 

wetter climate. This research led to the conclusion that species invasions are likely to 

increase with climate warming and this would dramatically increase the vulnerability of 

native biodiversity to a changing climate.  

Detailed analyses were conducted of the historical and contemporary vegetation of 

the modified humid highlands of Santa Cruz Island in Galapagos. The prior common 

understanding of historical vegetation consisted of vegetation zones aligned with 

altitude and the direction of trade winds. Employing a multidisciplinary method to 

combine residents’ knowledge with information from aerial photography and the 

literature indicated that that vegetation was more heterogeneous – spatially and 

temporally with regards to species composition – than the prior understanding. These 

results provide managers with more accurate reference information across the 

landscape. In addition, contemporary vegetation mapping using remote sensing 

highlighted the extensiveness of plant invasions, finding that 92 % of the vegetation 

canopy in the National Park was invaded to some degree in the highlands of Santa Cruz 

Island (chapter 6). It also showed that the average rate of canopy spread within the 

last 50 years was the slowest for species with the most limited dispersal ability, while 

those dispersed by wind or animals had a range of spread rates from slow to fast. This 

research employed a novel technique to map the location and abundance of ten 

individual invasive species in the vegetation canopy. The resulting spatial database will 

enable managers to prioritize corrective actions at locations of single or multiple plant 

invasions, and to monitor responses to management actions. The methods used in 

these two mapping chapters could be applied in other parts of the world. 

Empirical vegetation information was applied to the novel ecosystems decision 

framework, using both historical and contemporary field data (chapter 7). Results 

showed that the contemporary vegetation has been substantially altered from 

historical species assemblages across the landscape, and that the plant invasion 

process appears to be a major factor that has pushed vegetation communities further 
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from their historical condition. According to the framework, all contemporary 

vegetation types across the highlands of Santa Cruz Island (excluding the agricultural 

zone) were classified as novel, making a return to historical species assemblages 

challenging. Whilst all vegetation types were classified as novel, they showed a 

continuum of novelty. The least novel types contained many native species and 

occupied the majority of the landscape. This chapter discussed management options 

to address the goals of biodiversity conservation and maintaining ecosystem services. 

These included the application of a zoning scheme to separate human activities from 

biodiversity conservation, allowing some novel communities to persist if they support 

native species, and preventing the spread of patches of Persea americana and 

Pennisetum purpureum that have the most reduced native biodiversity. This practical 

application of the novel ecosystems concept led to recommendations for the 

application of the framework to other studies, including the addition of a spatial 

element to state-and-transition models to improve understanding of ecosystem 

changes. 

In sum, this thesis presents an improved understanding of ecosystem references, the 

degree of ecosystem modification, change processes and other useful information for 

land management – in Galapagos and more broadly. It highlights that ecosystem 

changes in the modified humid highlands of inhabited islands of Galapagos have been 

extensive, but native biodiversity still persists. Plant invasions are the current major 

driver of ecosystem change and this will likely be exacerbated in future due to the 

effects of global climate change. Information generated for this thesis will help 

managers to prioritize sites for corrective action, set appropriate restoration goals and 

identify management options that address both human needs and conserve the special 

native biodiversity of this unique archipelago. The methods used can be applied 

elsewhere to provide similar information to managers of modified ecosystems around 

the world.  
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iii. THESIS STRUCTURE 

The six core chapters of this thesis are reproduced from publications or manuscripts 

submitted for publication. These are reproduced verbatim with the following 

exceptions: 

 Keywords and author addresses have been omitted. 

 Acknowledgements of all chapters have been consolidated in section v of this 

thesis. 

 References of all chapters have been consolidated in section vi of this thesis. 

 Chapter numbers have been prefixed to all table, figure, and section numbers.  

 Minor changes have been made to achieve consistency in the formatting and 

numbering of figures, tables, subheadings and references. 

 Taxonomy throughout follows Jaramillo and Guézou (2012) and Bungartz et al. 

(2009). 

Chapter 1 provides a general introduction to the thesis and chapter 8 provides a 

general discussion to the thesis. 
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1. GENERAL INTRODUCTION 
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"What havoc the introduction of any new beast of prey must cause ... , before 

the instincts of the indigenous inhabitants ... become adapted to the stranger's 

craft or power" (Darwin 1845) 

Charles Darwin’s inference that invasive species could modify ecosystems is lesser 

known than his other observations, which have so strongly influenced ecological 

thought, following his visit to Galapagos in 1835. This “havoc” has been realized in 

many parts of the world where invasive species have contributed to ecosystem 

modification as part of a suite of anthropogenic influence. 

1.1. MANAGING MODIFIED ECOSYSTEMS 

This thesis aims to provide information that can improve management decisions in 

modified ecosystems. The majority of earth’s ice-free land has been transformed from 

its wild state to lands directly used by humans and to semi-modified states (Ellis et al. 

2010). This human domination of the planet has resulted in profound changes to the 

distribution of organisms and ecosystem processes from local to global scales, many of 

which are impossible or difficult to reverse (Chapin et al. 2000; Hooper et al. 2005). 

Agents of change are multitudinous, including changes to the carbon cycle, nutrient 

cycles, human land use (Steffen et al. 2011) and biological invasions (Vitousek et al. 

1996). There is growing concern for the resulting loss of biodiversity for ethical reasons 

(Tilman 2000; Hooper et al. 2005), and further concern for the loss of ecosystem 

services that are essential for human well-being (Millennium Ecosystem Assessment 

2005). These changes are ongoing alongside human population growth and economic 

development, and are expected to accelerate with global climate change (Vitousek et 

al. 1997b; Thomas et al. 2004), and thus present a huge management challenge. Hence 

it is globally recognized that ecosystem restoration activities need to be implemented 

to curb the loss of biodiversity and ecosystem services from ecosystems that have 

been anthropogenically altered (Aronson and Alexander 2013). Hobbs and Harris 

(2001) assert that restoration ecology is an important field of research in this century 

as an integral part of all land management. Thus research in the field of ecological 

restoration can help improve efforts to restore and conserve biodiversity and 

ecosystem services.  
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Ecologists and land managers have discussed issues surrounding how to make good 

decisions that will lead to effective restoration. Early examples focused on the need to 

develop clear goals, consider uncertainties, monitor outcomes, and incorporate 

socioeconomic factors (Wyant et al. 1995; Pastorok et al. 1997). Higgs (1997) stressed 

that ecological restoration should be interdisciplinary and inclusive to achieve 

ecological fidelity and to satisfy human needs. Hobbs and Harris (2001) re-iterated the 

importance of setting clear and achievable goals, setting criteria to measure success, 

and also asserted the need for clear conceptual frameworks to aid decision-making. 

Such conceptual frameworks include a triage approach such as that used in human 

health care (Hobbs and Kristjanson 2003), decision analysis (e.g. Cipollini et al. 2005), 

state-and-transition models (Briske et al. 2005), threshold models (Suding and Hobbs 

2009) and conservation planning approaches (e.g. Wilson et al. 2011). Overall there is 

increasing recognition that conservation needs to become more “people friendly” 

(Kareiva et al. 2011). In response to this need, and in recognition of the extensiveness 

of ecosystem modification globally, new approaches are being developed. One new 

conceptual approach, the novel ecosystems framework, aims to guide management 

that will improve modified ecosystems for the benefit of human well-being and 

biodiversity (Hobbs et al. 2013). It is based on the idea that some human-modified 

ecosystems are potentially irreversibly altered such that they can no longer be 

returned to their historical condition, and that this reality has implications for 

management (Hobbs et al. 2013). These broad-level concepts are important, but also 

need to be tested and refined using empirical studies.   

In addition to good decision-making tools and conceptual frameworks, sound scientific 

knowledge of ecosystems is necessary for making good ecological restoration decisions 

(Dale et al. 2000). But what type of information is necessary? The definition of 

ecological restoration provides clues. It is defined as “the process of assisting the 

recovery of an ecosystem that has been degraded, damaged, or destroyed”, where 

recovery means a return to an “historic trajectory” and the process includes addressing 

the sources of change (SER 2004). This definition implies the need for information on 

historical and contemporary ecosystems, the extent of the “degradation” or 

modification, and the processes by which change has occurred. Also needed is 
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information on the potential consequences of change processes, such as climate 

change, even if they are not yet evident due to time lags (Harris et al. 2006; 

Lindenmayer et al. 2008; Heller and Zavaleta 2009). More specific guidance on 

necessary information can be gleaned from the attributes of restored ecosystems (SER 

2004), such as those recently suggested by Shackleford et al. (2013). This study groups 

attributes in five categories: species composition, ecosystem function, landscape 

context, ecosystem stability and “the human element”, indicating that information on 

each of these themes would be necessary for making sound management decisions. 

However it is not possible to have all information about a place at a time when 

decisions need to be made, and so managers usually need to make do with what is 

available. Indeed, best-practice is to inform ecological restoration actions with the 

“best knowledge available at the time” (Hobbs and Harris 2001), whether that be from 

empirical data or expert opinion. Effective links between scientists and 

managers/practitioners can assist best-practice by facilitating a knowledge-practice 

feedback where knowledge is informed by practice and vice-versa. Finally, in addition 

to information on ecosystems and landscapes, change processes and social matters, 

land management decision-makers need an understanding of the potential restoration 

options available for a particular place (Hobbs and Harris 2001).  

The complex interaction of human actions with ecosystem processes and the 

pervasiveness of human-mediated impacts demands innovative approaches to 

management that go beyond traditional approaches (Rey Benayas et al. 2008; Kueffer 

and Kaiser-Bunbury 2013). Complex patterns and processes in coupled socio-ecological 

systems are sometimes not evident when studied by social or ecological scientists 

separately, so there is a need for interdisciplinary research at local to global scales (Liu  

et al. 2007). Additionally, management options based on ecological knowledge must 

be considered within the constraints of socio-economic needs (Hooper et al. 2005). If 

this is done at a broad spatial scale it can reflect the scale of interactions between and 

among people and ecosystems. Most of the new approaches for conservation in highly 

modified ecosystems require a landscape-scale approach (Kueffer and Kaiser-Bunbury 

2013). Oceanic islands are “an ideal testing ground for new conservation approaches” 

because many have a highly altered environment, rare endemic species of high 
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conservation concern, and small spatial areas, providing a suitable model for later 

upscaling to continental areas (Kueffer and Kaiser-Bunbury 2013). 

1.2. GALAPAGOS ISLANDS 

The highlands of inhabited islands in the Galapagos archipelago are highly modified 

ecosystems (Fig 1.1). The highlands have been altered extensively by humans such that 

less than 5 % of highland habitat is estimated to be unaltered on two of the four 

inhabited islands (Snell et al. 2002a). In some highland areas, species composition now 

lies far outside the historic range of variability (Restrepo et al. 2012). The earliest 

human impacts on the islands were those caused by non-resident tortoise hunters who 

hunted several subspecies of these giant herbivores to extinction and decimated 

populations of others, causing subsequent changes to ecosystems (MacFarland et al. 

1974; Hamann 1984). Further anthropogenic change occurred following permanent 

human settlement in 1869, which started in the humid highlands, replacing native 

vegetation with introduced species for agriculture (Grenier 2007; Watkins and Oxford 

2009). At the same time, introduced mammals roamed in large populations, which had 

a destructive impact on native vegetation (Hamann 1975; Schofield 1989). Fires also 

had an impact on vegetation (Kastdalen 1982). Most recently, plant and invertebrate 

invasions (including diseases) are the among the major change-agents that are altering 

ecosystems, with plant invasions being particularly problematic in the humid highlands 

of the inhabited islands (Snell et al. 2002a). Future threats may include local 

manifestations of global climate change (e.g. projected expansion of non-native 

species; Sachs and Ladd 2010b) and increasing pressure from a growing human 

population (Epler 2007).     
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Fig 1.1 The main islands of the Galapagos archipelago and its location relative to Ecuador. 

Shading indicates the main climatic zones, while hatching indicates the inhabited areas. The 

four inhabited islands are labeled.  

Past, present and potential future changes to the native ecosystems of the Galapagos 

are a concern because the historic biodiversity of the archipelago has played such a 

significant role in nature conservation and scientific progress. There are a number of 

reasons that contribute to its role. Firstly, Galapagos has a high degree of endemism in 

many taxonomic groups (Porter 1984; Tye et al. 2002). Thus, Galapagos endemic 

species are globally renowned for their uniqueness and for their contribution to 

evolutionary understanding (Tye et al. 2002). Habitat change may lead to extinctions of 

species that occur nowhere else. Further, the native biodiversity of Galapagos is 

considered the least altered of any oceanic archipelago (Tye et al. 2002). The 

archipelago has been proclaimed as World Heritage, 96 % of the land area has been 

designated as a National Park (Bensted-Smith et al. 2002), and there are growing 

numbers of tourist visitors (Epler 2007). The uniqueness inspires a moral imperative to 

conserve species, populations, communities and ecosystems. Achieving this goal 

requires ecological restoration and land management be executed to the highest 

possible standard, which in turn, requires sound scientific understanding.  

Conservation and restoration is potentially easier to achieve on the Galapagos than for 

continental landscapes. Specifically, human entry and exit points (and therefore those 
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of other organisms) are spatially limited and controlled, thus creating a relatively 

closed system that is conceptually and practically simpler to manage than 

interconnected continental landscapes. Also, most of the land area is protected as a 

National Park and managed by a single agency with clearly defined management goals. 

Lastly, the human population is relatively small (approximately 25,000) albeit growing 

(Villacis and Carrillo 2013), so broad-scale community engagement is possible. If 

conservation can be carried out in this special place while also addressing the 

livelihood needs of the local community, this would be a great example to the rest of 

the world (chapter 2). This endpoint can be a motivational aspiration for land 

managers and scientists to work together to carefully prioritize the use of limited 

funding to achieve effective conservation outcomes. 

1.3. THESIS OUTLINE  

The aim of this thesis is to provide a compendium of information for decision-making 

regarding land management and ecological restoration of the highlands of the 

inhabited islands of Galapagos. A parallel aim of the research is to generate methods, 

results and conclusions that are generally applicable to modified landscapes in other 

parts of the world. Figure 1.2 outlines the main questions of the six chapters that 

broadly lie within three themes. The first two themes cover the two main threats to 

historic ecosystems – plant invasions and climate change. The third theme is an 

exploration of the ecosystems themselves – chiefly, analysis of the historical and 

contemporary vegetation. As outlined in section 1.1 it is important for managers to 

have information on drivers of ecosystem change. Plant invasions and climate change 

are two agents of global ecosystem change that are applicable in Galapagos. Chapters 

2, 3, and 4 provide information on the past and potential future effects of these agents 

on biodiversity in Galapagos, in a management context. These chapters point to 

differences between the humid highlands (particularly of the inhabited islands) and the 

more extensive dry lowlands, concluding that species invasions will continue to 

threaten biodiversity into the future, and recommend a landscape scale approach to 

management. Chapters 5, 6 and 7 form the core of the PhD work. They focus in on the 

humid highlands where habitats have already been modified, comparing historical and 

contemporary vegetation and exploring options for management. These three 
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chapters use Santa Cruz Island, the most recently developed, and now the most 

populous island (Granda León and Chóez Salazar 2013), as a case study for modified 

ecosystems in Galapagos and elsewhere. All chapters use an empirical approach at a 

landscape scale, and discuss the relevance of the research to management practices. 

Chapters 2, 5, 6 and 7 were written for publication in international peer-reviewed 

journals and thus include literature reviews to broadly contextualize the work.  

Multiple approaches requiring a range of skills were used to address the research 

questions in the six core chapters of the thesis: 

 Chapter 2 synthesizes expert-knowledge in a co-authored publication that 

provides an overview of research and management of plant invasions in 

Galapagos. It summarizes lessons learnt and proposes management strategies 

for the more modified highlands compared with the more extensive, less-

modified, dry lowland areas. 

 Chapter 3 is a traditional data synthesis that summarizes climate records to 

characterize the terrestrial climate of Galapagos, pointing to differences 

between the humid highlands and dry lowlands and introducing some potential 

consequences of global climate change on the local climate.  

 Chapter 4 is a review of local literature and expert opinion that summarizes 

known responses of organisms to extreme climate events and discusses how 

climate change may impact biodiversity. 

 Chapter 5 uses an approach that combines interdisciplinary data that I collected 

to improve understanding of historical vegetation of the highlands of Santa 

Cruz Island. 

 Chapter 6 uses a mapping approach based on satellite and field data that I 

collected to characterize some of the plant invasions in the National Park of the 

highlands of Santa Cruz Island. 

 Chapter 7 applies empirical field data that I collected to assess a theoretical 

framework. It compares contemporary vegetation to historical vegetation, 

identifies change processes and discusses potential management options.   
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Fig 1.2 Species invasions and climate change are global change agents of ecosystem modification. 

The six chapters in this thesis build understanding of these agents and their realized and potential 

effects on Galapagos vegetation and ecosystems. Chapters 1 – 3 concern the whole of Galapagos, 

while chapters 5 – 7 focus on modified ecosystems in the highlands of Santa Cruz Island. 
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2. PLANT INVASION RESEARCH AND MANAGEMENT IN GALAPAGOS 

 

 

CHAPTER 2 
 

PLANT INVASION RESEARCH AND  
MANAGEMENT IN GALAPAGOS 

 

PUBLICATION  

This was published as a chapter in an edited book that was peer-reviewed and 

published by Springer (Foxcroft et al. 2013). This chapter was presented as a case study 

as part of a global synthesis of the situation and challenges of invasive plants in 

protected areas.  

CITATION  

Gardener MR, Trueman M, Buddenhagen CE, Heleno R, Jäger H, Atkinson R, Tye A 

(2013) A pragmatic approach to the management of plant invasions in Galapagos. In: 

Foxcroft LC, Richardson DM, Pyšek P and Genovesi P (eds) Plant Invasions in Protected 

Areas: Patterns, Problems and Challenges.  Springer, Dordrecht. pp 349-374 
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2.1. ABSTRACT 

This chapter presents an overview of the process undertaken to understand alien plant 

invasions and work towards their effective management in the Galapagos Islands. 

Galapagos is a unique case study for the management of alien plants in protected 

areas because much the archipelago has few alien plants and the original ecosystems 

are relatively intact.  We discuss a pragmatic approach developed over 15 years to help 

prioritize management of 871 plant species introduced to the islands. This approach 

includes understanding invasion pathways; identifying which species are present and 

their distribution; determining invasive species impact on biodiversity, ecosystem 

function and mutualisms; prioritizing management using Weed Risk Assessment; 

guidelines to prevent further introduction through quarantine and early intervention; 

and developing methods to control or eradicate priority species. Principal barriers to 

application of the approach are limited capacity and coordination among managers 

and inherent difficulties arising from invasive species traits such as seed banks and 

dispersal and their interactions with ecosystems. We also discuss the approach of 

managing invasive species individually and suggest it may be more appropriate, when 

feasible, for the relatively intact uninhabited islands and dry regions of Galapagos. The 

more degraded highlands of the inhabited islands need a more complex approach that 

balances costs with prioritized outcomes for biodiversity and ecosystem functionality.  
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2.2. INTRODUCTION 

The Galapagos Islands are a special case for the management of alien plants in 

protected areas. The majority of the land area – on the uninhabited islands – contains 

very few alien plant species and is in relatively pristine condition (Bensted-Smith et al. 

2002). However, the core areas of human impact – on the four islands inhabited by 

humans – contain more introduced than native plant species and ecosystems are 

highly altered from their historical state (Snell et al. 2002a).  Thus most of this chapter 

focuses on the 4 % of the Galapagos archipelago which has been colonized by humans 

and the parts of the protected area immediately surrounding these nuclei.  

Eighty of the 871 non-native vascular plant species1 recorded in Galapagos (up to year 

2012) are found on the 46 islands and islets that have never been colonized. Figure 2.1 

shows that the inhabited islands/volcanoes have an order of magnitude more alien 

plant species compared to the uninhabited ones.  Most of the species on the 

uninhabited islands are herbaceous, annual or short lived perennials, probably 

accidentally introduced and unlikely to cause great impact (e.g. Porophyllum ruderale, 

ruda gallinazo). In contrast, all of the 871 species are found on at least one of the four 

main islands inhabited by people: Santa Cruz, San Cristóbal, Isabela and Floreana. 

Between 21 % and 100 % of the humid highlands on these islands have been degraded 

through agriculture and alien plant and animal invasion (Watson et al. 2009) which 

effectively forms degraded nuclei surrounded by  less degraded dry peripheries. Baltra, 

the other colonized island, is an exception by having few alien species, due to being a 

small, low island without a humid zone. Many plant species introduced to the areas 

used by humans have spread into the neighbouring Galapagos National Park (GNP), 

including some that have been transmitted to uninhabited islands.  

In the mid-1990s the Charles Darwin Research Station started a systematic process to 

catalogue, understand and prioritize invasive plant management, and over the last 15 

years the authors of this chapter, and many others, have worked together to develop a 

pragmatic approach to managing plant invasions in Galapagos. The goal has always 

                                                        
1 We have used species as the taxonomic unit throughout this chapter for consistency but the 
871 “species” in Galapagos actually include subspecies. 
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been to facilitate realistic management decisions that produce achievable and valuable 

outcomes. The development of this process was accelerated between 2002 and 2007 

by the Global Environment Facility (GEF) funded project entitled “Control of Invasive 

Species in the Galapagos Archipelago”. This ambitious program had a number of 

elements including: baseline inventories, quarantine development, research on 

invasions, experimental eradications, awareness and participation programs, capacity 

building, and development of a Galapagos-wide planning and policy framework. Whilst 

the consolidation of the results continues to this day, the legacy from this project is 

significant. 

Fig 2.1 The number of alien plant species on each island larger than 150 ha (with the six Isabela 

volcanoes shown separately because they are mostly ecologically isolated by bare lava on the 

lower flanks). Islands with a humid highland zone are shaded light grey. Currently inhabited 

islands are labeled in bold, with the inhabited area shaded dark grey. Towns and villages are 

shown as black dots. Plant data from Charles Darwin Foundation Collections Database 

(Bungartz et al. 2009) and Trueman et al. (2010a); island names from Snell et al. (1996). 

This chapter aims to outline the pragmatic management process as applied in 

Galapagos under three main umbrellas: 1) Understanding the problem (identify 
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introduction and invasion pathways; identify what species are present and their 

spatial/temporal extent; determine their impact on biodiversity, ecosystem function 

and mutualisms); 2) Developing management tools (prioritize species for management 

and border biosecurity; develop methods to control or eradicate priority species); and 

3) Addressing the challenges of applying our approach to attain achievable goals (the 

relative benefits of managing single species versus whole ecosystems for different 

parts of Galapagos; the importance of engaging people and the differing visions of 

various stakeholders). We use examples to illustrate each step of the management 

process and discuss limitations. We finish with a summary of lessons learned (Box 2.1) 

and an outline of management opportunities that are specific to the unique case of 

Galapagos.  

2.3.  UNDERSTANDING THE PROBLEM 

2.3.1. PLANT INTRODUCTIONS AND INVASION PATHWAYS 

Alien plants have likely been introduced to Galapagos ever since its discovery in 1535 

when the archipelago was first opened up to humans. Early visitors included 

buccaneers, whalers and fishermen. Few introductions would have occurred prior to 

human settlement of the islands which began in 1807 and led to permanent human 

presence since 1879 (Grenier 2007). On his visit to Galapagos in 1835, Charles Darwin 

recorded 17 alien species in Floreana (a colony that was repeatedly abandoned), all of 

which had been deliberately introduced for agriculture (Hooker 1851). Tortoise 

hunters had vegetable gardens on Santa Cruz in the 19th Century, before that island 

was permanently colonized in the early 1900s (Lundh 2006). 

In 2011, the alien flora of Galapagos amounted to 871 species (Jaramillo and Guézou 

2012). Most of these were introduced in the past 30-50 years (Fig 2.2) (Tye 2006; 

Trueman et al. 2010a). The recordings of alien plant species in Galapagos has increased 

exponentially or multi-stage linearly since records began in 1807, partly reflecting the 

introduction rate, but more importantly illustrating the changes in species recording 

method and effort (Tye 2006). Many species may have been present for years, even 

decades, before they were first recorded hence biasing rate of increase (Tye 2006). 
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There is further uncertainty about the total number of aliens, because approximately 

60 species are classified as questionably native, which pending further evidence could 

be native or introduced. Using fossil pollen and other plant remains, van Leeuwen et 

al. (2008) and Coffey et al. (2011) showed that nine species classified as questionably 

native or definitely alien had actually been present in Galapagos before humans. 

Nevertheless, anthropogenic introductions far outweigh the natural introduction rate 

by a factor of at least 13,000 (Tye 2006). 

 
Fig 2.2 Cumulative number of alien plant taxa recorded (black squares) and human population 

(open circles) in Galapagos since settlement in 1807. Sources: alien species (Tye 2006; 

Jaramillo and Guézou 2012); human population (Grenier 2007; INEC 2007, 2011). 

The impact of  invasive plants on the Galapagos biota has been emphasized only since 

the 1970s (Schofield 1973), though the first invasions probably began prior to 

permanent human settlement. Examples include Citrus spp. that were introduced as 

anti-scorbutics by visiting pirates or whalers (Lundh 2006) and still persist in the wild 

today, and Furcraea hexapetala  (Cuban hemp, cabuya) which was planted to mark a 

trail and had naturalized on Santa Cruz Island by 1905 (Lundh 2006).  Widespread plant 

invasions and ecosystem transformation did not begin until well after settlement, and 

were facilitated by agricultural clearing and seed dispersal. One example is Syzygium 

jambos (rose-apple) that started to form thickets in San Cristóbal in the 1950s (Lundh 

2006). On Santa Cruz the tree Cinchona pubescens (red quinine) began to spread 

widely in the 1970s (Hamann 1974) (Fig 2.3) and several other plant invasions 
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accelerated after the 1983 El Niño event (e.g. Psidium guajava, guava; Rubus niveus, 

blackberry; Cedrela odorata, Cuban cedar; Cestrum auriculatum, sauco) (Fig 2.4). In the 

south of Isabela, Psidium guajava now forms a monoculture of cover over 40,000 ha 

(Laura Brewington pers. comm. 2009) and was probably dispersed by feral cattle and 

established after a big fire in the 1980s.  

 

 

Fig 2.3 Many parts of the highland grass and fern zone within the National Park on Santa Cruz 

Island (a – 1970) have been invaded by the tree Cinchona pubescens (b – 2004). Photographs 

by Frank J. Sulloway, taken looking east from Cerro Crocker, reproduced with permission from 

the photographer. 

  

Fig 2.4 Forest of the native Scalesia pedunculata (lechoso, young stand) and Psidium 

galapageium (guayabillo; with the brown epiphytic liverworts) (a - in 1975) has been replaced 

by taller forest of Cedrela odorata with a mid-storey of Psidium guajava (b –in 2004). Both 

photographs are from a permanent quadrat in the “caseta” area in the Tortoise Reserve, Santa 

Cruz Island. Photographs by Ole Hamann, reproduced with permission from the photographer. 

To help understand the problem of alien plants in any place it is important to know 

how far the flora has progressed along the invasion continuum (Richardson et al. 

2000); this can be done by determining which introduced species fall into each of the 

a b 

a b 



Managing plant invasions ∙ Chapter 2 

 

31 
 

categories of naturalized, invasive and transforming. Of the alien flora in Galapagos, 

332 species (38 %) are naturalized (Jaramillo and Guézou 2012) and 32 of these species 

(4 % of total) are considered invasive (Tye 2001). Table 2.1 shows a subset of 18 of 

these invasive species that are widespread and considered to be problematic for native 

ecosystems; these fit the bill of transformer species (sensu Richardson et al. 2000; 

Pyšek et al. 2004). They are all perennial, have effective dispersal mechanisms and 

mostly have a seedbank and/or vegetative reproduction (Table 2.1). This overall 

measure of progression along the invasion continuum is difficult to compare with 

other locations because of differences in sampling effort and methods, and differences 

in the definition of “invasive” (Guézou et al. 2010). However the outnumbering of 

native flora by alien flora is similar to other oceanic islands, while the proportion 

naturalized and invasive is lower than on other oceanic islands (Trueman et al. 2010a). 

Thus Galapagos is at an early stage of the invasion process (Tye 2006; Trueman et al. 

2010a). Even if no more introductions occur, some of the species already present will 

become naturalized and turn into transformers that impact native ecosystems.  

Different types of plants have been introduced over various periods of human 

colonization and this has influenced patterns of invasion and impact. Initially, 

intentional introductions were focused on useful, cultivated plants to be grown in the 

humid agricultural regions, while the focus has shifted more recently towards 

ornamental plants, grown mainly in gardens in the lowland urban areas (Tye 2006), 

which now form the majority of alien plant species in Galapagos (Atkinson et al. 2011). 

Many species have recently been recorded for the first time and although they may 

have been introduced much earlier, most of them still have a very limited distribution 

on private properties (Guézou et al. 2010; Trueman et al. 2010a). A similar number of 

alien species are now grown in the urban areas of the dry lowlands compared with the 

rural humid highlands areas of Galapagos, although the most common species in each 

area are different (Trueman 2008; Guézou et al. 2010). Due to their mesic climate and 

earlier introduction history, the humid highland areas have suffered more invasions so 

far (Snell et al. 2002a; Watson et al. 2009). Invasions of ornamental species in the dry 

coastal towns have only recently begun. For example, Kalanchoe tubiflora (chandelier 

plant) is now naturalizing and dispersing into the adjacent GNP. The variability of the 
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Galapagos climate also affects invasions. In particular, wetter periods associated with 

El Niño assist the establishment and spread of alien species in the islands (Hamann 

1985; Luong and Toro 1985; Aldaz and Tye 1999; Tye and Aldaz 1999). Also, Leucaena 

trichodes (wild tamarind) persisted in gardens for many years, until a recent run of wet 

years enabled it to naturalize and establish a seed bank (Rachel Atkinson pers. observ. 

2009). There is concern that a future warmer, wetter climate would favour further 

invasions in the dry lowland areas which occupy the majority of Galapagos land area 

and contain most of the endemic species (Trueman and d’Ozouville 2010). 

Table 2.1 Current transformer species (those that change the character, condition, form or 

nature of ecosystems over a substantial area) and their biological characteristics. 

Family Species Habit Dispersal  

Evidence of 

seedbank in 

Galapagos/ 

vegetative 

reproduction 

Agavaceae  Furcraea hexapetala  herb wind yes/yes 

Boraginaceae  Cordia alliodora  tree wind Unknown/no 

Commelinaceae Tradescantia fluminensis  herb animal * yes/yes 

Crassulaceae  Bryophyllum pinnatum  herb Wind, 

vegetative 

fragments 

Unknown/yes 

Lauraceae  Persea americana  tree animal * no/no 

Meliaceae  Cedrela odorata  tree wind no/no 

Mimosaceae Leucaena leucocephala  small tree water, soil yes/no 

Myrtaceae  Syzygium jambos tree water, animal no/yes 

Myrtaceae  Psidium guajava small tree animal *  Unknown/no 

Passifloraceae  Passiflora edulis climber animal *  no/no 

Poaceae Melinis minutiflora  grass animal *, wind  yes/yes 

Poaceae  Panicum maximum  grass animal * Unknown/yes 

Poaceae  Pennisetum purpureum  animal * yes/yes 

Poaceae  Urochloa decumbens  grass animal *, wind yes/yes 

Rosaceae  Rubus niveus shrub animal *, soil yes # /yes 

Rubiaceae  Cinchona pubescens tree wind * yes # /yes 

Solanaceae  Cestrum auriculatum  small tree animal * yes/no 

Verbenaceae  Lantana camara  shrub animal * yes/yes 

* animal dispersal data from Blake et al. (2012), Connett et al. (2013), Guerrero and Tye 

(2011), Heleno et al. (2011; 2013b) and references therein; # seedbank data from Landazuri 

(2002) and Rentería (2002); all other data from author observations 1996 – 2012. 
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2.3.2. INVENTORIES: BASELINE DATA FOR EARLY DETECTION  

To understand and manage alien plants we need to know what they are, where they 

are, whether they pose a problem, and which management options might be suitable. 

Exclusion and rapid response to incursions are widely considered to be the most 

viable, cost effective means of managing invasive species (Panetta and Timmins 2004), 

yet detailed distribution information is needed in order to carry these out. This 

information can be obtained by carrying out surveys of alien species (Hosking et al. 

2004). A particular concern in Galapagos is the spread of alien species from the 

inhabited zones (private properties) into the GNP, so the inhabited areas have been 

the target for such inventories.  

Between 2002 and 2007 a team of botanists carried out one of the most extensive 

surveys of alien species in any Pacific archipelago, visiting 6,031 private properties 

(97 % of the total in urban and rural zones) in the islands of Floreana, Santa Cruz, San 

Cristóbal and Southern Isabela (Guézou et al. 2010). The survey of 253 km2 cost 

US$300,000 and 17 person-years of trained botanists’ time (Guézou et al. 2010).  

The survey results constitute a useful tool for management. Almost all species are 

represented by specimens in the Charles Darwin Research Station herbarium (CDS). 

With few exceptions each species record is assigned to a particular property. Most 

species were uncommon, with 252 species recorded in five properties or less (Trueman 

et al. 2010a). If a decision were made to attempt to manage some uncommon but 

potentially invasive species in the future, the inventory data could be used to select 

potential targets and guide more detailed surveys. 

This inventory was also an excellent community outreach tool, and was well received 

as evidenced by the small percentage of properties where entry was refused (< 1 %). 

The team met with landowners and discussed invasive plant problems, thus increasing 

community awareness. All species detected were subsequently evaluated by the 

Galapagos Weed Risk Assessment which is discussed further below. 
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2.3.3. IMPACTS ON BIODIVERSITY AND ECOSYSTEM FUNCTION 

There is little hard evidence that invasive plant species cause extinctions (Gurevitch 

and Padilla 2004). However, there is much evidence that they cause changes in 

ecosystem structure and function, and an understanding of such impacts can be used 

to determine whether changes are reversible and inform management.  

Cinchona pubescens and Rubus niveus are the two best studied transformer species 

(sensu Pyšek et al. 2004) in Galapagos; there is quantitative information on their biotic 

and abiotic impacts. Both species were introduced to the highlands of Santa Cruz 

Island, C. pubescens in the 1940s, now covering over 11,000 ha (Buddenhagen et al. 

2004), and R. niveus in the 1960s (Lawesson and Ortiz 1990), now covering more than 

30,000 ha on five islands. Cinchona pubescens is converting formerly treeless 

vegetation zones into forests, and R. niveus has formed dense impenetrable thickets 

up to 4 m high. 

A 7-year study showed that C. pubescens significantly reduced species diversity and the 

cover of most species by at least 50 % in the invaded area. Endemic herbaceous 

species were more adversely affected than non-endemic native species (Jäger et al. 

2009). Despite the fact that no species went locally extinct throughout this period 

where C. pubescens cover averaged 20 %, species did disappear when C. pubescens 

cover reached 100 % (Jäger et al. 2007). Similarly R. niveus had adverse impacts on the 

native plant community it had invaded (Rentería 2011; Rentería et al. 2012a; Rentería 

et al. 2012b). Species richness was reduced by 56 % when R. niveus cover exceeded 

60 %, with herbs being more affected than ferns. In addition, abundance of almost all 

species was significantly reduced in heavily invaded sites (> 60 % R. niveus cover), 

compared with medium to low invaded sites (< 60 % cover). Such studies provide a 

scientific basis for management intervention, although in these particular cases more 

information, such as social values of different elements of the invaded ecosystem, 

would further inform management. 

Tradescantia fluminensis (wandering jew) is an example of a species that has fast 

become a transformer. It was first recorded in 1985, though apparently introduced in 
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1972 (Patricia Jaramillo pers. comm. 2012) from Loja in continental Ecuador as a 

ground-cover under coffee plantations (Anne Guézou pers. comm. 2012). It was first 

observed to be invasive in 2005 around Los Gemelos (Rentería and Buddenhagen 

2006), the most important remnant of Scalesia pedunculata forest, and is now 

widespread in the humid and transition zones on Santa Cruz Island (Mark  Gardener, 

Mandy Trueman, Rachel Atkinson, Heinke Jäger, Anne Guézou pers. observ.).  It 

spreads vegetatively and its seeds are dispersed long distances in the guts of giant 

tortoises (Blake et al. 2012) and birds (Heleno et al. 2013b). It forms a thick mat on the 

forest floor which inhibits recruitment of native herbaceous species (Mark Gardener 

pers. observ. 2011). Although these observations and impacts have not been 

quantified in Galapagos, it is likely that this species is already causing reduced diversity 

and abundance in Galapagos as it has done in New Zealand (Standish et al. 2001). 

In a meta-analysis, Vilà et al. (2011) showed that apart from changing biodiversity 

patterns, alien plant species often change ecosystem functions, including changed 

physical conditions which can act as irreversible barriers to restoration. In Galapagos, 

photosynthetically active radiation was reduced by 87 % under the C. pubescens 

canopy, while precipitation increased by 42 % because of enhanced fog interception 

(Jäger et al. 2009). In very dense R. niveus stands (> 80 % cover), sunlight reaching the 

understory (0.5 m height) was reduced by 94 % whereas in medium to low invaded 

sites (< 20 % cover), sunlight was reduced by 45 % (Rentería 2011). These altered 

abiotic conditions are expected to lead to alterations in both alien and native species 

composition and abundance, although in both these cases there is no reason to believe 

the changes are irreversible, as removal of the invader could eventually restore the 

original physical conditions. 

Some of these impacts can be attributed to specific features of the invader. Rubus 

niveus showed faster growth rates and biomass production than four co-occurring 

native woody species and had a larger seed bank than native species in the invaded 

areas (Rentería 2011). Invasive species typically have faster growth than native species, 

and often also have higher specific leaf area (SLA) (SLA; Daehler 2003). The latter is 

true for C. pubescens, which has a significantly higher SLA than the endemic dominant 
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Miconia robinsoniana  (Galapagos Miconia) and the native Pteridium arachnoideum 

(bracken fern) that naturally occur in the invaded area, as well as a higher leaf turnover 

rate (Jäger et al. 2013). Total nitrogen, ammonium and phosphorus concentrations in 

soil were significantly higher in invaded compared to non-invaded areas in the Miconia 

zone (Jäger et al. 2013). Leaf litter from invaded areas also contained more 

phosphorus (Jäger et al. 2013). These results suggest that a greater cover of C. 

pubescens over M. robinsoniana and P. arachnoideum means more faster-

decomposing leaves, accelerated nutrient cycling and thus increased nutrient 

availability in the soil (Jäger et al. 2013).  

2.3.4. IMPACTS ON PLANT REPRODUCTIVE MUTUALISMS 

Plant animal mutualisms can be used as a measure of ecosystem functionality in 

invaded systems. Recent research in Galapagos has deepened our understanding of 

pollination and seed-dispersal and the role of alien plants (Buddenhagen and Jewell 

2006; McMullen et al. 2008; Guerrero and Tye 2011; Heleno et al. 2011; Chamorro et 

al. 2012; Heleno et al. 2013b). Many frugivorous animals, particularly birds but also 

reptiles, are trophic generalists which readily incorporate invasive plants into their 

diets and thus facilitate their spread (Bartuszevige and Gorchov 2006; Williams 2006). 

This makes containment difficult. In Galapagos, 12 bird and three reptile species were 

found to disperse seeds of alien plants (Heleno et al. 2013b). While only 5 % of the 

total number of seeds where alien, they were present in 17 % of nearly 3000 animal 

droppings and represented 24 % of all seed species. Although this suggests high usage 

of alien plants by frugivores, these values are still moderate when compared to relative 

abundance of alien plants in the Galapagos and values from other oceanic archipelagos 

such as Hawaii or the Azores (Chimera and Drake 2010; Heleno et al. 2013a). As in 

other oceanic islands, reptiles are important seed dispersers in Galapagos. The 

widespread Microlophus spp (lava lizards) are known to disperse seeds of at least 27 

species, including eight aliens (Heleno et al. 2013b) while Chelonoidis nigra (giant 

tortoises) are known to disperse at least 48 species, including 16 aliens, over large 

distances (Blake et al. 2012). 
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Galapagos has few invasive birds, which may have limited the spread of invasive 

plants; however other alien vertebrates such as cattle, donkeys, rats and horses, and 

also native vertebrates, are contributing to their spread (Clark 1981; Fowler De Neira 

and Johnson 1985; Rentería and Buddenhagen 2006; Chimera and Drake 2010; Heleno 

et al. 2011; Heleno et al. 2013b). The potential role of the alien bird, Crotophaga ani 

(smooth billed ani), in plant invasions is hard to evaluate, however Guerrero and Tye 

(2011) and Connett et al. (2013) show that it might be an important disperser of at 

least four invasive species including R. niveus and L. camara. 

A community level assessment of the importance of native and introduced pollinators 

for both native and invasive plants is still in progress, but preliminary results suggest 

that while the invasive plants are predominantly affecting pollination networks on 

inhabited islands, introduced insects are changing species interactions patterns even 

on the most remote islands (Chamorro et al. 2012; Traveset et al. 2013). The 

proportion of self-compatible species in the Galapagos flora, and evolutionary trends 

in this trait, are unclear (Tye and Francisco-Ortega 2011). The Galapagos native flora is 

characterized by small, drab–coloured flowers, with poor rewards and associated with 

a depauperate pollinator fauna (McMullen 2009; Chamorro et al. 2012). Tight co-

evolution between plants and pollinators is likely to be rare in Galapagos, compared 

with older archipelagos, especially those with specialist bird pollinators, like Hawaii. 

Given the relatively recent human presence in Galapagos and the few documented 

extinctions, there is no reason to suspect that native plants are already threatened by 

limited pollination. However, this could change abruptly with extinction of a keystone 

pollinator species like the endemic Xylocopa darwini (carpenter bee) which is known to 

visit at least 84 plant species (McMullen 1989; Chamorro et al. 2012). 

In conclusion, it is still too early to say if shifts in the assemblages of mutualists, either 

by direct introductions or as a consequence of vegetation shifts, will disrupt patterns 

of seed production and dispersal of insular plants in Galapagos, however accumulating 

evidence suggests that some of this disruptive processes might have begun to occur.  
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2.4. DEVELOPING MANAGEMENT TOOLS 

2.4.1. WEED RISK ASSESSMENT TO PRIORITIZE MANAGEMENT 

A precautionary approach to alien plant species is especially warranted in Galapagos 

because 96 % of the land area is a national park which supports a world-renowned 

unique biodiversity. Correctly distinguishing potential invaders from non-invaders has 

been the main focus of weed risk assessment worldwide particularly for pre-border 

screening of potentially useful species (Gordon et al. 2008a; Weber et al. 2009; Koop 

et al. 2012).  While there is less pressure from new introductions in Galapagos at 

present, due to quarantine laws, some introductions do still occur.  

With 871 alien plants already present in Galapagos and limited resources available, 

there is a need for a tool to prioritize management based on the risk of each of 

species. An objective risk assessment system, using a modified Australian Weed Risk 

Assessment protocol (AWRA) (Pheloung et al. 1999; Daehler and Carino 2000; Gordon 

et al. 2008b; Weber et al. 2009; Koop et al. 2012) was therefore developed, with a 

focus on assessment of already-introduced species. Of the 49 questions in the AWRA, a 

small subset are known to be most useful to predict invasiveness, i.e. questions that 

relate to climate match in home range, dispersal, the presence of a congeneric invader, 

evidence for invasiveness elsewhere, a positive response to disturbance, short 

maturation and ability to propagate vegetatively (Caley and Kuhnert 2006; Weber et al. 

2009). 

The Galapagos WRA (GWRA) has two parts (Tye, Buddenhagen and Mader unpubl. 

data): one to assess the potential invasiveness of a species that may be introduced to 

Galapagos (a screening function similar to the AWRA) and the other, which we focus 

on here, to describe or predict the invasiveness of plant species already present in 

Galapagos. Literature and internet resources provide answers to questions regarding 

behaviour of a species outside Galapagos, and local expert opinion provides 

information on behaviour in Galapagos. The answers contribute to a scoring system 

that allocates species into mutually exclusive categories based on definitions by 

Richardson et al. (2000) and Pyšek et al. (2004). 1) Transformer (e.g. R. niveus); 2) 
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Naturalized likely transformer (e.g. Piper peltatum, Santa María); 3) Naturalized but no 

evidence for future invasive behaviour (i.e. it could become a transformer or integrator 

(e.g. K. tubiflora); 4) Integrator - long established in Galapagos but believed to have 

low impact (e.g. Plantago major, greater plantain, or Pseudelephantopus spicatus, dogs 

tongue); 5) Not naturalized potential transformer (e.g. Pueraria phaseoloides, kudzu, 

or Acacia nilotica, Nile acacia); and 6) Not naturalized in Galapagos and not a known 

invader elsewhere (e.g. Plumeria rubra, frangipani).  

Management options can then be considered for each species. One option is to do 

nothing: many alien plants appear to be largely harmless wherever they occur 

(Category 6). “Integrators” (Category 4) would also not normally be a focus of 

management for conservation purposes. These are typically plants that have been 

naturalized in Galapagos for decades and have spread to, or had the opportunity to 

spread to, all suitable habitats but are still either clearly confined to areas of human 

disturbance or have low impact in natural areas (e.g., ephemeral, low density, small 

stature or low growth habit, and without other negative effects). Category 5 species 

are obvious targets for eradication to prevent potential future impacts. Most 

populations of transformers (Category 1) might be regarded as impossible to eradicate 

(if they are too widespread) although some rarer ones, or species likely to hybridize 

with endemic species, might be susceptible to eradication or worth subjecting to site-

based control (to protect localized biodiversity of high value), or biocontrol or inter-

island quarantine measures. Some preliminary results from the GWRA have been used 

to inform pilot eradication projects, though the full assessment has yet to be formally 

implemented in Galapagos. Once the results are communicated to management 

agencies, then appropriate management decisions can be made for each species.  

2.4.2. MANAGEMENT OPTIONS 

For a conservation manager, the ultimate goal of any action against invasive species 

should be the conservation or restoration of native species or ecosystems (Genovesi 

2007). The hierarchical approach promoted by the Convention on Biological Diversity 

(CBD 2002) is a useful framework for invasive species management, based on the 

rationale that financial investment early on in the invasion process is more cost 
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effective, and puts less strain on the natural system than controlling already 

established invasive species (McNeely 2001). Exclusion is the first goal, but if an 

incursion occurs, then early detection and timely eradication are crucial to prevent 

establishment. If these methods fail and the alien has established in the wild, options 

include containment, control, biocontrol and no action.  

Prevention is by far the most important tool for managing invasion. In recognition of 

this the Quarantine Inspection System for Galapagos (QISG) began in 1999. In 2009 its 

function was incorporated into Agrocalidad – a national agency responsible for animal 

and plant health. The principle that all species are potentially invasive until proven 

otherwise, combined with a permitted species list, is the basis of the QISG. Inspectors 

are based at sea and air ports in continental Ecuador and in Galapagos. There are also 

strict quarantine rules and inspections for travel between islands, especially to 

uninhabited islands, which, for the most part are free of transformer species. When 

species that are not permitted are detected, they are identified and either lodged in 

reference collections or destroyed. Although the QISG has created a high level of 

consciousness about invasive species and may have slowed the importation of alien 

plants, an evaluation in 2007 found it to be largely ineffective because it was under-

funded and under-staffed (Zapata 2008).  

Eradication is the best alternative after prevention fails, before spread is significant. 

The GWRA was used to choose plant species for a pilot eradication program in 

Galapagos. Thirty populations (where a population = one species on one island) were 

chosen for evaluation for eradication feasibility, based on three criteria: 1) limited 

distribution as known from inventories, field surveys, and interviews with landowners 

(e.g. Soria et al. 2002); 2) proven behaviour as invasive elsewhere in the world with a 

climate similar to Galapagos (e.g. Buddenhagen 2006); or 3) already invasive 

somewhere in Galapagos. Information was collected about the factors affecting 

feasibility of eradication and its cost, including among other things discussions with 

landowners. Twenty-one populations (18 species) reached management stage, the 

earliest in 1996. Four of the eradication operations were successful, all in Santa Cruz; 

Rubus adenotrichos (mora silvestre) and R. megalococcus (sarsa mora; Buddenhagen 
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2006), P. phaseoloides (Tye 2007), and Cenchrus pilosus (abrojo). Each of these species 

covered less than 1 ha in net area and was on land with a single owner (Gardener et al. 

2010a). It is likely that two more species, Persea americana (avocado) and Sapindus 

saponaria (soapberry), have been eradicated in Santiago: both these are trees with 

slow maturation times, no long-lived seed bank, and limited distributions. Most 

projects were abandoned after one or two years of data collection, mainly because 

their extent was greater than initially thought, and because search and control costs 

were too high. In some cases, preventing long distance seed dispersal and managing a 

long-lived seed bank further hampered success e.g. Rubus niveus (Rentería et al. 

2012b). Another barrier to eradicating species with small distributions was a lack of 

permission from land-owners to remove plants (e.g. Acacia nilotica and Cryptostegia 

grandiflora, rubber vine). The Special Law for Galapagos (Congreso Nacional 1998) 

actually has provisions that allow government officials to enter private property for 

managing invasive species; however, unfortunately this provision, like many others, 

has not been enforced.  

Containment is a component of eradication projects and also a management option in 

its own right. The requirements for containment are the reduction of long distance 

dispersal and the timely detection of new foci (Panetta and Cacho 2012). Because most 

invasive species in Galapagos are either wind or animal dispersed, the vectors of 

dispersal are difficult to manage, as is plant fecundity. As we can see from the R. niveus 

example above, these conditions may be impossible to meet when a plant is widely 

naturalized. 

Control or maintenance management is controlling an invader at a density sufficiently 

low to produce the desired conservation outcome. Typical maintenance options 

include mechanical, chemical, and biological control (Simberloff 2003). In Galapagos, 

both manual and chemical controls are used and have been developed for various 

species (Gardener et al. 1999; Buddenhagen et al. 2004). Control, unlike eradication, is 

indefinite and, although it may not have a large initial cost, can become accumulatively 

expensive in the long-term. It is thus important to undertake control only where the 

conservation objective is achievable and where potential biodiversity or socio-
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economic losses are considered to be unacceptable if no management action is taken. 

This means that the target species should only be reduced to below a threshold of 

impact.  

Local control is carried out by the Galapagos National Park Service (GNPS) in sites of 

high biodiversity value or importance for tourism. A recent evaluation of alien plant 

control projects in the GNP between 2005 and 2010 included 17 projects on 5 islands 

covering 11 species (García and Gardener 2012). Approximately US$ 3,350,000 were 

spent on these projects to manage a total area of nearly 2000 ha at a cost of US$280 

per ha per year. Control outcomes were varied: some, such as the control of the tree 

species C. odorata and C. pubescens, reduced densities to below a threshold of impact 

whereas others, such as control of R.  niveus, were ineffective and the disturbance may 

have facilitated further invasion; a major constraint was rapid recolonization from the 

seed bank or vegetative shoots (García and Gardener 2012). 

Biological control of widespread invasive species has been used effectively for the last 

century, sometimes providing exceptional value for money. For example, a recent 

economic analysis has shown an overall benefit–cost ratio of 23:1 for biological weed 

control programs in Australia (Paige and Lacey 2006). Van Driesche et al. (2010) 

reviewed weed biological control projects for protection of natural ecosystems 

worldwide and found that 60 % achieved useful levels of control. There are also 

inherent risks associated with biological control that can lead to unintended 

consequences, thus informed decision-making is critically important (Simberloff 2012). 

Biological control has been successfully implemented in Galapagos for the 

management of the invasive Icerya purchasi (cottony cushion scale) using Rodolia 

cardinalis (cardinal ladybird; Calderón-Alvarez et al. 2012). This success led to interest 

for other projects including the development of biological control agents for R. niveus 

and L. camara (Rentería and Ellison 2007; Atkinson et al. 2009). If implemented, 

biological control for R. niveus would require a significant up-front investment and 

could take up to ten years – the development of a control agent was quoted at 

USD$660,000 by the Centre for Agricultural Bioscience International (pers. comm. 

2011) and does not include management and coordination costs. To put this in 

http://www.darwinfoundation.org/datazone/checklists/terrestrial-invertebrates/coleoptera/rodolia-cardinalis-mulsant-1850/
http://www.darwinfoundation.org/datazone/checklists/terrestrial-invertebrates/coleoptera/rodolia-cardinalis-mulsant-1850/
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context, the cost of control action for R. niveus on a single island (Santiago) has been 

approximately USD$582,000 over six years (Rentería et al. 2012b). 

2.5. CHALLENGES OF APPLYING MANAGEMENT 

2.5.1. MANAGING SPECIES OR ECOSYSTEMS 

All of the above methods are aimed at managing alien species individually. Legislation 

is also often prescriptive at species level (e.g. declared weeds), and management of 

single species is operationally easier to achieve. However, single weed management 

strategies can result in unwanted or unexpected negative outcomes at the community 

or ecosystem levels (Zavaleta et al. 2001). The most common of these unwanted 

outcomes is where an invasive species is reduced in density only to be replaced by 

another. For example, in Galapagos the disturbance created by control of C. pubescens 

may have facilitated invasion by R. niveus (Jäger and Kowarik 2010). The recognition 

that interactions among species are crucial to maintain ecosystem functioning (Duffy 

et al. 2007) has recently highlighted the importance of framing conservation efforts at 

the community level. This means including information on how species interact 

(Millennium Ecosystem Assessment 2005). 

In Galapagos, where invasions have not drastically altered ecosystem processes, such 

as on uninhabited islands and to a lesser extent dry lowlands of inhabited islands, 

managing alien species individually is still a worthwhile approach. There is also a moral 

imperative to keep these areas as close to their pre-human state as possible. 

Galapagos still has 95 % of its original, pre-human biodiversity (Bensted-Smith et al. 

2002) and relative to most other oceanic archipelagos is in good ecological order. In 

these areas, a suitable goal is “the restoration of the populations and distributions of 

all extant native biodiversity and of natural ecological/evolutionary processes to the 

conditions prior to human settlement” (Snell et al. 2002b). In these areas we therefore 

support a species-led approach focusing on eradication and containment of priority 

species.  
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However, on the inhabited islands, particularly in the humid highlands, ecosystems are 

highly degraded. There are so many different invasive species and ecological impacts 

that the removal of one species is likely to result in replacement by another invasive. 

Here, the pre-human state is not fully attainable given realistically available resources. 

Novel ecosystems, those that have new species combinations arising through either 

species invasions or environmental change, are widespread on continents and islands 

and often objects of conservation for their own sake (Chapin and Starfield 1997; 

Vitousek et al. 1997a; Hobbs et al. 2009). Owen (1998) describes a site-led approach 

which is based on the biodiversity value of a site, level of disturbance, the risk of 

aliens, and the cost of management. A more sophisticated tool for the same approach 

is scenario planning, which uses social and biological data to model outcomes of 

different management strategies, assisting stakeholders to make informed decisions 

(Roura-Pascual et al. 2011; Hulme 2012). Such approaches may be more suitable for 

planning conservation in the more degraded ecosystems in Galapagos. The goal would 

be to maintain as much native biodiversity as possible, together with original 

functionality, and undertake management interventions that maximize benefits over 

the total area of intervention (Gardener et al. 2010b). Transformer species that directly 

impact biodiversity will still require drastic intervention to prevent biodiversity loss, 

and biocontrol may be an option for such species.  

2.5.2. INVOLVING PEOPLE 

Management of alien plants is a matter of societal choice: perceptions, values, 

motivations, desires and needs of people will determine if and how management goals 

are determined and attained. In Galapagos, various stakeholders are responsible for 

this management. The GNPS (national government) manages alien plants within the 

GNP. However, alien plant invasions in the GNP spread from the inhabited areas. The 

municipalities (local governments) are responsible for managing urban and agricultural 

lands but the provincial Governing Council and the Ministry of Agriculture (national 

government) also have important roles on these private lands. The prevention of new 

introductions comes under the remit of the QISG, which is part of Agrocalidad (another 

national government department). It is a challenge to have all these agencies working 
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together for overall coordinated management of alien plants in the archipelago. 

Additionally, all of this top-down management can only be effective with community 

support. We expand on some of the challenges below, relating them to the various 

aspects of alien plant management discussed above.  

Within the GNP, major challenges to successful management are limited technical 

capacity and scientific knowledge. The lack of scientific knowledge is compounded by 

the long history of poor information transfer from researchers to managers, including 

language barriers. In the past this has resulted in some conflict within and between 

stakeholder groups, or distrust from the community. As a result, an inter-institutional 

committee supported by a trust fund for the management of invasive species was 

established in 2011 to mitigate some of these problems. This has helped in some ways. 

For example, GNPS provided free herbicides and equipment for the control of invasive 

species on private land. Another issue is that private landowners rarely work together, 

so that even if one farmer controls invasions on his or her own land, reinvasion is 

highly likely from surrounding farms and the GNP.  

The limitation in technical capacity is perhaps more concerning. Within GNP, there is 

no long-term institutional commitment to an adaptive, well designed invasive plant 

management strategy. For example, management goals (including eradication, control 

and biocontrol) are not chosen strategically and appropriate techniques are not 

employed. Working toward achievable objectives, tracking costs, documenting plans, 

results, and failures for any project that is implemented requires much discipline. This 

long-term vision needs to be part of the organizational culture if effective 

management is to be achieved. There is also a need for regular training and for 

monitoring, evaluation, and adaptive management.  

Differences in values held by various sectors of the community can lead to conflicts 

when species that produce benefits to the community are also invasive. Examples are 

C. odorata and C. pubescens that are both valuable timber trees and also highly 

invasive in the GNP and the agricultural zone. Extraction of both trees is allowed under 

permit from the GNPS. Ironically, both species (which are native to Ecuador) are 
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considered threatened by over harvesting in their native range. Cedrela odorata is 

listed by the IUCN as Vulnerable (IUCN 2011). There is pressure to develop a 

sustainable harvest of C. odorata in Galapagos, despite a GNPS campaign to control it 

in some parts of Santa Cruz. 

Another challenge is changing values over time. Approximately 80 % of the alien plants 

species in Galapagos were introduced on purpose – for medicine, food, timber, forage, 

or ornamentation. Many of them are already invasive. Thus some species that were 

earlier regarded as successful cultivations are now considered serious pests. Other 

species may become invasive in the future and suffer the same change in value. An 

example is Aristolochia elegans (Dutchman’s pipe) which is said to cure stomach 

problems; there are currently less than 20 plants on a single farm in Galapagos. 

However it is known to be invasive and problematic in Australia (Skoien and Csurhes 

2009) and could potentially cause future problems in Galapagos. This would constitute 

an easy eradication target but permission was not given by the landholder because it is 

considered a useful (yet harmless) species. In this and other examples in Galapagos, it 

has sometimes proven difficult to explain the precautionary principle to the public.  

One of the big challenges in Galapagos is the continual influx of people from the 

mainland, many of whom are not aware of the vulnerability of Galapagos ecosystems 

to their actions. Thus a continual awareness-raising and education approach is needed 

for all stakeholders to produce a community based vision and integrated action plan 

for invasive species management. The best example of a win-win solution so far in 

Galapagos has been with a native garden project – providing native species as 

alternatives to introduced ornamentals, thus reducing the future threat to the GNP 

and to agriculture on the islands (Atkinson et al. 2011). There has been a high level of 

community and local government support for the project which has raised awareness 

about the potential harm of alien plants, whilst also satisfying a social need for 

ornamental gardens. 
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2.6. CONCLUSION 

Research into alien plant issues in Galapagos has contributed greatly to our 

understanding of introductions, invasions, impacts and management options. Core 

lessons are summarized in Box 2.1.  

Box 2.1 Summary of the Galapagos experience 

 Most plants were introduced to Galapagos in the last 50 years and appear to be 

still in the early stage of invasion. Even if no new introductions occur, the number 

of naturalized, invasive and transforming species will increase. 

 Detailed surveys focused on inhabited areas (the nuclei of plant introductions), and 

freely available results, form the cornerstone of effective weed management. 

Continuous monitoring is required to detect new introduced species and help to 

understand how naturalized species might be spreading. 

 Impacts of invasive plants are not fully understood. Where quantified, increasing 

invasive species cover was correlated with decreases in native diversity and 

abundance. Impacts were also observed on physical parameters such as light, 

water and nutrients. There is little understanding of ecosystem-level impacts and 

the dynamic nature of the invasions. 

 Our understanding of mutualistic networks in Galapagos and the impact of invasive 

plants on them is still limited. To date it appears that seed-dispersal and pollination 

networks are still not severely impacted but are changing. 

 The Galapagos Weed Risk Assessment system can help prioritize the management 

of alien plant species. 

 A number of tools for prevention, eradication and control have been developed in 

Galapagos. Disciplined application of prevention and early intervention strategies 

should lead to successes with fewer resources. However, it is still common practice 

to try to manage species that are too widespread for cost-effective control. 

 In the more pristine areas of Galapagos, a species-led approach to invasive plant 

management is appropriate. In highly degraded areas, a more complex approach is 

needed to prioritize management spending at a site level to achieve optimal 

outcomes for biodiversity and ecosystem function. 

 Within institutions responsible for alien plant management, the main challenges to 

successful outcomes are the limitation in technical capacity and scientific 

knowledge, and lack of information transfer.  

 Local communities are central to weed management and must be fully involved in 

management planning and implementation.  
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As discussed throughout the chapter, most alien plants and their impacts are 

concentrated on the four inhabited islands, especially in the humid highlands. The 

more pristine uninhabited islands have been protected from plant introductions due to 

their remoteness. This remoteness has two forms. First, human visits to these 

uninhabited islands are very limited and highly regulated, so direct impacts are 

minimal. Second, the physical (insular) distance from the inhabited islands limits the 

dispersal of introduced plants. However, increased human traffic from tourism, 

conservation activities and illegal camps reduce remoteness and increase the 

probability of chance introductions. Furthermore, there are early signs that the 

insularity is decreasing. Research shows that introduced plants are dispersed by 

frugivores (Heleno et al. 2012a) and some of these may be capable of inter-island 

movement. For these reasons the management of the inhabited and fully protected 

islands must be integrated. 

Galapagos is iconic in the conservation world and many people feel that if it is 

impossible to manage plant invasions there, then there is not much hope for the rest 

of the world. A number of opportunities exist in Galapagos that are not available in 

other protected areas: 1) Insular geography with limited pathways for further 

introductions; 2) 96 % of the land area is protected; 3) 95 % of known native species 

are still extant; 4) Few invasive plants are established or widespread in the dry 

lowlands: preventative action here would be beneficial to biodiversity protection; 5) 

There is a relatively high level of awareness of invasive species, with supporting 

legislation; 6) The small size of the human population presents the opportunity to 

further raise awareness among the majority of residents; 7) Labour costs are relatively 

low, so management costs are not prohibitive; 8)  Few introduced vertebrates are 

established, resulting in limited seed dispersal; and 9) Pollinator and disperser failure 

has not occurred in native plants yet.  

Scientists, managers, governing agencies and the community need to work together to 

overcome barriers and make the most of these opportunities for effectively managing 

plant invasions. As in Hawaii, both conservation science and management must “focus 

on explicit planning that adequately reflects biological and fiscal realities, rather than 
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impractical, unfocused, and unachievable wish lists” (Duffy and Kraus 2006, p. 5). A 

shared, realistic vision and a pragmatic approach to achieve that vision will be essential 

for success in Galapagos. 
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3. THE GALAPAGOS TERRESTRIAL CLIMATE 

 

 

CHAPTER 3 
 

THE GALAPAGOS TERRESTRIAL CLIMATE 

 

PUBLICATION  

This was published in a peer-reviewed regional journal that focuses on research 

relevant to the Galapagos Islands. The main objective of this study was to characterise 

current climatic conditions in terms of defining the seasons and describing rainfall 

patterns. A secondary objective was to propose potential climate change scenarios 

based on this characterization as preparation for chapter 4. 

CITATION 

Trueman M, d’Ozouville N (2010) Characterizing the Galapagos terrestrial climate in 

the face of global climate change. Galapagos Research 67:26-37 
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3.1. SUMMARY 

The position of Galapagos in the Eastern Pacific gives it a unique seasonal climate that 

is atypical of other equatorial oceanic islands. Conditions are influenced by the 

interaction of ocean currents and winds, governed by the movement of the Inter-

Tropical Convergence Zone, and by the periodic Pacific-wide El Niño Southern 

Oscillation. Weather data from 1959 to 2009 on Santa Cruz Island show that the hot 

season prevails from January to May, characterized by elevated sea and air 

temperatures and highly variable rainfall. During the cool season, from June to 

December, cooler temperatures and a stratus cloud layer persist, resulting in relatively 

consistent precipitation in the humid highlands and almost none in the dry lowlands. 

Hot season rainfall totals are strongly correlated with sea surface temperature, 

whereas cool season rainfall totals are consistent from year to year, and not so closely 

correlated with sea surface temperature. Seasonal rainfall totals from ten locations on 

six islands show correlations among the majority of sites for the hot season but fewer 

for the cool season, one exception being the correlation between sites on Santa Cruz 

Island, all of which receive at least some cool-season precipitation. Biological 

productivity in the dry lowlands is primarily influenced by the variable hot-season 

rainfall. The humid highlands are maintained by more consistent precipitation every 

year in the cool season, but are also affected by conditions during the hot season. We 

suggest that the dry zone is vulnerable to a warmer, wetter climate which would 

favour invasive species and thereby doubly threaten arid-adapted endemic species. 

Potential climate change impacts on the already-invaded and more species-rich humid 

highlands are harder to predict due to our lack of understanding of cool-season 

precipitation patterns. In order to understand spatial climate variability in Galapagos 

better, there remains a need for meteorological data with a greater spatial spread 

throughout the islands, especially at higher altitudes. 
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3.1. INTRODUCTION 

Located on the equator, 1,000 km west of the coast of South America, the Galapagos 

Islands have a unique climate influenced by the interaction of oceanic currents and 

winds. Early visitors to the archipelago noted the comparative cool of the climate in 

comparison with other places on the equator (Dampier 1729; Darwin 1845), the 

occurrence of two distinct seasons (Dampier 1729), and the presence of a humid 

“luxuriant vegetation” zone in the uplands, compared to the “sterile” lowlands (Darwin 

1845). These features are still the most notable of the Galapagos climate, along with 

the formidable periodic influence of hot, wet El Niño years and their dry La Niña 

counterpart (Snell and Rea 1999). With the benefit of modern climatic records a 

deeper understanding of the Galapagos climate is possible. 

Here, we provide a climate analysis preceded by a review of climate reporting and 

climate mechanisms as contextual information. With current concern for global 

climate change and its impacts, this knowledge is necessary to predict potential 

consequences for terrestrial biodiversity in Galapagos. Our analysis incorporates 

previously unpublished data for the last decade. We use Santa Cruz meteorological 

data to characterize the climate because it contains continuous and parallel long term 

data from both lowland and highland sites. We use data from 1959 to 2009 to describe 

climate features throughout the year and to reveal trends over time. We differentiate 

two seasons, hot and cool, each of which has distinct influences on biological 

productivity and hence biodiversity. We also use rainfall data from an additional eight 

stations on six islands to improve understanding of the spatial distribution of rainfall 

throughout the archipelago. We discuss potential biodiversity changes in each of the 

two broad climatic zones as a result of global climate change.  

3.2. GALAPAGOS CLIMATE REVIEW 

3.2.1. CLIMATE REPORTING 

Alpert (1946) established the first systematic collection of climatic data on the islands, 

at a weather station on the island of Baltra during the Second World War. His 

observations formed the basis of a seminal paper on the climate of Galapagos (Alpert 
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1963). Palmer & Pyle (1966) wrote about the dry climate of Galapagos in relation to 

their geographical position and oceanographic conditions. Colinvaux (1968, 1972, 

1984) used lake and bog cores to show that the Galapagos climate has been primarily 

dry for thousands of years, punctuated with some wetter events. This and other 

palaeoclimatic research has been reviewed by Bush et al. (2010).  

These early publications contained very little quantitative information (Grant and Boag 

1980) but this changed when Hamann (1979) used data from 14 stations on five islands 

to construct climatic diagrams and relate climate to vegetation types. An excellent 

report on a range of climate measurements from 1964–81 at seven of these stations 

was presented by Nieuwolt (1991), noting the seasonal climate that is atypical for 

equatorial locations. Nieuwolt observed the year-round suitability of the highlands for 

agriculture but acknowledged that rainfall irregularity is a limiting factor in the hot 

season. The most comprehensive analysis of the existing weather data from Galapagos 

was carried out by Huttel (1995), including data from some of the same stations as 

Hamann and some additional ones, for a total of 14 stations on six islands, all 

registered with the national meteorological institute (INAMHI) network, and from 

temporal subsets of the period 1950 to 1987. Huttel (1995) identified three rainfall 

“vectors” for coastal, transition and highland zones, and noted the lack of data 

between the coast and 170 m altitude, and above 600 m. Following the 1997–8 El Niño 

event, Snell & Rea (1999) analyzed the trends in data from the Charles Darwin 

Research Station and Bellavista, in relation to the occurrence of El Niño events.  

Climate measurements have also been important in other studies, especially in relation 

to finches (e.g. Grant and Boag 1980; Grant 1985; Grant and Grant 1996), vegetation 

(Hamann 1979; Jäger et al. 2009), hydrology (Navarro Latorre et al. 1991; d'Ozouville 

2007) and natural resource management (d’Ozouville 2008). 

3.2.2. CLIMATE MECHANISMS 

The Galapagos climate is controlled by the interaction of oceanic currents that 

surround the islands and the predominant trade winds from the southeast. The 

influence of the currents and winds is governed on an intra-annual basis by the north-
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south migration of the Inter-Tropical Convergence Zone (ITCZ), a warm band of deep 

convection that shifts from 10oN during the northern hemisphere summer to 3oN 

during the northern winter (Sachs et al. 2009). For the majority of the year the ITCZ is 

well north of Galapagos, and the southeast trade winds blow across Galapagos, 

bringing with them air cooled by the cold, upwelled waters to the south (Alpert 1946; 

Colinvaux 1984). When the ITCZ migrates southward, closer to Galapagos, the 

archipelago is almost in the doldrums; the trade winds are reduced, warmer ocean 

currents from the north arrive, and conditions in the archipelago are tropical (Alpert 

1946). 

This intra-annual ITCZ migration gives rise to the two seasons which characterize the 

Galapagos climate: a hot season and a cool season (Hamann 1979; Itow 2003). These 

seasons have in the past been referred to as wet and dry respectively (e.g. Alpert 1946; 

Palmer and Pyle 1966; Colinvaux and Schofield 1976; Grant and Boag 1980), as the vast 

dry lowlands of the archipelago only receive substantial rain in the hot season (except 

in El Niño years). The wet/dry nomenclature can however be misleading, because the 

highlands of the islands are typically wetter during the cool season (Hamann 1979) and 

the lowlands can also be very dry during the hot season. The hot season is 

characterized by convection, resulting in orographic rainfall that increases with altitude 

(Snell and Rea 1999). The cool season is characterized by an inversion layer, which 

leads to air cooled by the ocean surface being trapped below warmer air, creating 

condensation just below where the two air masses meet (Colinvaux 1984), especially 

on the windward side of the islands where air is pushed up against the land (Hamann 

1979) (Figs 3.1 and 3.2). This condensation usually occurs above 250 m altitude and 

creates extensive stratus clouds, often down to ground-level, locally called garúa 

(Hamann 1979; Colinvaux 1984; Nieuwolt 1991). These clouds result in two forms of 

precipitation; vertical (rainfall) and occult, the latter consisting of fog that condenses 

on vegetation and drips or runs down to the ground. In Galapagos, occult precipitation 

can significantly increase the total precipitation amount under dense vegetation (Jäger 

et al. 2009). Data used in this analysis do not include occult precipitation because the 

rain gauges are not situated beneath vegetation. 
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Fig 3.1 Galapagos landscapes with 

cool-season cloud and the 

resulting climatic zonation: a) 

islands of intermediate height 

(Santa Cruz, San Cristóbal, 

Floreana, Santiago, Pinzón, 

Pinta); b) the six volcanoes of 

Isabela and Fernandina islands. 

 

Fig 3.2 Satellite imagery showing 

typical cool-season stratus cloud 

formation over central-west 

Galapagos on 25 November 2009. 

Source: Landsat 5, USGS 

http://edcsns17.cr.usgs.gov/cgi-

bin/EarthExplorer  

 

 

 

A Pacific-wide phenomenon also plays an important role in Galapagos climate: El Niño 

Southern Oscillation (ENSO). The warm phase of ENSO is referred to as El Niño and the 

cold phase as La Niña. During El Niño events the eastern Pacific experiences high sea 

surface temperature, weakening of the southeast trade winds and deepening of the 

thermocline; all of which strengthen conditions associated with the southward 

displacement of the ITCZ. The effects in Galapagos include high air temperatures, 

torrential rainfall and a longer than usual hot season (Snell and Rea 1999). La Niña 

events bring colder than normal conditions and drought, although the effects of ENSO 

on cool season climate dynamics are not well understood (Sachs and Ladd 2010b). 

Palaeoclimatologists have used coral cores and lake or bog sediments to show that 

ENSO fluctuations have been occurring in the archipelago for hundreds to thousands of 

years (Dunbar et al. 1994; Riedinger et al. 2002; Conroy et al. 2009).  

ENSO events (or years) have been defined in many different ways that include either or 

both atmospheric and oceanographic indices (e.g. Smith and Sardeshmukh 2000). 

Consequently, lists of events are not consistent with each other or for different 
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regions, nor with effects experienced in Galapagos, especially for less intense events. 

Also, there are inconsistencies in the listing of years in which events occurred because 

some El Niño events persist for two consecutive hot seasons, with a cool season in 

between, while others begin in November or December and extend through a wet 

season until June the following year. Recent El Niño events in Galapagos include 1975–

6, 1982–3, 1986–7, 1993–4 and 1997–8 (Snell and Rea 1999). The very strong events of 

1982–3 and 1997–8 had dramatic effects on Galapagos ecosystems (Robinson and del 

Pino 1985; Snell and Rea 1999; Vargas et al. 2006). Within the last decade, El Niño 

events have caused high rainfall in the hot-seasons of 2002 and 2010. High rainfall in 

2008 was not associated with an El Niño event. 

3.2.3. CLIMATE ZONES  

The stratus cloud layer present throughout each cool season has led to a climatic 

zonation from the dry lowlands to the humid highlands, and on the higher islands to a 

third zone, the dry uplands (Fig 3.1). Whilst these climatic zones have not been 

mapped, they correspond to naturally occurring semi-arid and humid vegetation zones 

as described by Hamann (1979) and mapped by Huttel (1986) (Fig 3.2). We refer to 

these as climatic zones rather than vegetation zones, partly because the natural 

vegetation zonation is more complex and is a response to these climatic factors, and 

partly because the natural vegetation zonation has been completely altered by 

anthropogenic change on the inhabited islands (Snell et al. 2002a; Watson et al. 2009), 

whilst the climatic drivers have generally been maintained. 

The soft boundary between the humid and dry climatic zones (Fig 3.1) matches the 

vegetation “Transition Zone” of Wiggins & Porter (1971) (Fig 3.3),  which has been 

characterized in terms of climate and vegetation see also (see also Hamann 1979; 

Mueller-Dombois and Fosberg 1998; Itow 2003). The dry zone on the tops of the 

higher volcanoes (Cerro Azul, Sierra Negra, Alcedo, Darwin, Wolf and Fernandina) 

which extend above the upper limit of the stratus cloud (Fig 3.1), has not been fully 

described in terms of vegetation or climate, but has been recognized in climate 

discussions (Colinvaux 1984) and vegetation descriptions (van der Werff 1978; Porter 

1979; Weber and Gradstein 1984). It was mapped by Huttel (1986) using satellite 
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imagery, where it corresponds to the calderas of Sierra Negra, Darwin, Wolf and 

Fernandina volcanoes (Fig 3.3). Such a zone has been described in other volcanic 

islands, such as La Réunion (Barcelo and Coudray 1996), in relation to rainfall.  

 

Fig 3.3 Galapagos vegetation zones, principally derived from INGALA et al. (1989), all islands 

labeled in italics are those referred to in this paper, and all sites labeled in smaller lettering are 

those with meteorological data used in this paper. 

The location of the windward, and hence more humid, side is not consistent among all 

islands and volcanoes (Figs 3.1 to 3.3). Although the prevailing winds in the archipelago 

come from the southeast, it appears that wind direction is altered in the lee of other 

islands or volcanoes. This is especially apparent on the large volcanoes of Isabela and 

Fernandina islands, where the humid highlands occur on either the southern or 

western side of the various volcanoes. Mapping and defining these zones in relation to 

cloud cover, rainfall, occult precipitation and wind would aid our understanding of 

local climate mechanisms, especially in relation to garúa. Sachs & Ladd (2010b) 

identify this topic as important for understanding potential climate change impacts in 

Galapagos.  



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

60 
 

3.3. ANALYSIS 

3.3.1. METHODS 

We characterize the climatic conditions based on data from the two main 

meteorological stations on Santa Cruz Island: ECCD (0°44´37.6´´S, 90°50´21.9´´W) at 2 

m a.s.l. at the Charles Darwin Research Station near Puerto Ayora, and Bellavista 

(0°41´46.53´´S, 90°19´37.20´´W) at 194 m a.s.l. (Fig 3.2). Many of the data used here 

are available for download at www.darwinfoundation.org. These locations are used to 

represent the dry lowlands and the humid highlands respectively, although each is 

located at the lower altitudinal limit of these two climatic zones respectively.  

To understand temporal variation within years, we describe the annual variation in key 

climate variables by charting monthly averages using available data for the two 

stations. The variables used are sea surface temperature (SST), total rainfall, number of 

rain days (defined as days where rainfall > 0), air temperature, humidity, sunshine 

hours and wind (strength and direction). For rainfall and rain days we used median 

instead of mean, as recommended by Nieuwolt (1991), due to the highly skewed 

variation in rainfall in many months. All data were collected daily, and were 

summarized into charts of monthly averages or totals using Microsoft Excel.  

For SST, the variation in recordings for each month is indicated by standard deviation, 

and for rainfall by the interquartile range. Seasonal trends in other climate variables 

are not presented here as they did not show any distinct patterns. No different 

treatment was carried out for El Niño years. 

At each station data were collected on different climatic variables and over different 

periods. At ECCD data on most variables were available from January 1965 to October 

2009, except sunshine hours, which began in January 1978, and wind, which began in 

July 1987 and terminated in July 2009. At Bellavista, data on most variables were 

available from July 1987 to September 2009, except sunshine hours, which began in 

April 1994. Some daily data are missing for wind and sunshine at both locations. SST 

was recorded at the coast in a bucket of water pulled from the sea. Air temperature 
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was recorded in shade 2 m above the ground; we use daily minimum and maximum. 

Daily rainfall is the sum of measurements taken at 12h00, 18h00 and 6h00 (of the 

following day) in a rain gauge 1.5 m above the ground. All data were recorded 

manually.  

To define the general timing of seasons we determined in which month each season 

had begun for all years 1965 – 2009, using SST. We defined the transition between hot 

and cool seasons as the month in which the mean SST reached the midpoint between 

the highest (or lowest) monthly mean SST of the hot (or cool) season and the 

subsequent lowest (or highest) monthly mean SST of the following cool (or hot) 

season. From this we determined the season in which each month most frequently 

occurred, and therefore a predominant annual pattern of the seasons. 

Using the above-defined seasonal periods (hot = January – May, cool = June – 

December), we summed rainfall data and averaged SST into seasonal totals/averages 

for each year, as well as annual totals/averages. The seasonal average SST and total 

rainfall were plotted as time series to assess trends. We used the seasonal and annual 

rainfall totals to compute the median, minimum and maximum annual rainfall at ECCD 

and Bellavista, identifying in which season the larger proportion of the rainfall fell at 

each location. We also tested for a correlation between seasonal and annual rainfall 

totals and SST averages. Here we identified four ‘outlier’ years of exceptional rainfall in 

the cool season – these were all years in which El Niño events extended into the 

normal cool season months (1972, 1982, 1983 and 1997). These years are 

unrepresentative of cool season rainfall and were therefore excluded from further 

analysis. Although hot season rainfall totals were also exceptional in relation to El Niño 

events, none of these are considered outliers because they are representative of hot 

season rainfall in relation to SST (see Fig 3.5 in section 3.3.2). To understand the spatial 

variation of rainfall across the archipelago, we used data from an additional eight 

locations with records from a minimum of six years. These sites (and the years of 

available data) are: Baltra (1999 – 2008), Corazon Verde (1970 – 99 except 1974 and 

1995), Daphne (1976 – 2008), Genovesa (1978 – 88), La Soledad (1997 – 2007), 

Miconia (1996 – 2005), Radio Sonda (1977 – 83; 2002 – 8), and Santa Rosa (2003 – 8) 
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(Fig 3.2). These stations represent six islands, with half of the sites located in the 

humid or transition zone and the other half in the dry zone. Most data were provided 

as daily rainfall totals by the Charles Darwin Research Station. Data from Genovesa 

were obtained from Grant & Grant (1989) in monthly totals for January – May in all 

years except 1982 – 3 (January to May 1982 and December 1982 to July 1983). Daphne 

data were provided by Peter and Rosemary Grant (pers. comm. 2009) as annual totals, 

but are interpreted here as hot season rainfall only, because cool season rainfall on 

that island is negligible (Peter Grant pers. comm. 2009).  

Rainfall data were summed to produce seasonal totals for each location, using the 

above-defined periods for the seasons. To examine trends among locations for each of 

the hot and cool seasons, data were plotted as time series. Correlation coefficients 

were generated (in Microsoft Excel) to compare rainfall at each location with each of 

the other locations, for all pairs of data sets which had at least five years of concurrent 

data. For the cool season, outlier years were excluded as explained above. To 

understand spatial variation within a single island, some daily rainfall data of extreme 

rainfall events were compared between ECCD in the lowlands and Bellavista in the 

highlands. 

Rainfall isohyets were created for each of the hot and cool seasons for Santa Cruz 

Island, using rainfall records for the four stations on this island plus those on Daphne 

and Baltra, along with data from three additional highland sites on Santa Cruz (Scott 

Henderson pers. comm.,  d'Ozouville 2007; Jäger et al. 2009) and existing vegetation 

mapping (INGALA et al. 1989). We performed a manual interpolation of median 

seasonal rainfall totals, guided by vegetation zone boundaries and altitude.  

3.3.2. RESULTS 

3.3.2.1. Defining the seasons 

Data from ECCD and Bellavista show two distinct periods of the year, hot and cool, 

driven by sea surface temperatures that were higher in the first half of the year (Fig 

3.4). The hot season generally began in January, peaked in February and March, and 

finished in May (Fig 3.5). However, it occasionally started as early as November or 
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finished as late as July. The cool season thus generally began in June, peaked between 

August and October and finished in December (Fig3.5). Occasionally, it started as early 

as April and finished as late as the following January. For seasonal analyses, we define 

the seasons as January to May for the hot season, and June to December for the cool 

season.  

3.3.2.2. Annual variation at ECCD and Bellavista 

Air temperatures were also higher in the hot season than in the cool season. Daily 

maxima were generally 5°C warmer than the minima, except in the sunnier months of 

February to April when daytime maxima were an additional 3 – 9° C higher. In general, 

temperatures at Bellavista were lower than at ECCD, with daily minima being usually 2° 

C lower in most months of the year. Only during the hot season months of February to 

May were average daily maxima about 1° C higher in Bellavista than at ECCD. 

During the hot season, daily median wind speed averaged c. 2.4 m.s–1 and wind 

direction was very variable. In the cool season, daily median speed averaged highest 

(3.7 m.s–1) in October and winds came from the south-southeast with little variability. 

Sunshine hours per day were greater during the hot season than the cool season. More 

sunshine hours were registered at ECCD than at Bellavista throughout the year.  

Humidity was consistently high throughout the year in both stations, but dropped 

slightly in March – April, and at ECCD again in November.  

Rainfall was extremely variable in the hot season at both stations. Peak median rainfall 

occurred in February in both locations, although zero monthly rainfall was sometimes 

experienced at ECCD during February – June, and in Bellavista from March to May. 

Rainfall in Bellavista was higher than ECCD throughout the year, but particularly in the 

cool season, when Bellavista received c. 70 mm per month and ECCD c. 10 mm per 

month. In the cool season, the amount of rainfall was fairly consistent from month to 

month and year to year.  
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Fig 3.4 Annual variation in climate 

variables in Galapagos over the 

period of data availability. SST are 

expressed as standard deviations 

about the monthly means, recorded 

at ECCD. Monthly air temperature 

bars indicate mean daily minimum 

and maximum for ECCD (white) and 

Bellavista (grey). Wind speed is the 

monthly mean (base of arrow) of 

daily recordings at ECCD (median of 

24 recordings per day), with arrows 

showing mean direction for each 

month. Sunshine and humidity are 

expressed as monthly means of daily 

recordings, and number of rain days 

as the median of all years, for ECCD 

(solid line) and Bellavista (dotted 

line). Rainfall bars show median 

monthly totals for ECCD (white) and 

Bellavista (grey), with error bars 

depicting the interquartile range.  
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Fig 3.5 Frequency of the 

Galapagos hot and cool seasons 

occurring in each month of the 

year, based on SST.  

 

 

 

At both stations, the median number of rain days per month was lower in the hot 

season than in the cool season. The peak month for rain days at both locations was 

August. The month with fewest rain days was May at ECCD, April at Bellavista. Number 

of rain days was not closely related to the amount of rainfall. Rain days at ECCD during 

the cool season typically produced < 2 mm of precipitation (> 80 % of records), but rain 

days in the hot season often produced > 5 mm (> 40 % of records), and sometimes 

considerably more: there are ten records of days with over 100 mm of rainfall at ECCD, 

all in the hot season.  

Median annual rainfall was three times higher in Bellavista than at ECCD (Table 3.1). At 

ECCD, the majority of the median annual rainfall occurred in the hot season (Table 

3.1). In very dry years, hot-season rainfall was far below the median and often far 

below the usual hot-season proportion of the annual total; for example, in 1985 only 5 

mm of rain was recorded during the hot season at ECCD, out of a total of 64 mm that 

year. Conversely in Bellavista, more of the annual precipitation occurred in the cool 

season (Table 3.1). 

Table 3.1 Summary rainfall statistics (mm) for ECCD and Bellavista (extreme years given in 

parentheses). 

  ECCD Bellavista 

Annual Median 277 813 

 Minimum 64 (1985) 448 (1988) 

 Maximum 2,769 (1983) 2,666 (1997)* 

Hot season Median 196 (71 % of annual) 351 

Cool season Median 81 462 (57 % of annual) 

*Bellavista records began in 1988; rainfall might have been higher in the El Niño year of 1983.  
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Rainfall at ECCD and Bellavista was significantly positively correlated with SST in the 

hot season, with no obvious outlier years (r = 0.86 and 0.82 respectively; P < 0.001; Fig 

3.6a). In the cool season, there was a weaker correlation at both locations (r = 0.65 and 

0.78 respectively; P < 0.001) and when we excluded the obvious cool-season outlier 

years (1972, 1982, 1983 and 1997), that corresponded to El Niño events in which hot 

season conditions extended into normally cool-season months, the correlation was 

further weakened, though still significant (r = 0.48 and 0.45, P = 0.002 and 0.040 

respectively; Fig 3.6b).  

Fig 3.6 Scatter plot of SST and rainfall in a) the hot 

season and b) the cool season, at ECCD in the dry 

lowlands (black dots) and Bellavista in the humid 

highlands (white dots). Obvious outlier years here 

(outlined) are associated with El Niño events that 

extended into the normal cool season months in 

1972, 1982, 1983 and 1997.  

 

 

 

 

 

 

3.3.2.3. Trends at ECCD 

The ECCD time series of monthly rainfall and SST from 1965 showed the high variability 

of rainfall in the lowland zone, with periods of high rainfall corresponding to sustained 

high SST (Fig 3.7). Obvious peaks in hot season rainfall coincided with years of high SST, 

especially 1983 and 1998 (two extreme El Niño events), when rainfall was high and 

sustained over many months.  
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Fig 3.7 Trends in rainfall (monthly totals) and SST (monthly means) at ECCD since records 

began in January 1965 until December 2008.  

3.3.2.4. Spatial variation 

Seasonal rainfall totals appeared to show similar year-to-year patterns at all recording 

stations in both seasons (Fig 3.8). For the hot season, whole-season rainfall at most 

stations correlated strongly and significantly with most others. Correlation coefficients 

> 0.77 (P < 0.05) existed for 29 out of 35 possible station pairs (83 %), with most (19) of 

these very strong (r > 0.97, P < 0.001). The exceptions were: Miconia not correlated 

with Baltra, and Santa Rosa not correlated with any other site except Radio Sonda, 

perhaps due to the shorter time-span of the Santa Rosa dataset (n = 6; all others n > 9). 

For the cool season, with the four outlier years excluded, there were fewer 

correlations among sites. Only nine pairs of 21 possible combinations (43 %) were 

correlated (r > 0.44; P < 0.05), including sites on Santa Cruz Island (Bellavista correlated 

with ECCD, Santa Rosa and Miconia; ECCD correlated with Santa Rosa). Also, Radio 

Sonda correlated with ECCD, Bellavista, Santa Rosa and Baltra, while Corazon Verde 

correlated with ECCD. Thus, in the cool season, correlations appear to exist mainly 

within a single island, or perhaps where concurrent datasets span longer periods.  

Rainfall during the hot season, whilst correlated among locations for the seasonal 

totals, was localized in terms of individual events. This is illustrated by the rainfall 

during 2008, a year in which the SST was relatively normal, yet Bellavista received 

1,808 mm (Fig 3.6a). This exceptionally high total was due to the three days of highest 

rainfall on record at Bellavista: 7, 8 and 12 March, with 224, 280 and 490 mm 

respectively (total 994 mm). On those days, rainfall at ECCD was unexceptional (5, 12, 
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and 0 mm respectively), whereas high rainfall was experienced on 9 March (55 mm), 3 

April (94mm) and 16 April (62mm), when rainfall in Bellavista was 6, 74, and 21 mm 

respectively.  

 

Fig 3.8 Seasonal trends in total rainfall at lowland (solid lines) and highland (dotted lines) sites 

for the (a) hot season and (b) cool season.  

Isohyet maps (Fig 3.9) for Santa Cruz Island show increasing rainfall with altitude in 

both seasons. Although constructed from limited data, this representation improves 

on previous maps (Navarro Latorre et al. 1991; d'Ozouville 2007). Further 

improvement should take into account occult precipitation during the cool season, and 

a greater spatial spread of rainfall recordings. 

 

Fig 3.9 Isohyets for total seasonal rainfall on Santa Cruz Island (mm) for the (a) hot season and 

(b) cool season. Dots indicate the locations of stations whose data was used to develop these 

isohyets. 
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3.4. DISCUSSION 

3.4.1. SYNTHESIS 

The local oceanic and atmospheric conditions result in two distinct annual seasons in 

Galapagos, which is atypical of equatorial locations (Nieuwolt 1991). During January to 

May, when the ITCZ is at its southern limit, close to Galapagos, hot conditions prevail. 

SST and air temperatures are at their annual peak, winds are mild and predominantly 

from the ESE (although direction is variable), and most days are sunny. Rainfall is 

convective and highly variable, with recorded monthly totals from 0 – 660 mm at ECCD 

in the lowlands, and 0 – 1263mm at Bellavista in the highlands. Convective storms are 

often small and short, missing one area while deluging another nearby. Rainfall totals 

are strongly positively correlated with average SST in the hot season, and also among 

sites throughout the archipelago. From June to December, when the ITCZ lies further 

north, cooler conditions predominate, with consistent, cool, southeast trade winds, 

lower SSTs and air temperatures, and persistent stratus clouds (garúa) (Fig 3.2) that 

wet the highlands while the lowlands remain dry. Rainfall in the cool season is more 

consistent from year to year and month to month, with monthly totals of around 10 

mm at ECCD in the lowlands and 67 mm at Bellavista in the highlands, where it rains 

almost every day. Total rainfall is only weakly correlated with average SST for the cool 

season, and there are fewer correlations among sites throughout the archipelago. 

ENSO events can alter the length and intensity of the seasons; in particular El Niño 

events lengthen and intensify the hot season, sometimes to the previous November or 

December or extending into June or July. This can upset cool season trends, and years 

identified as cool season outliers (1972, 1982, 1983, 1997) all match El Niño events as 

defined by Smith & Sardeshmukh (2000).  

No obvious long-term trends in SST or rainfall are apparent during the period 1965 – 

2009, which might be expected to be associated with global climate change. This may 

be partly due to the strength of ENSO influence, which provides so much noise that it 

potentially obscures signal. Records for this period show a significant positive 

correlation between SST and rainfall, although this is only strong in the hot season. A 
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correlation of rainfall with SST in Galapagos has previously been noted (Houvenaghel 

1974), presumably using annual rainfall totals from coastal data, where cool season 

rainfall contributes little to annual totals. Our findings that, apart from major El Niño 

years, cool season rainfall is consistent from year to year, only weakly correlated with 

SST and not correlated between locations except within the highland zone of a single 

island, beg questions about the drivers of the cool season garúa (see also Bush et al. 

2010; Sachs and Ladd 2010b).  

Differences in all climate variables are apparent between the lowlands and highlands. 

Rainfall is greater in the highlands throughout the year, and this difference is most 

pronounced during the cool season when rainfall in the lowlands is minimal. However, 

rainfall is likely to decrease above 800 m, at least in the cool season when the stratus 

cloud lies below this altitude, which accounts for the presence of a further dry zone on 

the tops of the higher volcanoes (Huttel 1986). We do not know of any rainfall 

measurements in this dry upland zone. The decreasing temperature gradient from the 

lowlands to the highlands is consistent with the results of d’Ozouville (2007), who 

calculated an average gradient throughout the year of –0.8° C per 100 m altitude on 

Santa Cruz from 0–855 m. This is steeper than the c. –0.5 ° C per 100 m gradient 

expected in the humid tropics due to the adiabatic lapse rate (Bush and Silman 2004). 

Considering that the highlands receive < 3 h of sunshine per day in the cool season and 

< 6 h per day in the hot season, there may be a significant cooling effect from cloud-

shadow in the highlands, especially during the cool season. The slightly higher 

maximum temperatures in Bellavista compared to ECCD during the hot months of 

February – May are not consistent with the annual means or with expected adiabatic 

lapse rates. Whilst our results do not suggest any clear causation, we propose this may 

be due to the cooling effect of the ocean on ECCD temperatures, as this station is 

situated only 20 m from the sea. 

While monthly rainfall totals are variable between locations in Galapagos, as observed 

by Nieuwolt (1991), we show that hot season rainfall totals are correlated among 

locations throughout the archipelago. Whilst cool season rainfall appears to be 

relatively constant from year to year in all locations, it is largely not correlated among 
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locations. Notable exceptions are the correlations between sites within Santa Cruz 

Island, perhaps suggesting an influence of individual island topography on cool season 

precipitation.  

3.4.2. CLIMATE CHANGE  

Precipitation is recognized as the primary driver of terrestrial biological productivity in 

Galapagos (Nieuwolt 1991), so changes to it could induce changes in native species 

distributions and agricultural productivity. The local effects of global climate change 

may influence precipitation amount, periodicity, and intensity. Given the varying 

climate mechanisms at work in Galapagos, the effects are likely to be different in each 

season (Table 3.2). Given our understanding of the Galapagos seasons and their 

manifestations in the lowland and highland zones, we know that the unpredictable hot 

season rainfall is important for lowland productivity (Porter 1979), and consistent cool 

season garúa precipitation is the major driver of productivity in the humid highlands. 

Therefore, the two broad climatic zones in Galapagos will likely not respond similarly 

to global climate change, inducing a new source of heterogeneity that may or may not 

favour the continued existence of vulnerable organisms. The large lowland zone, with 

its peculiarly dry conditions punctuated by very wet El Niño events, is home to most of 

the archipelago’s endemic plant species (67 %; Porter 1979), many of which are 

already threatened (Tye 2008). In contrast, the smaller, wetter highland zone hosts the 

majority of the invasive plants in the archipelago and is already severely affected by 

past land-use change (Snell et al. 2002a; Watson et al. 2009). Some of the potential 

consequences of altered seasonality are elaborated below. 

Table 3.2 Possible effects of global climate change on rainfall in Galapagos, by season. 

Possible changes Hot season Cool season 

Trend Warmer More convective rain, 

higher temperatures 

Unknown changes to precipitation, 

cloud cover, humidity, wind 

 Cooler Less convective rain, 

lower temperatures 

Unknown changes to precipitation, 

cloud cover, humidity, wind 

ENSO More frequent More high-rainfall years Shorter cool seasons  

 More intense More years like 1983 and 

1997 

More years like 1983 and 1997 
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Local warming and resultant increased hot-season rainfall would probably decrease 

soil-moisture deficits in the lowlands, thereby reducing the competitive advantage of 

the characteristic arid-adapted species. This effect has been observed in the short term 

following El Niño events, when fast-growing species thrive and grow over longer-lived 

species (Hamann 1985; Tye and Aldaz 1999). If conditions were permanently less 

extreme, the lowlands would also be more vulnerable to invasion by introduced 

species, which would be expected to spread from the coastal towns, where many 

potentially invasive species are currently cultivated in gardens (Atkinson et al. 2011). 

Alternatively, if the hot seasons become drier, some species may not regenerate from 

soil seed banks. The importance of these seed banks to demography of some species 

has been suggested based on the mass germination and replenishment of their soil 

seed banks after El Niño rains, in places or islands where they had not been recorded 

before (Luong and Toro 1985; Trillmich 1991).  

It is harder to say what the impacts might be in the humid highlands because changes 

to cool season precipitation are harder to predict, given a lack of understanding of 

their drivers (Sachs and Ladd 2010b). It has been proposed that the cool season garúa 

has been prevalent in Galapagos for at least the last 48,000 years (Colinvaux 1972), so 

the biota are long adapted to this regime. Certainly any reduction in garúa formation 

could be catastrophic for natural ecosystems. It is unclear if garúa would cease to form 

if SST remaining above a certain level, so this is an important area of future research. 

Changes to the hot season would likely also have impacts in this zone, although, using 

El Niño events as a guide, changes in productivity are not as pronounced there as in 

the dry zone (Hamann 1985; Luong and Toro 1985). However, one possible outcome of 

increased frequency of El Niño events is further damage to the highland Scalesia 

woodlands, which have already been reduced to 1.1 % of their original size on Santa 

Cruz (Mauchamp and Atkinson 2011). This genus has suffered from mass dieback 

during some of the major previous El Niño events (Hamann 1985, Tye & Aldaz 1999), 

and impacts could be much worse now, with the increased presence of invasive plants 

in this community (see Mauchamp and Atkinson 2011). Any such impacts would add to 

the already extensive degradation of the highlands.  
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3.4.3. DATA NEEDS 

Despite early recognition that meteorological data were lacking for large parts of the 

archipelago (Alpert 1963; Hamann 1979), including the high-altitude dry zone, these 

data are still lacking. In particular, finer-scale data are needed, with greater spatial 

coverage, especially on the uninhabited islands and at higher altitudes. These would 

help elucidate local climate processes and their linkage with biological productivity; 

thereby increasing our ability to predict climate change impacts. Most of the long-term 

records are from coastal locations (Grant and Boag 1980), yet recent research 

highlights the need to understand highland processes (Bush et al. 2010). Some data 

from highland weather stations and rain gauges from Scott Henderson (unpubl. data), 

d’Ozouville (2007), Jäger et al. (2009) and Mark Bush (unpubl. data) provide interesting 

results but there has been no long-term monitoring. In particular Jäger et al. (2009) 

highlight the importance of interception of garúa by vegetation in the highland zone, 

paving the way for further research in that field. Also, d’Ozouville (2007) showed the 

importance of cool season precipitation for the recharge of the hydrological system. 

Satellite data may contribute to an archipelago-wide climate model, but need to be 

supplemented with ground-based measurements at more localities. When comparing 

rainfall data from automatic rain gauges with data from manual stations (ECCD, 

Bellavista, Puerto Baquerizo Moreno) and the national climate network (INAMHI), daily 

totals should be summed from the first time-step after 0600 until 0600 of the following 

day (see methods). Climate data are currently dispersed among institutions and 

individuals, making it challenging to collate information for an archipelago-wide 

understanding. All data could be centralized and made available on the internet, 

perhaps alongside the data from ECCD and Bellavista at www.darwinfoundation.org. 

The Galapagos National Park Service could establish weather stations in more isolated 

sections of the archipelago, while visiting scientists with projects requiring climatic 

data should be encouraged to contribute data, and perhaps to help expand a long-

term climate monitoring network over the islands.  
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4. POTENTIAL RESPONSES TO CLIMATE CHANGE 

 

 

CHAPTER 4 
 

POTENTIAL RESPONSES TO CLIMATE CHANGE 

 

PUBLICATION  

This is a chapter in a report published by WWF and Conservation International as part 

of a collaborative study into assessing the vulnerability of Galapagos to climate change 

(Larrea and Di Carlo 2010). Sections 4.2 and 4.3 of this chapter report some of the 

information gathered by myself for an expert workshop held in Galapagos in April 

2009. Sections 4.4 and 4.5 are the collaborative work of participants in the terrestrial 

working group of the workshop. Participants in this group were myself, Steve Blake, 

Mark Bush, Charlotte Causton, David Cruz, Filemon Cueva, Sharon Deem, Free de 

Koning, Javier Lopez, Solanda Rea, Alejandra Restrepo, and Stephen Walsh. 
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4.1. INTRODUCTION 

The terrestrial ecosystems of Galapagos have evolved within the unique climate of the 

archipelago and are therefore susceptible to any changes in the climatic regime. Driven 

by ocean currents and winds, the climate is uncharacteristically cool for its equatorial 

position, has two distinct seasons, and is periodically subject to extreme events 

associated with El Niño/Southern Oscillation (ENSO). There is some inherent resilience 

amongst terrestrial Galapagos organisms and communities due to the natural rainfall 

variability associated with ENSO events. However, ecosystem responses would be very 

different if there was a change to the baseline climatic conditions or to the frequency 

or intensity of very wet or very dry years, all of which are possible under global climate 

change. Two especially powerful El Niño events in 1982-83 and 1997-98, characterized 

by anomalous warming of sea surface temperature, air temperature, and extreme 

precipitation, did result in substantial impacts in the terrestrial ecosystems. These 

observations can help us understand the vulnerability of species and ecosystems to 

potential future changes to the climate in Galapagos.  

In preparation for the Climate Change Vulnerability Analysis workshop of April 2009 

we drew together data from local climatic records and observations of terrestrial 

species and community responses to previous climatic fluctuations including ENSO 

events. These were first steps to better understand how regional climate variability 

and background climate conditions have shaped the terrestrial communities of 

Galapagos, with information presented in sections 4.2 and 4.3 below. Drawing on 

these observed responses to previous ENSO events and input from workshop 

participants, we began to predict ecosystem response to possible changes in frequency 

and/or intensity of El Niño and La Niña events, ambient global climate change, and 

changes to seasonality or intensity of precipitation. These predictions are presented in 

section 4.4 below.  Finally, in section 4.5, we provide recommendations to guide 

mitigation and adaptation strategies to reduce the threats to terrestrial Galapagos 

communities. 
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4.2. EXISTING GALAPAGOS TERRESTRIAL CLIMATE 

The Galapagos climate has been the subject of research and investigation for decades, 

as part of climate related or biological related investigations (Alpert 1963; Colinvaux 

1972; Perry 1972; Newell 1973; Hamann 1979; Grant and Boag 1980; Pourrut et al. 

1985; Nieuwolt 1991; Huttel 1995; Snell and Rea 1999; d'Ozouville 2007). In a recent 

publication, Trueman and d’Ozouville (2010) define the rainfall that occurs in two 

distinct seasons. The hot season, from January until May, is characterized by localized 

convective precipitation events, and total rainfall for the season is highly variable in 

correlation with sea surface temperature. The cool season, from June to December, 

commonly referred to as ‘garúa’, is characterized by ground-level cloud cover, occult 

precipitation and misty conditions in the highlands on the windward side of the 

islands. Annual precipitation is generally lower on the coastal lowlands and higher on 

the inland volcanic mountains, particularly on south-facing slopes (Snell and Rea 1999). 

Anomalous high-rainfall years are usually associated with the higher sea surface 

temperatures and relaxation of trade-winds associated with the El Niño phase of the 

ENSO cycle, occurring every two to seven years (Snell and Rea 1999). The La Niña 

phase of ENSO is associated with lower sea surface temperatures and lower rainfall. 

These ENSO effects are largely apparent in the hot season, although strong El Niño 

events have resulted in an extended period of convective rainfall, including some of 

the normal cool-season months. Years of high or low rainfall have occurred in isolation 

of ENSO events; for example the hot season of 2008 experienced high rainfall yet there 

was no El Niño event.  

The spatial variation of rainfall in relation to altitude has resulted in a pattern of 

vegetation zonation (Fig 4.1) from dry lowlands to humid highlands (Wiggins and 

Porter 1971). The dry lowlands (also referred to as the arid zone) occupy the majority 

of the archipelago, comprising nearly 83 % of total land area (Fig 4.2). The biodiversity 

in each of the vegetation zones is adapted to the existing climate regime, and results in 

an uneven spread of endemic, native and introduced plant species between the zones. 

The arid zone, characterized by exceptionally dry conditions punctuated by wet El Niño 

events, hosts the majority of the endemic plants in the archipelago (Porter 1979) and is 

not hospitable to the majority of introduced plants. The humid zone has higher 
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biological productivity due to the regular rainfall it receives during the cool season 

every year. However, this zone is already significantly degraded on the four inhabited 

islands due to the combined impacts of land-use change and plant invasions (Watson 

et al. 2009). Changes to the climate of the Galapagos, including changes to ENSO 

intensity or frequency, would have differing effects on each of the vegetation zones 

and the species within them.  Therefore this report differentiates between the two 

major climatic zones, the dry lowland zone and the humid highland zone. 

 

 

Fig 4.1 Galapagos vegetation zonation in relation to altitude. Source: Charles Darwin 

Foundation.  
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Fig 4.2 Map of Galapagos vegetation zones, principally derived from INGALA et al. (1989) 

4.3. TERRESTRIAL BIOLOGICAL RESPONSES TO CLIMATE VARIABILITY 

Scientists working in Galapagos, such as Hamann (1985) and Trillmich (1991), have 

recognized the utility of documenting Galapagos ecosystem responses to extreme 

climatic conditions as a predictor of potential climate change impacts. Unfortunately, 

very few experimental studies or monitoring programs have been conducted to 

document these effects. Useful observational information are provided by reports 

centered on the effects of the two severe El Niño events which occurred in 1982 – 83 

and 1997 – 98 and a number of other publications. The following review describes 

observed impacts on Galapagos native vegetation, native fauna and introduced 

species, in both the arid lowlands and the humid highlands.  

The effects of extreme climatic events on the Galapagos terrestrial environment are 

profound. In general, terrestrial organisms flourish during wet El Niño conditions and 

suffer through La Niña droughts (Snell and Rea 1999). On land, rainfall is the limiting 
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factor to life. During El Niño conditions, SE trade-winds slaken, upwelling subsides, and 

raised sea surface temperatures generate higher rainfall on land. Jaksic (2001) 

summarized the terrestrial effect of wet El Niños nicely: there is a bottom-up system of 

ecosystem control, where more rainfall increases primary productivity, thereby 

increasing secondary (e.g. insects) and tertiary (e.g. hawks) productivity. In Galapagos, 

large increases in biotic growth have been observed during wet years, especially in 

short-lived species of plants and insects. Unfortunately, introduced terrestrial species 

are also advantaged by El Niño conditions in Galapagos, which has a negative impact 

on the native biodiversity (Snell and Rea 1999).  

4.3.1. ARID ZONE VEGETATION 

The effects of El Niño events in the arid zone are pronounced, with a massive increase 

in herbaceous plant and vine abundance, and increase in overall plant diversity, and 

some increased mortality among several dominant, native species with longer life 

spans (Hamann 1985; Tye and Aldaz 1999). The overall species composition is not 

altered significantly, but El Niño events can alter community structure by changing the 

relative importance of the component species (Hamann 1985). Following El Niño 

events, a greater diversity of species has been recorded in long term monitoring plots 

(Cayot 1985; Aldaz and Tye 1999) and records of species establishment in 

places/islands where they have not previously been found (Luong and Toro 1985; 

Trillmich 1991). This potentially indicates the presence of a soil seed reserve of the 

emergent species. Also, in contrast to drier years, El Niño events create a dense 

herbaceous understory with vines/creepers covering higher vegetation (Tye and Aldaz 

1999). In particular, the cactuses Opuntia echios and Jasminocerus thouarsii, the tree 

Bursera graveolens, and the shrub Croton scoulerii all had increased mortality due to 

falling over (water logged) or being smothered in vines (Hamann 1985, Luong and Toro 

1985, Tye and Aldaz 1999). 

There is also a temporary alteration in growth and phenology among plants, including 

larger leaves, larger flowers, taller bushes, greater rate of growth, and longer retention 

of leaves in deciduous species (Tye and Aldaz 1999). Although no studies have 

quantified the increase in primary productivity or vegetation biomass during El Niño, 
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anecdotal and photographic evidence indicates such increases would be several-fold as 

compared to drier years.  A more localized effect of El Niño includes the erosion of all 

vegetation along newly formed watercourses (Tye and Aldaz 1999). Also, in areas 

previously degraded by goats, El Niño events assisted the recovery of some species 

(Hamann 1985).  

Increases in the frequency of severe El Niño events could have negative consequences 

for longer-lived arid zone species that suffer under abnormally high precipitation. For 

example, Opuntia echios (prickly-pear cactus) and Bursera graveolens (Palo-Santo tree) 

are two native, arid zone species characterized by high seedling mortality but 

exceptionally long life spans for individuals that survive into adulthood (Hamann 2001). 

Hamann (2004) suggests that the recruitment and survival of O. echios may be 

hindered if future El Niño events are more intense, with recovery periods on the scale 

of 150 years in accordance with the life span of adult individuals.   

Conversely, some species demonstrate a mass mobilization of the seed reserve (e.g. 

Scalesia helleri), and could thereby be positively affected by an increase in wet events, 

but negatively affected by more prolonged dry events.  Trillmich (1991) proposed that 

many Galapagos plants only germinate, grow and set a new seed reserve during El 

Niño events. In the arid zone, many species are adapted to prolonged dry periods by 

having a long-lived seed bank or mechanisms for water conservation. A rapid shift to a 

wetter climate could endanger these species by increasing competition from the vast 

majority of species that thrive in wetter conditions.  

4.3.2. HUMID ZONE VEGETATION  

There are significant effects of wet El Niño events in the humid highlands, but they are 

not as pronounced as effects in the arid zone (Hamann 1985, Luong and Toro 1985). 

Again, there is a massive increase in vegetation growth. In a long term survey site 

within the humid zone initiated in 1970, Hamann (1985) reported an increase in the 

abundance in vines and herbs following the 1982-83 El Niño event. He also noted that 

diversity decreased, suggesting that some species were shaded out by faster growing, 

more dominant species. During the same period, Cayot (1985) observed how runoff, 
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flow and temporary water holes appeared to be a very important determinant of the 

distribution of finer-scale vegetation communities in the transition/Scalesia zone. Tye 

and Aldaz (1999) also noted tremendous growth in ferns, herbs, grasses and creepers, 

both native and introduced. During the 1997-98 El Niño event, there was an increase in 

the number of species recorded in permanent monitoring plots on Alcedo volcano – 

prior to the event there were 60 species, compared with 100 by the end of the event 

(Aldaz and Tye 1999). 

One highland species that may be particularly affected by ENSO is Scalesia 

pedunculata. It exhibits a natural stand-level dieback and regeneration that appears to 

be linked with El Niño and La Niña events (Hamann 2001). Kastdalen (1982) first 

observed a decline in S. pedunculata trees in the late 1930’s, followed by a subsequent 

regeneration in 1945, during rainfall following drought and disturbance by cattle and 

donkeys. Dieback in the species was also observed during the 1982-83 El Niño event 

(Hamann 1985; Itow 1988), with subsequent regeneration in 1985, again in response 

to rainfall following drought (Itow 1988, Hamann 2001). Hamann (2001) suggests that 

the short life expectancy of this and other Scalesia species makes them vulnerable to 

persistent, long-term disturbances. The stand-level dieback pattern renders them 

vulnerable to invasion by species with a more continuous growth and regeneration 

pattern (Tye and Aldaz 1999), which is particularly concerning as introduced plants 

spread through the archipelago.  

4.3.3. NON-VASCULAR PLANTS  

During the 1982-83 El Niño event, the lichen and bryophyte population was devastated 

in three ways (Weber and Beck 1985); destruction of habitats and substrates (tree 

mortality, rocks scoured), effects on the plants themselves (lichen thallis damaged, 

waterlogged), and effects of differential competitive success of certain groups. In the 

highlands, a few dominant bryophytes dominated while rarer, smaller mosses and 

lichens were absent (Weber and Beck 1985). Ongoing work by Frank Bungartz has 

revealed many new species of lichens in Galapagos; the vulnerability of this group of 

plants to climate change is yet to be investigated. 
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4.3.4. NATIVE TERRESTRIAL FAUNA  

4.3.4.1. Tortoises  

El Niño effects on Galapagos giant tortoises (Chelonoidis nigra) were observed during 

both the 1982 – 83 and 1997 – 98 events. During the former event, Cayot (1985) 

recorded little positive or negative effect, but observed the mass migration of a Santa 

Cruz Island population to lower elevations. During the 1997 – 98 event, observers 

documented increased mortality due to tortoises falling down ravines or drowning in 

floods (Snell and Rea 1999).  Successful reproduction was also suppressed during the 

1997 – 98 event for two reasons; (1) increased vegetation and wet soils reduced the 

temperatures of the soil, rendering nests unviable, (2) hatchlings were attacked and 

killed by introduced fire ants (Snell and Rea 1999).  Tortoise movements associated 

with El Niño events are likely also to assist in the movement of plant propagules 

between lowland-coastal and highland areas (Trillmich 1991), and this could assist in 

the spread of alien plants as individuals find more favorable conditions in different 

environments. Current research is investigating the relationship between tortoise 

movements and environmental variables including ecology and climate. Results of this 

work will help to understand how tortoise ecology might be affected by climate change 

(Stephen Blake pers. comm.). Without this understanding it is difficult to implement 

any adaptation measures.  

4.3.4.2. Land Birds 

Amongst bird species in Galapagos, many are endemic and have small populations and 

as a result are at risk of extinction (Deem et al. 2008), especially in the face of 

introduced pathogens and disease vectors (Bataille et al. 2009). In general bird 

breeding and populations respond positively to increases in biological productivity due 

to rain. Increases in breeding of mockingbirds and finches have been reported during 

El Niño events (Curry 1985; Grant and Grant 1999). Unfortunately, pathogens and 

parasites are already affecting many bird species, and these also tend to increase in 

wetter conditions. Curry (1985) reported that although breeding increased during the 

1982-83 El Niño, there was no net increase in reproduction because they were 

negatively affected by pox at the same time. In particular, avian pox virus and the 
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parasite Philornis downsii cause mortalities in many native and endemic bird species 

(Deem et al. 2008). Introduced rats and mice also prey on birds. Wet conditions favor 

all of these introduced organisms. Recent research has shown almost zero recruitment 

among species of finches during the wet year of 2010, due to P. downsii, pox and 

predation by rodents (Dale Clayton, Jody O’Connor, Sabine Tebbich unpubl. data).   

4.3.4.3. Sea birds 

Seabirds on Galapagos and other islands in the region exhibit massive migrations and 

die-offs during El Nino events (Jaksic 2001) due to the fall in marine productivity and 

decrease in food availability. During the 1982-83 Niño all 15 sea bird species on 

Galapagos suffered species declines (Valle et al. 1987). Duffy (1989) reported adult 

mortality and nesting failure amongst penguins, flightless cormorants, waved 

albatross, greater frigate birds, brown pelicans, blue footed boobies, masked boobies, 

swallow tailed gulls, and lava gulls; and speculated that many birds dispersed and 

returned later. Waved albatross (Phoebastria irrorata) are likely to be negatively 

affected by a wetter climate because denser vegetation inhibits their ability to land 

and take-off (Anderson et al. 2002).  

The critically endangered Galapagos Petrel (Pterodroma phaeopygia) is a seabird that 

nests under vegetation in the highlands of several islands and is therefore affected by 

the terrestrial environment as well as marine conditions. Nesting habitat is severely 

restricted by human activities and introduced species. Two of the major threatening 

processes are habitat alteration by invasive plants and predation by black rats, both of 

which are advantaged by wet conditions; and El Niño events have had a detrimental 

impact on nesting and productivity in the past (BirdLife International 2010). Many 

colonies are in stream-beds, resulting in reduced breeding success due to flooding and 

debris deposition in wet years, which is compounded by the lack of food availability 

from the marine environment in El Niño conditions (Carolina Proaño pers. comm.). 

4.3.4.4. Reptiles and rodents  

There is very little documented information on ENSO impacts on reptiles or rodents 

but evidence exists that certain reptile and rodent species are either reliant on annual 
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rainfall or are advantaged by higher rainfall. Land iguanas (Conolophus subcristatus) 

are adapted to the seasonal variation and rely on annual rainfall for nesting and 

survival of young (Snell and Tracy 1985). Lava lizard (Microlophus delanonis) females 

that reproduced in times of low rainfall laid fewer and smaller eggs, and had lower 

post-laying body weight (Harris and Macdonald 2007). In a 3-year study of the endemic 

rodent Nesoryzomys swarthy, Harris and Macdonald (2007) showed a positive 

correlation between rainfall, vegetation density and body weight; plus an increase in 

breeding with higher rainfall.  

4.3.4.5. Invertebrates  

There are no existing reports of direct effects of ENSO events on native invertebrates. 

However anecdotal evidence suggests that enhanced vegetative productivity also 

advantages insects. Many more hawk moths and grasshoppers are observed in wetter 

years than in drier years. Roque-Albedo and Causton (1999) noted a secondary effect 

of El Niño events through introduced invertebrates. As introduced invertebrate 

populations increase, often coincident with El Niño events, the native populations are 

negatively affected (Roque-Albedo and Causton 1999).  

4.3.5. INTRODUCED AND INVASIVE SPECIES  

Due to increased rainfall and productivity, El Niño events assist the establishment of 

new species in Galapagos by creating optimal conditions for reproduction, particularly 

in dry environments. Using examples of plants and birds, Trillmich (1991) explains; “El 

Niño rains increase the suitability of the habitat for a short while. This increases the 

chances of plants to find a permanently suitable habitat, and allows populations to 

escape from dangerously low levels to a size where the probability of extinction is low, 

even after the disturbance is low”.  

Since the two intense El Niño events of 1982-83 and 1997-98, invasive plants have 

continued to spread further throughout the archipelago, especially on the inhabited 

islands (Watson et al. 2009). Additionally, many species of introduced plants that are 

still restricted to the inhabited areas have been identified as future potential invaders 

(Guézou et al. 2010). It is expected that there will be more naturalizations and 
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invasions from the existing introduced flora in Galapagos due to increasing residence 

time and growing human population and development (Trueman et al. 2010a). Hence 

the risk of future invasion is already high, and this would be even higher with wetter 

conditions. Once established, introduced plants can be fierce competitors.  

4.3.5.1. Vegetation  

During the 1982-83 El Niño, Luong and Toro (1985) observed that several introduced 

plants were favored by the higher rainfall, including Psidium guajava, Syzigium jambos, 

Pennisetum purpureum, and Caesalpinia bonduc. Alternatively, Cayot (1985) observed 

that Sida rhombifolia expanded during that El Niño event, but that other introduced 

plants were not successful at invading native vegetation in the transition/scalesia zone.  

Dispersion of introduced plants was also observed during the 1997-98 El Niño (Aldaz 

and Tye 1999). Species that spread noticeably included Rubus niveus, Lantana camara, 

Ricinus communis and Cinchona pubescens (Tye and Aldaz 1999).  

4.3.5.2. Vertebrates  

Smooth-billed Anis (Crotophaga ani) were introduced in early 1960s, but remained 

rare until the El Niño of 1982-83 produced a population explosion over Santa Cruz and 

facilitated dispersal to other islands (Rosenberg et al. 1990; Trillmich 1991). They also 

increased greatly during the 1997-98 Niño (Snell and Rea 1999).  Introduced pigs and 

goats both increased with more available surface water during El Niño, and goats 

benefited from increased vegetation to eat (Campbell 1999). Efforts to eradicate these 

animals were also impeded by denser vegetation (Campbell 1999). Introduced frogs 

became established in Galapagos during the 1997-98 Niño and these are the first 

known amphibians to reside in Galapagos (Snell and Rea 1999), further wet conditions 

would facilitate range expansion and potential impacts on biodiversity such as effects 

on native invertebrate populations.  

4.3.5.3. Invertebrates  

23 % of all Galapagos insects are introduced species (Causton et al. 2006).  The islands 

most affected by introduced invertebrates are the central, inhabited ones, although 

strong El Niño conditions have seen the spread of introduced invertebrate species to 
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more remote islands (Roque-Albedo and Causton 1999). These conditions have also 

induced a spread in the two introduced species of fire ant, associated with a drop in 

diversity of native species due to predation or stinging bird or reptile species (Lubin 

1985; Roque-Albedo and Causton 1999). Future events may facilitate the dispersal of 

invertebrates to the more pristine islands with a higher diversity of habitats, such as 

Fernandina and Pinta (Roque-Albedo and Causton 1999). Some species, such as the 

wasp Polistes versicolor are more positively affected by dry conditions, with population 

expansions recorded during strong La Niña events (Roque-Albedo and Causton 1999).  

4.3.5.4. Parasites and pathogens 

Wet conditions favor most parasites and pathogens, including mosquitoes that serve 

as vectors for disease. Avian pox and the parasitic fly Philornis downsii have both 

increased during El Niño events in Galapagos, negatively affecting bird reproduction 

(Curry 1985; Dudaniec et al. 2007). There is a huge concern that a shift to wetter 

conditions in Galapagos will lead to population explosions of species already present, 

facilitate their dispersal around the islands and also facilitate the introduction of new 

species. Hotter conditions will allow for certain species to increase their range, thus 

potentially threatening species which are currently not at risk. For example, West Nile 

Virus is a mosquito-borne virus whose mosquito vector is already present in 

Galapagos, thus it is expected to reach Galapagos in the coming years, with rapid and 

dire outcomes predicted for endemic vertebrates (Bataille et al. 2009).  

4.3.6. SUMMARY 

Workshop participants noted that published data on the effects of natural climate 

variation on Galapagos terrestrial biota is incomplete and much of the available 

information is anecdotal.  Nonetheless, important themes emerge. Most native and 

introduced terrestrial organisms thrive during wet El Niño conditions and suffer 

through drier La Niña conditions. Many plant species appear to rely on periodic wet 

events for their life cycle, relying heavily on soil seed reserves that are germinated and 

replenished during these events.  Several species seem to be temporarily advantaged 

by wetter El Niño conditions and therefore are able to expand their territory or out-

compete species that are not similarly advantaged. This effect is more pronounced in 
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arid zone vegetation. Additionally, several important species appear to be negatively 

affected by wetter El Niño condition, including Opuntia cactus, Palo Santo trees, and 

perhaps giant tortoises.  

Although the native biota are adapted to either rely on or cope with the temporary 

climatic variations linked with the ENSO cycle; the response to a more sustained 

alteration in the local climate would have very different effects.  Additionally, long 

term trends in general Galapagos climate or climate change-induced perturbations to 

the frequency or severity of ENSO cycles may imperil native biota by facilitating a 

higher rate of alien species introduction or by expanding the suitable habitat of 

currently invasive species.  The terrestrial climate change working group identified the 

potential for an enhanced threat of invasive species as an essential element for 

effective planning and management of the impacts of climate change on the 

Galapagos ecosystems.  

4.4. POTENTIAL GALAPAGOS TERRESTRIAL RESPONSES TO GLOBAL CLIMATE CHANGE 

Workshop discussions concluded that of the effects of global climate change in the 

Galapagos will include a continuation of ENSO events, some of which will be intense, 

and warming of the sea surface temperature with an associated increase in 

precipitation (Sachs and Ladd 2010a).  

Under current climate conditions, arid lowlands regularly go without much rain for 

several years but receive periodic wet years, and the humid highlands regularly receive 

rain every cool season. Participants agreed that maintenance of the arid zone is highly 

dependent on the continuation of this pattern of irregular hot season rainfall, and 

maintenance of the humid zone is highly dependent on the continuation of cool 

season rainfall. General local warming and resultant increased hot season rainfall 

would likely mean that rain falls every year in the arid zone, essentially removing the 

aridity of that zone and thereby reducing the competitive advantage of the 

characteristic arid-adapted species that exist there and making it more favorable for 

invasive species. The combined effects of persistent wet conditions and the presence 
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of invasive species would be catastrophic for arid zone species, many of which are 

endemic to Galapagos.  

Due to the naturally highly variable rainfall of Galapagos, there is inherent resilience in 

the terrestrial biodiversity to changes in rainfall. However, anthropogenic effects alter 

this resilience by interfering with ecological processes. In the Galapagos terrestrial 

environment, it seems apparent that invasive species are the human-induced agent 

that greatly increases the vulnerability of terrestrial biodiversity to future climate 

change.  

The terrestrial climate change working group developed a matrix framework to 

consider potential effects of long term climatic shifts on the Galapagos ecosystem.  

The framework focused on changes to the duration of the cooler garúa season and 

changes to the intensity or return intervals of severe ENSO events.  A summary of the 

working group’s findings of significant potential ecosystem responses to each climate 

change scenario is presented in Table 4.1.  Potential ecological impacts are categorized 

into humid zone and arid zone responses as well as species that are particularly 

vulnerable to a certain climate scenario. The findings presented in Table 4.1 are 

intended to portray representative directional responses to climate change to be used 

as a planning and management tool, rather than an exhaustive, quantitative document 

of all possible responses or impacts. 
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Table 4.1 Potential ecosystem responses to climate change scenarios 

 Humid Zone Arid Zone Vulnerable species 

Increased garúa 
duration and 
decreased 
convective 
activity and heat in 
the hot season 

↑  plant productivity 
↑  pathogens 
↑  invasability 

↓  productivity 
reptiles disadvantaged 

Floreana mockingbird 
and other arid-zone 
passerines 

mangrove finch,  
Miconia robinsoniana 

(light-limited),  
tortoises, iguanas & 

lizards 
arid zone seed bank 

dependant plants 

Decreased garúa 
duration and 
increased 
convective activity 
and heat in the hot 
season 

↓  productivity 
Aridification,  
↓ size of El Junco lake  
↑ evaporation 

↑ productivity 
↑ evaporation 

Species in El Junco lake, 
Miconia robinsoniana 

(too dry) 

El Niño return 
increase  
 

↓   system resilience,  
shift toward rainforest 

community 
structure.  
↑ invasive species and 

pathogens 

↓   system resilience,  
shift toward rainforest 

community structure,  
invasives and pathogens 

advantaged,  
↓  tortoise nesting,  
↑  inveterbrate 

populations 

Cactus,  
palo santo tree 
reptiles 
 

El Niño intensity 
increase 
 

↑  pathogens,  
↑  continental 

invasives,  
impacts on vertebrate 

reproduction,  
negative impacts on 

Scalesia forest,  
reduced ocean to land 

nutrient transport 

↑  pathogens,  
invasives advantaged,  
↑  erosion,  
reduced ocean to land 

nutrient transport 

Lichens & bryophytes,  
Optunia ssp.,  
highland Scalesia ssp.,  
mangrove finch 
 

La Niña return 
increase 
 

↓ system resilience 
↓ pathogen 

transmission,  
vertebrate & 

invertebrate 
population declines,  

↑ immuno-
suppression. 

↑ seabirds,  
more male baby 

tortoises,  
reduced ability to hatch,  
↑ competition for food,  
↓ recruitment of plants 
Reptiles disadvantaged 

Calandrina,  Lecocarpus,  
Florena mockingbird 

and other arid-zone 
passerines,  

arid zone seed bank 
dependant species,  

endemic snails,  
mangrove finch, 
reptiles 

La Niña intensity 
increase 
 

↓ system resilience 
↓ pathogen 

transmission,  
vertebrate & 

invertebrate 
population declines,  

↑ immuno-
suppression. 

Herbaceous plants 
disadvantaged,  

decrease in 
decomposition, soil  

formation, nutrient 
cycling,  

Create openings for 
invasives, 

Reptiles disadvantaged 

Florena mockingbird 
and other arid-zone 
passerines, 

reptiles 
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4.5. TERRESTRIAL WORKING GROUP RECOMMENDATIONS 

The terrestrial ecosystem working group developed recommendations for 

management actions that will help to mitigate ongoing threats to vulnerable species 

and habitats, and minimize the impacts of future climate change.  Broadly, the 

recommendations focus on, (1) limiting the impact of introduced/invasive species, (2) 

preserving intact habitat or restoring degraded native habitat, and (3) implementing 

land use strategies that will help to preserve and promote native biodiversity.  An 

outline of the working group’s recommendations, which could serve as guidelines in 

the development of robust, site-specific management policy, is presented below.   

To achieve many of the recommendations, more information is needed regarding 

climatic envelopes for vulnerable Galapagos habitats and species.  This requires a 

better understanding of existing and past climate at a local scale that will resolve 

ecosystem complexity and differential along elevational gradients. Additionally, 

assessment of vulnerability and prioritization of management action requires an 

enhanced knowledge of the current spatial distributions of threatened species, 

invasive species, and invertebrates -- particularly disease vectors that could transmit 

pathogens to vulnerable native populations.  The need for this additional research is 

recognized and is currently in development by CDF, CI and other collaborating 

agencies. 

WORKING GROUP RECOMMENDATIONS 

1. Prevent the introduction, arrival, establishment and dispersion of new invasive 

species.  

 Strengthen existing quarantine system including laws, regulation & 

enforcement, and improving conditions of ports on mainland and cargo boats. 

 Strengthen early warning system for new invasive species, and a rapid response 

system for early eradication of newly introduced invasive species. 

 Involve the local community through education and awareness campaigns. 

 Continue to monitor and limit the pathways into Galapagos (e.g. limited ports 

of entry to Galapagos and ports of departure from mainland). 
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2. Reduce the impacts of established invasive species that would thrive under wetter, 

hotter conditions. 

 Support and contribute to the long-term commitment to maintain the “Fondo 

para el Control de la Especies Invasoras de Galapagos” (Control of Invasive 

Species Fund) and ensure its operability. 

 Carry out systematic mapping and monitoring of spatial distribution and 

population dynamics of species of highest threat potential. 

 Strengthen institutional and inter-institutional capacity to enforce existing laws 

and regulations; and to implement rapid response system which includes the 

community (municipalities, education institutions, & CIMEI). 

 Prioritize the eradication or control of high-threat species in areas identified as 

vulnerable to or threatened by climate change (e.g. communities of high 

conservation value). 

3. Reduce threat of extinctions due to climate change. 

 Identify and protect priority species and habitats identified as highly vulnerable 

to climate change and/or especially vulnerable due to other external pressures.   

 Develop mechanisms to mitigate impacts of climate change on priority species 

and habitats. 

 Reduce external pressure on highly vulnerable species (e.g. rat control in petrel 

nesting colonies) 

4. Restore ecosystem function & ecological connectivity to enable range and 

population shifts. 

 Restore key biological communities, especially in humid highlands, through 

holistic methods that maximize ecosystem functioning, involving the strategic 

control of invasive species and reforestation. 

 Protect native corridors and buffer zones along the altitudinal gradient on 

inhabited islands. 

 Implement regulations and controls to minimize habitat fragmentation and 

allow native species movement across the landscape.  
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5. Improve agricultural productivity and land use planning to create landscapes more 

resilient to change. 

 Provide support for farmers to manage their land and reduce farm 

abandonment in order to reduce the spread of invasive species. 

 Develop mechanisms to support the maintenance of native biodiversity within 

farms (e.g. agro-forestry). 

 Strengthen enforcement of laws or regulations to prevent removal or harvest 

of native species. 

 

4.6. CONCLUSIONS 

Globally, it is expected that climate change will greatly modify biodiversity and 

ecosystems (Holmgren et al. 2001).  Workshop participants agreed that potential 

responses of the terrestrial biota in Galapagos to long term global climate change 

could be anticipated using knowledge about biotic responses to past climatic variation 

and a range of future scenarios. In particular, a wetter, warmer climate is likely to 

lower the aridity of the extensive dry lowlands in Galapagos, thereby altering 

ecosystem structures and affecting endemic species. Systematic climatic and ecological 

monitoring will further enhance our understanding of biological responses to climate 

change and better enable us to assess the direction and speed of changes to Galapagos 

climate characteristics.  Developing a framework of known biological responses to 

different types of climatic perturbations will allow us to anticipate ecological responses 

and identify species or communities that are especially vulnerable to the observed 

shifts in Galapagos climate.  Finally, management actions that help to minimize the 

impact of introduced species and/or economic land uses could potentially increase the 

resiliency of endemic Galapagos species or communities under a changing climate. 
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5. HISTORICAL VEGETATION MAPPING 
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5.1. ABSTRACT 

Improving our knowledge of pre-anthropogenic landscapes is vital for understanding 

landscape-scale heterogeneity and for setting goals and objectives for ecological 

restoration. This is especially important in highly modified landscapes that contain few 

remnants of pre-impact ecosystems. This study aims to develop new methodology to 

improve understanding of historical vegetation, using the now-degraded inhabited 

highlands of the Galapagos Islands as a case study. Our multidisciplinary approach 

innovatively combines data from interviews with residents who were familiar with the 

vegetation before most degradation occurred with the more traditional sources of 

historical aerial photography and information from early explorer and scientist reports. 

We reconstruct historical vegetation across the landscape by mapping it in the year 

1960 and discussing this map in the historical context of anthropogenic change. Our 

results confirm published vegetation types but also define some other types not 

previously described, and suggest much greater spatial, temporal and structural 

heterogeneity than commonly understood. This result can be used by Galapagos land 

managers to better match species assemblages with sites and plan restoration actions 

that will maximize resilience against the ongoing and future threats of climate change 

and species invasions. Our methodology can be applied in extensive areas of the world 

where the majority of anthropogenic disturbance to natural ecosystems has been 

within the past 60 years. 
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5.2. INTRODUCTION 

Understanding historical ecosystems at a landscape scale is of utmost importance 

when planning ecological restoration. The benefit of taking a landscape approach is 

that it embraces spatial heterogeneity (Bell et al. 1997). The significance of history is 

implied in the definition of ecological restoration as an “attempt to return an 

ecosystem to its historic trajectory” (SER 2004). Even as the definition of ecological 

restoration shifts to include the broader goals of maintaining ecological function and 

services, understanding historical systems remains important for many reasons 

(Jackson and Hobbs 2009). In landscapes that are highly altered from their original 

condition, such as the highlands of inhabited Galapagos islands (Restrepo et al. 2012), 

it is challenging to gain a good understanding of historical ecosystems across the 

landscape. Thus it is important to continue improving our methods to accomplish 

these goals.  

An example from West Africa illustrates the importance of getting it right. In a forest-

savanna landscape there was a persistent common understanding that forest patches 

were remnants of previous extensive forest (Fairhead and Leach 1996). However, 

research showed that inhabitants had created forest islands around their villages and 

that there had been a thickening of woody vegetation in the surrounding savannas 

(Fairhead and Leach 1996). The error in the common understanding led to an objective 

to recreate broad-scale closed forest – this provoked environmental problems and was 

detrimental to villagers’ livelihoods (Fairhead and Leach 1996). On the contrary, a good 

understanding of historical ecology helps to define restoration goals, determine the 

potential of sites to be restored, evaluate the success of restoration, and determine 

the conditions that will allow ecosystems to be self-sustaining into the future (White 

and Walker 1997). In this study, we aim to use a multidisciplinary approach to improve 

the understanding of historical vegetation in a landscape of the Galapagos Islands that 

has been modified by agriculture and plant invasions.  

As in many parts of the world, Galapagos landscapes have been recently altered by 

humans. On the four inhabited islands, the humid highland areas have been cleared for 

agriculture and impacted by species invasions, creating novel ecosystems that lie 
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outside the natural range of variability (Watson et al. 2009; Restrepo et al. 2012). Local 

land managers and supporting agencies are working to restore historical vegetation 

(Fundación Jatun Sacha 2012; Fundar Galapagos 2012; García and Gardener 2012). In 

Galapagos, the current common understanding of historical vegetation is largely based 

on the vegetation zone descriptions given in the Flora of Galapagos (Wiggins and 

Porter 1971). These are based on the authors’ and early explorers’ observations, 

predominantly along a transect from the south coast to the summit of Santa Cruz 

Island and delineated by altitudinal boundaries, and are thus spatially limited. Of 

course, further investigation reveals that there are other resources (e.g. Stewart 1911; 

van der Werff 1978; Hamann 1981; Eliasson 1982; Huttel 1995), but the information in 

these has never been collated, and thus it is a daunting task to gain an integrated 

understanding of the historical vegetation across the landscape and over time. Existing 

historical vegetation maps of Galapagos do not provide sufficient detail of the highland 

region subject to restoration; INGALA et al. (1989) shows very broad vegetation classes 

and reflects a landscape already extensively cleared for agriculture. We believe 

restoration goals for the degraded highlands can be improved if managers have an 

expanded awareness of the historical vegetation. We use a mapping approach to 

reconstruct historical vegetation in an attempt to capture some of the previously 

unreported landscape complexity.  

There are many approaches used to reconstruct and map historical vegetation, and all 

have limitations (Egan and Howell 2005). Accordingly, some studies have combined 

multidisciplinary information to improve their results (e.g. Fensham 1989; Grossinger 

et al. 2007; Duncan et al. 2010). The choice of methodology is usually determined by 

what data and resources are available to the project. Even information from periods 

following significant change can be useful. Grossinger et al. (2007) found that 

documents that followed substantial landscape changes could still be used in 

conjunction with prior materials to interpret earlier conditions. Domon and Bouchard 

(2007) emphasized the importance of analyzing all information within the relevant 

historical perspective. We used three data sources in our study; historical literature, 

aerial photography and oral history. 
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The published literature is a valuable source for researching the natural history of a 

place; it comes in many forms, from early explorer’s and traveler’s accounts to local 

histories and early scientific investigations (Edmonds 2005). As emphasized by the oral 

historian Ritchie (2003), written evidence cannot necessarily be considered as more 

reliable than other types of information, because authors could have got it wrong. 

Accordingly, studies using this source often combine it with other data (e.g. Fensham 

1989; Butzer and Helgren 2005; Grossinger et al. 2007), though few of these use a 

mapping approach. The major drawback of using published written accounts of 

ecosystems is that they are a human interpretation of the environment and are 

influenced by the societal context of the time (Edmonds 2005). 

Aerial photography is a primary source of data that is not constrained by human 

interpretation. It is a valuable source for mapping historical vegetation because it 

provides landscape-scale coverage and is often available for multiple periods over the 

last century (Lillesand et al. 2008; Morgan et al. 2010). Interpreting landscape features 

in aerial photography, as in any type of remotely sensed imagery, is challenging and 

needs to be done in conjunction with ground-based data (Lillesand et al. 2008). This is 

not possible for historical photography, because we cannot go back in time to assess 

vegetation how it was at the time the imagery was created. Consequently, aerial 

photographs are primarily used to assess changes over time, where similar landscape 

features can be identified over a time-series of photography (e.g. Rhemtulla et al. 

2002; Arce-Nazario 2007; Duncan et al. 2010; Walsh et al. 2010). Photographs from a 

single time in history can be analyzed to identify ecological features by manually 

interpreting variations in tone, shape, size, pattern, texture, shadows and context 

(Morgan et al. 2010). Resulting polygons will have general features but cannot contain 

specific vegetation information without other concurrent information. 

A potential source for concurrent information is oral history. Farmers and landowners 

are ideal people to give such history because many of them remember past land 

conditions and changes. Thus, a structured program of interviews can capture 

information about a place that might otherwise have been lost (Fogerty 2005). An 

important consideration is that oral descriptions of previous conditions can be limited 
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in reliability because people tend to remember what is important to themselves, which 

may not coincide with what is important to the researcher  (Ritchie 2003). For 

example, people could be expected to recall information about species that were 

particularly prominent or useful to them, but not so much about other species. 

Ecological oral history studies typically involve collating information on ecosystem 

changes (e.g. Fensham and Fairfax 2003; Robertson and McGee 2003; Duncan et al. 

2010). Few studies have aimed to reconstruct historical vegetation at a particular point 

in time (e.g. Knott et al. 1998), and none have produced a vegetation map.  

Our research question was: Can oral history information be combined with aerial 

photography and published literature to create a historical vegetation map? We 

hypothesized that this multidisciplinary approach could improve understanding of 

historical vegetation in our Galapagos study area that is degraded by agriculture and 

exotic species invasions. In particular we aim to capture the spatial and temporal 

complexity of historical vegetation. A secondary objective of our study is to compile a 

centralized summary of historical vegetation information for easy accessibility for 

managers. From the published literature, we present a timeline that facilitates 

consideration of the historical context of available information. Using aerial 

photography and oral history, we map the vegetation at one approximate point in time 

and discuss this in relation to the historical context. In conservation management it has 

been suggested that an understanding of data uncertainties is necessary for making 

good decisions (Regan et al. 2005; Keith et al. 2011), yet this is an issue that is under-

addressed in the field of landscape ecology (Lechner et al. 2012). Thus we also provide 

estimates of uncertainties in our results, thereby empowering the end-users to 

interpret results according to their application.  

5.3. METHODS 

5.3.1. SANTA CRUZ ISLAND, GALAPAGOS 

The Galapagos Islands are an isolated oceanic archipelago with a high degree of 

endemism that present a unique example of ecology and biogeography at work on 

islands (Tye et al. 2002). Ninety seven percent of the land area has been protected as a 
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National Park since 1959 and 97 % of the original biodiversity remains intact (Bensted-

Smith et al. 2002). The higher islands have a humid highland area with greater 

biological productivity and higher biodiversity than the more extensive dry lowlands 

(Porter 1984). In these humid highlands the median annual rainfall is 813 mm (at 

Bellavista, 194 m.a.s.l. on Santa Cruz Island), though this is highly variable spatially and 

temporally (Trueman and d’Ozouville 2010). Both droughts and major rainfall events 

occur due to the ENSO phenomena; these are naturally occurring disturbances that 

dramatically affect ecosystems over time-frames of less than ten years (Snell and Rea 

1999).  

The archipelago remained completely free of human disturbance until discovery in 

1535 and was not inhabited until 1832; early residents were focused on subsistence 

agriculture and fishing (Lundh 2006). The human population began to grow in the 

1970s with the onset of commercial fishing, and this growth accelerated steeply from 

1990 alongside the rapid expansion of tourism (Epler 2007). 

 

Fig 5.1 Location of Galapagos 

showing the four inhabited islands 

(labeled) and climatic regions. The 

enlargement of the highlands of 

Santa Cruz Island shows the current 

agricultural zone (outlined in black), 

100m contours (brown) and village 

locations (black dots). Labels indicate 

localities mentioned in the text 

(including Appendix 1).  
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Our study is situated in the humid highlands of Santa Cruz Island (90°20′ W, 0°40′ S), 

which is central in the archipelago (Fig 5.1). The humid highlands lie across the 

southern slope of the island and a little north of the central ridge. An estimated 86 % 

of these highlands are degraded by the combined effects of agriculture and plant 

invasions (calculated from Watson et al. 2009). Within the agricultural area (Fig 5.1) 

60 % of the agricultural land is abandoned and unproductive due to the prohibitive 

costs of removing invasive plants (Gardener et al. 2010a).  

5.3.2. DATA SOURCES 

We conducted a literature search in the library of the Charles Darwin Foundation (CDF) 

in Puerto Ayora, Galapagos. Much of the relevant information was contained there, in 

unpublished grey literature or in very old published documents that are not readily 

available online. We found some additional information using the Web of Science and 

Google Scholar. Taxonomy throughout this manuscript follows Jaramillo and Guézou 

(2012). Old plant names cited in the literature have been updated to their modern 

synonyms.  

We used black and white aerial photography taken in the 1960s (2nd April 1960 and 

26th May 1963) and the 1980s (1st & 2nd April 1981 and 16th April 1985) obtained from 

the Charles Darwin Foundation library, Galapagos, and Instituto Geográfico Militar, 

Quito. We scanned each photograph and used visible features to georeference each to 

match the location of modern SPOT satellite imagery. We chose these photographs 

because they are the earliest source of landscape-scale primary data available for our 

study site. Other parts of the world have earlier sources of data that are useful for 

assessing landscape changes over much longer time periods (e.g. Skaloš et al. 2011, 

using military maps from 1785). 

We conducted oral history interviews with 38 current or former residents of Santa Cruz 

who were familiar with the highlands of the island prior to the 1980s. We selected 

participants by asking long-term residents to recommend people who might have 

knowledge of the historical vegetation. We requested meetings with all of those for 

whom we could make contact, and conducted interviews with all who were willing and 
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able to participate. We also asked each participant to recommend others. The average 

age of participants was 69 years (range 42 to 94) and the average experience in 

Galapagos was 50 years (range 38 to 77). Author MT conducted the interviews 

between 2nd September and 7th December 2011 using a semi-structured process, 

asking people to recall what they remembered about the vegetation of the highlands 

prior to agricultural clearing and as early as they could remember.  

Most interviews were conducted in Spanish and the remainder were in English. 

Information was documented in the form of written notes and where appropriate and 

possible, the interview was also recorded for later reference. Some participants 

annotated printed maps with information about the vegetation. All were encouraged 

to give a dominance rating to the plant species they mentioned (using the DAFOR 

classification (Tucker et al. 2005)), and most indicated which species were dominant in 

at least one part of the highlands. Common names used by participants were 

translated to scientific names (sensu Jaramillo and Guézou 2012).  

5.3.3. SYNTHESIS OF DATA 

Using information from our literature search, we describe the development of the 

understanding of Galapagos highland vegetation and anthropogenic changes. To 

summarize this information, we plotted a timeline of the information sources 

alongside historical events that influenced vegetation.  

Using the aerial photography, we first digitized the extent of the area developed for 

agriculture in the 1960s (7 km2) and 1980s (80 km2) for comparison with the size of the 

present-day agricultural zone (114 km2), confirming that the majority of clearing 

occurred between 1960 and 1980. We identified the boundaries of this area developed 

for agriculture by observing pattern and shape (sensu Morgan et al. 2010); where 

straight lines and geometric patterns were assumed to represent agricultural 

development.  

Outside of this agricultural area we digitized polygons representing types of vegetation 

using the 1960s photography in ArcGIS 10.0 and interpreting differences in tone and 
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texture as variations in vegetation (sensu Morgan et al. 2010). In the zone not covered 

by 1960s photography and still not converted to agriculture by the 1980s, we followed 

the same process using the 1980s photography. We restricted this process to the 

humid and transition climatic zones (Fig 5.1). Hard boundaries were digitized at a zoom 

range of 1:5,000 to 1:10,000 and soft boundaries were digitized at a zoom of 

approximately 1:30,000. Polygons were assigned a preliminary vegetation structure 

class based on author MT’s interpretation of texture and tone (e.g. open vegetation, 

sparse forest, dense forest).  

All vegetation data from oral history interviews were transferred to map format by 

drawing polygons that matched participants’ descriptions (e.g. “the top third of our 

family farm”, or “between El Puntudo, Media Luna, and Los Picachos”, or an area 

drawn on a printed map). For vague descriptions (e.g. “the area behind Cerro 

Crocker”), patterns on aerial photography were broadly used to delineate the 

polygons. Resulting polygons were assigned preliminary floristic vegetation classes 

based on participants’ descriptions of dominant and other species. For the farm 

boundaries we used a version from the Charles Darwin Foundation GIS database that 

had been updated in 2008 as part of an introduced plant inventory study (Guézou et 

al. 2010).  

We used the results of our aerial photography digitization as a base for assigning 

vegetation information from the oral history. Where aerial photography polygons of 

similar texture, tone and pattern spatially overlapped consistent oral history 

descriptions, those polygons were assigned a vegetation class. This was a manual 

process that required several iterations of reading oral histories, classifying vegetation 

descriptions, and spatially matching them to the aerial photography polygons. The final 

vegetation classes were Fern/Herbland and Miconia (combined), Mixed Shrubland, 

Scalesia Forest, Mixed Forest, Native Herb Meadows, Mora Nativa Shrubland, Spiny 

Shrubland and Dry Forest. For polygons missing aerial photography information, we 

used residents’ descriptions of vegetation extent to estimate boundaries. Finally, the 

vegetation class of each polygon was re-assessed and re-assigned to best fit with both 

the oral history and aerial photography.  
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As a result of this process, each mapped polygon has several attributes aimed at 

assisting interpretation by the end users of the map (Table 5.1). Five fields give 

information on the source of the polygon and its attributes. Three fields give subjective 

measures of certainty assigned by author MT based on interpretation of the aerial 

photography and oral history combined with knowledge of the topography and current 

vegetation of the highlands.  

Table 5.1 Attributes of mapped polygons that give information to the end user on the data 

source and the certainty of the mapping 

Type Field name Attribute Possible values 

Result Class Final assigned vegetation class See Table 5.2 

Data source PolygSrc Source of polygon boundary digitisation Aerial photo, 

oral history 

 Source Year of aerial photography  

(only if PolygSrc= “aerial photo”) 

1960, 1981, 1985 

 Type Interpretation of aerial photography Sparse forest, 

textured forest, 

dense shrubs, 

open veg, etc. 

 NumPeople The number of people who described 

vegetation coinciding with the polygon 

Integers (0* - 12) 

Assessment of 

certainty 

Spatial Certainty of the location and boundaries 

of the polygon 

Good, ok, poor 

 Descript Certainty in the description of the 

vegetation class 

Good, ok, poor 

 Classific Certainty of the polygon containing that 

vegetation 

Good, ok, poor 

* For polygons in which NumPeople=0, the vegetation class was assigned based on adjacent or 

nearby polygons and the interpretation of aerial photography.  

For validation, we describe our mapped vegetation classes and compare them to the 

well-known and often-cited vegetation zones of Wiggins and Porter (1971), and to the 

more formal structural vegetation classifications of Van der Werff (1978) and the 

detailed descriptions of plant communities by Hamann (1981). For more detailed 

validation, we summarize oral history information on each vegetation class (including 

quotes from participants), and discuss these in relation to the broader published 

literature (Appendix 1).  
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5.4. RESULTS 

Key historical information on the highland vegetation of Santa Cruz Island was 

published during the 20th century (Fig 5.2; Appendix 1). Early explorers (e.g. Stewart 

1911; Howell 1942) described vegetation zones along the altitudinal gradient. Later 

scientists gave more detailed accounts of the vegetation zones, including the 

altitudinal boundaries between them (e.g. Bowman 1961; Wiggins and Porter 1971). 

Quantitative vegetation descriptions (van der Werff 1978; Hamann 1981) are based on 

remnant vegetation outside of agricultural development but pre-date major plant 

invasions (Fig 5.2). Two sets of historical aerial photography cover the highlands (1960 

and 1980s; Fig 5.2), and these have been previously used with other data by INGALA et 

al. (1989) to produce a vegetation map that represents agriculture and broad climatic 

vegetation types. 

 

Fig 5.2 Timeline of key historical information (top) in relation to anthropogenic effects on the 

vegetation (bottom) in the highlands of Santa Cruz Island. Decadal climatic trends are indicated 

(where data available).   
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Even before the first published descriptions of the vegetation, ecosystems had already 

experienced anthropogenic change due to tortoise hunting, fires and introduced plants 

and vertebrates (Fig 5.2; Appendix 1). Human settlement of the highlands began in the 

early 1900s and was focused on subsistence agriculture around present-day Bellavista 

(Lundh 2006). Several fires burned highland areas in the 1930s and 1940s, particularly 

impacting the Miconia vegetation (Kastdalen 1982). From Bellavista agricultural 

development occurred towards the west from the 1960s and towards the east from 

the 1970s (Appendix 1). Most clearing of agricultural land occurred during these two 

decades, associated with the cattle industry (Lundh 2006). Aside from these 

anthropogenic changes, climatic variation (including ENSO) and other natural factors 

caused shifts in vegetation assemblages and species distributions over relatively short 

time periods (Kastdalen 1982).     

As described in the methods, we were able to match oral history descriptions of 

vegetation to patterns observed in aerial photography and produce a model of the 

historical vegetation in approximately 1960 (Fig 5.3; Appendix 1). This map pre-dates 

large-scale agricultural clearing. It shows heterogeneity across the landscape that does 

not conform to simple altitudinal boundaries, with patches of different vegetation 

classes in areas that are commonly understood to be the Scalesia Zone. Most of the 

mapped vegetation classes correspond to previous vegetation descriptions (Table 5.2), 

though Spiny Shrubland has not been described in the past. Mora Nativa Scrub and 

Native Herb Meadows have been minimally mentioned in the past. Of all vegetation 

classes, Mixed Forest occupies the largest area (Table 5.3) and features Scalesia 

pedunculata as one of three dominant tree species (Table 5.2). 

We also provide an assessment of the certainty of our map based on the data used to 

create it (Fig 5.3). Certainty is generally high where 1960s aerial photography coincides 

with historical reports and oral history. However certainty is also high in some areas 

not covered by 1960s photography either because there were multiple oral history 

reports that agreed on the vegetation present, and/or because we believed the 1980s 

aerial photography was a reasonable approximation of vegetation boundaries in 1960. 

Certainty is lowest where only few oral history reports applied. The resultant model 
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covers the greatest spatial extent possible with the data, albeit at varying levels of 

certainty (Fig 5.4).  

 

Fig 5.3 Historical vegetation map of Santa Cruz highlands, approximately 1960. For spatial 

reference, the outline of the current agricultural zone is shown in black, and the present-day 

villages of Santa Rosa (in the west), Bellavista (central) and El Cascajo (east) are shown as black 

dots.  The certainty of the mapping is indicated as follows (using attribute “Classific” described 

in Table 5.1): High certainty (plain colours) indicates that multiple sources of information are in 

agreement on the vegetation at the given location, low certainty (stripes) indicates that there 

is a lack of detail or few information-sources about the vegetation, and moderate certainty 

(dots) is in between. Where 1960s aerial photography was incomplete, polygon boundaries are 

derived from 1980s aerial photography (outlined in red) or oral history (outlined in yellow). 

Vegetation classes are further explained in Table 5.2 and Appendix 1.  
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Table 5.3 Total area of each mapped vegetation class 

Vegetation Class Area (ha) 

Agriculture 662 

Fern/Herbland and Miconia 3,575 

Mixed Shrubland 183 

Scalesia Forest 1,841 

Mixed Forest 10,386 

Native Herb Meadows 216 

Mora Nativa Shrubland 339 

Spiny Shrubland 2,290 

Dry Forest 1,402 

Total area mapped 20,894 

 

 

Fig 5.4 Representation of certainty of each data 

source (circle) and their combinations; darker 

shades have higher certainty. Each data source is 

positioned according to the estimated degree of 

floristic and structural detail and the approximate 

extent of spatial cover. Written reports have been 

assigned a higher degree of certainty than other 

sources because they are published (some peer-

reviewed) and generally cover a greater temporal 

period. 

 

5.5. DISCUSSION 

In this paper, we have presented an approach that uses multidisciplinary information 

to develop an understanding of historical vegetation patterns in a landscape that has 

undergone rapid change in the past few decades. Our results have relevance both to 

Galapagos and in a broader context. In our case study, we confirm the commonly 

understood historical vegetation types but suggest below that there was greater 

spatial and temporal heterogeneity in species compositions. Below we discuss the 

validity of our map as a model of the pre-disturbance vegetation in the local context. 

We also explain the uncertainty across our map, the management implications of our 

model, and the potential for broader application of our method.  
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5.5.1. INCREASED HETEROGENEITY 

Our approach revealed greater vegetation heterogeneity across the landscape than 

commonly understood. Native Herb Meadows, Mora Nativa Shrubland, and Spiny 

Shrubland have not previously been recognized as distinct vegetation types on Santa 

Cruz Island. Mapping these patches separately adds a whole lot of complexity to the 

area commonly understood as the Scalesia Zone. Furthermore, the residents’ oral 

history together with a thorough reading of the historical literature, reveals that the 

forests of this zone were composed of at least three tree species (P. galapageium, S. 

pedunculata, Z. fagara) with variable dominance over the landscape, rather than being 

purely dominated by S. pedunculata. This agrees with Hamann’s (1981) plant 

communities but is more heterogeneous than the Scalesia Zone described in more 

commonly cited publications (e.g. Wiggins and Porter 1971). 

Our results also indicated that vegetation composition fluctuated temporally over the 

landscape due to natural factors. Kastdalen (1982) observed rapid changes in the 

composition of species in the Mixed Forest community. Stand-level dieback and 

regeneration of S. pedunculata has been observed in response to climatic events 

(Lawesson 1988; Itow 1995; Hamann 2001). Additionally, the Miconia vegetation also 

was apparently negatively affected by drought in the lower parts of its range, and by 

intense drizzle and cold in the upper parts of its range (Kastdalen 1982), implying that 

the extent of this vegetation fluctuated up and down the altitudinal gradient with 

natural climatic variations. These observations are supported by paleoecological 

studies showing that natural climatic variability results in wet and dry periods that 

have been influencing the Galapagos vegetation for millennia (Colinvaux and Schofield 

1976; Steinitz-Kannan et al. 1999).  The most recent of these studies suggests that pre-

human vegetation responded to climatic changes in the short term (decadal) but was 

generally stable over the past >2,000 years (Restrepo et al. 2012). Thus, the vegetation 

at any one point in time can be considered to be a variation of longer term stability. 

Our map represents vegetation already influenced by humans (as discussed above) 

and subject to natural climate variations.  
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We were unable to map the boundary between the Fern/Herbland and Miconia 

vegetation, thus our map poorly illustrates the heterogeneity across this zone. 

5.5.2. PRE-DISTURBANCE VEGETATION 

Our map of vegetation in approximately 1960 reflects the landscape prior to extensive 

agricultural clearing, but already influenced by fire, introduced herbivores, and small-

scale agriculture (including plant introductions). The map broadly represents the pre-

disturbance vegetation, with some constraints as discussed below.  

Some parts of the highlands had been affected by introduced animals prior to 1960, 

though other parts persisted in their natural state (Hamann 1981). The oral history 

confirmed that wild donkeys and cattle lived in the drier parts of the island and had 

created obvious trails through the native vegetation in the area that became 

developed for agriculture. It is possible that their trampling disturbance contributed to 

the openness of the Native Herb Meadows or altered the understorey of Scalesia 

Forest, Mixed Forest and/or Dry Forest. However, descriptions of these forests are 

fairly consistent from the early 1900s through to the more scientific studies of the 

1960s – 1980s, and generally match the oral history (Appendix 1). Thus any impact of 

feral animals on the vegetation prior to 1960 is probably not reflected in our mapping. 

Our map shows that C. bonduc was widespread in 1960, both as the dominant species 

in the Mora Nativa Shrubland and as a major component in the Spiny Shrubland. 

However this species is classified as “doubtfully native” in Galapagos (Jaramillo and 

Guézou 2012), so it is questionable whether this species naturally existed on the 

island. Lundh (2006) asserts that it was introduced to the highlands by farmers, though 

oral history participants emphasized that it was widespread before 1960 in areas that 

were not farmed until after 1960. Hamann (1981) reported that it was invading the 

native forest from lower elevations. It is known as a pan tropical coastal species 

(Mabberley 1997), so Galapagos seeds could have been naturally transported inland by 

grazing tortoises, although tortoises have not been observed eating it (Stephen Blake 

pers. comm.). Unless it can be clarified that this species is naturally occurring in 

Galapagos, the presence of a Mora Nativa community and the composition of the 
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Spiny Shrubland vegetation in the highlands prior to anthropogenic disturbance cannot 

be confirmed. 

With or without C. bonduc, the Spiny Shrubland is dissimilar to other vegetation types 

described by previous authors (Appendix 1). In our study it was only described by three 

residents and thus has low certainty. However, it is possible that it simply missed out 

on being described earlier. The area mapped with this vegetation is distant from the 

general transect visited by early explorers and was cleared for agriculture prior to 

more detailed vegetation studies (e.g. van der Werff 1978; Hamann 1981). Conversely, 

there should be little debate about the occurrence of Native Herb Meadows within the 

commonly understood Scalesia Zone prior to disturbance – they were clearly observed 

by Stewart (1911) and later described by Hamann (1981) (Appendix 1). 

The combined Fern/Herbland and Miconia vegetation class on our map represents the 

area covered by two main vegetation types: Low vegetation dominated by ferns, 

especially P. arachnoideum (Bracken), and a mixture of herbs; and a shrub community 

dominated by M. robinsoniana (Miconia). We could not spatially separate these classes 

because the boundary between them was not apparent in the aerial photography or 

oral history. In any case, the 1960 boundary between these vegetation types did not 

reflect pre-disturbance conditions. The majority of this area was altered by fires 

between 1934 and 1980 (Appendix 1), which drastically reduced the extent of the 

Miconia vegetation (Itow 1971; Hamann 1975; Kastdalen 1982) to a small area south of 

Media Luna (as mapped by INGALA et al. 1989). There is only one report of the upper 

altitudinal boundary of the Miconia zone that pre-dates fires; Howell (1942) visited in 

1932 and documented that Miconia vegetation was entirely replaced by ferns at about 

630 m a.s.l. Thus, we estimate that approximately the southern half of our mapped 

Fern/Herbland and Miconia area was Miconia shrubland, and that most of the 

remainder was Fern/Herbland prior to the damaging fires. While the Fern/Herbland 

was dominated by P. arachnoideum, it was also interspersed with various herb, sedge 

and sphagnum bog communities (Howell 1942; Itow 1971; Wiggins and Porter 1971; 

Mueller-Dombois and Fosberg 1998) , making it heterogeneous across the landscape. 
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It is possible that the species composition of both the Fern/Herbland and the Miconia 

vegetation were also significantly altered by the fires (further discussed in Appendix 1). 

5.5.3. UNCERTAINTY 

Above we have discussed our map as a model of the pre-disturbance vegetation in the 

context of the historical literature as a way of validating our map and providing an 

overall model/reconstruction of historical vegetation. An additional source of 

uncertainty is associated with the fact that we used 1980s aerial photography to 

delineate vegetation boundaries where the 1960s photography did not cover our 

complete study area. This is important given that climatic conditions can change the 

distribution of vegetation on a decadal time-scale. However, we believe that the 1980 

boundaries are a good estimate of 1960 boundaries because in areas where both sets 

of aerial photography were overlapping, boundaries were coincident. This was 

especially obvious along the northern boundary of the Fern/Herbland and Miconia 

with the Scalesia Forest. Additionally, at the scale of our map we believe short-term 

climatic shifts in vegetation would not be apparent except for the boundary between 

the Fern/Herbland and Miconia vegetation which we were unable to map.  

We have provided this assessment of the uncertainty of our map so that information-

users will be able to avoid undesirable management outcomes due to a lack of 

assessment of uncertainty (Regan et al. 2005). We suggest that Keith et al.’s (2011) 

proposal to “embrace uncertainty” in an adaptive management approach can also be 

applied to restoration ecology. Various restoration targets based on uncertain 

historical interpretations can be tested under current conditions, and management can 

be adapted according to the success or failure in achieving the target.    

5.5.4. IMPLICATIONS FOR RESTORATION AND CONSERVATION 

Our mapping has identified more vegetation classes and greater spatial and temporal 

variability in the historical vegetation of the highlands of Santa Cruz Island than 

commonly understood. The main differences are within the zone commonly 

understood as the Scalesia Zone (sensu Wiggins and Porter 1971), which coincides with 
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the majority of the present-day agricultural area and adjacent parts of the Galapagos 

National Park. Firstly, our results broaden the restoration palette available to 

contemporary managers. This increased understanding of heterogeneity offers some 

practical alternatives for long-term management than the popular target community 

of dominant S. pedunculata. For example, the Mixed Forest shown to occur across 

most of the agricultural zone (Fig 5.3), consisted of mixtures of three dominant tree 

species (Table 5.2). P. galapageium and Z. fagara are longer-lived trees compared with 

the faster growing S. pedunculata, which could provide a more stable habitat that 

requires less intensive management over the long term. A good, stable forest cover 

would make ecosystems less susceptible to weed invasions (Rentería 2011). Secondly, 

our research identified non-forest vegetation types within the extent of the Scalesia 

Zone (Spiny Shrubland, Mora Nativa Shrubland and Native Herb Meadows). We 

suggest that these areas may not support native forest and therefore Scalesia Forest 

would be an unsuitable restoration target. Thirdly, our oral history results highlight the 

prevalence of some species (I. ellipticum, P. floribunda, P. rufipes – see Appendix 1) 

that are now significantly less common. It would be wise to incorporate these species 

into restoration projects before their populations are further compromised by the 

ongoing threats of species invasions and climate change (Sachs and Ladd 2010b; 

Trueman et al. 2010a).  

Given that Galapagos plant communities were naturally somewhat dynamic over short 

time-periods in response to climatic fluctuations; it is challenging to identify target 

communities, especially in a globally changing climate. Changes to the terrestrial 

climate in Galapagos are not yet apparent (Trueman and d’Ozouville 2010), though 

predictions suggest increased rainfall and a continuation of fluctuating wet and dry 

periods (Sachs and Ladd 2010b). As identified by Bush et al. (2010), a greater 

understanding of cool-season fog is needed before predictions can be made regarding 

ecological implications in the upper parts of the highlands. Due to these uncertainties, 

restoration targets should include diverse vegetation communities so that if future 

conditions are unfavourable for some species, others will be able to thrive. Two 

species that may be sensible choices for an unpredictable future climate scenario are 
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Z. fagara and C. scouleri, which were both naturally widespread from coastal areas up 

to the highlands and thus have a broad environmental niche. 

One final important point for management is that fire is clearly a disturbance that is 

destructive to native vegetation over the long term, thus the prevention of wildfire 

should be a priority.  

5.5.5. BROADER APPLICATION 

We successfully reconstructed historical vegetation that provides greater spatial, 

temporal and floristic/structural detail than previously commonly understood for our 

study area. A few aspects of our approach are particularly useful to others with a 

similar goal of increasing understanding of historical ecosystems. Two of the data 

sources used in our study – written records and aerial photography – are readily 

available and commonly used in historical ecology studies. In particular, our 

combination of these sources in a timeline of key information alongside anthropogenic 

changes aids in the interpretation of historical data. Additionally, our method using 

local knowledge in a mapping approach can provide considerable information in places 

where major anthropogenic change has occurred within the past 70 years. Others 

wishing to use this approach must do so quickly while landholders or other people who 

cleared or worked in natural landscapes are still alive and remember well. We found 

that several of the people who were strongly suggested as participants by members of 

the community were no longer capable of passing on their knowledge (due to illness) 

or had passed away or moved away. Results of historical reconstructions will always 

depend on the quality and extent of the information available in the study area and 

must be interpreted accordingly. Our approach in estimating uncertainty throughout 

the process is a useful way to empower managers to interpret results according to 

their needs.  

5.5.6. CONCLUSION 

We combined information from aerial photography, oral history and written reports 

and accepted all levels of uncertainty in our reconstruction of historical vegetation for 
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the highlands of Santa Cruz Island, Galapagos. The resultant historical vegetation map 

illustrates spatial, temporal and structural heterogeneity in the forested humid 

highland area, broadening the common understanding of the Scalesia Zone. The 

mapped extent of Fern/Herbland and Micona vegetation in the higher parts of the 

island is imprecise, though we discuss it in the historical context and suggest the 

probable pre-disturbance extent of each. Our reconstruction of historical vegetation 

provides Galapagos land managers with a more accurate and detailed picture of pre-

disturbance vegetation, thus broadening the alternatives for restoration goals. Our 

innovative multidisciplinary method is applicable in many other parts of the world 

where major ecosystem disturbance has been recent.  
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6.1. ABSTRACT 

Mapping is an important tool for the management of plant invasions. If landscapes are 

mapped in an appropriate way, results can help managers decide when and where to 

prioritize their efforts. We mapped vegetation with the aim of providing key 

information for managers on the distribution, abundance and rates of spread of 

multiple invasive species across the landscape. Our case study focused on an area of 

Galapagos National Park that is faced with the challenge of managing multiple plant 

invasions. We used satellite imagery to produce a spatially-explicit database of plant 

species abundances in the canopy, finding that 92% of the humid highlands had some 

degree of invasion and 41% of the canopy was comprised of invasive plants. We also 

calculated the rate of spread of eight invasive species using known introduction dates, 

finding that species with the most limited dispersal ability had the slowest spread rates 

while those able to disperse long distances had a range of spread rates. Our results on 

spread rate fall at the lower end of the range of published spread rates of invasive 

plants because most studies are based on the entire geographic extent, whereas our 

estimates took plant density into account. A spatial database of plant species 

abundances, such as the one developed in our case study, can help curtail the spread 

of current plant invasions because it can be used by managers to decide where to 

apply management actions. For example, it can be used to identify sites containing 

several invasive plant species, to find the abundance of a particular species across the 

landscape, or to locate where native species make up the majority of the canopy. 

Similar databases could be developed elsewhere to help inform the management of 

multiple plant invasions over the landscape.  
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6.2. INTRODUCTION 

Globally plant invasions are growing in frequency and areal extent (Mack 2000). These 

invasions need to be managed because they have serious consequences for 

biodiversity and the economy worldwide (Vilà et al. 2011). Mapping is an important 

tool for managing plant invasions because it can identify where they are and how long 

they have been there. Knowing the spatial distribution of invaders can help managers 

identify sites of invasion (Shaw 2005), monitor the outcomes of management actions 

(Roura-Pascual et al. 2009), and understand processes that operate at a landscape 

scale (Richardson 2011). Also, quantitatively documenting the change in areal extent of 

invasions is important for justifying and sustaining public support of management 

programs (Mack 2000).  

However not all maps are useful for all purposes. The way the landscape is classified in 

mapping projects affects the types of management decisions that can be made 

(Lindenmayer and Hobbs 2007). A traditional vegetation map classifies the landscape 

into discrete classes that each represent distinct vegetation communities (Küchler 

1967). The mapping product may identify the presence of invasive plants as a major or 

minor element in one or more of the vegetation communities. For example, Garzón-

Machado (2011) noted the presence of invasive species in two of the communities in 

their vegetation map of an island National Park, which could direct the attention of 

managers of invasive plants to the broad areas of the landscape occupied by those 

communities. Landscapes can also be classified such that a particular invasive species 

is a specific focus of the mapping; these can give managers detailed information on the 

location and dynamics of the species (e.g. Müllerová et al. 2005; Pengra et al. 2007). As 

plant invasions continue to become more pervasive and all ecosystem 

researchers/managers are forced to consider invasive species (Richardson 2011), there 

is an increasing need to map landscapes in a way that takes account of all invasive 

species that may present.  

One of the factors that is important for prioritising the management of plant invasions 

is the rate of spread of individual invaders (Pyšek and Hulme 2005). This information 

can be obtained from the known locations of invasive species at more than one point 
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in time (Gilbert and Liebhold 2010). Management examples might include delaying the 

management of slow spreaders in favour of managing fast invaders either via attempts 

to eradicate the species quickly; or adopting a longer term management strategy such 

as biological control. Empirical evidence suggests spread is driven primarily by 

dispersal ability (Coutts et al. 2011). Specifically, the ability to disperse long distances is 

the main reason for rapid spread of invasive plants (Richardson and Pyšek 2006). 

Therefore, plants dispersed by wind (e.g. Pinus radiata) or animals (e.g. Acacia cyclops, 

Opuntia stricta) exhibit the fastest rates of spread, whereas clonal plants tend to have 

comparatively slower rates of spread (Pyšek and Hulme 2005).  

Our study focuses on the humid highlands of Galapagos National Park where invasive 

plants have spread from areas of human habitation (Itow 2003; Rentería and 

Buddenhagen 2006). Known ecosystem impacts include reduced abundance and 

diversity of native species (Jäger et al. 2007), which aligns with global concern for the 

threat of plant invasions on island plant diversity (Caujapé-Castells et al. 2010). The 

first objective of our study was to map the location, extent and abundance of invasive 

canopy species (ecosystem transformers, sensu Richardson et al. 2000; Gardener et al. 

2013) in the highlands of Santa Cruz Island, Galapagos. Our second objective was to 

calculate the rate of spread of individual invasive species. This information will be 

useful to help managers decide which species and which parts of the landscape require 

intervention, and to provide a baseline for monitoring future vegetation change. 

6.1. METHODS 

6.1.1. STUDY AREA 

Our study concerns the humid highlands within the Galapagos National Park on Santa 

Cruz Island, which form a donut shape surrounding an agricultural zone and is itself 

surrounded by dry lowlands (Figure 6.1). Non-native plants have been introduced to 

the island since the first human visitors arrived in the early 1800s, though the majority 

of the current non-native flora have arrived in the last 30–50 years (Tye 2006). Major 

plant invasions began in the National Park with the spread of Cinchona pubescens in 

the 1970s (Eliasson 1982), followed by other invasions from the 1980s onwards 

(Gardener et al. 2013). To give historical context to the recent plant invasions, we refer 
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to the four most widespread historical vegetation types (HVTs) described and mapped 

by Trueman et al. (2013): Scalesia Forest, Fern/Herbland & Miconia Shrubland, Mixed 

Forest, and Dry Forest. The extent of these HVTs in the map we produce here differs 

slightly to that of Trueman et al. (2013) due to the finer scale of data used in this study. 

Our core area of interest is the humid highlands because they are the most invaded 

(Guézou et al. 2010), but our study area also includes the transitional periphery 

between the humid highlands and the dry lowlands (sensu Trueman and d’Ozouville 

2010; Figure 6.1), coinciding with the HVT Dry Forest. 

6.1.1. MAPPING THE VEGETATION 

We mapped the native and invasive canopy vegetation across the study area, using 

data derived from satellite images and validated with field observations. Canopy 

vegetation refers to the tallest layer of vegetation, which ranged in height from 

approximately one metre (e.g., Melinis minutiflora grassland) to over ten metres (e.g., 

Persea americana forest). Invasive canopy species are ecologically significant because 

they can modify the structure of vegetation communities and reduce the amount of 

light penetrating the ecosystem, negatively affecting the abundance of native 

understorey species and the recruitment of native canopy species (Reinhart et al. 

2006).  

Mapping involved the creation of a spatially-explicit database. Essentially, we drew 

polygons over the study region and assigned to each polygon a measure of abundance 

of each vegetation cover class using visual assessment of satellite data (Figure 6.2 and 

detailed below). We used three separate satellite datasets. Two were Worldview-2 

multispectral datasets (2m resolution, 8-band) as provided by DigitalGlobe. Scene 1 

(19th October 2011, catalog ID: 103001000E276500) covered the western part of the 

study area and scene 2 (23rd March 2011, catalog ID: 10300100091E2400) covered the 

central/eastern part of the study area. The third dataset was a SPOT 5 pan-sharpened 

scene (30th March 2007, 2.5m resolution, 3-band, level 2A product, image 615/351) 

which we georectified using 160 ground observation points and a spline 

transformation in ArcMap 10.0. The SPOT dataset spanned our study area, including 
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small areas in the east that were not covered by, or obscured by clouds in, the 

Worldview-2 datasets. 

 

 

Fig 6.1 Location of the study area and density of invasive plants in the canopy. The upper map 

shows the location of the study area, spanning the humid highlands of Galapagos National 

Park, Santa Cruz Island. Climatic zones are indicated and the four islands inhabited by people 

are labelled; each of these is inhabited only in an agricultural zone in the highlands and a small 

coastal town in the lowlands. The lower map shows the density of invasive plants in the 

canopy of the study area, as indicated by shading. Co-dominant invasive species may be 

present with either invasive or native plants. Historical vegetation types are outlined and 

labelled. Of these the Dry Forest occurs on the periphery of the humid highlands that is 

transitional to the dry lowlands. 
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We visually assessed both a true-colour image derived from each satellite dataset and 

multispectral classifications of each satellite dataset (Figure 6.2). Visual analysis of 

imagery, as traditionally applied to aerial photographs, results in a high degree of map 

accuracy (Coppin et al. 2004). We used satellite images of sufficiently high resolution 

(2–2.5m) to be visually assessed in the way of aerial photographs using features such 

as colour and texture (Morgan et al. 2010). The added benefit of satellite datasets over 

aerial photography is that they include reflectance values in the infra-red (non-visible) 

parts of the light spectrum that are particularly useful for distinguishing different types 

of vegetation using classification tools (Xie et al. 2008). To take advantage of this, we 

performed supervised classifications using the maximum likelihood algorithm in 

ArcMap 10.0, which require human input to select training areas that define a priori 

classes (Xie et al. 2008). We selected training areas representative of all 26 vegetation 

cover classes (described below) by visually assessing the true-colour images. We 

computed several classifications of each dataset because the spectral signatures of the 

vegetation classes varied over the spatial extent of each dataset. We drew polygons 

based on the congruence between visual inspection of the true-colour images and the 

multiple classifications using ArcMap 10.0 at a display scale of 1:5,000, using the Auto 

Complete Polygon Tool (Figure 6.2). Our final database consisted of 1,624 polygons.  

In each polygon, we recorded the presence of any of the 26 vegetation cover classes 

we identified in the true-colour images. Twelve of the cover classes represented 

individual invasive plant species, one class was a mixture of invasive grass species, 

eight classes represented individual native plant species, three classes represented 

native plant assemblages, and two classes were non-vegetated (Appendix 2). The 

abundance of each cover classes present in each polygon was scored using the 

following categories: dominant (60–100% cover), co-dominant (20–50% cover, shared 

with other species of roughly equal cover summing to a total of 60–100%), secondary 

(10–20% cover), and scattered (isolated individuals or clusters of individuals with 0–

10% cover).  
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We collected field observations to validate the spatially-explicit database. Data 

collection points were selected to representatively sample the different patterns 

visible on the SPOT true-colour image. Field observations were recorded between 

September–December 2010 and July–November 2011. We recorded the canopy 

species present within an area of 400 m2 centred on 591 points within the study area; 

in total pertaining to approximately 2,000 ha of the full 14,214 ha study area. For 

validation we intersected the spatially-explicit database with our field observations. 

The confusion matrix is commonly used for this purpose (Xie et al. 2008) but was not 
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Figure 6.2 Polygons were manually delineated 

using a visual interpretation of satellite imagery 

(a: extract of Worldview-2 19th October 2011) 

and a classification of the imagery (b: Blue – 

Persea americana, Mid green – Scalesia 

pedunculata, Yellow – Cestrum auriculatum, Light 

Blue – Psidium guajava, Brown – Pennisetum 

purpureum, Red – Pteridium arachnoideum, 

Purple – Rubus niveus, Dark green – Cinchona 

pubescens, Dark blue – wet depressions of mixed 

species). Each polygon (c) was assigned attributes 

for the level of density of each class/species 

present. For example, polygon 1 had P. 

purpureum dominant; polygon 2 had P. 

americana and P. guajava co-dominant with C. 

pubescens scattered; polygon 3 had S. 

pedunculata dominant, with R. niveus secondary 

and C. auriculatum and P. americana scattered; 

polygon 4 had P. guajava dominant; polygon 5 

had P. arachnoideum dominant and P. guajava 

scattered.  
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suited to our accuracy assessment because our database contained the abundance of 

not one but multiple vegetation classes in each polygon.   

The spatial intersection confirmed that our database accurately represented field 

observations as follows: Classes recorded as dominant in our database were observed 

at 81% of intersecting observation points, and at least one of the two or more species 

comprising the co-dominant classes was observed at 82% of intersecting points. These 

scores were consistent with the average estimated total cover represented by these 

two abundance categories (60–100%).  Classes recorded as secondary in our database 

were observed at 45% of intersecting points, while classes recorded as scattered in our 

database were observed in 37% of intersecting points. This is higher than the average 

estimated cover represented by these abundance categories (10–20% cover and 0–

10% cover respectively), but is consistent with the fact that each of these classes are 

dispersed within the vegetation cover, and that observation points relate to cover 

within a small area rather than a single point.  

6.1.2. INVASION EXTENT 

Using the spatially-explicit database, we mapped of the presence of invasive plants in 

the canopy using the highest abundance category for any invasive species recorded in 

each polygon. For each HVT, we summed the areas of polygons containing invasive 

plants in these categories. We also calculated the total area invaded by summing the 

areas of all polygons in which at least one invasive species was recorded. We 

calculated the approximate total coverage in 2011 of individual invasive species by 

summing the area of all polygons in which each occurred in each HVT, weighted by the 

average percentage cover of its abundance category (i.e., dominant 80%, co-dominant 

35%, secondary 15%, scattered 5%). We did this for seven of the invasive species we 

had mapped as a single class (we excluded Syzygium jambos because it had very low 

presence) and for the invasive grass species combined. We then calculated the 

percentage of the canopy vegetation that was comprised of invasive plants by 

summing the area of total coverage of all invasive species in each HVT and dividing by 

the total area of each HVT.  
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6.1.3. RATES OF SPREAD  

We calculated the mean annual rate of spread of each of invasive species to allow 

comparison of our results with spread rates reported in the literature (Pyšek and 

Hulme 2005). Rate of spread is commonly measured in terms of distance per year and 

can be calculated using a variety of methods (Higgins and Richardson 1999; Gilbert and 

Liebhold 2010). According to the popular Skellam (1951) model, the square root of the 

area occupied by an invading organism increases linearly with time (Shigesada et al. 

1995). This regression approach is suited to cases such as ours, where the introduction 

location of the invading organism is unknown (Pyšek and Hulme 2005; Gilbert and 

Liebhold 2010). In our case, the areal extent is only known from a single date, and so 

we calculated the mean linear rate of spread as the square root of the area occupied at 

that date divided by the number of years since introduction into the study area 

(National Park area of Santa Cruz Island). We derived the first record of each species 

from the literature, herbarium records, and personal communications with past 

Galapagos plant researchers and residents. Finally, we reviewed literature to compile 

information on dispersal mechanisms of each canopy invader. 

6.2. DATA RESOURCES 

The spatial database underpinning the analysis reported are deposited at PANGAEA 

Data Publisher for Earth & Environmental Science: 

http://dx.doi.org/10.1594/PANGAEA.833752 

6.3. RESULTS 

Our spatially-explicit database covered a total area of 14,214 ha (data available on 

request), representing the full extent of the highlands of Santa Cruz Island that fall 

within the Galapagos National Park, as well as the transitional periphery between the 

humid highlands and the dry lowlands (Figure 6.1). Of this area 7,782 ha (55% of the 

total area mapped) contained invasive plants in the canopy (Figure 6.1). Invaders were 

dominant in 1,527 ha (11%), co-dominant in 1,945 ha (14%), secondary to native 

species in 1,395 ha (10%), and scattered among native species in 2,916 ha (21%) 

(Figure 6.1). Of the invaders present in the canopy as co-dominants, some were co-

http://dx.doi.org/10.1594/PANGAEA.833752
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dominant with native species (especially Cinchona pubescens) while others were co-

dominant with both native and invasive species (especially Psidium guajava and 

Cestrum auriculatum). Overall, 21% of the canopy of the study area was comprised of 

invasive species.  

The Scalesia Forest and Mixed Forest were the most invaded of the HVTs, both with 

96% of their area containing invasive plants in the canopy (Figures 6.1, 6.3). The HVT 

Scalesia forest had the highest proportion of the canopy vegetation comprised of 

invasive plants (52%), followed by the HVT Mixed Forest (46%). Twenty six percent of 

the canopy of the HVT Fern/Herbland & Miconia Shrubland was comprised of invasive 

plants. Most of the invasion-free areas occurred in the HVT Dry Forest (Figures 6.1, 

6.3), of which only 5% of the canopy was comprised of invasive plants. Excluding this 

drier periphery from our calculations, 92% of the humid highlands contained some 

degree of invasive plants in the canopy, while approximately 41% of the canopy was 

comprised of invasive plants.   

 

Figure 6.3 Percentage of the canopy of each historical vegetation type (HVT) containing 

invasive plants. Four levels of density are indicated by shading: Black – dominant; Dark grey – 

co-dominant; Mid grey – secondary; Light grey – scattered. 
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Table 6.1 List of invasive species and their approximate total canopy coverage and rate of 

spread. Results are for our 14,214 ha study area spanning the highlands of Galapagos National 

Park on Santa Cruz Island. Details on the distribution of these species within the historical 

vegetation types and in four categories of density are provided in Appendix 2. 

Species  
  & Family 

Canopy 
cover 

(ha) 
First record in National 
Park (Santa Cruz) 

Rate of 
spread 
(m/yr-1) Dispersal vector 

Cedrela odorata  
  Meliaceae 

870 1986  
(Lawesson and Ortiz 
1990) 

118 Wind  
(Itow 2003) 

Cestrum auriculatum  
  Solonaceae 

545 1985  
(Charles Darwin 
Foundation 2012) 

90 Birds  
(Buddenhagen and 
Jewell 2006) 

Cinchona pubescens  
  Rubiaceae 

312 1966  
(Eliasson 1982)  

39 Wind  
(Itow 2003) 

Cordia alliodora  
  Boraginaceae 

13 1995  
(Alan Tye & Mark 
Gardener pers. comm. 
2013) 

22 Wind  
(Mark Gardener pers 
comm. 2013). 

Persea americana 
   Lauraceae 

61 Pre-1967  

(Wiggins and Porter 
1971) 

11 a Gravity  
(Itow 2003) 

Psidium guajava   
  Myrtaceae 

777 1984  
(Lawesson and Ortiz 
1990, Steve Devine & 
Carlos Carvajal pers. 
comm. 2011) 

103 Birds, tortoises, 
mammals  
(Itow 2003; Blake et al. 
2012; Heleno et al. 
2013b) 

Rubus niveus      
  Rosaceae 

191 1990  
(Moll 1998; Itow 2003, 
Alan Tye pers. comm. 
2013) 

66 Birds, tortoises   
(Blake et al. 2012; 
Heleno et al. 2013b) 

Grasses b 
  Poaceae 

157 Pre-1974 c  
(Charles Darwin 
Foundation 2012) 

2.3 c Vegetative (mainly) c, 
birds, tortoises  
(Itow 2003; Blake et al. 
2012; Heleno et al. 
2013b)  

a Expansion of 5 patches between 1981 (as traced on aerial photography) and 2011  
b Grasses include Melinis minutiflora and Urochloa decumbens (in the HVT Fern/Herbland & 

Miconia), and Pennisetum purpureum (in other HVTs) 
c P. purpureum; expansion of 8 patches between 1981 (as traced on aerial photography) and 2011 

Of all the invasive plants featured in our database, the first to arrive into the study 

area was Cinchona pubescens in 1966, and the others arrived later (Table 6.1). In the 

50 year record, Cedrela odorata was the fastest canopy invader and had the largest 

area of canopy cover (Table 6.1), predominantly in the HVT Mixed Forest (Appendix 2). 
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In both speed and extent, this invader was closely followed by P. guajava (Table 6.1) 

which has spread extensively within all of the HVTs (Appendix 2). Cestrum auriculatum 

also had a large area of canopy cover (Table 6.1), mainly in the HVTs Scalesia Forest 

and Mixed Forest (Appendix 2). These three species are the most rapid spreaders of all 

the invasive species we recorded and are dispersed by wind or birds; but not all 

species with these dispersal mechanisms invaded so quickly (Table 6.1). Persea 

americana and the grass Pennisetum purpureum had the slowest invasion rates and 

were the only species purposefully introduced to the National Park and also the only 

invasive species with vegetative and gravity-assisted means of dispersal (Table 6.1). 

6.4. DISCUSSION 

Our map of invasions highlights the fact that invasive canopy plants have an extensive 

distribution in the humid highlands of the Galapagos National Park on Santa Cruz 

Island. The drier periphery of our study area (the HVT Dry Forest) was less invaded, 

probably because most invasive plants in Galapagos are suited to wet climates and 

consequently thrive in the more humid areas (Guézou et al. 2010). We applied a 

robust, repeatable method of mapping that allows for the comparison of our data with 

other data that are obtained using similar methods elsewhere or at the same place in 

future.  

Decisions on management interventions may depend on the rate of spread of 

individual invasive species. The range of spread rates exhibited by the species in our 

study can be only partially explained by their dispersal vectors. The two species in our 

study with the lowest dispersal ability; Persea americana and the grass Pennisetum 

purpureum – dispersed either by gravity or vegetatively (noting that birds and tortoises 

also disperse seeds of P. purpureum but seeds tend not to establish (Itow 2003)) were 

among three of the slowest spreaders (0.003–0.008 km2 yr-1). This result is consistent 

with research illustrating that spread is driven by dispersal ability (Coutts et al. 2011). 

However, the remaining species we studied, which are distributed by either wind or 

animals over long distances, had variable spread rates (0.008–0.35 km2 yr-1). This 

variability supports the idea that species traits alone do not determine rates of spread 

(Pyšek and Hulme 2005). Our results fall within the lower end of the range of areal 
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spread rates reported elsewhere, probably because such results are often inflated due 

to inclusion of the entire geographic extent of species and without density estimates 

(Pyšek and Hulme 2005). Our study has taken density into account by using the actual 

area of canopy coverage, and therefore our results are deflated compared with other 

published rates of spread.  

All of the invasions reported in our study have occurred since 1966 or more recently. In 

less than 50 years 41% of the native canopy vegetation in the humid highlands of Santa 

Cruz Island in Galapagos National Park has been replaced by invasive species. We have 

assumed a constant rate of spread, though in reality there is likely to be temporal 

variability in the spread of invasions (Pyšek and Hulme 2005). In general, plant 

invasions spread slowly initially (lag-phase), then rapidly (exponential phase), and 

finally, spread slowly or not at all (Pyšek and Hulme 2005). These phases were 

apparent for species in our study. For example, C. auriculatum exhibited a lag time of 

15–20 years following the first record of its occurrence (1985); it was not recognized as 

invasive until sometime between 2001 and 2005 (Tye 2001; Rentería and 

Buddenhagen 2006). Conversely, C. pubescens was an earlier invader (first observed in 

the study area in 1966) that expanded in range quickly and may have reached its peak 

distribution in the early 2000s (Buddenhagen et al. 2004). It is important for managers 

to account for potential variability in the timing of invasion among species. For 

example, non-native species covering small areas could rapidly expand (i.e., become 

invasive) after a lag phase. Thus, assuming constant spread rates could lead to 

management decisions to ignore potential future invasions.  

Another important management consideration is that some invasive species requiring 

management do not feature in the vegetation canopy and are thus not detected in 

satellite images or data derived from them, such as ours. For example, in our study 

area Tradescantia fluminensis is a ground-cover plant that has invaded rapidly since its 

introduction to the study area after 2001 (Fausto Llerena, pers. comm.). By 2011 we 

observed it widespread in all HVTs except for Fern/Herbland and Miconia, with 

abundances of up to 100% cover, forming a thick mat that is thought to inhibit the 

growth of native plants (Gardener et al. 2013). Other species that do feature in the 

canopy may also require management elsewhere where they only occur in the 
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understorey. Our database featured mono-dominant stands of Rubus niveus that form 

a canopy, but our methods did not detect where it occurs under other vegetation. 

During field work in 2011 we observed it as widespread at low to moderate abundance 

in all HVTs except for Dry Forest, though its extent and abundance have since grown 

during years that have been wetter than the long term average (Wilson Cabrera, 

personal observation 2013). New methods have been used to map the structure of 

vegetation canopies, producing promising results that will help managers identify 

invasive species in the understorey and sites of early invasion (Asner et al. 2008). 

Future invasions are likely in Galapagos. New invasions are predicted to occur from 

within the existing non-native flora due to the short residence time of many 

ornamental species and increasing human-mediated propagule pressure (Trueman et 

al. 2010a). Invasion by current or new non-native species may also be facilitated by the 

projected increased precipitation in Galapagos (Trueman et al. 2010b). Such a 

trajectory of ongoing invasions is a huge challenge for management. We reiterate the 

suggestion of others to apply prevention strategies (e.g. quarantine) and early 

intervention strategies (e.g. eradicating or containing species that have small 

distributions) to lower the risk of future invasions (Gardener et al. 2013). Additionally, 

engagement with private landholders and relevant government agencies is necessary 

for managing non-native plants in inhabited areas that are the source of invasions to 

the surrounding National Park.  

In summary, invasive plants have been spreading in the last 50 years and now make up 

a substantial proportion of the canopy vegetation in the humid highlands of Galapagos 

National Park on Santa Cruz Island. The invasion process is continuing, and early 

intervention is the strategy most guaranteed to prevent invasion by new arrivals. Local 

managers can use our spatially-explicit database to help curtail the expansion of 

current canopy invaders by identifying areas requiring management by targeting sites 

with multiple invasive species (i.e., site-led management) or particular invasive species 

(weed-led; Timmins and Owen 2001) and to assess the efficacy of efforts to control 

canopy invaders. Our methods could be applied elsewhere to help managers deal with 

plant invasions across landscapes under their care.  
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APPLICATION OF THE  
NOVEL ECOSYSTEMS FRAMEWORK 

 

PUBLICATION  

This was published in a peer-reviewed international journal. Some relevant research in 

the study area of this chapter was unfortunately overlooked prior to publication. It 

illustrated that it can be possible to overcome ecological barriers to restoration, 

however social or management barriers can also exist. Jäger and Kowarik (2010) found 

that manual control of invasive Cinchona pubescens achieved an ecosystem state close 

to historical conditions, but acknowledged that repeated control would be required to 

maintain that state. Maintaining this control over the whole area invaded by C. 

pubescens has not been possible to date, although it has been achieved in small focus 

areas where threatened species are considered a priority (Gardener 2013). 
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modified vegetation: Application of the novel ecosystems framework to a case study in 
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7.1. ABSTRACT 

In highly modified, or ‘novel’, ecosystems it is often difficult to decide where limited 

conservation funds should be spent to reach management goals. We tested a recently-

developed decision framework for novel ecosystems to help identify management 

options for modified native vegetation in the humid highlands of the Galapagos 

Islands. First, we conducted a data-based ecosystem assessment that compared 

contemporary vegetation to historical vegetation. This assessment characterized the 

biotic novelty of contemporary vegetation and resulted in a map of novelty over the 

landscape. Second, we considered processes affecting ecosystem change and barriers 

preventing the return to historical vegetation using state-and-transition models that 

incorporated the spatial extent of the contemporary vegetation states. Finally, we 

discussed options informed by our results that would address the management goals 

for our case study. Some of these options involve trade-offs between the goals of 

conserving biodiversity and maintaining ecosystem services, while other options 

address both goals in a win-win scenario. The novel ecosystems decision framework 

was a useful tool for identifying management options because it framed results that 

enabled a quantitative comparison of the degree of novelty of ecosystems across the 

landscape and also defined barriers to restoration. Tools that accounted for the spatial 

extent of the novel ecosystems complemented the framework, particularly for 

application at a landscape scale. Our approach could be broadly applied to the 

assessment and management of modified ecosystems, especially where historical data 

are available to calculate measures of biotic novelty. 
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7.2. INTRODUCTION 

Human domination of the planet has resulted in highly modified ecosystems around 

the world (Vitousek et al. 1997b; Ellis et al. 2010). There is global recognition that 

societies need to implement ecosystem restoration activities to curtail the loss of 

biodiversity and ecosystem services (Aronson and Alexander 2013). However, any 

restoration project is presented with a myriad of constraints that can make 

conservation outcomes difficult to achieve. One major constraint is the finite resources 

for doing restoration. How should limited resources be used to achieve the best 

possible outcomes for biodiversity conservation and for people? To make effective 

decisions a way of conceptualizing management options for human-modified 

landscapes is required.  

There are many conceptual frameworks that could be applied to decision-making for 

management of modified landscapes. These include state-and-transition models 

(Briske et al. 2005), decision analysis (e.g. Cipollini et al. 2005), triage as in human 

health care (Hobbs and Kristjanson 2003) and modelling based on end points and 

effort (Hyman and Leibowitz 2000). There are also systematic approaches to 

conservation planning, including prioritizing restoration efforts (Wilson et al. 2011) 

that could be applied to modified landscapes. One framework that focuses specifically 

on modified landscapes is the novel ecosystems framework (Hobbs et al. 2009), which 

aims to “develop a management framework to address rapidly changing ecosystems in 

a way that benefits the well-being of both humans and other species” (Hobbs et al. 

2013). Here, we aimed to test this new framework for its practical application using a 

case study in the Galapagos Islands. Specifically, we applied a novel ecosystems 

decision tool (Hulvey et al. 2013) to the management of the humid highlands within 

the National Park on Santa Cruz Island.  

Like many other parts of the world, the humid highlands of the inhabited islands of 

Galapagos have been modified by human activity (Watson et al. 2009). Clearing for 

agriculture and invasions by introduced plants have transformed some of the historic 

ecosystems into novel ecosystems such as communities of elephant grass (Pennisetum 

purpureum), quinine trees (Cinchona pubescens) and blackberry (Rubus niveus).  These 
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transformations have resulted in reductions in the abundance of native species 

(Wilkinson 2002; Jäger et al. 2009; Rentería et al. 2012a) and altered seed dispersal 

and pollination (Heleno et al. 2013b; Traveset et al. 2013). As a National Park with 

World Heritage status, the biodiversity values of this landscape are important both 

nationally and globally. However, the native ecosystems appear to be on a downwards 

trajectory – plant invasions are worsening as current problem species expand their 

ranges (e.g. Rentería et al. 2012b). Thus, a robust framework that takes account of 

ongoing degradation and barriers to restoration is needed to help identify 

management options for these modified, dynamic ecosystems. We test the ability of 

the novel ecosystems framework to meet this goal for this landscape and for modified 

landscapes more generally. 

7.3. METHODS 

7.3.1. THEORETICAL FOUNDATION  

The novel ecosystems conceptual framework is based on the idea that some human-

modified ecosystems fall outside their historical range of variability in terms of their 

biotic and abiotic components (Hobbs et al. 2009). Ecosystems can be classified into 

one of three categories: historical – within historical range of variability, hybrid – 

dissimilar to historical ecosystem but with the potential for restoration, and novel – 

more dissimilar to historical and restoration prevented by the presence of potentially 

irreversible thresholds (Hobbs et al. 2009; Hallett et al. 2013). This classification 

requires an ecosystem assessment and consideration of ecological and social barriers 

to recovery, which then allows the identification of restoration options according to 

management goals (Fig. 7.1; Hulvey et al. 2013). Thus, the novel ecosystems 

framework can assist management decisions about potential interventions to achieve 

restoration goals.  

The ecosystem assessment requires a comparison of contemporary, potentially novel, 

ecosystems with a historical reference (Hulvey et al. 2013). The historical reference can 

be characterised by survey of either unmodified vegetation at the same time but in a 

different place, or in the same place at an earlier time (Harris et al. 2013). We used the 
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latter to  characterise the historical references because historical data were available 

and because human modification to vegetation in our study site extends well beyond 

the known range of the historical vegetation types (Watson et al. 2009).  

 

Fig 7.1  Steps to identify management options under the novel ecosystems framework. 

Modified from Hobbs et al. (2013). 

Another essential part of the framework is the identification of ecological and social 

barriers that prevent ecosystem restoration (Hulvey et al. 2013). The idea of ecological 

barriers is usually understood in terms of non-reversible thresholds that prevent an 

ecosystem from persisting within its historical range of variability (Suding and Hobbs 

2009). Thresholds can be caused by a global change, such as climate, a local change 

such as salinity or soil nutrients, a biological change such as the local extinction of a 

keystone species (Hallett et al. 2013), plant invasions (Richardson and Gaertner 2013), 

or combinations of these. Social factors (such as limited budgets, conflicting values or 

knowledge gaps) can present significant barriers to ecosystem restoration too and 

therefore are just as important to ecosystem management as ecological barriers 

(Hulvey et al. 2013).  

In Galapagos there are a number of factors associated with plant invasions that may be 

considered barriers to restoration (Gardener et al. 2013). However, the reversibility of 
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barriers associated with plant invasions is difficult to determine (Richardson and 

Gaertner 2013). Regardless of putative ecological barriers, in Galapagos social barriers, 

and particularly limited budgets, inhibit the possibility of eradication of widespread 

invasive species (see further discussion in section 7.5.1). Thus for vegetation states 

dominated by one or more introduced species, we considered transformation to their 

respective historical vegetation states to be prevented by (currently) irreversible 

barriers, as discussed in section 7.5.1. 

7.3.2. METHODOLOGICAL OUTLINE 

We followed the decision process (Fig. 7.1) for our case study in the Galapagos Islands, 

focusing on the biotic ecosystem components. The first step was to conduct an 

ecosystem assessment to characterize the contemporary vegetation of the study area 

(Fig. 7.1 part A), which we have done using data in section 7.4. We compared the 

species composition and structure of the contemporary vegetation states (CVSs) with 

that of their historical vegetation types (HVTs). We evaluated the biotic novelty of the 

CVSs using the metrics detailed in section 7.3.4.2. To assist management decisions we 

extrapolated one of these metrics to map the degree of biotic novelty over the whole 

study area. Next, we constructed state-and-transition models using available 

information to help conceptualise the vegetation dynamics and barriers to restoration; 

vegetation states were drawn in proportion to their spatial extent to further assist 

decision making (Fig. 7.1 part B, addressed in section 7.4). Finally, in section 7.5 we 

outline some management options to address the management goals for the study 

area, informed by our results and other available information (Fig. 7.1 part C). 

7.3.3. STUDY AREA 

Our study focused on the humid highlands area within the Galapagos National Park on 

Santa Cruz Island, Galapagos (approximately 8 000 ha, Fig 7.2). Historical vegetation 

has been described (van der Werff 1978; Hamann 1981) and mapped for the study 

area (Trueman et al. 2013). Vegetation in the study area surrounds an extensively 

modified agricultural zone. It was first modified by tortoise hunters and other visitors 

prior to 1900 (Hamann 1984) and later damaged by fires, grazing and feral herbivores 
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(Kastdalen 1982; De Vries 2003). Introduced plant infestations began to be 

problematic since about 1970 (Itow 2003); these invasions are now widespread (M. 

Trueman, unpubl. data, 2013). There are five species classified as Critically Endangered 

known to have populations in the study area. The study area is currently utilized by 

people for tourism, timber extraction, fruit harvesting, hunting of feral pigs and goats, 

and recreation (M. Trueman, pers. obs., 2011).  

Fig 7.2 Map of study area in Santa Cruz highlands showing extent of historical vegetation types 

(HVTs: dark green – Scalesia Forest; light green – Mixed Forest; pink – Fernland and Miconia 

Shrubland) and the locations of historical plots (black, source: crosses – Hamann; asterisk – 

Wilkinson; star – Eliasson) and contemporary plots (yellow). The white area central in the map 

is an agricultural zone of private lands. 

The overarching restoration goal is to protect native species and biodiversity – 

specifically, the Directorate of the Galapagos National Park (DGNP) is responsible for 

“the conservation of ecological integrity and biodiversity” (DGNP, 2012). A secondary 

goal is to ensure the “rational use of goods and services [the ecosystems] generate for 

the community” (DGNP, 2012), i.e. to maintain ecosystem services, which are 
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ecosystem aspects or processes that result in benefits for human welfare (Daily 1997). 

This secondary goal is particularly relevant for our study area because Santa Cruz 

Island has the highest human population and receives the most tourist visitors of all 

the inhabited islands in Galapagos.  

7.3.4. ECOSYSTEM ASSESSMENT  

7.3.4.1. Data 

To characterize the main historical vegetation types (HVTs) within our study area, we 

used published historical data. Throughout, plant taxonomy follows Jaramillo and 

Guézou (2012); species classified in that database as doubtfully native are treated here 

as native. The main set of data (Hamann 1981) was collected during field surveys 

completed in March to May 1972 (approximate locations on Fig. 7.2); we used data 

from seven locations (hereafter referred to as plots). Five plots consisted of five 

quadrats of 25 m2; one plot (in the HVT Fernland) consisted of ten quadrats of 1 m2, 

and one plot (of four in the HVT Mixed Forest) consisted of ten quadrats of 25 m2 

(Hamann 1981). These data were published as percentage cover for some species, and 

an “importance value” or category of importance for most species. We used 

accompanying vegetation descriptions (including the total percentage cover of each 

stratum) to estimate the percentage cover of all species for which percentage cover 

was not explicitly stated.  

For the HVT Scalesia Forest, we used additional data from two other sources. We used 

data from 18 plots of 100 m2, surveyed between December 1980 and February 1981, 

by Eliasson (1984, p. 108). These data were published as cover classes for each species 

in each plot, which we converted to percentage cover by assigning the average percent 

cover for each degree of cover class (i.e., class 5: 75%, class 4: 38%, class 3: 19%, class 

2: 9.5%, class 1: 3%). For the same HVT, we also added data from Wilkinson (2002, p. 

127) collected in 1999; these were cover percentages averaged by the author from 

three 100 m2 plots. These data were collected before the effects of human 

modification of the native vegetation became apparent (Trueman et al. 2013) and the 

authors considered them to be representative of the historical vegetation. 
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To define and describe the contemporary vegetation states (CVSs), we surveyed 

vegetation in 55 plots across the highlands between August and November 2011 (Fig. 

7.2). Plots were selected to represent the different types of vegetation apparent in the 

highlands on a satellite image (SPOT image © CNES (2007), distribution Spot Image 

S.A.) and from our observations. Each plot was located at random distances and 

directions from the walking trails. Plots were 10 m × 2 m; we chose this size (smaller 

than plots used to collect most of the historical data) to enable data collection that 

encompassed the range of vegetation types throughout our study area. We recorded 

all plant species present in each plot. To estimate the percentage cover of each 

species, we recorded each species that touched a 3 m vertical pole placed at 0.25 m 

intervals along the central length of the plot. For each plant taller than the pole we 

visually estimated its intersection with the imagined vertical line of the pole. Thus, the 

maximum percentage cover for any particular species was 100 % (40 points) and the 

minimum was 2.5 % (1 point). Any species that were present in the plot but did not 

touch the pole at any of the points were given a minimum percentage cover of 1 %. 

We also recorded the height of each plant touching the pole, rounded down to the 

nearest 0.5 m, or estimated to the nearest metre for those above the height of the 

pole. 

7.3.4.2. Characterizing the contemporary vegetation states 

We first identified the historical vegetation type (HVT) associated with each of the 

contemporary plot locations by overlaying the locations on the map of historical 

vegetation prepared by Trueman et al. (2013). The plots intersected with the three 

main HVTs: Scalesia Forest, Fernland and Miconia Shrubland (combined), and Mixed 

Forest.  

We used the percentage cover of all plant species to compare the vegetation 

assemblages among contemporary plots and with their associated HVT plots using 

PRIMER 6. We used Bray-Curtis similarity because this distance measure is 

recommended for species abundance data (Clarke and Warwick 2001). Prior to analysis 

we standardised the cover data by total cover in plots and applied a log(x+1) 

transformation to downweight species with high percentage cover so that species with 
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lower coverage also contributed to the similarity measure (Clarke and Warwick 2001). 

We visualised these comparisons using 2-dimensional MDS ordinations. We then 

defined and described the contemporary vegetation states (CVSs) based on the 

clustering of contemporary plots in the MDS ordinations and our field observations of 

vegetation height and the dominant canopy species (n = 1 – 9 plots per CVS). We 

described the associated HVTs based on the historical data and literature. We tested 

for differences between CVSs and HVTs using ANOSIM in PRIMER 6.  

We calculated five measures of biotic novelty of the CVSs relative to their associated 

HVT.  First, we calculated two types of a degree of novelty using metrics of dissimilarity 

based on vegetation assemblages: Bray-Curtis and Sorenson. Bray-Curtis dissimilarity 

represents the simplest measure of species turnover based on abundance data (Clarke 

and Warwick 2001; Anderson et al. 2011), and is the inverse of Bray-Curtis similarity 

mentioned above. Sorenson dissimilarity provides a comparative measure of species 

turnover based on presence/absence of all species (Clarke and Warwick 2001; Baselga 

2010; Anderson et al. 2011). Within each HVT, we calculated the average (pairwise) 

dissimilarity between plots representing each CVS and plots representing the HVT. We 

subtracted from this the average dissimilarity of all historical plots to one another, to 

represent the natural variability of historical vegetation (sensu Anderson et al. 2011) 

(Equation 7.1). Ideally we would have represented this natural variability with the 

average dissimilarity of only historical plots representing the relevant HVT. However 

we felt our historical plots did not adequately represent the spatial and temporal 

variation in vegetation, so we opted to use the overall average dissimilarity of all 

pairwise combinations of plots in each HVT. We gave equal weighting to the three 

sources of data for HVT Scalesia Forest.  For the CVS Modified Fernland we used only 

the plot representing the relevant part of the HVT (Fernland), and similarly for the CVS 

Modified Miconia Shrubland we used only the plot representing the Miconia 

Shrubland. 

As further measures of biotic novelty, we calculated the average relative introduced 

species richness and the relative introduced plant abundance for each CVS (after 

Catford et al. 2012). Relative introduced species richness is calculated as the 
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percentage of all species in a plot that are non-native. Relative introduced species 

abundance is the percentage of total cover that is comprised of non-native species. As 

a final inverse measure of biotic novelty, we calculated average native plant species 

richness of each CVS. For a more in-depth analysis of species turnover between HVTs 

and their associated CVs, we constructed a maximally ordered matrix (following 

Louzada et al. 2010) of plant species for each HVT.  

Equation 7.1:  

                   
     

  
   

  
   

    
 

      
  
     

    
   

        
 

where nc is the number of CVS plots, nh is the number of HVT plots, i = 1...nc , j = 1...nh , and δij 

is the dissimilarity of CVS plot i to HVT plot j.  

 

7.3.4.3. Biotic novelty at the landscape scale 

We reclassified the most recent vegetation map of our study area (Trueman, unpubl. 

data) to match our defined CVSs. We extrapolated the data on biotic novelty (Bray-

Curtis) of each CVS to estimate the degree of biotic novelty across the landscape. We 

included on this map the known locations of critically endangered species (Charles 

Darwin Foundation 2012).  

7.3.5. USING STATE-AND-TRANSITION MODELS TO CONCEPTUALIZE VEGETATION 

DYNAMICS AND POTENTIAL BARRIERS TO RESTORATION 

We constructed state-and-transition models to help conceptualise the likely transitions 

among CVSs and barriers to their restoration to a state resembling the associated HVT. 

We used proportionally-sized boxes to represent the spatial extent of each vegetation 

state (i.e., the HVT and ascribed CVSs). We defined transitions between states based 

on literature and our understanding of the system, differentiating between transitions 

that a) occurred in the past (i.e., unlikely to be repeated), b) are continuing, and c) are 

required for ecosystem recovery (i.e., a transition to states of lesser novelty or the 

historical state). Past transitions were indicated by arrows proportional in length to the 

degree of novelty (Bray-Curtis) of each CVS. We proposed the presence of some 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

150 
 

potentially irreversible barriers inhibiting transitions required for ecosystem recovery, 

indicated by a black line on the models and explained in section 7.5.1.    

7.4. RESULTS  

Thirteen contemporary vegetation states (CVSs) were identified. Within each historical 

vegetation type (HVT), there was at least one CVS that had a similar structure and 

species composition (in the canopy) to the historical vegetation. Other states were 

different both structurally and in species composition (Table 7.1). In most cases, the 

species composition of the CVSs and their associated HVT were significantly different 

(Table 7.2, Fig. 3). The species composition of CVSs was significantly different from that 

of most other CVSs within each HVT supporting their designation as definitive 

vegetation states (Table 7.2, Fig. 7.3). For some comparisons that appear different (Fig. 

7.3) we had insufficient data to detect significant differences (Table 7.2). 

There was a Grassland CVS associated with each of the HVTs (Table 7.1). Compared 

with other CVSs, the species composition of Grassland was the most dissimilar to the 

reference vegetation for all HVTs and it had the lowest native species richness and 

proportion of total cover comprised of native species (Fig. 7.3, Fig. 7.4). The species 

composition of the avocado-dominated CVS was also very dissimilar to that of its HVT 

Scalesia Forest and it had very low native species richness compared with the other 

CVSs in that HVT (Fig. 7.3, Fig. 7.4). Of the biotic novelty metrics, the degree of novelty 

(Bray-Curtis) provided the greatest distinction between CVSs, closely followed by 

native species richness and relative introduced species cover (Fig. 7.4).  

Turnover of plant species was evident in the comparisons of the CVSs to their 

reference HVTs (Appendix 3).  Visualizing the landscape of our study area as a whole, it 

is apparent that most of the landscape has a medium degree of biotic novelty (Fig. 7.5). 

The most novel parts of the landscape are where the CVSs of highest biotic novelty 

occur (Grassland and Avocado Forest in the areas mapped as HVT Scalesia Forest). The 

least novel parts of the landscape are in the areas mapped as HVTs Fernland and 

Miconia (Fig. 7.5). Critically endangered species occur in less novel parts of the 

landscape, in the areas mapped as HVTs Fernland and Miconia Shrubland.  
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Past and ongoing transitions have been responsible for the departure of all of the CVSs 

from their historical references (Fig. 7.6). Plant invasions are most commonly 

associated with these departures (Fig. 7.6 T5). The Modified Fernland and Modified 

Miconia Shrubland appear to be undergoing a counter-process of unassisted recovery 

towards less novel states. Overall in our state-and-transition models (Fig. 7.6) we 

suggested that there are potentially immovable barriers inhibiting the return of all 

CVSs to their historical species assemblages in all HVTs (see explanation in section 

7.5.1). As such, according to the decision framework (Fig. 7.1), we classified all of the 

CVSs as novel ecosystems. 
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Table 7.1 Description of historical vegetation types (HVTs – shaded) and their ascribed 

contemporary vegetation states (CVSs – not shaded). Introduced species are indicated with a 

*star, and all of these are considered ecosystem transformers in Galapagos (Richardson et al. 

2000; Gardener et al. 2013). 

HVT  Vegetation State Strata (including 
height of 
canopy) 

Dominant canopy species for HVTs (van der Werff 1978; 
Hamann 1981; Trueman et al. 2013) and CVSs (as 
determined from contemporary field data). 

Sc
al

es
ia

 F
o

re
st

 

Scalesia Forest upper (5m), 
mid, lower 

Forest dominated by Scalesia pedunculata at 60-100 % 
cover 

Modified Scalesia 
Forest 

upper (5m), 
mid, lower 

At least 75 % cover of S. pedunculata  

Mixed Introduced 
Forest 

upper (5m), 
mid, lower 

At least 75 % combined cover of any two or more of 
*Cestrum auriculatum, *Passiflora edulis, *Psidium 
guajava and *Rubus niveus.  

Avocado Forest upper (10m), 
lower 

At least 75 % cover of *Persea americana (except plot 
015 which has 57 % cover but also contains 27 % cover of 
another tree *Cinchona pubescens) 

Grassland Lower (2m) 100 % cover of *Pennisetum purpureum 

M
ic

o
ni

a 
Sh

ru
bl

an
d

 a
n

d
 F

er
n

la
n

d
 

Fernland Lower (1m) Open fernland of 75 % plant cover, dominated by 
Pteridium arachnoideum, with abundant Jaegeria gracilis 

Modified 
Fernland 

Lower (1m) At least 75 % cover of P. arachnoideum 

Miconia 
Shrubland 

mid (3m), lower Shrubland dominated by Miconia robinsoniana with 
approximately 85 % cover 

Modified Miconia 
Shrubland 

mid (3m), lower At least 75 % cover of M. robinsoniana (except plot 058 
which has 70 % cover) 

Cinchona Forest  upper (6m), 
lower  

At least 75 % cover of *C. pubescens 

Guava Forest mid (5m), lower At least 50 % cover of *P. guajava 

Grassland Lower (1m) At least 95 % cover of either *Melinis minutiflora or 
*Urochloa mutica  

M
ix

ed
 F

o
re

st
 

Mixed Forest upper (3-6m), 
mid, lower 

Forest dominated by at least one of S. pedunculata, 
Psidium galapageium and Zanthoxylum fagara with a 
tree cover of 75-100 % 

Modified Mixed 
Forest 

upper (3-6m), 
mid, lower 

Combined cover of S. pedunculata, P. galapageium, Z. 
fagara, and Clerodendrum molle of at least 75 % (except 
plot 940 which has 70 % cover). 

Cedrela Forest upper (10m), 
mid, lower 

At least 75 % cover of *Cedrela odorata (except plot 943 
which has 58 % cover of *C. odorata plus 63 % cover of 
*Cestrum auriculatum) 

Grassland lower (2m) 100 % cover of *P. purpureum 

 Guava Forest upper (5m), 
mid, lower 

At least 50 % cover of *P. guajava 
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Table 7.2 Similarity of species composition between CVSs and their associated HVT and among 

CVSs within HVTs, as indicated by ANOSIM tests of Bray-Curtis similarity of (log-transformed) 

species abundances.  R varies from 0 (similar) to 1 (different); only R values significantly 

different to zero are indicated (p<0.05).  

HVT CVSs compared with HVT  CVSs compared with one another 

Scalesia Forest All different (R=0.97 to 1) All different(R=0.84 to 1) except Modified 
Scalesia Forest cf. Mixed Introduced Forest 

Fernland and 
Miconia Shrubland 

Not different a All different (R=0.45 to 0.99) except 
Grassland cf. Guava Forest 

Mixed Forest 

 

All different (R=0.70 to 1), 
except Grassland b 

All different  (R=0.37 to 0.90), except 
Grassland cf. all others b 

a due to insufficient historical plots, b due to insufficient contemporary plots  

 

  

  
Fig 7.3 MDS-plots of historical and contemporary vegetation plots in each historical vegetation 

type (HVT: a – Scalesia Forest, b – Fernland and Miconia Shrubland, c – Mixed Forest), based 

on Bray-Curtis similarity of relative abundance (percentage cover) of all plant species using log 

transformed data.  
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Fig 7.4 Comparisons of biotic novelty measures and native species richness of contemporary 

vegetation states associated with each historical vegetation type. 

 
Fig 7.5 Degree of biotic novelty (Bray-Curtis) over the study area, graded from yellow (lowest 

novelty) to red (highest novelty) based on extrapolated data for each contemporary vegetation 

state. The extent of each historical vegetation type is outlined in black and labeled. Known 

locations of critically endangered species are indicated with dots: Green – Acalypha wigginsii, 

blue – Cyperus grandifolius, grey – Drymaria monticola, pink – Pterodroma phaeopygia, brown 

– Sticta damicornis.  
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  Fig 7.6 State and transition models for 

each historical vegetation type (HVT – 

left) (a – c); the catalogue of transitions 

T1 – T9 are listed below. HVTs and their 

associated contemporary vegetation 

states (CVSs) are represented by boxes 

that are proportional to the area they 

occupy. Blue arrows indicate transitions 

that have occurred from the HVTs, with 

the length of the line proportional to the 

degree of novelty (Bray-Curtis) of the 

CVS. Red arrows represent likely ongoing 

transitions (observed as recently as 

2011) and green arrows represent 

transitions to a less biotically novel state. 

Black lines represent barriers to the 

transition.  

Catalogue of transitions 

Past (blue) 
• T1: Clearing for agriculture1,2 
• T2: Planting of aliens in situ, that have 

persisted and naturalized1,2 
• T3: Long-term effects of fires 1930-19703,4 
• T4: Grazing5 

Continuing (red) 
• T5: Invasion process: Regional 

development and disturbance by humans, 
resulting in the expansion of range and 
abundance of alien plants over the whole 
study area1 

• T6: Spatial contagion: Slow lateral spread 
of specific alien plant populations from a 
plantation initiated by humans (either in 
study area or in the adjacent agricultural 
area)1,6 

• T7: Long-term passive recovery from fire 
and/or grazing3 

Required for transition to a less novel state 
(green) 
• T8: Active intervention to remove alien 

plants and replace with native plants (in 
small areas)

 7
  

• T9: Active intervention to eradicate all 
alien plants from the island to reverse and 
halt T5 (not possible)7 

1
 Trueman et al. (2014), 

2
 Hamann (1984), 

3
 

De Vries (2003), 
4
 Kastdalen (1982), 

5
 

Hamann (1975), 6 following Bestelmeyer et 
al. (2011), 7 See section 7.5.1  
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7.5. DISCUSSION 

We conducted a quantitative ecosystem assessment that provides measures of 

ecosystem novelty across the landscape. We also proposed ecological transitions 

between our defined vegetation states and suggested potential barriers to recovery. 

We acknowledge that similar to most other state-and-transition models, our models 

are descriptive, consisting of working hypotheses regarding the transitions and barriers 

that need further investigation. We incorporated the area occupied by vegetation 

states to emphasize the spatial component of ecosystem changes due to the lateral 

spread of some vegetation states, which is likely to be a feature of plant invasions 

around the world. Our quantitative and descriptive results will facilitate the 

consideration of management options because they enable a comparison of 

ecosystems across the landscape. The decision framework specifically requests 

consideration of all management goals, without this, we may have focussed entirely on 

biodiversity conservation as a goal, without considering ecosystem services. Using 

examples, we elaborate on some options for management below.   

7.5.1. BARRIERS PREVENTING THE RETURN TO HISTORICAL CONDITIONS 

We argue that plant invasions cannot be stopped while people continue to live in 

Galapagos and the resources for management are limited. Invasions are ultimately 

caused by regional development by humans that has led to ecosystem disturbance and 

the introduction of many introduced plant species. Thus invasion is driven by social 

factors at a regional (arguably global) scale that are beyond the scope of management 

(following Hulvey et al. 2013). This thesis acknowledges that multiple introduced plant 

species are socially and biologically integrated into contemporary ecosystems. For 

example, many introduced plants are dispersed by native species (Blake et al. 2012; 

Heleno et al. 2013b), and others are valued from a social perspective (e.g. C. odorata 

for timber). Management attempts to eradicate invasive plants have been 

unsuccessful for both social and biological reasons (Gardener et al. 2010a). Also, 

control of invasive plants has been limited to particular areas (García and Gardener 

2012). Invasion would not be prevented by the removal (eradication) of all invasive 

plants, even if that were possible, because future invasions are expected to occur from 
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the pool of introduced plants in gardens and farms (Trueman et al. 2010a).  Further, 

monitoring and removal of new invaders, which would require the unwavering support 

of all the local residents, has not been possible in the past (Gardener et al. 2013).  

7.5.2. OPTIONS FOR MANAGEMENT IN OUR STUDY AREA 

7.5.2.1. Goal: protect native species and biodiversity 

The primary management goal for our study area is to protect native species and 

biological diversity (section 2.3). Our analysis highlighted the degrees of biotic novelty 

across the landscape and where biotic novelty intersects with the locations of 

endangered species. This analysis can help to guide research and management. If 

endangered species of conservation concern requires native-dominated habitat then 

management could focus on reducing biotic novelty in areas where the species occurs. 

For example, the critically endangered Galapagos Petrel (Pterodroma phaeopygia) 

nests in an area of the HVT Miconia Shrubland. Its conservation is the focus of a 

targeted restoration program that controls invasive plants and rats in this HVT (Cruz 

and Cruz 1987). Alternatively, if an endangered species appears to be persisting in 

areas of high biotic novelty then managers might focus on establishing the habitat 

quality of the novel communities before investing in potentially unnecessary weed-

control programs. For example, the vulnerable Galapagos tortoise (Chelonoidis nigra) 

eats many introduced plants (Blake et al. 2012) and thrives in areas of high biotic 

novelty in the HVT Mixed Forest. More research on the feeding preferences of 

tortoises can help to guide future management of this habitat. Our study has only 

considered biotic changes, and further work is needed to understand changes to 

abiotic ecosystem processes that may be caused by invaders associated with novel 

CVSs. For example, Cinchona pubescens may cause altered hydrological regimes or soil 

nutrient processes in Galapagos (Jäger et al. 2009; Jäger et al. 2013), which may, in 

turn, have consequences for other species.  

Maximising biodiversity conservation requires the minimisation of biotic novelty at the 

landscape scale. We showed that novelty is not restricted to one region so 

interventions would have to occur at multiple sites across the landscape to achieve this 

goal. Our state-and-transition models identified the transitions that would likely result 
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in a lowering of biotic novelty and thus provided a focus for management efforts. For 

example, in the historical vegetation type (HVT) Scalesia Forest, native species richness 

is comparatively low in the contemporary vegetation state (CVS) Avocado Forest and 

significantly lowest in the CVS Grassland, yet these two CVSs are spreading (Trueman, 

unpubl. data). Ongoing invasion leading to the enactment of these transitions at 

multiple sites would see an increase in biotic novelty across the landscape and 

localised extinctions could potentially result. Thus efforts to either stop the spread of 

these vegetation CVSs or eliminate them might be deemed worth a significant financial 

investment. More generally, the continuation of a rigorous quarantine program  and 

enactment of the Galapagos weed-risk assessment program will help slow the 

introduction and invasion process and hinder transitions to more novel states (see 

Gardener et al. 2013).  

7.5.2.2. Goal: maintain ecosystem services 

The second management goal for our study area is to maintain ecosystem services 

(section 2.3). Arguably the most important ecosystem services in Galapagos are those 

deliver benefits for the nature-tourism industry, which is the main economic activity in 

Galapagos (Epler 2007). Often, the location of tourism activities determines where 

restoration efforts are delivered.  Sometimes these restoration efforts help to achieve 

biodiversity conservation as well as tourism benefits. For example, at the Los Gemelos 

tourist site introduced plants are kept under control to showcase the native 

ecosystems at the site (García and Gardener 2012). This is a win-win situation that 

simultaneously addresses goals based on both ecosystem services and biodiversity 

conservation. However, in other situations, values associated with tourism can directly 

conflict with biodiversity conservation. For example, T. fluminensis is a widespread 

plant invader that inhibits regeneration of native plants (Gardener et al. 2013), 

however is valued by some tourism operators because it contributes to an open 

understorey that is easy and picturesque to walk through (M. Trueman, pers. obs. 

2011). Thus, in this example, maintaining the tourism value in a given area would 

necessarily trade-off with biodiversity conservation. 
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Other human values can also conflict with biodiversity conservation. For example, 

introduced plant species can provide direct benefits to humans (e.g. Cedrela odorata 

and C. pubescens for timber, and Passiflora edulis and Citrus spp. for fruit), yet the 

harvesting of these resources introduces local disturbance that accelerates plant 

invasions (M. Trueman, pers. obs. 2011). One way to satisfy such conflicting values 

could be to use a zoning scheme that manages some areas for biodiversity 

conservation and others for specific human use. Win-win solutions are also possible. 

For example, a project that promotes the planting of native species as ornamentals on 

private land helps to slow the spread of introduced ornamental plants while also 

meeting the human need for attractive gardens (Atkinson et al. 2011).   

7.5.3. APPLYING THE NOVEL ECOSYSTEMS FRAMEWORK ELSEWHERE 

7.5.3.1. Ecosystem assessment using reference data 

We used historical data, collected prior to major human disturbance, to characterise 

the reference ecosystem states. In places where historical data are not available or 

where there is a long history of modification by indigenous people (Hulvey et al. 2013), 

an alternative is to use contemporary reference sites as a proxy for historical 

conditions (Harris et al. 2013). However, if degradation is widespread then suitable 

reference sites may not exist. In such a case, the generic measures of biological 

invasion suggested by Catford et al. (2012), which do not require reference data, might 

be useful. In our study, the measure of relative introduced species abundance gave a 

reasonable level of distinction between our CVSs while relative introduced species 

richness did not. In cases like ours, where maintaining native species diversity is a 

specific goal of management, native species richness is also an important and 

distinguishing metric. 

One consideration when comparing historical and contemporary data is that the 

methodology used to collect or store two sets of data may be different. In our case, 

the historical data were mostly obtained from larger plots than we used to obtain the 

contemporary data. Due to the species-area relationship (Williams 1943), we may have 

missed some species present at low abundances in the contemporary vegetation 

states (CVSs), whereas this error is less likely for the species list compiled for  the 
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historical vegetation types (HVTs) (Hamann 1981). However, this is unlikely to have a 

strong effect on the degree of biotic novelty because community similarity measures 

such as Bray-Curtis are not strongly influenced by species at low abundances (cf. 

Sorenson; Clarke and Warwick 2001). Another factor that would influence any 

comparison between historical and contemporary communities is the spatial spread of 

the sampling. In our case, the plots representing the HVT Mixed Forest were 

constrained to a small geographic area. These may not have adequately represented 

ecosystem heterogeneity or species richness, causing us to underestimate the novelty 

of associated CVSs. In general, mismatched methodologies are limitations of using 

historical data, whereas mismatched conditions are limitations of using contemporary 

data to characterise HVTs.  

The degree of novelty measure based on Bray-Curtis dissimilarity of modified ecosystems 

compared with reference ecosystems provided the greatest distinction between CVSs. 

This metric would represent biotic novelty most effectively if reference data represented 

the spatial and temporal heterogeneity of historical ecosystems (see section 2.4.2). Such a 

metric allows for comparisons of novelty across different landscapes and vegetation types 

and could also be used to define cut-offs for management intervention. For example, 

managers might decide that areas where the degree of novelty is less than 25 should be 

managed for conservation, including the removal of introduced plants. 

7.5.3.2. Management goals, options, costs and risks 

The clear definition of management goals for our study area allowed us to identify 

management options according to our ecosystem assessment. In places where goals 

are poorly defined, these will first need to be clarified before applying the framework. 

When ecosystems are classified as novel, as in our case study, goals to restore 

ecosystems to their historical state become unrealistic and should be reassessed. 

Accepting this fact will be difficult for some people (Standish et al. 2013), but does not 

mean that ecosystems cannot transition to less novel states. It is helpful to balance the 

outcomes of a novel ecosystems approach with other opinions on management. In our 

case, our recommendations align with those of a group of experts who recommend 

balancing costs with prioritised outcomes for biodiversity and functionality in the 
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highlands of Galapagos’ inhabited islands (Gardener et al. 2013). This recommendation 

is similar to the approach taken in New Zealand, where sites and species are prioritized 

for management in recognition that it is not possible to apply unlimited weed control 

(Timmins and Owen 2001).  

7.5.3.3. Future considerations 

In Galapagos and elsewhere, the goals and options for ecosystem management will 

need to be continually revised alongside the status of ecosystems, drivers of change, 

and barriers to recovery.  All these factors can change over time. Indeed, our study 

area has been transformed by plant invasions in just 50 years (Trueman, unpubl. data) 

and globally, novel ecosystems currently outnumber wildlands (Ellis et al. 2010). In the 

future, new tools for managing introduced plants may be developed, in which case 

novel ecosystems could be reclassified as hybrid, thus altering the management 

options. Conversely, global change drivers may transform species composition and 

ecosystem functioning to produce more novel states in more places. A strength of the 

novel ecosystems framework is the acknowledgement of the dynamics of socio-

ecological systems, and specifically, that defining and managing novel ecosystems as 

such does not imply any future obligation or necessarily constrain options that might 

be adopted in the future (Hulvey et al. 2013). Effective management into the future 

will require an understanding of the values people attach to modified ecosystems in 

addition to scientific evidence and frameworks for decision making. 
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The research presented in this thesis will help managers progress towards more 

effective management of modified ecosystems in the Galapagos Islands. 

Internationally, it also feeds into the fields of restoration ecology, biodiversity 

conservation and land management. The following synthesis explains how the research 

contributes to land management in the Galapagos Islands and outlines how the 

research has broader application in other parts of the world. The thesis concludes with 

a discussion of knowledge gaps and prospects for further research. 

8.1. IMPLICATIONS FOR MANAGEMENT IN GALAPAGOS 

As outlined in section 1.3, the chapters contribute to three areas of knowledge that 

create a compendium that will assist managers to make good decisions regarding land 

management. Firstly, the overview of past and present research and management of 

plant invasions in the Galapagos Islands (chapter 2) provided background information 

on one of the major agents of ecosystem modification. This chapter indicated that 

plant invasions are ongoing and are changing ecosystems despite the application of 

traditional approaches including prevention, eradication and control of non-native 

species. It recommended complex site-level management for the highly modified 

humid highlands of the inhabited islands to achieve optimal outcomes for biodiversity 

and ecosystem functioning. This conclusion is consistent with recent publications that 

argue for new, innovative approaches for managing modified landscapes for 

conservation (e.g. Kareiva et al. 2011; Hobbs et al. 2013; Kueffer and Kaiser-Bunbury 

2013). This chapter also highlighted the importance of engaging local people in 

management planning and implementation to achieve optimal outcomes. For example, 

some past eradication attempts failed because land-owners were not involved in 

decision-making and did not grant permission to managers to carry out control or 

monitoring work on their land (Gardener et al. 2010a). The chapter also suggested that 

improved information transfer between researchers and managers/practitioners could 

help guide practical research and improve the technical capacity and scientific 

knowledge of managers, both of which can lead to more effective management 

decisions. The conclusions of this chapter result from the combined expertise of seven 

researchers who have been central in the study of plant invasions in the Galapagos 

Islands in the past 15 years, and so their weight is substantial. This method of using 
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expert knowledge is one way to synthesize existing knowledge necessary for rapid 

decision-making in ecosystems undergoing change (McBride and Burgman 2011).  

Secondly, the climate-data analysis and literature review (chapters 3 and 4) provided 

insight into the potential future effects of global climate change on terrestrial 

ecosystems in Galapagos, which is an important area of knowledge for planning land 

management activities (Harris et al. 2006). Building on earlier climate reporting for 

Galapagos, the analysis focused on characterizing the two seasons and two main 

climatic zones present in Galapagos, forming an important framework and baseline for 

predicting potential changes in each season and zone. The analysis reported that 

annual rainfall during the hot season (January – May) is variable from less than 100 

mm up to nearly 2000 mm in both the dry lowlands and humid highlands. Precipitation 

during the cool season (June – December) mainly affects the humid highlands with 

consistent precipitation of around 500 mm per year. Known responses of organisms to 

extreme climate events were documented using a literature review and a workshop of 

experts to consider how climate change may impact biodiversity in future. We found 

that most terrestrial biodiversity thrives during wet periods, although some species are 

negatively affected by factors such as waterlogging and others are disadvantaged by 

stronger competitors. Biota of the dry lowlands was identified to be at greatest risk 

from a warmer, wetter climate. This research led to the conclusion that species 

invasions are likely to increase with climate warming and this would dramatically 

increase the vulnerability of native biodiversity to a changing climate. This 

interpretation is consistent with global examples that suggest climate change affects 

ecosystems (Walther et al. 2002), and particularly contributes to the acceleration of 

non-native species invasions (Walther et al. 2009).  

Thirdly, this thesis has contributed substantially to the body of knowledge on the 

historical and contemporary vegetation, and the extent and mechanisms of ecosystem 

modification across the landscape in the highlands of Santa Cruz Island (chapters 5, 6 

and 7). These knowledge areas are central to management decisions (section 1.1). 

Chapter 7 also proposes some management options, that are necessary for making 

land management decisions (Hobbs and Harris 2001). These case studies are broadly 
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relevant for understanding threats to biodiversity and options for management in all of 

the highly modified parts of Galapagos – the humid highlands of the islands inhabited 

by people.  

A novel multidisciplinary method was used to combine residents’ knowledge with 

information from aerial photography and the literature to map vegetation across the 

landscape prior to major human modification (chapter 5). This work highlighted that 

vegetation was more heterogeneous – spatially and temporally – than commonly 

assumed (i.e., vegetation arranged in altitudinal zones). Such information can help 

managers identify restoration targets that may allow ecosystems to be self-sustaining 

into the future, determine the potential for sites to be restored, and evaluate the 

success of restoration (White and Walker 1997). In chapter 6, mapping contemporary 

vegetation using remote sensing highlighted the extent of plant invasions; 92 % of the 

vegetation canopy was invaded to some degree in the highlands of Santa Cruz Island 

(agricultural zone excluded). This study also showed that the average rate of canopy 

spread within the last 50 years was the slowest for species with the most limited 

dispersal ability, while those dispersed by wind or animals had a range of spread rates 

from slow to fast. This research employed a novel technique to map the location and 

abundance of ten individual invasive species in the vegetation canopy. The resulting 

spatial database enables managers to identify locations of single or multiple plant 

invasions (or no invasions). This type of information is essential for selecting sites for 

management action, setting priorities for management and monitoring the outcomes 

of management actions (Shaw 2005; Roura-Pascual et al. 2009).  

The application of the novel ecosystems framework to identify possible management 

options contributed broadly to the understanding of ecosystem changes (chapter 7). 

The framework was applied using both historical and contemporary vegetation data 

and observations. Results showed that the contemporary vegetation has been 

substantially altered from historical species assemblages across the landscape, and 

that plant invasions have been a major factor that has pushed vegetation communities 

further from their historical condition. According to the framework, all contemporary 

vegetation types across the highlands of Santa Cruz Island (excluding the agricultural 
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zone) were classified as novel, meaning that there are currently barriers inhibiting their 

return to historical species assemblages. This classification is an important 

consideration for managers (Hulvey et al. 2013), so that they can use resources to 

effectively address management goals rather than persisting with unsuccessful 

attempts to return historical states. Using the framework, management options were 

identified to address the goals of biodiversity conservation and maintaining ecosystem 

services. These options included the application of a zoning scheme to separate human 

activities from biodiversity conservation, eliminating or preventing the spread of 

patches of Persea americana and Pennisetum purpureum that are associated with 

reduced native biodiversity, and allowing some novel communities to persist if they 

support native species. This chapter also discusses that while some management 

options involve trade-offs between the goals of conserving biodiversity and 

maintaining ecosystem services, other options can potentially address both goals in a 

win-win scenario. A recent island-based framework for conserving biodiversity in the 

Anthropocene provides a potential avenue for identifying more of these win-win 

solutions that are broadly beneficial (Kueffer and Kaiser-Bunbury 2013). 

In summary, this thesis highlights that native biodiversity persists despite extensive 

ecosystem changes in the modified humid highlands of inhabited islands of Galapagos. 

Plant invasions are a current major driver of ecosystem change and this will likely be 

exacerbated in future due to the effects of global climate change. Galapagos 

ecosystems are dynamic (chapters 3, 4, 5), and the biota have endured past non-

anthropogenic changes due to the occasional chance arrival of new species (Porter 

1984) and climatic shifts (Restrepo et al. 2012), albeit on a much smaller scale than 

current modifications. To conserve native species and ecosystem services into the 

future, managers and scientists will need to work together to effectively research and 

apply evidence-based scientific knowledge to tackle threats posed by ecosystem 

modification. This thesis is a thoughtful response to the new management challenges 

presented by anthropogenic modification of Galapagos ecosystems. This research will 

help managers to prioritize sites for corrective action, set appropriate restoration goals 

and identify management options that address human needs and conserve the special 

native biodiversity of this unique archipelago. In this way, the “havoc” caused by 
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introduced species can be minimized in some places, whereas native biota can “adapt” 

(or evolve) within others – the modified ecosystems (Charles Darwin in Grant and Estes 

2009, as quoted in chapter 1).  

8.2. INTERNATIONAL RELEVANCE 

In addition to the contribution to information for managing modified ecosystems in 

Galapagos, the research presented in this thesis has broader practical and conceptual 

application. Modified ecosystems on islands such as those in Galapagos are well suited 

to the development of strategies that address conservation challenges in a human-

dominated world and can provide a preview of what may be applied on continents in 

the future (Kueffer and Kaiser-Bunbury 2013). Firstly, while strongly grounded in 

ecology, the research presented in this thesis has included multidisciplinary 

approaches as advocated for addressing ecosystem change (Liu  et al. 2007). Chapter 5 

included elements of social research combined with more traditional methods to map 

historical vegetation. Chapter 7 required a consideration of ecosystem services derived 

by people to identify management options. Chapter 4 also included elements of social 

research, through a participatory workshop, to identify potential ecosystem responses 

to global climate change. This inclusion of multidisciplinary approaches illustrates that 

information from broader sources can contribute meaningfully to a holistic scientific 

understanding of ecosystems.  

Secondly, the methods used to map historical and contemporary vegetation have 

practical application in other parts of the world. For understanding historical 

vegetation, chapter 5 showed that local residents contributed useful information that 

was not available from other sources. Combining this information with data from more 

traditional sources for mapping (aerial photography and literature) resulted in a 

deeper understanding of historical vegetation across the landscape than previously 

commonly understood. Information from people could likewise be used to improve 

understanding of historical ecosystems in other places where landscape change has 

been within the last 60 years, which amount to extensive parts of the world (Ellis et al. 

2010). For understanding the contemporary status of vegetation and particularly for 

providing information to managers of plant invasions, chapter 6 demonstrated a 
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methodology that maps the location and abundance of multiple individual species 

across the landscape. This approach is an advance on traditional vegetation mapping 

methodology that typically groups species assemblages into classes or focuses on a 

single species (Adam et al. 2010). The methodology could be applied in other parts of 

the world where multiple invaders require management.  

Thirdly, this thesis highlights that plant invasions have contributed to substantial 

ecosystem change in Galapagos. One source of debate in the field of invasion biology is 

whether invasive species are pushing native species towards extinction (Gurevitch and 

Padilla 2004), which depends whether invasive species are drivers of change or merely 

passengers following other disturbances (Didham et al. 2005). Chapter 7 illustrated 

that the plant invasion process is currently driving increased ecosystem modification in 

protected areas of Galapagos. This chapter, combined with chapter 5, also indicated 

that other factors (e.g. fire, wild animals) contributed to ecosystem change prior to the 

invasion of plants into protected areas. This suggests that in the early stages of plant 

invasions, the passenger model (sensu Didham et al. 2005) may have been the best fit. 

Current processes probably better fit a more general model that combines the effects 

of both drivers and passengers of ecological change (sensu Didham et al. 2005), where 

invasions are passengers on the train of ongoing disturbance, but also the continuing 

dispersal of invasive species is driving the invasion process. Thus, invasive species may 

be a potential cause of future extinctions in Galapagos and require urgent and ongoing 

management.   

Finally, chapter 7 described the first application of the novel ecosystems management 

framework (Hobbs et al. 2006; Hulvey et al. 2013) to a real situation. The chapter 

concluded that the framework was a useful tool for identifying management options 

because it framed a rigorous data-based assessment of contemporary ecosystems and 

the barriers to restoration. This work provided insights for future application of the 

framework and for more general assessments of modified ecosystems and their 

change processes. This included the development and application of ecosystem 

novelty metrics that characterize the degree of modification of contemporary states 

compared to historical conditions, resulting in recommendations for the use of these 
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metrics in other studies. The study also included maps to account for the spatial extent 

of novel ecosystems and state-and-transition models to consider change processes, 

concluding that these were complementary to the novel ecosystems framework. 

Therefore, these tools could be used in a bundle for identifying management options 

for modified ecosystems elsewhere.  

8.3. KNOWLEDGE GAPS 

This thesis contributes to the conceptual development of the field of environmental 

management in an era of global change. Specifically it informs the management of 

modified ecosystems in Galapagos and elsewhere, however it is only a small piece in 

the puzzle. It has concentrated largely on one land-use (National Park) within the 

humid highlands of a single inhabited island in Galapagos. It has analyzed vegetation 

communities but not other important biotic components such as vertebrates, 

invertebrates, micro-organisms, and diseases. It considered climate on a broad scale, 

but not other abiotic components such as nutrients or light. An intricate understanding 

of all these components would give a more complete picture of ecosystem 

modification processes and their implications for biodiversity conservation. 

Additionally, while this thesis did consider the number of native plant species present 

in vegetation types across the landscape and the documented locations of threatened 

species (chapter 7), it did not provide any update on the current status and location of 

these and potentially other threatened species in these habitats. Such an update 

would complement other spatial information generated in this thesis by clearly 

identifying areas that are in need of the highest level of protection or restoration. The 

thesis only touched on the interaction of humans with ecosystems, which limits the 

conclusions because people’s actions strongly influence ecosystem modification. 

Finally, the results and recommendations presented in this thesis are just a first step 

towards achieving more effective management – practical benefits can be achieved 

through effective transfer of information between scientists and managers.   
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8.4. FUTURE RESEARCH PROSPECTS 

This thesis also raises further questions that are important for managing modified 

ecosystems in a time of global change. For Galapagos some examples are provided in 

figure 8.1 and elaborated below, but in general also apply to other parts of the world. 

In particular, knowledge of people’s values and socio-economic needs is required for 

planning and evaluating effective land management but is not yet commonly utilized 

(Wortley et al. 2013). In Galapagos, social science has recently been incorporated into 

the research agenda and institutions are starting to work together to include the 

people-factor in conservation activities (Wolford et al. 2013). It is encouraging that the 

Galapagos National Park directorate recognizes that people’s actions in the agricultural 

areas are strongly linked with ecosystem modification in neighbouring protected areas, 

and is consequently developing stronger links with relevant agencies to address the 

issues (Wilson Cabrera pers. comm. 2013). However, there still remains a need to 

better understand interactions between people and ecosystems in Galapagos and in 

other places. Some relevant topics that would help guide decisions on which places or 

ecosystem attributes should be available to people or need protection include: An 

understanding of the various ways in which people value places and ecosystem 

properties on private and protected land, and a catalogue of services that people 

derive from ecosystems (Fig 8.1). Additionally there is a need for creative win-win 

solutions that address human needs while at the same time assisting the conservation 

of biodiversity, but also recognizing necessary trade-offs between these two goals 

(McShane et al. 2011). 

Continuing environmental and ecological research and monitoring is also necessary for 

planning, doing and assessing the conservation of native biodiversity in Galapagos and 

elsewhere. This thesis highlighted the utility of historical information for guiding 

management decisions (chapters 5 and 7), thus it is important that historical, future 

and contemporary data are made available to managers and researchers. There is also 

a need for ecological understanding, and periodic reassessment, of the status of and 

threats to particular species, populations, communities and ecosystems. In Galapagos, 

one particular issue is that there is a limited understanding of cool season climatic 

processes and how these may change with global climate forcing (chapter 3). Cool 
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season precipitation is a major ecosystem driver in the modified humid highlands of 

Galapagos, so this area of research is important for being able to project what might 

happen into the future and thereby plan and implement effective land management. 

This thesis has not touched on the status of individual native species in Galapagos, but 

given the high degree of endemism in the archipelago, this field needs rigorous and 

ongoing attention if extinctions are to be prevented. For some species little is known 

about their status in comparison with historical conditions or the threats that have led 

to observed declines (e.g. vermillion flycatcher; Merlen 2013). 

For effective translation of research into practice, it is important for researchers to 

work with managers to ensure questions are relevant and to develop management 

solutions that are grounded in evidence. This is a challenge for managers and scientists 

alike. It is common for conservation practitioners to use experience-based information 

alone due to a lack of relevant evidence-based knowledge (Cook et al. 2010). To 

address this, stronger links between researchers and practitioners are required so that 

research questions can be sourced from practitioners (Knight et al. 2008). This 

demands that both researchers and managers actively build and maintain new 

relationships to facilitate the application of evidence-based information to real world 

problems (Gibbons et al. 2008). The empirical research presented in this thesis was 

driven by questions derived from existing management challenges. As such, it provides 

a basis for further developing such relationships to facilitate a positive feedback 

whereby research is based on questions driven by management and management 

decision-making is grounded in evidence-based information. If researchers and 

managers work together to periodically reassess conservation and restoration 

paradigms and develop tools to achieve management goals, decisions can be firmly 

grounded in management reality whilst being informed by science.  

Overall this PhD research has provided some useful information and insights that are 

applicable to the management of modified ecosystems in the Galapagos Islands and 

are relevant elsewhere. Further research could complement this thesis, particularly by 

strengthening understanding of interactions between people and ecosystems. If 

researchers and managers work together to apply and build on the information 
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presented in this thesis and elsewhere, they can influence local change processes and 

mitigate the local effects of global change processes. Done well, biodiversity can be 

conserved across the landscape in concert with ecosystems that sustain human 

livelihoods. This is part of a solution for addressing the large-scale consequences of 

human domination of the planet.     
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Fig 8.1 Examples of future research that would improve understanding of ecosystems and 

complement the work presented in this thesis for informing land management decision-

making in modified ecosystems in Galapagos and elsewhere.  



References 

 

175 
 

vi. REFERENCES 

 

 

REFERENCES  



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

176 
 

Adam E, Mutanga O, Rugege D (2010) Multispectral and hyperspectral remote sensing 
for identification and mapping of wetland vegetation: a review. Wetlands Ecol 
Manage 18 (3):281-296. 

Aldaz I, Tye A (1999) Effects of the 1997-98 El Niño event on the vegetation of Alcedo 
Volcano, Isabela Island. Noticias de Galápagos 60:25-28. 

Alpert L (1946) Notes on the weather and climate of Seymour Island, Galapagos 
Archipelago. Bulletin of the American Meteorological Society 27 (5):200-209. 

Alpert L (1963) The climate of the Galapagos Islands. Occasional Papers of the 
California Academy of Sciences 44:21-44. 

Anderson DJ, Huyvaert KP, Apanius V, Townsend H, Gillikin CL, Hill LD, Juola F, Porter 
ET, Wood DR, Lougheed C, Vargas FH (2002) Population size and trends of the 
Waved albatross Phoebastria irrorata. Marine Ornithology 30:63-69. 

Anderson MJ, Crist TO, Chase JM, Vellend M, Inouye BD, Freestone AL, Sanders NJ, 
Cornell HV, Comita LS, Davies KF, Harrison SP, Kraft NJB, Stegen JC, Swenson 
NG (2011) Navigating the multiple meanings of β diversity: a roadmap for the 
practicing ecologist. Ecology Letters 14 (1):19-28. 

Arce-Nazario JA (2007) Human landscapes have complex trajectories: reconstructing 
Peruvian Amazon landscape history from 1948 to 2005. Landscape Ecol 22:89-
101. 

Aronson J, Alexander S (2013) Ecosystem Restoration is Now a Global Priority: Time to 
Roll up our Sleeves. Restoration Ecology 21 (3):293-296. 

Asner GP, Hughes RF, Vitousek PM, Knapp DE, Kennedy-Bowdoin T, Boardman J, 
Martin RE, Eastwood M, Green RO (2008) Invasive plants transform the three-
dimensional structure of rain forests. Proceedings of the National Academy of 
Sciences 105 (11):4519-4523. 

Atkinson R, Trueman M, Guézou A, Paz M, Sanchez J, Silva M (2011) Native gardens for 
Galapagos – can community action prevent future plant invasions? In: Toral-
Granda MV, Cayot L (eds) Galapagos Report 2009-2010. Charles Darwin 
Foundation, Galapagos National Park and Consejo de Gobierno de Galápagos, 
Puerto Ayora, Galapagos, Ecuador,  

Atkinson RJ, Guézou A, Rentería J, Rueda D, M.R. G (2009) Diagnostico y planificacion 
para el desarrollo de un agente de control biológico para Rubus niveus en las 
islas Galápagos. Fundacion Charles Darwin y Servicio Parque Nacional 
Galápagos, Puerto Ayora, Galapagos 

Barcelo A, Coudray J (1996) Nouvelle carte des isohyètes annuelles et des maxima 
pulviomètriques sur le massif du Piton de la Fournaise (Ile de la Réunion). 
Revue des Sciences de l’Eau 4 457-484. 

Bartuszevige A, Gorchov D (2006) Avian seed dispersal of an invasive shrub. Biological 
Invasions 8 (5):1013-1022. 

Baselga A (2010) Partitioning the turnover and nestedness components of beta 
diversity. Global Ecology and Biogeography 19 (1):134-143. 

Bataille A, Cunningham AA, Cedeño V, Patiño L, Constantinou A, Kramer LD, Goodman 
SJ (2009) Natural colonization and adaptation of a mosquito species in 
Galápagos and its implications for disease threats to endemic wildlife. 
Proceedings of the National Acadamy of Sciences of the United States of 
America 106 (25):10230-10235. 

Bell SS, Fonseca MS, Motten LB (1997) Linking restoration and landscape ecology. 
Restoration Ecology 5 (4):318-323. 



References 

 

177 
 

Bensted-Smith R, Powell G, Dinerstein E (2002) Planning for the ecoregion. In: Bensted-
Smith R (ed) A biodiversity vision for the Galapagos Islands. Charles Darwin 
Foundation and World Wildlife Fund, Puerto Ayora, Galapagos, Ecuador,  

Bestelmeyer BT, Goolsby DP, Archer SR (2011) Spatial perspectives in state-and-
transition models: a missing link to land management? Journal of Applied 
Ecology 48 (3):746-757. 

BirdLife International (2010) Pterodroma phaeopygia. www.iucnredlist.org. Accessed 
04 August 2010 

Blake S, Wikelski M, Cabrera F, Guezou A, Silva M, Sadeghayobi E, Yackulic CB, 
Jaramillo P (2012) Seed dispersal by Galápagos tortoises. Journal of 
Biogeography 39 (11):1961-1972. 

Bowman RI (1961) Morphological differentiation and adaptation in the Galapagos 
finches. University of California publications in zoology 58:1-301. 

Briske DD, Fuhlendorf SD, Smeins FE (2005) State-and-Transition Models, Thresholds, 
and Rangeland Health: A Synthesis of Ecological Concepts and Perspectives. 
Rangeland Ecology & Management 58 (1):1-10. 

Buddenhagen C, Jewell KJ (2006) Invasive plant seed viability after processing by some 
endemic Galapagos birds. Ornitología Neotropical 17:73-80. 

Buddenhagen CE (2006) The successful eradication of two blackberry species Rubus 
megalococcus and R. adenotrichos (Rosaceae) from Santa Cruz Island, 
Galapagos, Ecuador. Pacific Conservation Biology 12:272-278. 

Buddenhagen CE, Rentería JL, Gardener MR, Wilkinson SR, Soria M, Yanez P, Tye A, 
Valle R (2004) The control of a highly invasive tree Cinchona pubescens in 
Galapagos. Weed Technology 18:1194–1202. 

Bungartz F, Herrera HW, Jaramillo P, Tirado N, Jiménez-Uzcátegui G, Ruiz D, Guézou A, 
Ziemmeck F (2009) Charles Darwin Foundation Galapagos Species Checklist - 
Lista de Especies de Galápagos de la Fundación Charles Darwin. Charles Darwin 
Foundation / Fundación Charles Darwin, Puerto Ayora, Galapagos. 
http://www.darwinfoundation.org/datazone/checklists/. Accessed 27 Nov 
2013 

Bush M, Colinvaux PA, Steinitz-Kannan M, Overpeck JT, Sachs J, Cole JE, Collins A, 
Conroy JL, Restrepo A, Zhang Z (2010) Forty years of paleoecology in the 
Galapagos. Galapagos Research 67:55-61. 

Bush MB, Silman MR (2004) Observations on Late Pleistocene cooling and precipitation 
in the lowland Neotropics. Journal of Quaternary Science 19 (7):677–684. 

Butzer KW, Helgren DM (2005) Livestock, land cover, and environmental history: The 
tablelands of New South Wales, Australia, 1820-1920. Annals of the Association 
of American Geographers 95 (1):80-111. 

Calderón-Alvarez C, Causton CE, Hoddle MS, Hoddle CD, Driesche Rv, Stanek EJ (2012) 
Monitoring the effects of Rodolia cardinalis on Icerya purchasi populations on 
the Galapagos Islands. BioControl 57:167-179. 

Caley P, Kuhnert PM (2006) Application and evaluation of classification trees for 
screening unwanted plants. Austral Ecology 31 (5):647–655. 

Campbell K (1999) Santiago's pigs and Isabela's goats: El Niño's implications for 
management and the environment. Noticias de Galápagos 60:21. 

Catford JA, Vesk PA, Richardson DM, Pyšek P (2012) Quantifying levels of biological 
invasion: towards the objective classification of invaded and invasible 
ecosystems. Global Change Biology 18 (1):44-62. 

http://www.iucnredlist.org/
http://www.darwinfoundation.org/datazone/checklists/


Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

178 
 

Caujapé-Castells J, Tye A, Crawford DJ, Santos-Guerra A, Sakai A, Beaver K, Lobin W, 
Vincent Florens FB, Moura M, Jardim R, Gómes I, Kueffer C (2010) Conservation 
of oceanic island floras: Present and future global challenges. Perspectives in 
Plant Ecology, Evolution and Systematics 12 (2):107-129. 

Causton CE, Peck SB, Sinclair BJ, Roque-Albedo L, Hodgson CJ, Landry B (2006) Alien 
insects: threats and implications for the conservation of the Galápagos Islands. 
Annals of the Entomological Society of America 99:121-143. 

Cayot L (1985) Effects of El Niño on giant tortoises and their environment. In: Robinson 
G, del Pino E (eds) El Niño in the Galápagos Islands: The 1982-1983 event. 
Charles Darwin Foundation, Quito, Ecuador, pp 363-398 

CBD (2002) Decision VI/23: Alien species that threaten ecosystems, habitats or species 
to which is annexed Guiding principles for the prevention, introduction and 
mitigation of impacts of alien species that threaten ecosystems, habitats or 
species. Sixth Conference of the Parties, 7-19 April 2002. The Hague, 
Netherlands 

Chamorro S, Heleno R, Olesen JM, McMullen CK, Traveset A (2012) Pollination patterns 
and plant breeding systems in the Galápagos: a review. Annals of Botany. 

Chapin FS, Starfield AM (1997) Time lags and novel ecosystems in response to 
transient climatic change in Alaska. Climate Change 35:449–461. 

Chapin FS, Zavaleta ES, Eviner VT, Naylor RL, Vitousek PM, Reynolds HL, Hooper DU, 
Lavorel S, Sala OE, Hobbie SE, Mack MC, Diaz S (2000) Consequences of 
changing biodiversity. Nature 405 (6783):234-242. 

Charles Darwin Foundation (2012) Charles Darwin Foundation Collections Database - 
Base de datos de colecciones de la Fundacion Charles Darwin. Online data 
portal - portal de datos en linea:  . Charles Darwin Foundation. 
http://www.darwinfoundation.org/datazone/collections/. Accessed June 28 
2013 

Chimera CG, Drake DR (2010) Patterns of seed dispersal and dispersal failure in a 
Hawaiian dry forest having only introduced birds. Biotropica 42 (4):493-502. 

Cipollini KA, Maruyama AL, Zimmerman CL (2005) Planning for restoration: A decision 
analysis approach to prioritization. Restoration Ecology 13 (3):460-470. 

Clark DA (1981) Foraging patterns of black rats across a desert-montane forest 
gradient in the Galapagos Islands. Biotropica:182-194. 

Clarke KR, Warwick RM (2001) Change in marine communities: An approach to 
statistical analysis and interpretation. 2nd edn. PRIMER-E Ltd, Plymouth, UK 

Coffey EED, Froyd CA, Willis KJ (2011) When is an invasive not an invasive? Macrofossil 
evidence of doubtful native plant species in the Galapagos Islands. Ecology 
92:805-812. 

Colinvaux P, Schofield E (1976) Historical ecology in the Galapagos Islands. II. A 
Holocene spore record from El Junco Lake, Isla San Cristobal. Journal of Ecology 
64:1013-1028. 

Colinvaux PA (1968) Reconnaissance and chemistry of the lakes and bogs of the 
Galapagos Islands. Nature 219:590-594. 

Colinvaux PA (1972) Climate and the Galapagos Islands. Nature 240 (5375):17-20. 
Colinvaux PA (1984) The Galápagos climate: Present and past. In: Perry R (ed) 

Galapagos. Key Environments. Pergamon Press, Oxford, UK, pp 55-70 

http://www.darwinfoundation.org/datazone/collections/


References 

 

179 
 

Congreso Nacional (1998) Ley de Regimen Especial para la conservacion y desarrollo 
sustentable de la provincia de Galápagos. Quito, Registro Oficial No 278, 18 de 
marzo, de 1998, 31p 

Connett L, Guézou A, Herrera HW, Carrión V, Parker PG, Deem SL (2013) Gizzard 
contents of the smooth-billed ani Crotophaga ani in Santa Cruz, Galapagos 
Islands, Ecuador. Galapagos Research 68:published online first. 

Conroy JL, Restrepo A, Overpeck JT, Steinitz-Kannan M, Cole JE, Bush MB, Colinvaux PA 
(2009) Unprecedented recent warming of surface temperatures in the eastern 
tropical Pacific Ocean Nature Geoscience 2 (1):46-50. 

Cook CN, Hockings M, Carter RW (2010) Conservation in the dark? The information 
used to support management decisions. Frontiers in ecology and the 
environment 8 (4):181-186. 

Coppin P, Jonckheere I, Nackaerts K, Muys B, Lambin E (2004) Digital change detection 
methods in ecosystem monitoring: a review. International Journal of Remote 
Sensing 25 (9):1565-1596. 

Coutts SR, Klinken RD, Yokomizo H, Buckley YM (2011) What are the key drivers of 
spread in invasive plants: dispersal, demography or landscape: and how can we 
use this knowledge to aid management? Biological Invasions 13 (7):1649-1661. 

Cruz JB, Cruz F (1987) Conservation of the dark-rumped petrel Pterodroma phaeopygia 
in the Galapagos Islands, Ecuador. Biological Conservation 42 (4):303-311. 

Curry RL (1985) Breeding and survival of Galapagos Mockingbirds during El Niño. In: 
Robinson G, del Pino E (eds) El Niño in the Galápagos Islands: The 1982-1983 
event. Charles Darwin Foundation, Quito, Ecuador, pp 449-471 

d'Ozouville N (2007) Étude du fonctionnement hydrologique dans les Iles Galápagos: 
caractérisation d'un milieu volcanique insulaire et préalable á la gestion de la 
ressource.  thesis, Université Paris, Paris, France 

d’Ozouville N (2008) Water resource management: the Pelican Bay watershed. In: 
Toral-Granda MV, Cayot L (eds) Galapagos Report 2007-2008. Charles Darwin 
Foundation, Galapagos National Park, Instituto Nacional Galápagos, Puerto 
Ayora, Galapagos, Ecuador, pp 146-152 

Daehler CC (2003) Performance comparisons of co-occuring native and alien invasive 
plants: implications for conservation and restoration. Annual Review of 
Ecology, Evolution and Systematics 34:183-211. 

Daehler CC, Carino DA (2000) Predicting invasive plants: prospects for a general 
screening system based on current regional models. Biological Invasions 2:93–
102. 

Daily GC (ed) (1997) Nature’s services: Societal dependence on natural ecosystems. 
Island Press, Washington, DC, USA 

Dale VH, Brown S, Haeuber RA, Hobbs NT, Huntly N, Naiman RJ, Riebsame WE, Turner 
MG, Valone TJ (2000) Ecological principles and guidelines for managing the use 
of land. Ecol Appl 10 (3):639-670. 

Dampier W (1729) A new voyage around the world, vol 1. Dampier's Voyages, 7th 
Edition edn. James Knapton, London 

Darwin C (1845) Journal of researches into the natural history and geology of the 
countries visited during the voyage of H. M. S. Beagle round the world. 2nd 
edn. John Murray, London 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

180 
 

De Vries T (2003) Miconia robinsoniana, resistiendo fuego, sequía y cascarilla -- treinta 
y seis años de Cambios en la vegetación de la cumbre de la Isla Santa Cruz, 
Galápagos. Nuestra Ciencia (Facultad de Ciencias, PUCE, Quito) 5:51-53. 

Deem S, Cruz M, Jiménez-Uzcátegui G, Fessl B, Miller RE, Parker PG (2008) Pathogens 
and parasites: An increasing threat to the conservation of Galapagos avifauna. 
In: Toral-Granda MV, Cayot L (eds) Galapagos Report 2007-2008. Charles 
Darwin Foundation, Galapagos National Park, Instituto Nacional Galápagos, 
Puerto Ayora, Galapagos, Ecuador, pp 125-130 

DGNP (Directorate of Galapagos National Park) (2012) Galapagos National Park 
website. http://www.galapagospark.org/oneimage.php?page=INSTITUCION. 
Accessed 10 June 2013 2013 

Didham RK, Tylianakis JM, Hutchison MA, Ewers RM, Gemmell NJ (2005) Are invasive 
species the drivers of ecological change? Trends in Ecology and Evolution 20 
(9):470-474. 

Domon G, Bouchard A (2007) The landscape history of Godmanchester (Quebec, 
Canada): Two centuries of shifting relationships between anthropic and 
biophysical factors. Landscape Ecol 22:1201-1214. 

Dudaniec RY, Fessl B, Kleindorfer S (2007) Interannual and interspecific variation in 
intensity of the parasitic fly,< i> Philornis downsi</i>, in Darwin’s finches. 
Biological Conservation 139 (3):325-332. 

Duffy D, Kraus F (2006) Science and the art of the solvable inHawai`i’s extinction crisis. 
Environment Hawaii 16(11). 
http://manoa.hawaii.edu/hpicesu/papers/2006_Science_and_the_Art.pdf. 
Accessed 15 Dec 2012  

Duffy DC (1989) Seabirds and the 1982-1984 El Nino-southern Oscillation. In: Glynn PW 
(ed) Global ecological consequences of the 1982-83 El Nino-southern 
oscillation. . Elsevier Oceanography Series, 52. Elsevier, Amsterdam,  

Duffy JE, Carinale BJ, France KE, McIntyre PB, Thébault E, Loreau M (2007) The 
functional role of biodiversity in ecosystems: incorporating trophic complexity. 
Ecology Letters 10:522-538. 

Dunbar RB, Wellington GM, Colgan MW, Glynn PW (1994) Eastern Pacific Sea Surface 
Temperature Since 1600 A.D.: The δ18O Record of Climate Variability in 
Galápagos Corals. Paleoceanography 9 (2):291-315. 

Duncan DH, Kyle G, Race D (2010) Combining facilitated dialogue and spatial data 
analysis to compile landscape history. Environmental Conservation 37 (4):432-
441. 

Edmonds M (2005) The pleasures and pitfalls of written records. In: Egan D, Howell EA 
(eds) The historical ecology handbook: A restorationist's guide to reference 
ecosystems. 2 edn. Society for Ecological Restoration International, 
Washington, DC, pp 73-99 

Egan D, Howell EA (2005) The historical ecology handbook: A restorationist's guide to 
reference ecosystems. 2 edn. Society for Ecological Restoration International, 
Washington, DC 

Eliasson U (1982) Changes and constancy in the vegetation of the Galapagos Islands. 
Noticias de Galápagos 36:7-12. 

Eliasson U (1984) Native climax forests. In: Perry R (ed) Galapagos. Key Environments. 
Pergamon Press, Oxford, UK, pp 101-114 

http://www.galapagospark.org/oneimage.php?page=INSTITUCION
http://manoa.hawaii.edu/hpicesu/papers/2006_Science_and_the_Art.pdf


References 

 

181 
 

Ellis EC, Klein Goldewijk K, Siebert S, Lightman D, Ramankutty N (2010) Anthropogenic 
transformation of the biomes, 1700 to 2000. Global Ecology and Biogeography 
19 (5):589-606. 

Epler B (2007) Tourism, the Economy, Population Growth, and Conservation in 
Galapagos. Charles Darwin Foundation, Puerto Ayora, Galapagos, Ecuador 

Fairhead J, Leach M (1996) Misreading the African landscape: Society and ecology in a 
forest-savanna mosaic. Cambridge University Press, UK,  

Fensham RJ (1989) The pre-European vegetation of the Midlands, Tasmania: A floristic 
and historical analysis of vegetation patterns. Journal of Biogeography 16 
(1):29-45. 

Fensham RJ, Fairfax RJ (2003) A land management history for central Queensland, 
Australia as determined from land-holder questionnaire and aerial 
photography. J Environ Manage 68 (4):409-420. 

Fogerty JE (2005) Oral history: A guide to its creation and use. In: Egan D, Howell EA 
(eds) The historical ecology handbook: A restorationist's guide to reference 
ecosystems. 2 edn. Society for Ecological Restoration International, 
Washington, DC, pp 101-120 

Fowler De Neira LE, Johnson MK (1985) Diets of giant tortoises and feral burros on 
Volcan Alcedo, Galapagos. The Journal of wildlife management:165-169. 

Foxcroft LC, Pyšek P, Richardson DM, Genovesi P (2013) Plant Invasions in Protected 
Areas: Patterns, Problems and Challenges, vol 7. Invading Nature - Springer 
Series in Invasion Ecology. Springer Netherlands, Dordrecht. doi:10.1007/978-
94-007-7750-7_16 

Fundación Jatun Sacha (2012) Galapagos reserve. 
http://jatunsacha.org/ingles/portada.php?id=5. Accessed 8 June 2012 

Fundar Galapagos (2012) Fundar Galapagos activities. 
http://www.fundargalapagos.org/portalj/files/FundarVOLUNTEERS/FUNDAR%2
0-%20Volunteer%20Activities%20English%202012.pdf. Accessed 8 June 2012 

García G, Gardener MR (2012) Evaluación de proyectos de control de plantas 
transformadores y reforestación de sitios de alta valor en Galápagos (Project 
evaluation of transformer plant controls and reforestation of high value sites in 
Galapagos). Dirección del Parque Nacional Galápagos y Fundación Charles 
Darwin, Puerto Ayora, Galapagos, Ecuador 

Gardener M, Tye A, Wilkinson SR Control of introduced plants in the Galapagos Islands. 
In: Bishop AC, Boersma M, Barnes CD (eds) Proceedings from the Twelfth 
Australian Weeds Conference, Hobart, Tasmania, Australia, 1999. pp 396-400 

Gardener MR (2013) The management framework in practice - can't see the wood for 
the trees: The changing management of the novel Miconia-Cinchona ecosystem 
in the humid highlands of Santa Cruz Island, Galapagos. In: Hobbs RJ, Higgs ES, 
Hall CM (eds) Novel ecosystems: Intervening in the new ecological world order. 
John Wiley & Sons, Chichester, UK, pp 185-188 

Gardener MR, Atkinson R, Rentería JL (2010a) Eradications and people: lessons from 
the plant eradication program in Galapagos. Restoration Ecology 18 (1):20-29. 

Gardener MR, Atkinson R, Rueda D, Hobbs RJ (2010b) Optimizing restoration of the 
degraded highlands of Galapagos: a conceptual framework. In: Toral-Granda 
MV, Cayot L, Marin-Luna A (eds) Galapagos Report 2009-2010. Charles Darwin 
Foundation, Galapagos National Park and Governing Council of Galapagos, 
Puerto Ayora, Galapagos, Ecuador,  

http://jatunsacha.org/ingles/portada.php?id=5
http://www.fundargalapagos.org/portalj/files/FundarVOLUNTEERS/FUNDAR%20-%20Volunteer%20Activities%20English%202012.pdf
http://www.fundargalapagos.org/portalj/files/FundarVOLUNTEERS/FUNDAR%20-%20Volunteer%20Activities%20English%202012.pdf


Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

182 
 

Gardener MR, Trueman M, Buddenhagen C, Heleno R, Jäger H, Atkinson R, Tye A 
(2013) A pragmatic approach to the management of plant invasions in 
Galapagos. In: Foxcroft LC, Pyšek P, Richardson DM, Genovesi P (eds) Plant 
Invasions in Protected Areas: Patterns, Problems and Challenges, vol 7. 
Invading Nature - Springer Series in Invasion Ecology. Springer Netherlands, 
Dordrecht, pp 349-374. doi:10.1007/978-94-007-7750-7_16 

Garzón-Machado V, Arco Aguilar M-J, Pérez-de-Paz P-L (2011) A tool set for description 
and mapping vegetation on protected natural areas: an example from the 
Canary Islands. Biodiversity and Conservation 20 (14):3605-3625. 

Genovesi P (2007) Limits and potentialities of eradication as a tool for addressing 
biological invasions. Ecological studies analysis and synthesis 193:385-400. 

Gibbons P, Zammit C, Youngentob K, Possingham HP, Lindenmayer DB, Bekessy S, 
Burgman M, Colyvan M, Considine M, Felton A, Hobbs RJ, Hurley K, McAlpine C, 
McCarthy MA, Moore J, Robinson D, Salt D, Wintle B (2008) Some practical 
suggestions for improving engagement between researchers and policy-makers 
in natural resource management. Ecological Management & Restoration 9 
(3):182-186. 

Gilbert M, Liebhold A (2010) Comparing methods for measuring the rate of spread of 
invading populations. Ecography 33 (5):809-817. 

Gordon DR, Onderdonk DA, Fox AM, Stocker RK (2008a) Consistent accuracy of the 
Australian weed risk assessment system across varied geographies. Diversity 
and Distributions 14 (2):234-242. 

Gordon DR, Onderdonk DA, Fox AM, Stocker RK (2008b) Consistent accuracy of the 
Australian weed risk assessment system across varied geographies. Diversity 
and Distributions 14 (2):234–242. 

Granda León M, Chóez Salazar G (2013) Population and migration in Galapagos. In: 
Cayot LJ, Cruz D, Knab R (eds) Galapagos Report 2011-2012. GNPS, GCREG, CDF 
and GC, Puerto Ayora, Galapagos, Ecuador, pp 44-51 

Grant BR, Grant PR (1989) Evolutionary dynamics of a natural population: The large 
cactus finch of the Galapagos. University of Chicago Press, Chicago 

Grant KT, Estes GB (2009) Darwin in Galápagos: Footsteps to a New World. Princeton 
University Press, Princeton, USA 

Grant PR (1985) Climatic fluctuations in the Galápagos Islands and their influence on 
Darwin's Finches. AOU Monograph 36:471-483. 

Grant PR, Boag PT (1980) Rainfall on the Galapagos and the demography of Darwin's 
finches. The Auk 97:227-244. 

Grant PR, Grant BR (1996) Finch communities in a climatically fluctuating environment. 
In: Cody ML, Smallwood JL (eds) Long-term Studies of Vertebrate Communities. 
Academic Press, New York, pp 343-390 

Grant PR, Grant BR (1999) Effects of the 1998 El Niño on Darwin's finches on Daphne. 
Noticias de Galápagos 60:29-30. 

Grenier C (2007) Conservación contra natura, Las Islas Galápagos. Travaux de l'Institut 
Francais d'Etudes Andines, 2 edn. Instituto Francés de Estudios Andinos (IFEA), 
Lima, Peru 

Grossinger RM, Striplen CJ, Askevold RA, Brewster E, Beller EE (2007) Historical 
landscape ecology of an urbanized California valley: Wetlands and woodlands 
in the Santa Clara Valley. Landscape Ecol 22:103-120. 



References 

 

183 
 

Guerrero AM, Tye A (2011) Native and introduced birds of Galapagos as dispersers of 
native and introduced plants. Ornitología Neotropical 22 (2):207-217. 

Guézou A, Trueman M, Buddenhagen CE, Chamorro S, Guerrero AM, Pozo P, Atkinson 
R (2010) An extensive alien plant inventory from the inhabited areas of 
Galapagos. PLoS ONE 5 (4):e10276. 

Gurevitch J, Padilla DK (2004) Are invasive species a major cause of extinctions? Trends 
in Ecology & Evolution 19 (9):470-474. 

Hallett LM, Standish RJ, Hulvey KB, Gardener MR, Suding KN, Starzomski BM, Murphy 
SD, Harris JA (2013) Towards a conceptual framework for novel ecosystems. In: 
Hobbs RJ, Higgs ES, Hall CM (eds) Novel ecosystems: Intervening in the new 
ecological world order. John Wiley & Sons, Chichester, UK, pp 16-28 

Hamann O (1974) Contribution to the flora and vegetation of the Galapagos Islands III. 
Five new floristic records. Botaniska Notiser 127:309-316. 

Hamann O (1975) Vegetational changes in the Galápagos Islands during the period 
1966-1973. Biological Conservation 7:37-59. 

Hamann O (1979) On Climatic conditions, vegetation types, and leaf size in the 
Galapagos Islands. Biotropica 11 (2):101-122. 

Hamann O (1981) Plant communities of the Galápagos Islands. Dansk Botanisk 
Arkiv:163. 

Hamann O (1984) Changes and threats to the vegetation. In: Perry R (ed) Galapagos. 
Key Environments. Pergamon Press, Oxford, UK, pp 115-132 

Hamann O (1985) The El Niño influence on the Galápagos vegetation. In: Robinson G, 
del Pino E (eds) El Niño in the Galápagos Islands: The 1982-1983 Event. Charles 
Darwin Foundation, Quito, Ecuador, pp 299-330 

Hamann O (2001) Demographic studies of three indigenous stand-forming plant taxa 
(Scalesia, Opuntia, and Bursera) in the Galápagos Islands, Ecuador. Biodiversity 
and Conservation 110 (2):223-250. 

Hamann O (2004) Vegetation changes over three decades on Santa Fe Island, 
Galapagos, Ecuador. Nordic Journal of Botany 23 (1):143-152. 

Harris DB, Macdonald DW (2007) Population ecology of the endemic rodent 
Nesoryzomys Swarthi in the tropical desert of the Galapagos Islands. Journal of 
Mammalogy 88:208-219. 

Harris JA, Hobbs RJ, Higgs E, Aronson J (2006) Ecological Restoration and Global 
Climate Change. Restoration Ecology 14 (2):170-176. 

Harris JA, Murphy SD, Nelson CR, Perring MP, Tognetti PM (2013) Characterizing novel 
ecosystems: Challenges for measurement. In: Hobbs RJ, Higgs ES, Hall CM (eds) 
Novel ecosystems: Intervening in the new ecological world order. John Wiley & 
Sons, Chichester, UK, pp 192-204 

Heleno R, Blake S, Jaramillo P, Traveset A, Vargas P, Nogales M (2011) Frugivory and 
seed dispersal in the Galápagos: what is the state of the art? Integrative 
Zoology 6 (2):110-129. 

Heleno R, Ramos J, Memmott J (2013a) Integration of exotic seeds into an Azorean 
seed dispersal network. Biological Invasions 15 (5):1143-1154. 

Heleno RH, Olesen JM, Nogales M, Vargas P, Traveset A (2013b) Seed dispersal 
networks in the Galápagos and the consequences of alien plant invasions. 
Proceedings of the Royal Society B: Biological Sciences 280 (1750). 

Heller NE, Zavaleta ES (2009) Biodiversity management in the face of climate change: A 
review of 22 years of recommendations. Biological Conservation 142 (1):14-32. 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

184 
 

Higgins SI, Richardson DM (1999) Predicting plant migration rates in a changing world: 
The role of long-distance dispersal. The American Naturalist 153 (5):464-475. 

Higgs ES (1997) What is Good Ecological Restoration? Conservation Biology 11 (2):338-
348. 

Hobbs RJ, Arico S, Aronson J, Baron JS, Bridgewater P, Cramer VA, Epstein PR, Ewel JJ, 
Klink CA, Lugo AE, Norton D, Ojima D, Richardson DM, Sanderson EW, 
Valladares F, Vil M, Zamora R, Zobel M (2006) Novel ecosystems: theoretical 
and management aspects of the new ecological world order. Global Ecology & 
Biogeography 15 (1):1-7. 

Hobbs RJ, Harris JA (2001) Restoration ecology: repairing the Earth's ecosystems in the 
new millennium. Restoration Ecology 9 (2):239-246. 

Hobbs RJ, Higgs E, Harris JA (2009) Novel ecosystems: implications for conservation 
and restoration. Trends in Ecology & Evolution 24 (11):599-605. 

Hobbs RJ, Higgs ES, Hall CM (eds) (2013) Novel ecosystems: Intervening in the new 
ecological world order. John Wiley & Sons, Chichester, UK 

Hobbs RJ, Kristjanson LJ (2003) Triage: How do we prioritize health care for 
landscapes? Ecological Management & Restoration 4:S39-S45. 

Holmgren M, Scheffer M, Ezcurra E, Gutiérrez JR, Mohren GMJ (2001) El Niño effects 
on the dynamics of terrestrial ecosystems. Trends in Ecology & Evolution 16:89-
94. 

Hooker JD (1851) On the vegetation of the Galapagos Archipelago. Transactions of the 
Linnean Society of London 20:235-262. 

Hooper DU, Chapin III FS, Ewel JJ, Hector A, Inchausti P, Lavorel S, Lawton JH, Lodge 
DM, Loreau M, Naeem S, Schmid B, Setälä H, Symstad AJ, Vandermeer J, 
Wardle DA (2005) Effects of biodiversity on ecosystem functioning: A consensus 
of current knowledge. Ecological Monographs 75 (1):3-35. 

Hosking JR, Waterhouse BM, Williams. PA Are we doing enough about early detection 
of weed species naturalising in Australia. . In: 14th Australian Weeds 
Conference: Papers and Proceedings, Weed Management: Balancing People, 
Planet, Profit, 2004.  

Houvenaghel GT (1974) Equatorial undercurrent and climate in the Galapagos Islands. 
Nature 250:565-566. 

Howell JT (1942) Up under the equator: First ascent of Mt Crocker in 1832 (May 9) as 
part of the Templeton Crocker Expedition of the California Academy of 
Sciences. Sierra Club Bulletin 27:79-82. 

Hulme PE (2012) Weed risk assessment: a way forward or a waste of time? Journal of 
Applied Ecology 49:10-19. 

Hulvey KB, Standish RJ, Hallett LM, Starzomski BM, Murphy SD, Nelson CR, Gardener 
MRK, Patricia L., Seastedt TR, Suding KN (2013) Incorporating novel ecosystems 
into management frameworks. In: Hobbs RJ, Higgs ES, Hall CM (eds) Novel 
ecosystems: Intervening in the new ecological world order. John Wiley & Sons, 
Chichester, UK, pp 157-171 

Huttel C (1986) Zonificación bioclimatológica y formaciones vegetales en las Islas 
Galápagos. Cultura: Revista del Banco Central del Ecuador 8 (24a):221-233. 

Huttel C (1995) Vegetación en coladas de lava (Vegetation on lava flows). ORSTOM y 
Fundacion Charles Darwin, Quito, Ecuador 



References 

 

185 
 

Hyman JB, Leibowitz SG (2000) A General Framework for Prioritizing Land Units for 
Ecological Protection and Restoration. Environmental Management 25 (1):23-
35. 

INEC (2007) Difusión de Resultados Definitivos del Censo de Población y Vivienda 2006. 
Instituto Nacional de Estadistica y Censos, Quito 

INEC (2011) Instituto Nacional de Estadística y Censos 2010. 
www.inec.gov.ec/estadisticas. Accessed 02 April 2012 

INGALA, PRONAREG, ORSTOM (1989) Inventario cartográfico de los recursos naturales, 
geomorfología, vegetación, hídricos, ecológicos y biofísicos de las Islas 
Galápagos, Ecuador 1:100,000 (Cartographic inventory of natural resources, 
geomorphology, vegetation, hydrology, ecology and biophysics of the 
Galapagos Islands, Ecuador). INGALA, Quito 

Itow S (1971) A study of vegetation on Isla Santa Cruz, Galapagos Islands. Noticias de 
Galapagos 17:10-13. 

Itow S (1988) Population structure, stand-level dieback and recovery of Scalesia 
pedunculata forest in the Galápagos Islands Ecological Research 3:333-339. 

Itow S (1995) Phytogeography and ecology of Scalesia (Compositae) endemic to the 
Galápagos Islands. Pacific Science 49 (1):17-30. 

Itow S (2003) Zonation pattern, succession process and invasion by aliens in species-
poor insular vegetation of the Galapagos Islands. Global Environmental 
Research 7 (1):39-58. 

IUCN (2011) The IUCN Red List of Threatened Species. Version 2011.2. 
http://www.iucnredlist.org. Accessed 02 April 2012  

Jackson ST, Hobbs RJ (2009) Ecological restoration in the light of ecological history. 
Science 325 (5940):567-569. 

Jäger H, Alencastro M, Kaupenjohann M, Kowarik I (2013) Ecosystem changes in 
Galápagos highlands by the invasive tree Cinchona pubescens. Plant Soil 371 (1-
2):629-640. 

Jäger H, Kowarik I (2010) Resilience of native plant community following manual 
control of invasive Cinchona pubescens in Galápagos. Restoration Ecology 
18:103-112. 

Jäger H, Kowarik I, Tye A (2009) Destruction without extinction: long-term impacts of 
an invasive tree species on Galápagos highland vegetation. Journal of Ecology 
97:1252-1263. 

Jäger H, Tye A, Kowarik I (2007) Tree invasion in naturally treeless environments: 
Impacts of quinine (Cinchona pubescens) trees on native vegetation in 
Galápagos. Biological Conservation 140:297-307. 

Jaksic FM (2001) Ecological effects of El Niño in terrestrial ecosystems of western 
South America. Ecography 24:241-250. 

Jaramillo P, Guézou A (2012) CDF Checklist of Galapagos Vascular Plants - FCD Lista de 
especies de Plantas Vasculares de Galápagos. Charles Darwin Foundation. 
http://www.darwinfoundation.org/datazone/checklists/vascular-plants/ 
Accessed 14 September 2012 

Kareiva P, Lalasz R, Marvier M (2011) Conservation in the Anthropocene: Beyond 
solitude and fragility. Breakthrough Journal 2:29-37. 

Kastdalen A (1982) Changes in the biology of Santa Cruz Island between 1935 and 
1965. Noticias de Galápagos 35:7-12. 

http://www.inec.gov.ec/estadisticas
http://www.iucnredlist.org/
http://www.darwinfoundation.org/datazone/checklists/vascular-plants/


Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

186 
 

Keith DA, Martin TG, McDonald-Madden E, Walters C (2011) Uncertainty and adaptive 
management for biodiversity conservation. Biological Conservation 144 
(4):1175-1178. 

Knight AT, Cowling RM, Rouget M, Balmford A, Lombard AT, Campbell BM (2008) 
Knowing but not doing: Selecting priority conservation areas and the research–
implementation gap (Sabiendo pero No Haciendo: Selección de Áreas 
Prioritarias para la Conservación y la Brecha Investigación-Implementación). 
Conservation Biology 22 (3):610-617. 

Knott T, Lunney D, Coburn D, Callaghan J (1998) An ecological history of koala habitat 
in Port Stephens Shire and the Lower Hunter on the central coast of New South 
Wales, 1801-1998. Pacific Conservation Biology 4 (4):354-368. 

Koop A, Fowler L, Newton L, Caton B (2012) Development and validation of a weed 
screening tool for the United States. Biological Invasions 14:273–294. 

Küchler AW (1967) Vegetation mapping. Ronald Press Co., New York 
Kueffer C, Kaiser-Bunbury CN (2013) Reconciling conflicting perspectives for 

biodiversity conservation in the Anthropocene. Frontiers in ecology and the 
environment. 

Landazuri O (2002) Distribución, fenología reproductiva y dinámica del banco de 
semillas de mora (Rubus niveus Thunb.) en la parte alta de la isla Santa Cruz, 
Galápagos.  thesis, Universidad Central de Ecuador, Quito, Ecuador 

Larrea I, Di Carlo G (eds) (2010) Climate change vulnerabilitly assessment of the 
Galapagos Islands. WWF and Conservation International, USA 

Lawesson JE (1988) Stand-level dieback and regeneration of forests in the Galápagos 
Islands. Vegetatio 77:87-93. 

Lawesson JE, Ortiz L (1990) Plantas introducidas en las Islas Galápagos. In: Lawesson JE, 
Hamann O, Rogers G, Reck G, Ochoa H (eds) Botanical research and 
management in Galapagos. Missouri Botanical Garden, St. Louis, MO, pp 201-
210 

Lechner AM, Langford WT, Bekessy SA, Jones SD (2012) Are landscape ecologists 
addressing uncertainty in their remote sensing data? Landscape Ecol 27 
(9):1249-1261. 

Lillesand TM, Kiefer RW, Chipman JW (2008) Remote sensing and image interpretation. 
6 edn. John Wiley & Sons, Inc, Hoboken, NJ 

Lindenmayer D, Hobbs RJ, Montague-Drake R, Alexandra J, Bennett A, Burgman M, 
Cale P, Calhoun A, Cramer V, Cullen P, Driscoll D, Fahrig L, Fischer J, Franklin J, 
Haila Y, Hunter M, Gibbons P, Lake S, Luck G, MacGregor C, McIntyre S, Mac 
Nally R, Manning A, Miller J, Mooney H, Noss R, Possingham H, Saunders D, 
Schmiegelow F, Scott M, Simberloff D, Sisk T, Tabor G, Walker B, Wiens J, 
Woinarski J, Zavaleta ES (2008) A checklist for ecological management of 
landscapes for conservation. Ecology Letters 11:78-91. 

Lindenmayer DB, Hobbs RJ (2007) Synthesis: landscape classification. In: Lindenmayer 
DB, Hobbs RJ (eds) Managing and Designing Landscapes for Conservation: 
Moving from Perspectives to Principles. Blackwell, Oxford, pp 46-48 

Liu  J, Dietz T, Carpenter SR, Alberti M, Folke C, Moran E, Pell AN, Deadman P, Kratz T, 
Lubchenco J, Ostrom E, Ouyang Z, Provencher W, Redman CL, Schneider SH, 
Taylor WW (2007) Complexity of coupled human and natural systems. Science 
317 (5844):1513-1516. 



References 

 

187 
 

Louzada J, Gardner T, Peres C, Barlow J (2010) A multi-taxa assessment of nestedness 
patterns across a multiple-use Amazonian forest landscape. Biological 
Conservation 143 (5):1102-1109. 

Lubin YD (1985) Studies of the Little Fire Ant, Wasmannia auropunctata, in a Niño year. 
In: Robinson G, del Pino E (eds) El Niño in the Galápagos Islands: The 1982-1983 
event. Charles Darwin Foundation, Quito, Ecuador, pp 473-493 

Lundh JP (2006) The farm area and cultivated plants on Santa Cruz, 1932-1965, with 
remarks on other parts of Galapagos. Galapagos Research 64:12-25. 

Luong TT, Toro B (1985) Cambios en la vegetación de las islas Galápagos durante "El 
Niño" 1982-1983. In: Robinson G, del Pino E (eds) El Niño in the Galápagos 
Islands: The 1982-1983 event. Charles Darwin Foundation, Quito, Ecuador, pp 
331-342 

Mabberley DJ (1997) The plant-book: A portable dictionary of the vascular plants. 2 
edn. Cambridge University Press, Cambridge, UK 

MacFarland CG, Villa J, Toro B (1974) The Galápagos giant tortoises (Geochelone 
elephantopus) Part I: Status of the surviving populations. Biological 
Conservation 6 (2):118-133. 

Mack RN (2000) Assessing the extent, status, and dynamism of plant invasions: current 
and emerging approaches. In: Mooney H, Hobbs RJ (eds) Invasive species in a 
changing world. Island Press, Washington, DC, pp 141-168 

Mauchamp A, Atkinson R (2011) Rapid, recent and irreversible habitat loss: Scalesia 
forest on the Galapagos Islands. In: Toral-Granda MV, Cayot L (eds) Galapagos 
Report 2009-2010. Charles Darwin Foundation, Galapagos National Park and 
Consejo Gobierno de Galápagos, Puerto Ayora, Galapagos, Ecuador,  

McBride MF, Burgman MA (2011) What is expert knowledge, how is such knowledge 
gathered, and how do we use it to address questions in landscape ecology? In: 
Perera A, Johnson C, Drew CA (eds) Expert knowledge and its application in 
landscape ecology. Springer-Verlag, New York, pp 11–38 

McMullen CK (1989) The Galápagos carpenter bee, just how important is it? Noticias 
de Galápagos 48:16-18. 

McMullen CK (2009) Insular flora; more than 'wretched-looking little weeds'. In: de Roy 
T (ed) Galápagos; preserving Darwin's legacy. David Bateman, Auckland, New 
Zealand, pp 60-66 

McMullen CK, Tye A, Hamann O (2008) Botanical research in the Galápagos Islands: 
The last fifty years and the next fifty. Galapagos Research 65:43-45. 

McNeely JA (2001) The great reshuffling: human dimensions of invasive alien species. 
IUCN, Gland 

McShane TO, Hirsch PD, Trung TC, Songorwa AN, Kinzig A, Monteferri B, Mutekanga D, 
Thang HV, Dammert JL, Pulgar-Vidal M, Welch-Devine M, Peter Brosius J, 
Coppolillo P, O’Connor S (2011) Hard choices: Making trade-offs between 
biodiversity conservation and human well-being. Biological Conservation 144 
(3):966-972. 

Merlen G (2013) Gone, gone... going: The fate of the vermillion flycatcher on Darwin's 
islands. In: Cayot LJ, Cruz D, Knab R (eds) Galapagos Report 2011-2012. GNPS, 
GCREG, CDF and GC, Puerto Ayora, Galapagos, Ecuador, pp 180-188 

Millennium Ecosystem Assessment (2005) Ecosystems and human well-being: Current 
state and trends, vol 1. Millennium Ecosystem Assessment Series. Island Press, 
Washington, DC, USA 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

188 
 

Moll EJ (1998) A further report on the distribution of introduced plants on Santa Cruz 
Island, Galápagos, vol 5. Occasional Paper, vol 1. School of Natural and Rural 
Systems Management, University of Queensland, Brisbane, Australia 

Morgan JL, Gergel SE, Coops NC (2010) Aerial photography: A rapidly evolving tool for 
ecological management. Bioscience 60 (1):47-59. 

Mueller-Dombois D, Fosberg FR (1998) Vegetation of the tropical Pacific Islands. 
Springer-Verlag, New York 

M llerov  J, Pyšek P, Jaroš k Vc, Pergl J (2005) Aerial photographs as a tool for 
assessing the regional dynamics of the invasive plant species Heracleum 
mantegazzianum. Journal of Applied Ecology 42 (6):1042-1053. 

Navarro Latorre J, Soler Liceras C, Jimenez Suarez J (1991) Bases para un plan 
hidrológico del archipiélago de Galápagos. Gobierno autónomo de canarias y 
consejería de obras publicas vivienda y aguas, Dirección Gerneral de Aguas, 
Republica del Ecuador  

Newell R (1973) Climate and the Galapagos Islands. Nature 245:91-92. 
Nieuwolt S (1991) Climatic uniformity and diversity in the Galapagos Islands and the 

effects on agriculture. Erdkunde 45 (2):134-142. 
Owen SJ (1998) Department of Conservation strategic plan for managing invasive 

weeds. Department of Conservation, Wellington, New Zealand 
Paige AR, Lacey KL (2006) Economic Impact Assessment of Australian Weed Biological 

Control. CRC for Australian Weed Management Technical Series No. 10, Glen 
Osmond, Australia 

Palmer CE, Pyle RL (1966) The climatalological setting of the Galapagos. In: Bowman RI 
(ed) The Galapagos: Proceedings of the symposia of the Galapagos 
international scientific project. Universtiy of California Press, Berkely, pp 93-99 

Panetta FD, Cacho OJ (2012) Beyond fecundity control: which weeds are most 
containable? Journal of Applied Ecology 49 (2):311-321. 

Panetta FD, Timmins SM (2004) Evaluating the feasibility of eradication for terrestrial 
weed incursions. Plant Protection Quarterly 19:5-11. 

Pastorok RA, MacDonald A, Sampson JR, Pace W, Yozzo DJ, Titre JP (1997) An 
ecological decision framework for environmental restoration projects. 
Ecological Engineering 9 (1–2):89-107. 

Pengra BW, Johnston CA, Loveland TR (2007) Mapping an invasive plant, Phragmites 
australis, in coastal wetlands using the EO-1 Hyperion hyperspectral sensor. 
Remote Sensing of Environment 108 (1):74-81. 

Perry R (1972) Key Environments - Galapagos. Pergamon Press,  
Pheloung PC, Williams PA, Halloy SR (1999) A weed-risk assessment model for use as a 

biosecurity tool evaluating plant introductions. Journal of Environmental 
Management 57:239-251. 

Porter DM (1979) Endemism and evolution in Galapagos Islands vascular plants. In: 
Bramwell D (ed) Plants and Islands. Academic Press, London, pp 225–256 

Porter DM (1984) Endemism and evolution in terrestrial plants. In: Perry R (ed) 
Galapagos. Key Environments. Pergamon Press, Oxford, UK, pp 85-100 

Pourrut P, Burbano F, Leiva I (1985) Informe de Comision - Islas Galápagos - 13 febrero 
hasta 5 marzo de 1985.  

Pyšek P, Hulme PE (2005) Spatio-temporal dynamics of plant invasions: Linking pattern 
to process. Ecoscience 12 (3):302-315. 



References 

 

189 
 

Pyšek P, Richardson DM, Rejm nek M, Webster GL, Williamson M, Kirschner J (2004) 
Alien plants in checklists and floras: towards better communication between 
taxonomists and ecologists. TAXON 53 (1):131-143. 

Regan HM, Ben-Haim Y, Langford B, Wilson WG, Lundberg P, Andelman SJ, Burgman 
MA (2005) Robust decision-making under severe uncertainty for conservation 
management. Ecol Appl 15 (4):1471-1477. 

Reinhart KO, Gurnee J, Tirado R, Callaway RM (2006) Invasion through quantitative 
effects: Intense shade drives native decline and invasive success. Ecol Appl 16 
(5):1821-1831. 

Rentería JL (2002) Ecología y manejo de la cascarilla (Cinchona pubescens Vahl), en 
Santa Cruz, Galápagos. Área Agropecuaria y de Recursos Naturales Renovables.  
thesis, Universidad Nacional de Loja, Loja, Ecuador 

Rentería JL (2011) Towards an optimal management of the invasive plant Rubus niveus 
in the Galapagos Islands. PhD thesis, Imperial College, London, UK 

Rentería JL, Buddenhagen CE (2006) Invasive plants in the Scalesia pedunculata forest 
at Los Gemelos, Santa Cruz, Galapagos. Galapagos Research 64:31-35. 

Rentería JL, Ellison C Potential biological control of Lantana camara in the Galapagos 
using the rust Puccinia lantanae. In: Julien MH, Sforza R, Bon MC (eds) 
Proceedings of the XII International Symposium on Biological Control of Weeds, 
La Grande Motte, France, 22-27 April 2007. p 361 

Rentería JL, Gardener MR, Panetta FD, Atkinson R, Crawley MJ (2012a) Possible 
impacts of the invasive plant Rubus niveus on the native vegetation of the 
Scalesia Forest in the Galapagos Islands. PLoS ONE 7 (10):e48106. 

Rentería JL, Gardener MR, Panetta FD, Crawley MJ (2012b) Management of the 
Invasive Hill Raspberry (Rubus niveus) on Santiago Island, Galapagos: 
Eradication or Indefinite Control? Invasive Plant Science and Management 5 
(1):37-46. 

Restrepo A, Colinvaux P, Bush M, Correa-Metrio A, Conroy J, Gardener MR, Jaramillo P, 
Steinitz-Kannan M, Overpeck J (2012) Impacts of climate variability and human 
colonization on the vegetation of the Galápagos Islands. Ecology 93 (8):1853-
1866. 

Rey Benayas JM, Bullock JM, Newton AC (2008) Creating woodland islets to reconcile 
ecological restoration, conservation, and agricultural land use. Frontiers in 
ecology and the environment 6 (6):329-336. 

Rhemtulla JM, Hall RJ, Higgs ES, Macdonald SE (2002) Eighty years of change: 
vegetation in the montane ecoregion of Jasper National Park, Alberta, Canada. 
Canadian Journal of Forest Research 32:2010-2021. 

Richardson DM (2011) Invasion science. The roads travelled and the roads ahead. In: 
Richardson DM (ed) Fifty years of invasion ecology: The legacy of Charles Elton. 
Wiley, Hoboken, USA, pp 397-407 

Richardson DM, Gaertner M (2013) Plant invasions as builders and shapers of novel 
ecosystems. In: Hobbs RJ, Higgs ES, Hall CM (eds) Novel ecosystems: 
Intervening in the new ecological world order. John Wiley & Sons, Chichester, 
UK, pp 102-113 

Richardson DM, Pyšek P (2006) Plant invasions: merging the concepts of species 
invasiveness and community invasibility. Progress in Physical Geography 30 
(3):409-431. 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

190 
 

Richardson DM, Pyšek P, Rejmanek M, Barbour MG, Panetta FD, West CJ (2000) 
Naturalization and invasion of alien plants: concepts and definitions. Diversity 
and Distributions 6:93-107. 

Riedinger MA, Steinitz-Kannan M, Last WM, Brenner M (2002) A ~6100 14C yr record 
of El Niño activity from the Galápagos Islands. Journal of Paleolimnology 27 
(1):1-7. 

Ritchie DA (2003) Doing oral history: A practical guide. 2 edn. Oxford University Press, 
USA 

Robertson HA, McGee TK (2003) Applying local knowledge: the contribution of oral 
history to wetland rehabilitation at Kanyapella Basin, Australia. J Environ 
Manage 69 (3):275-287. 

Robinson G, del Pino E (1985) El Niño in the Galápagos Islands: The 1982-1983 event. 
Charles Darwin Foundation, Quito, Ecuador 

Roque-Albedo L, Causton CE (1999) El Niño and introduced insects in the Galápagos 
Islands: different dispersal strategies, similar effects. Noticias de Galápagos 
60:30-? 

Rosenberg DK, Wilson MH, Cruz F (1990) The distribution and abundance of the 
smooth-billed ani< i> Crotophaga ani</i>(L.) in the Galapagos Islands, Ecuador. 
Biological Conservation 51 (2):113-123. 

Roura-Pascual N, Richardson DM, Chapman RA, Hichert T, Krug RM (2011) Managing 
biological invasions: charting courses to desirable futures in the Cape Floristic 
Region. Regional Environmental Change 11 (2):311-320. 

Roura-Pascual N, Richardson DM, Krug RM, Brown A, Chapman RA, Forsyth GG, Le 
Maitre DC, Robertson MP, Stafford L, Van Wilgen BW, Wannenburgh A, 
Wessels N (2009) Ecology and management of alien plant invasions in South 
African fynbos: Accommodating key complexities in objective decision making. 
Biological Conservation 142 (8):1595-1604. 

Sachs J, Ladd SN (2010a) Climate and Oceanography of the Galápagos in the 21st 
Century: Expected Changes and Research Needs. In: Larrea I, Di Carlo G (eds) 
Climate change vulnerabilitly assessment of the Galapagos Islands. WWF and 
Conservation International, USA, pp 17-28 

Sachs J, Ladd SN (2010b) Expected changes in the climate and oceanography of the 
Galapagos in the 21st century. Galapagos Research 67:50-54. 

Sachs J, Sachse D, Smittenberg RH, Zhang Z, Battisti DS, Golubic S (2009) Southward 
movement of the Pacific intertropical convergence zone AD 1400-1850. Nature 
Geoscience 2 (7):519-525. 

Schofield EK (1973) Galápagos flora : the threat of introduced plants. Biological 
Conservation 5 (1):48-51. 

Schofield EK (1989) Effects of introduced plants and animals on island vegetation: 
examples from the Galápagos archipelago. Conservation Biology 3 (3):227-238. 

SER (Society for Ecological Restoration International Science & Policy Working Group) 
(2004) The SER International Primer on Ecological Restoration. Society for 
Ecological Restoration International. http://www.ser.org/pdf/primer3.pdf. 
Accessed 18 October 2012  

Shackelford N, Hobbs RJ, Burgar JM, Erickson TE, Fontaine JB, Laliberté E, Ramalho CE, 
Perring MP, Standish RJ (2013) Primed for Change: Developing Ecological 
Restoration for the 21st Century. Restoration Ecology 21 (3):297-304. 

http://www.ser.org/pdf/primer3.pdf


References 

 

191 
 

Shaw DR (2005) Translation of remote sensing data into weed management decisions. 
Weed Science 53 (2):264-273. 

Shigesada N, Kawasaki K, Takeda Y (1995) Modeling stratified diffusion in biological 
invasions. The American Naturalist 146 (2):229-251. 

Simberloff D (2003) Eradication—preventing invasions at the outset. Weed Science 51 
(2):247-253. 

Simberloff D (2012) Risks of biological control for conservation purposes. BioControl 
57:263–276. 

Skaloš J, Weber M, Lipský Z, Trp kov  I, Šantrůčkov  M, Uhl řov  L, Kukla P (2011) 
Using old military survey maps and orthophotograph maps to analyse long-
term land cover changes – Case study (Czech Republic). Applied Geography 31 
(2):426-438. 

Skellam JG (1951) Random dispersal in theoretical populations. Biometrika 38 (1):196-
218. 

Skoien P, Csurhes S (2009) Weed Risk Assessment Dutchman’s pipe Aristolochia 
elegans. Queensland Primary Industries and Fisheries, Brisbane 

Smith CA, Sardeshmukh P (2000) The effect of ENSO on the intraseasonal variance of 
surface temperature in winter. International Journal of Climatology 20:1543-
1557. 

Snell H, Rea S (1999) The 1997-1998 El Niño in Galápagos: Can 34 years of data 
estimate 120 years of pattern? Noticias de Galápagos 60:11-20. 

Snell H, Tracy C (1985) Behavioral and morphological adaptations by Galápagos land 
iguanas (Conolophus subcristatus) to water and energy requirements of eggs 
and neonates. American Zoologist 25 (4):1009-1009. 

Snell HL, Tye A, Causton CE, Bensted-Smith R (2002a) Current status of and threats to 
the terrestrial biodiversity of Galapagos. In: Bensted-Smith R (ed) A biodiversity 
vision for the Galapagos Islands. Charles Darwin Foundation and World Wildlife 
Fund, Puerto Ayora, Galapagos, Ecuador, pp 30-47 

Snell HL, Tye A, Causton CE, Powell G, Dinerstein E, Allnutt T, Bensted-Smith R (2002b) 
Projections for the future: A terrestrial biodiversity vision. In: Bensted-Smith R 
(ed) A biodiversity vision for the Galapagos Islands. Charles Darwin Foundation 
and World Wildlife Fund, Puerto Ayora, Galapagos, Ecuador, pp 48-59 

Snell HM, Stone PA, Snell HL (1996) A summary of geographical characteristics of the 
Galápagos Islands. Journal of Biogeography 23 (5):619-624. 

Soria M, Gardener MR, Tye. A (2002) Eradication of potentially invasive plants with 
limited distributions in the Galapagos islands. In: Veitch D, Clout M (eds) 
Turning the tide: the eradication of invasive species. Invasive Species Specialty 
Group of the World Conservation Union (IUCN), Auckland, New Zealand, pp 
287-292 

Standish RJ, Robertson AW, Williams PA (2001) The impact of an invasive weed 
Tradescantia fluminensis on native forest regeneration. Journal of Applied 
Ecology 38 (6):1253-1263. 

Standish RJ, Thompson A, Higgs ES, Murphy SD (2013) Concerns about novel 
ecosystems. In: Hobbs RJ, Higgs ES, Hall CM (eds) Novel ecosystems: 
Intervening in the new ecological world order. John Wiley & Sons, Chichester, 
UK, pp 296-309 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

192 
 

Steffen W, Grinevald J, Crutzen P, McNeill J (2011) The Anthropocene: conceptual and 
historical perspectives. Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences 369 (1938):842-867. 

Steinitz-Kannan M, Riedinger M, Last W, Brenner M, Miller M (1999) A six thousand 
year history of El Niño events in the Galápagos: Evidence from lake cores. 
Proceedings of the American Association for the Advancement of Science, 
Pacific Division 18 (1):84. 

Stewart A (1911) A botanical survey of the Galapagos Islands. Proceedings of the 
California Academy of Sciences 1:7-288. 

Suding KN, Hobbs RJ (2009) Threshold models in restoration and conservation: a 
developing framework. Trends in Ecology & Evolution 24 (5):271-279. 

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, Collingham YC, Erasmus 
BFN, de Siqueira MF, Grainger A, Hannah L, Hughes L, Huntley B, van Jaarsveld 
AS, Midgley GF, Miles L, Ortega-Huerta MA, Townsend Peterson A, Phillips OL, 
Williams SE (2004) Extinction risk from climate change. Nature 427 (6970):145-
148. 

Tilman D (2000) Causes, consequences and ethics of biodiversity. Nature 405 
(6783):208-211. 

Timmins SM, Owen S-J (2001) Scary species, superlative sites: assessing weed risk in 
New Zealand's protected natural areas. In: Groves RH, Panetta FD, Virtue JD 
(eds) Weed risk assessment. CSIRO Publishing, Collingwood, Australia, pp 217-
227 

Traveset A, Heleno R, Chamorro S, Vargas P, McMullen CK, Castro-Urgal R, Nogales M, 
Herrera HW, Olesen JM (2013) Invaders of pollination networks in the 
Galápagos Islands: emergence of novel communities. Proceedings of the Royal 
Society B: Biological Sciences 280 (1758). 

Trillmich F (1991) El Niño in the Galapagos Islands: A natural experiment. In: Mooney 
HA, Medina E, Schindler DW, Schulze ED, Walker BH (eds) Ecosystem 
Experiments (SCOPE report 45). John Wiley & Sons, Chichester UK, pp 3-21 

Trueman M (2008) Minimising the risk of invasion into the Galapagos National Park by 
introduced plants from the inhabited areas of the Galapagos Islands. Masters 
thesis, Charles Darwin University, Darwin 

Trueman M, Atkinson R, Guézou A, Wurm P (2010a) Residence time and human-
mediated propagule pressure at work in the alien flora of Galapagos. Biological 
Invasions 12 (12):3949-3960. 

Trueman M, d’Ozouville N (2010) Characterizing the Galapagos terrestrial climate in 
the face of global climate change. Galapagos Research 67:26-37. 

Trueman M, Hannah L, d'Ozouville N (2010b) Terrestrial ecosystems in Galapagos: 
Potential responses to climate change. In: Larrea I, Di Carlo G (eds) Climate 
change vulnerabilitly assessment of the Galapagos Islands. WWF and 
Conservation International, USA, pp 29-46 

Trueman M, Hobbs RJ, Van Niel K (2013) Interdisciplinary historical vegetation 
mapping for ecological restoration in Galapagos. Landscape Ecol 28 (3):519-
532. 

Tucker G, Fasham M, Hill D, Shewry M, Shaw P, Wade M (2005) Planning a programme. 
In: Hill D, Fasham M, Tucker G, Shewry M, Shaw P (eds) Handbook of 
biodiversity methods: Survey, evaluation and monitoring. Cambridge, 
Cambridge, pp 6-64 



References 

 

193 
 

Tye A (2001) Invasive plant problems and requirements for weed risk assessment in 
the Galápagos islands. In: Groves RH, Panetta FD, Virtue JD (eds) Weed risk 
assessment. CSIRO Publishing, Collingwood, Australia, p 153−175 

Tye A (2006) Can we infer island introduction and naturalization rates from inventory 
data? Evidence from introduced plants in Galapagos. Biological Invasions 8:201-
215. 

Tye A (2007) Cost of rapid-response eradication of a recently introduced plant, tropical 
kudzu (Pueraria phaseoloides), from Santa Cruz Island, Galapagos. Plant 
Protection Quarterly 22:33-34. 

Tye A (2008) The status of the endemic flora of Galapagos: the number of threatened 
species is increasing. In:  Galapagos Report 2006-2007. Charles Darwin 
Foundation, Galapagos National Park & INGALA, Puerto Ayora, Galapagos, 
Ecuador, pp 97-103 

Tye A, Aldaz I (1999) Effects of the 1997-98 El Niño event on the vegetation of 
Galápagos. Noticias de Galápagos 60:22-24. 

Tye A, Francisco-Ortega J (2011) Origins and evolution of Galapagos endemic vascular 
plants. In: Bramwell D, Caujap é -Castells J (eds) The biology of island floras. 
Cambridge University Press, pp 89-153 

Tye A, Snell HL, Peck SB, Andersen H (2002) Outstanding terrestrial features of the 
Galapagos archipelago, Chapter 3. In: Bensted-Smith R (ed) A biodiversity vision 
for the Galapagos Islands. Charles Darwin Foundation and World Wildlife Fund, 
Puerto Ayora, Galapagos, Ecuador, pp 12-23 

Valle CA, Cruz F, Cruz JB, Merlen G, Coulter MC (1987) The impact of the 1982-1983 El 
Nino-Southern Oscillation on seabirds in the Galapagos Islands, Ecuador. 
Journal of Geophysical Research C Oceans 92 (C13):14437-14444. 

van der Werff H (1978) The vegetation of the Galápagos Islands. PhD thesis, University 
of Utrecht, Utrecht, Netherlands 

Van Driesche RG, Carruthers RI, Center T, Hoddle MS, Hough-Goldstein J, Morin L, 
Smith L, Wagner DL, Blossey B, Brancatini V, Casagrande R, Causton CE, Coetzee 
JA, Cudam J, Ding J, Fowler SV, Frank JH, Fuester R, Goolsby J, Grodowitz M, 
Heard TA, Hill MP, Hoffmann JH, Huber J, Julien M, Kairo MTK, Kenis M, Mason 
P, Medalm J, Messing R, Miller RE, Moore A, Neuenschwander P, Newmana R, 
Norambuena H, Palmer WA, Pemberton R, Perez Panduro A, Pratt PD, 
Rayamajhi M, Salom S, Sands D, Schooler S, Schwarzländer M, Sheppard A, 
Shaw R, Tipping PW, van Klinken RD (2010) Classical biological control for the 
protection of natural ecosystems. Biological Control 54:S2–S33. 

van Leeuwen JFN, Froyd CA, van der Knaap WO, Coffey EE, Tye A, Willis KJ (2008) Fossil 
Pollen as a Guide to Conservation in the Galapagos. Science 322 (5905):1206-
1206. 

Vargas FH, Harrison S, Rea S, Macdonald DW (2006) Biological effects of El Niño on the 
Galápagos penguin. Biological Conservation 127:107-114. 

Vilà M, Espinar JL, Hejda M, Hulme PE, Jaroš k V, Maron JL, Pergl J, Schaffner U, Sun Y, 
Pyšek P (2011) Ecological impacts of invasive alien plants: a meta-analysis of 
their effects on species, communities and ecosystems. Ecology Letters 14 
(7):702-708. 

Villacis B, Carrillo D (2013) The socioeconomic paradox of Galapagos. In: Walsh SJ, 
Mena CF (eds) Science and conservation in the Galapagos Islands: Frameworks 



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

194 
 

& perspectives. Social and ecological interactions in the Galapagos Islands. 
Springer, Dordrecht, pp 69-85 

Vitousek PM, D'Antonio CM, Loope LL, Westbrooks R (1996) Biological Invasions as 
global environmental change. American Scientist 84 (5):468-478. 

Vitousek PM, D'Antonio OM, Loope LL, Rejmánek M, Westbrooks R (1997a) Introduced 
species: a significant component of human-caused global change. New Zealand 
Journal of Ecology 21 (1):1-16. 

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997b) Human domination of 
earth's ecosystems. Science 277 (5325):494-499. 

Walsh SJ, McCleary AL, Heumann BW, Brewington L, Raczkowski EJ, Mena CF (2010) 
Community Expansion and Infrastructure Development: Implications for 
Human Health and Environmental Quality in the Galápagos Islands of Ecuador. 
Journal of Latin American Geography 9 (3):137-159. 

Walther G-R, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin J-M, 
Hoegh-Guldberg O, Bairlein F (2002) Ecological responses to recent climate 
change. Nature 416 (6879):389-395. 

Walther G-R, Roques A, Hulme PE, Sykes MT, Pyšek P, K hn I, Zobel M, Bacher S, Botta-
Duk t Z, Bugmann H, Czúcz B, Dauber J, Hickler T, Jaroš k V, Kenis M, Klotz S, 
Minchin D, Moora M, Nentwig W, Ott J, Panov VE, Reineking B, Robinet C, 
Semenchenko V, Solarz W, Thuiller W, Vilà M, Vohland K, Settele J (2009) Alien 
species in a warmer world: risks and opportunities. Trends in Ecology & 
Evolution 24 (12):686-693. 

Watkins G, Oxford P (2009) Galapagos: The two sides of the coin. Galapagos National 
Park & Charles Darwin Foundation, Puerto Ayora, Galapagos, Ecuador 

Watson J, Trueman M, Tufet M, Henderson S, Atkinson R (2009) Mapping terrestrial 
anthropogenic degradation on the inhabited islands of the Galápagos 
archipelago. Oryx 44 (1):79-82. 

Weber J, Panetta FD, Virtue J, Pheloung P (2009) An analysis of assessment outcomes 
from eight years’ operation of the Australian border weed risk assessment 
system. Journal of Environmental Management 90 (2):798-807. 

Weber WA, Beck T (1985) Effects on cryptogamic vegetation (lichens, mosses, & 
liverworts). In: Robinson G, del Pino E (eds) El Niño in the Galápagos Islands: 
The 1982-1983 event. Charles Darwin Foundation, Quito, Ecuador, pp 343-361 

Weber WA, Gradstein SR (1984) Lichens and Bryophytes. In: Perry R (ed) Galapagos. 
Key Environments. Pergamon Press, Oxford, UK, pp 71-84 

White PS, Walker JL (1997) Approximating nature's variation: Selecting and using 
reference information in restoration ecology. Restoration Ecology 5 (4):338-
349. 

Wiggins IL, Porter DM (1971) Flora of the Galapagos Islands. Stanford University Press, 
Stanford, CA 

Wilkinson SR (2002) Management of elephant grass and restoration of moist 
evergreen forest in abandoned pastures, Galapagos Islands, Ecuador. Masters 
thesis, University of Alberta, Edmonton, Alberta 

Williams CB (1943) Area and Number of Species. Nature 152 (3853):264-267. 
Williams PA (2006) The role of blackbirds (Turdus merula) in weed invasion in New 

Zealand. New Zealand Journal of Ecology 30 (2):285-291. 



References 

 

195 
 

Wilson KA, Lulow M, Burger J, Fang Y-C, Andersen C, Olson D, O'Connell M, McBride 
MF (2011) Optimal restoration: accounting for space, time and uncertainty. 
Journal of Applied Ecology 48 (3):715-725. 

Wolford W, Lu F, Valdivia G (2013) Environmental crisis and the production of 
alternatives: conservation Practice(s) in the Galapagos Islands. In: Walsh SJ, 
Mena CF (eds) Science and conservation in the Galapagos Islands: Frameworks 
& perspectives. Social and ecological interactions in the Galapagos Islands. 
Springer, Dordrecht, pp 87-104 

Wortley L, Hero J-M, Howes M (2013) Evaluating ecological restoration success: A 
review of the literature. Restoration Ecology 21 (5):537-543. 

Wyant J, Meganck R, Ham S (1995) A planning and decision-making framework for 
ecological restoration. Environmental Management 19 (6):789-796. 

Xie Y, Sha Z, Yu M (2008) Remote sensing imagery in vegetation mapping: a review. 
Journal of Plant Ecology 1 (1):9-23. 

Zapata CE (2008) Evaluation of the quarantine and inspection system for Galapagos 
(SICGAL) after seven years. In:  Galapagos Report 2006-2007. Charles Darwin 
Foundation, Galapagos National Park & INGALA, Puerto Ayora, Galapagos, 
Ecuador, pp 60-66 

Zavaleta ES, Hobbs RJ, Mooney HA (2001) Viewing invasive species removal in a whole-
ecosystem context. Trends in Ecology & Evolution 16 (8):454-459. 

 

 

  



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

196 
 

 

  



Appendices 

 

197 
 

 

 

 

APPENDICES  



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

198 
 

 

  



Appendices 

 

199 
 

vii. APPENDIX 1: SUPPLEMENT TO CHAPTER 5 

PART 1A:  CHRONOLOGY OF VEGETATION DESCRIPTIONS AND ANTHROPOGENIC 

CHANGES TO THE VEGETATION, HIGHLANDS OF SANTA CRUZ ISLAND, GALAPAGOS 

The objective of this supplementary information (Part 1A) is to provide managers a 

single, easily-accessible reference for historical vegetation descriptions and reported 

anthropogenic changes to the vegetation. 

Vegetation descriptions and mapping:  

Key information on historical vegetation in the highlands of Santa Cruz Island comes 

from the 20th century (Fig 5.2), though some earlier visitors recorded important 

observations. Galapagos’ most famous visitor, Charles Darwin (1839), noted the basic 

distinction between the “sterile” lowlands and the “luxuriant vegetation” of the 

highlands on the windward sides of the islands. As subsequent visitors made it further 

inland, they were able to divide the vegetation into more distinct categories. Dr. 

Theodor Wolf visited Galapagos in 1875 (Williams 1911) and described the general 

altitudinal arrangement of vegetation zones in the archipelago: a lower zone up to 

198m, a transition zone with light-coloured bearded lichens up to 244m, a 10m tall 

wooded region up to 487m, and a treeless zone up to 610m (Wolf 1895).  

Comprehensive descriptions of the vegetation zonation began with botanist Alban 

Stewart (1911; 1915) who visited Galapagos with Francis Williams (1911) for a year on 

the California Academy of Sciences (CAS) expedition in 1905-1906. Stewart gave 

detailed descriptions of Santa Cruz “botanical regions”, including lists of species in 

each zone he visited, and Williams also gave excellent descriptions of the “plant 

zones”; though neither of them made it above 200m altitude (Table A1.1). A brief visit 

in April 1930 by Henry Svenson (1935) resulted in a published account of plant species 

along the altitudinal gradient (Table A1.1). In 1932, botanist Howell (1942) took part in 

the Templeton Crocker expedition (also by CAS) which made the first ascent to the top 

of the island at Cerro Crocker, noting “four belts of vegetation types” (Table A1.1). 

Ornithologist Robert Bowman (1961) visited Santa Cruz Island in 1952-53 and 1957, 

describing the vegetation zones and their elevations in detail (Table A1.1). During this 

time, the island became permanently settled by people, some of whom lived in the 

highlands and made their own observations of the landscape (Kastdalen 1982; Lundh 

2006). Sets of aerial photography were taken in the early 1960s.  
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Subsequent visitors gave further accounts of the vegetation. Syuzo Itow (1971, 1992) 

visited Santa Cruz from February to June 1970, and again in 1978 and 1981, noting the 

elevations of vegetation zone boundaries along a transect across the island (Table 

A1.1). In the Flora of Galapagos, Wiggins & Porter’s (1971) vegetation zone 

descriptions (Table A1.1) are based on Stewart’s (1911) regions; they had the benefit 

of better access to the highlands but the disadvantage of greater disturbance to 

natural vegetation. They greatly improved Stewart’s general descriptions and lists of 

species in each zone (Mueller-Dombois and Fosberg 1998). The most formal (according 

to international plant classification methods) and quantitative descriptions of the 

vegetation of Santa Cruz Island are given by van der Werff (1978) and Hamann (1981). 

These are based on remnant vegetation outside of agricultural development areas, 

pre-dating major plant invasions.  

Repeat aerial photography was taken in the early 1980s. Mapping of the archipelago’s 

vegetation was first published in 1989 (INGALA et al.) and reflects a landscape 

modified by agriculture and fire. More recently, TNC and CLIRSEN (2006) have mapped 

vegetation, reflecting a landscape altered by agricultural development and plant 

invasions. Modern satellite imagery also represents a human-modified landscape. 

Anthropogenic influences on the vegetation: 

All of this information is useful in imagining the pre-disturbance vegetation of the 

highlands of Santa Cruz Island, though must be viewed in the context of anthropogenic 

changes that occurred prior and concurrently (Fig 5.2). By the beginning of the 20th 

century, the archipelago had already been visited (since discovery in 1535) by 

buccaneers, whalers and hunters who removed giant tortoises (the islands’ largest 

native herbivore) and introduced other species (Hamann 1984). Santa Cruz was 

probably first inhabited at Whale Bay (in the west of the island) in the 1830s by people 

involved in tortoise hunting; orchards and crops reputedly began around Salasaca and 

Santa Rosa in the late 1800s (Lundh 1995). By 1905 on Santa Cruz, introduced plants 

were already present (e.g. Furcraea hexapetala and citrus trees) (Stewart 1911; 1915). 

The exploitation of giant tortoises had ceased by about this time. A significant 

population of them remained on Santa Cruz, but it is likely it was severely reduced 

from pre-hunting times due to several centuries of extraction (MacFarland et al. 1974).  

Permanent colonization began with the first resident arriving in 1910, another in 1917 

and more substantially in 1926 (Lundh 2006). By 1930 there was a settlement at 

“Fortuna” at 229m elevation in the highlands (Svenson 1935), near the present town of 

Bellavista. Interviews with residents revealed that agriculture was confined to the area 

around Bellavista until colonists arrived in the Santa Rosa area in 1959; subsequent to 

that agriculture spread westwards from Bellavista towards Santa Rosa and eventually 
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beyond it to the west in the late 1960s. To the east of Bellavista, El Camote was 

developed for agriculture in the early 1970s and El Cascajo area in the mid 1970s.  

Highland fires damaged Miconia in 1934, which regenerated during the wet years up 

until 1941, but fires over two years in the late 1940s burnt the whole Miconia zone and 

were followed by drier years with little regeneration (Kastdalen 1982). In 1970 Itow 

(1971) observed patches of living and dead colonies of Miconia in the lower parts of 

the grassland zone, concluding that the upper limit of the Miconia zone would have 

normally been higher than at the time of his visit, if it were not for the fires and 

drought. Hamann (1975) also noted that the Miconia zone was diminished in extent 

(replaced with fern-sedge zone) since colonization due to fires and grazing by cattle, 

and its slow regeneration after disturbance. Wild pigs lived in the farm and Miconia 

area in 1935, and cattle moved into the highlands in the early 1940s; both greatly 

impacted the vegetation until their populations declined dramatically in the 1963 

drought (Kastdalen 1982). During the 1930s and 1940s, many new plants were 

introduced to the highlands for agriculture. Cattle raising really took off on Santa Cruz 

from the mid 1960s and much land was deforested for pasture by the 1980s (Lundh 

2006). 

Vegetation distribution was also influenced by climatic and other factors. Kastdalen (1982) 

described that Miconia appeared to die off in the lower parts of its distribution during 

drought years, whereas it seemed negatively affected  in the more upper regions during 

periods of intense drizzle and cold (e.g. 1942-1965). During periods of intense drizzle (such 

as up until 1965), brown mosses became much more prominent at lower altitudes than 

previously (Kastdalen 1982). Kastdalen (1982) also reported that some species replaced 

others in certain areas for unknown reasons. This indicates that highland vegetation is very 

dynamic, so boundaries of zones and distributions of species are expected to naturally 

shift over relatively short time periods, even without human interference.  

Table A1.1: Descriptions of vegetation zones and their altitudinal boundaries on Santa Cruz 

Island; sourced from early historical literature. Plant names are standardized to Jaramillo and 

Guézou (2012).  

Zo
n

e
 

Description 

Lower altitudinal 
boundary a 

South  North 

Tr
an

si
ti

o
n

   
 

Transition region (Stewart 1911; 1915): a mixture of 
deciduous trees and shrubs from the dry region and the 
more hardy of the evergreen plants from the moist region, 
with some epiphytes, especially fruticose lichens. 

106m  
East: 122m  

457m 
estimated 
West: 
137m 

Big tree zone (Williams 1911): Some soil over the lava, ferns 
under Psidium galapageium, Pisonia floribunda and one or 
two other tree species. 

61m Higher 
than sth 
side 
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Large P. floribunda and P. galapageium trees with “carpets 
of coarse grass” in some places (Svenson 1935). 

49m  

Transitional (Howell 1942): Cactus desert showing features 
of vegetation transitional to the rain-forest (increase of 
mosses, ferns, vines and undergrowth) 

Head of 
Academy 
Bay 

 

Transition (Bowman 1961): “tall, partly closed-canopy forest; 
P. floribunda, P. carthagenensis, and P. galapageium 
dominant; open to dense underbrush; cactus present in 
lower half of zone” 

20m  

Transition Zone (Itow 1971): P. floribunda / P. galapageium 
forests, mixed with Bursera graveolens. Epiphytic lichens 
prominent. 

40m 430m 

Transition zone (Wiggins and Porter 1971): Matches 
Stewart’s description and lists more species. Open forests of 
nearly pure B. graveolens on the northern slopes of Santa 
Cruz. 

80-120m  
 

200-300m 
 

Sc
al

es
ia

 Moist Region (Stewart 1911; 1915): Mesophytic forests of P. 
galapageium, P. floribunda and Scalesia pedunculata with 
dense undergrowth, ferns, vines and epiphytes. This zone 
also contains patches of tangled bushes, ferns and vines, 
without trees. 

152m 
South-East: 
above 
198m, 
estimated 
244m 

609m 
estimated 
North-
West: 
213m 

 Dark green or really humid zone (Williams 1911): Rich soil, 
delicate ferns, S. pedunculata, matted vines and shrubs. 

122-137m  
 

Higher 
than 
southern 
side 

 Unnamed (Svenson 1935): Main tree species of P. floribunda, 
P. galapageium, Zanthoxylum fagara and P. carthagenensis, 
with bromeliads and orchids. Occasional stands of S. 
pedunculata. Underbrush very thick and matted from 122-
213m altitude.  

122m?  

 Tropical rain forest (Howell 1942): Large trees clothed with 
ferns and mosses, vines and large woody creepers, with 
thickets of ferns & shrubs.  

130m  

 Scalesia forest (Bowman 1961): Very tall closed-canopy forest 
with dense shade; S. pedunculata dominant with some P. 
galapageium, Z. fagara, and P. floribunda; dense, high 
underbrush. 

198m  
 

 

 Scalesia forest belt (Itow 1971, 1992): Monodominant S. 
pedunculata forest 8-12m high, with scattered trees of P. 
galapageium and P. floribunda. 

180m 560m 

 Scalesia zone (Wiggins and Porter 1971): Matches Stewart’s 
description – S. pedunculata, P. galapageium and P. 
floribunda with prominent undergrowth of vines and 
epiphytes. They mention that the masses of intertangled 
vegetation are on the edge of cleared areas or along trails. 

180-200m 
 

Up to 
120m 
higher 
than in 
the south  
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B
ro

w
n

  A zone that looks brown from a distance, with patches of 
green within it (Stewart 1915). 

  

Brown zone (Williams 1911) (suggested from a distance): 
Lichen covered trees, taller ferns and some grassy patches  

  

 Dwarfed vegetation (Svenson 1935): Z. fagara at 7m tall. P. 
floribunda and P. carthagenensis were shrubs. 

351m  

 Trees became lower and more scattered (Howell 1942). 
 

Above 
Fortuna 

 

 Brown zone (Bowman 1961) Low to moderately tall open 
forest dominated by P. galapageium, with Z. fagara and 
dense underbrush, including Miconia robinsoniana. 

304m  

 Brown zone (Itow 1971) 280m  

M
ic

o
n

ia
 Zone not mentioned, but upper altitudinal limit of moist zone 

was estimated at 457m (Stewart 1911). 
457m 
 

 

Unnamed (Svenson 1935): Endless thicket of M. robinsoniana 
and Psychotria rufipes, interspersed with stunted Z. fagara. 
Undergrowth of Pteridium arachnoideum, Chiococca alba, 
Justicia galapagana and Ipomoea triloba.  

509m 
 

 

 Unnamed (Howell 1942): M. robinsoniana present from 
334m with complete coverage by 446m. Together with giant 
brakes and low tree ferns it made a dense uniform thicket of 
2-3m tall. Between 557-632m the Miconia became shorter 
(1m) and less frequent. 

446m  

 Miconia (Bowman 1961): Tall shrubs dominated by M. 
robinsoniana, mixed with ferns. 

457m   

 Miconia Belt (Itow 1971, 1992): monodominant M. 
robinsoniana scrub 2-3m high. 

420m absent 

 Miconia zone (Wiggins and Porter 1971): Low, dense shrubs 
cover, almost purely M. robinsoniana with intertwined 
branches covered with lichens. The lower part of this zone 
has an intermixture of other shrubs, which aids the growth of 
mosses, lichens and liverworts. The lower part of this zone 
coincides with Bowman’s Brown Zone 

400 (in 
some 
places up 
to 550m) 

 

G
ra

ss
/F

er
n

 Grassy region (Stewart 1911; 1915) (from a distance): 
Perennial grasses with some ferns and shrubs. 

  

This zone was not encountered at the highest point reached 
at 640m, which was endless M. robinsoniana (Svenson 1935). 

Above 
640m 

 

Unnamed (Howell 1942): Several kinds of ferns 1m tall, 
sedges in low wet places, and sphagnum and lichens on 
slopes. 

632m  

 Upland (Bowman 1961): Mixed herbs and extensive areas of 
grass. Some tongues of grassland extend down on the 
northern side where the winds funnel through gaps in the 
craters. 

579m  
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 Grassland zone (Itow 1971, 1992): Treeless vegetation with 
prominent ferns and sedges; heterogeneous zone including 
fens, raised bogs, vertical bogs, herbaceous communities and 
ericaceous communities. 

580m 670m 

 Fern-Sedge zone (Wiggins and Porter 1971): Largely made up 
of sedges and ferns, and scattered tree-ferns (Cyathea 
weatherbyana). Swales and small potholes in this zone 
contain water-loving plants, including peat-moss 
(Sphagnum).  

Mostly 
525-550m, 
rarely 625-
700m 

 

a  Altitudinal boundaries roughly correspond to the line heading north up and over Cerro 

Crocker from Academy Bay. 

 

PART 1B: VEGETATION CLASS DESCRIPTIONS RELATING TO OUR HISTORICAL 

VEGETATION MAP (FIG 5.3) 

One objective of this supplementary material (Part 1B) is to provide managers a single, 

easily-accessible reference for specific descriptions of the vegetation classes 

represented by our map. The second objective is to provide detailed information, 

including anecdotes from oral history participants, to validate our vegetation classes. 

Quotation marks denote quotes from participants; most were originally in Spanish and 

have been translated into English by author MT. Square brackets within these quotes 

denote clarifying information added by the authors. Plant names have been 

standardized to Jaramillo and Guézou (2012), including those within quotes.  

Agriculture 

This area had already been developed for agriculture prior to 1960. The oral history 

and written records suggest that the pre-cleared vegetation of this area most likely 

consisted of Mixed Forest with some Mixed Shrubland in the northern parts (these two 

vegetation classes are described below).  

Eight participants talked about previous native vegetation remnants around Bellavista 

town, with most mentioning the predominant species as S. pedunculata and P. 

galapageium. One participant, who arrived on the island early in 1934 among the first 

colonists, mentioned herbaceous vegetation growing just to the west of Bellavista that 

was bounded by S. pedunculata forest. The same person also mentioned that P. 

galapageium grew in the rockier parts. The three residents who described the Mixed 

Shrubland class referred to properties in the northern part of this agricultural area.  
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These observations are strongly supported by the published accounts of early 

explorers and scientists who traversed this area along the trail from Puerto Ayora up 

towards Cerro Crocker prior to or during agricultural development (Stewart 1911; 

Williams 1911; Svenson 1935; Howell 1942; Bowman 1961).  

Fern/Herbland and Miconia 

Residents described very open vegetation that had high visibility, with lots of bracken 

(P. arachnoideum) and Miconia (M. robinsoniana) shrubs that especially “grew in the 

pools and gullies”. In the northern part of the farm area occupied by this class, Miconia 

was mentioned as dominant with bracken, but higher up on the island it was reported 

that Miconia was less abundant. Visitors at the time also noted that the central ridges 

or very top of the island was covered with grass, ferns and sedges (Cavagnaro 1965; 

Weber 2006), and this area was locally referred to as the ‘pampa’ zone. Residents 

mentioned that the Miconia shaded the water and protected it, and this water was an 

important resource, particularly in times of drought. A long-term resident recalled that 

patches of Miconia in the highlands were visible (red) from Puerto Ayora township 

when they first arrived in the 1930s, but has not since been visible since fires in the 

1940s or 1950s.  

As discussed in the main paper, our mapping of the Fern/Herbland and Miconia 

vegetation represents the combined extent of two separate vegetation types. We 

suggest that approximately the southern half of our mapped Fern/Herbland and 

Miconia area was Miconia shrubland, and that most of the remainder was 

Fern/Herbland prior to major anthropogenic disturbance. In the past ten years, there 

has been a substantial increase in Miconia cover in the higher parts of the island, 

between Media Luna and Cerro Crocker (Anne Guézou [long-term residing botanist] 

pers. comm.). The present extent of Miconia may more closely reflect the distribution 

in the early 20th century than at any other time since the damaging fires.  

Comprehensive descriptions of the Miconia vegetation are provided by van der Werff  

(1978, p. 40) and Hamann (1981, site 33, p. 38), with a list of common species provided 

by Wiggins and Porter (1971, p. 26). Essentially it consisted of closed cover of the 

shrub M. robinsoniana about 3 metres tall with regular tree ferns (C. weatherbyana), 

with an understorey of mainly ferns; common species being Blechnum polypodioides, 

Thelypteris oligocarpa and bracken (P. arachnoideum), with plentiful epiphytes, on 

deep soils (van der Werff 1978). Only two people had visited this zone prior to the 

extensive fires. Howell’s (1942) very basic description from his 1932 visit (Table A1.1) is 

consistent with those above, however Svenson’s (1935) more detailed account from 

his earlier visit in 1930 (Table A1.1) differs in species composition from the more 
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recent studies. Thus it is possible that the later descriptions reflect an understorey 

altered by fire, while the Miconia overstorey approximates pre-fire conditions.  

Similarly, the Fern/Herbland vegetation has been characterized by previous studies 

which generally agree with the oral history that the vegetation was tree-less and 

consisted of multiple species at about one metre tall. Not all agree that P. 

arachnoideum was a common species, which probably depends on the exact location 

of reference sites, illustrating the heterogeneity of this vegetation. Hamann (1984) 

noted the incorporation of several types of seasonal meadows within this ‘pampa’ 

vegetation, dominated by a range of ferns, sedges, grasses and/or herbs, some heath-

like vegetation, and Sphagnum bogs, with a few tree ferns (C. weatherbyana) scattered 

around. Wiggins and Porter (1971, p. 29) provide a list of important species in this 

vegetation, while Hamann (1981) describes three sites in this zone (sites 19, 16, 15; p. 

39-40) and van der Werff (1978) describes the main vegetation (“evergreen broad-

leafed weedy vegetation” p. 42) and two other communities contained with it 

(Sphagnum bog and tree-fern thicket, p. 41-42).  

Howell (1942, p. 81-82) was the only person to visit and report on the Fern/Herbland 

vegetation prior to the fires in this zone, thus his description is important: “several 

kinds of ferns ... about three feet tall... dominant. In low wet places... sedges were 

common, and on steep wet slopes Sphagnum formed broad mossy patches. ... three 

kinds of club moss (Lycopodium) ... under the ferns”. The commonality among these 

reports and the oral history and aerial photography is that this vegetation was low, 

tree-less, and consisted of many ferns, sedges, herbs, grasses, mosses and other 

species, and the plant communities were heterogeneous across the landscape.   

Mixed Shrubland 

A participant described an area at the northern-most part of the area mapped as 

agriculture on our map, that “in 1965 was still Z. fagara, mainly, with P. galapageium”. 

Another participant commented that a nearby farm had these same tree species prior 

to development as a farm. Another farmer mentioned that M. robinsoniana (“1.5m 

tall”), ferns and Paspalum conjugatum were also part of the vegetation in this area. 

The residents’ description is consistent with the Brown Zone described by Bowman 

(1961) (Table A1.1), which also matches a report by a visiting entomologist in 1964 

who observed abundant P. galapageium and dense groves of Z. fagara with brown 

epiphytic liverworts hanging from every tree in this region (Cavagnaro 1965). In the 

same year, lichenologist Weber noted that most or all of the endemic P. galapageium 

in this zone had been replaced by introduced guava, but was still festooned with 

brown liverworts (Weber 2006). Descriptions from visitors earlier that century (Table 
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A1.1) are also reasonably consistent with the residents’ and abovementioned reports. 

In a later study, Hamann (1981, p. 45) described a crater to the east of Cerro Camote 

that contained a possible remnant of this vegetation, “dominated by small S. 

pedunculata trees, Z. fagara, I. ellipticum, and Urera caracasana.” In summary, this 

Mixed Shrubland vegetation was similar to the Mixed Forest zone described below, 

with individual trees of somewhat smaller stature and abundant brown epiphytic 

liverworts.  

Scalesia Forest 

Three residents described forest dominated by S. pedunculata (Scalesia) on the 

leeward side of the ridge across the top of the island. The Scalesia trees in the area 

behind Cerro Crocker were “thin – not able to be used for building”. Other prominent 

species behind Cerro Crocker were P. rufipes, I. ellipticum, Tournefortia pubescens and 

T. rufo-sericea and Commelina diffusa. Further to the west one resident mentioned 

that “behind the Royal Palm, there used to be lots of Scalesia, very leafy”. 

These descriptions are not quite consistent with reports from early explorers and 

scientists (Table A1.1) because these authors all classified the Scalesia Forests of the 

northern slope together with what we call Mixed Forest on the southern slope. 

Detailed descriptions of these northern Scalesia Forests alone were not provided until 

the 1980s and are very consistent with the oral history provided by residents. At the 

site studied by Hamann (1981, site 17, p. 41) S. pedunculata was the dominant tree at 

8-10m tall, alongside slightly shorter Z. fagara trees; the mid-storey was comprised of 

abundant P. rufipes, I. ellipticum and T. rufo-sericea and there was a well-developed 

diverse herb layer and abundant epiphytes. Coppois’ (1984) study of land snails 

described an almost continuous canopy of S. pedunculata, 5-10m tall, with a midstorey 

of P. rufipes, T. rufo-sericea, A. Halimifolia and Justicia galapagana, and plentiful 

epiphytes. Interestingly, he also mentioned a contrasting “natural glade or pampa” 

within the Scalesia Forest along his transect (Coppois 1984). The most detailed 

description of the northern-slope Scalesia Forests is given by Eliasson (1984), based on 

18 quadrats at Los Gemelos. He found P. galapageium and Z. fagara to be important 

tree species alongside the dominant S. pedunculata. Characteristic shrubs were P. 

rufipes and Tournefortia spp. Characteristic herbs were A. halimifolia, Spermacoce 

remota, C. diffusa, Elaterium carthagenense and Pilea baurii, plus several fern species. 

Epiphytes were also abundant.  

An important feature of these forests is the stand-level dieback and regeneration of S. 

pedunculata that is associated with climatic events, resulting in even-aged cohorts no 

more than about 15 years old (Lawesson 1988; Hamann 2001; Itow 2003). 
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Mixed Forest 

Residents described forest in which the dominant trees consisted of at least one of 

three species – S. pedunculata, P. galapageium and Z. Fagara. From seventeen 

residents we obtained 22 oral history records and 30 polygons that represented a 

mixture of these dominants; i.e. any one, two or three of these species. For example, 

we received comments including “the top part of the farm was Scalesia forest, with S. 

pedunculata dominant”, “the P. galapageium was most abundant”, “S. pedunculata 

and P. galapageium were dominant at the bottom of the farm, Z. Fagara was 

dominant in the upper part”, “the lower part of the farm had S. pedunculata, P. 

galapageium and Z. fagara, all dominant”, “P. galapageium was dominant higher on 

the farm, Z. fagara was dominant in the lower part, S. pedunculata was dispersed”. 

There was no particular prevalence of any combination of dominance or spatial 

patterning associated with aerial photography interpretation (they coincided with 

polygons interpreted as dense forest, textured forest, and sparse forest). Our best 

interpretation of this is that the forest tree dominance was heterogeneous across the 

landscape.  

These descriptions are certainly consistent with the reports of most early visitors who 

mentioned at least three important tree species in these forests on the southern slope 

of the island (Table A1.1). In particular, Svenson (1935) mentioned four main tree 

species (Table A1.1), with S. pedunculata being the fifth and growing in patches. 

Several residents certainly mentioned that S. pedunculata was dominant in patches; it 

grew “on the hill, not where there is water”, “had a patchy distribution but was in 

dense clumps”, or “grew in patches”. From the descriptions in the literature and from 

residents, it seems these S. pedunculata dominated patches were very similar in 

composition to the Scalesia Forest on the northern slope of the island.  

The majority of this Mixed Forest vegetation was cleared for agriculture between 1960 

and 1980 and most of the early descriptions of this vegetation are very generalized, 

though Stewart (1911, p. 209) provided a species list. Svenson (1935) also mentioned 

the conspicuous shrubs and vines – P. rufipes, T. rufo-sericea, Urera caracasana, 

Stictocardia tiliifolia, Elaterium carthagenensis and Justicia galapagana. These 

understorey species are consistent with Hamann’s (1981) detailed descriptions of 

remnants in the surrounding National Park which also match the oral history from 

residents and also illustrate some of the heterogeneity of the vegetation.  

Hamann (1981) classified two sites as Mesophytic, microphyllous evergreen forest, 

though site 29 (p. 37) had a P. galapageium – Z. fagara community (with S. 

pedunculata) and site 26 (p. 38) had a P. galapageium – S. pedunculata community. 

The third site (site 30, p. 37) was classified as Mesophytic, mesophyllous evergreen 
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forest with a S. pedunculata – Z. fagara community. Among these sites important 

shrub species were Z. fagara, P. rufipes, T. rufo-sericea, and C. alba, while the herb 

layer consisted largely of J. galapagana, Alternanthera halimifolia, P. conjugatum, 

Desmodium incanum and Blechum brownii. Ferns, vines (especially Passiflora 

colinvauxii, Momordica charantia and S. tiliifolia) and epiphytes were also present. 

Residents also delighted in telling us that S. pedunculata used to be larger in size than 

those now present (see Box A1.1). These larger trees may have been older individuals 

that had survived in mixed forest where stand-level dieback does not occur (Lawsesson 

1998 and Shimizu 1997 in Itow 2003), and these forests have subsequently been 

cleared for agriculture. It is also possible that abiotic conditions in certain areas 

allowed the trees to grow large, and that these conditions have subsequently been 

altered so that the trees are not able to grow so large. 

Other tree species mentioned by residents as being significant in certain areas of this 

broad vegetation type were I. ellipticum and P. floribunda (see Box A1.2). T. Micrantha 

was also mentioned by a couple of people. Understorey species mentioned by 

residents were: P. rufipes, P. conjugatum, C. diffusa, T. psilostachya, T. rufo-sericea, T. 

pubescens, A. halimifolia, P. baurii, Croton scouleri, S. tiliifolia, ferns and orchids. These 

are all consistent with Hamann’s (1981) sites. Moss and mistletoe were also 

mentioned.  

Box A1.1 Large Scalesia trees 

Eleven participants mentioned that S. pedunculata trees used to grow much larger 

than those present now - “giant scalesia trees” (“arbolones de lechoso”). Individuals 

were “very fat”, and the "Scalesia at Los Gemelos [the best-known remaining patch of 

Scalesia-dominated forest] are midgets in comparison”. Participants’ indications of size 

ranged from 10m tall with a diameter of 20cm or 30cm in the east of the island, to 

15m tall with a diameter (at breast height) of 40cm, or a full-arms-width (approx 40cm 

diameter) in the south-central west of the island. This species was used for building 

“because it grew straight and tall”.  

 

  



Trueman 2013 ∙ Modified ecosystems in Galapagos 

 

210 
 

Box A1.2 Other tree species in the Mixed Forest 

Iochroma ellipticum, ‘Cogojo’ 

Twelve participants mentioned I. ellipticum, with three of those claiming it was the 

main tree in some areas and most indicating that it was mixed with other vegetation, 

primarily in the Mixed Forest. It was “a tree about 5m tall” that “was scarce but all 

over the farm” or “not scarce but not predominant” or “more or less mixed” or “the 

main trees around here” or “dominant – full Cogojo”. A couple of participants also 

noted that “cows ate it”. 

Pisonia floribunda, ‘Pega-pega’ 

Ten participants talked about P. floribunda being present in the Mixed Forest. It was 

“in the forest around el Cascajo and below Bellavista”, and “all over the farm area west 

of Bellavista” and “above Bellavista”. They ranged in abundance from “just a few” 

individuals, or together with the three main tree species “all dominant” or “plenty, like 

mini forests”.  

 
Native Herb Meadows  

Three residents talked about areas of ‘pampa’ interspersed with the Mixed Forest, 

which is consistent with polygons identified as open vegetation on the aerial 

photography. It consisted of “native herbs” and had some individuals of Z. fagara and 

P. galapageium. These patches of open vegetation within the ‘moist region’ were 

noted by Stewart (1911, p. 209) during his visit in 1905-6; “localities in which they 

[forests] are absent or only represented by an occasional tree”, in which grew 

herbaceous lianes, bushes and ferns. Hamann’s (1981) site 28 (p. 37) is one example of 

these native meadows, described as a mesophytic, microphyllous ± seasonal herb-

grass meadow (Paspalum conjugatum – Blechum brownii community) containing other 

herbs that were common in the surrounding forest. Interestingly, Coppois (1984) also 

observed a seemingly similar tree-less patch within the Scalesia Forest on the northern 

slope of the island.  

Mora Nativa Shrubland 

Nine residents described patches of C. bonduc (‘mora nativa’) that was not mixed with 

other vegetation. “there were tongues of it coming across [the property]”. “It was easy 

to clear” and “the land [under it] was very productive”. Several of these patches 

identified by residents matched polygons mapped as “open vegetation” from the aerial 
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photography. Some of these patches were still dominated by C. bonduc in 2011 

(Mandy Trueman unpubl. data).  

This vegetation was not mentioned by the early visitors (Table A1.1), though they did 

not travel to the region in which we have mapped it. Hamann (1981, p. 44) mentions 

“a vegetation exclusively dominated by C. bonduc, locally called ‘mora’ ” that, 

according to farmers, was invading from lower elevations. Another author asserts that 

it was introduced by farmers themselves (Lundh 2006). In contrast, participants 

interviewed by us believed that it was naturally present on their farms. There is little 

doubt that it was widespread in the early 1960s. However, given the doubtful status of 

C. bonduc as native in Galapagos, it is unclear if this vegetation type is naturally 

occurring (see Discussion of main article). 

Spiny Shrubland 

Residents described vegetation at and near Santa Rosa town that was dominated by P. 

rufipes (‘cafetillo’) and C. bonduc; 1.5m tall  “cafetillo was totally dominant with mora 

nativa: about 50 % [of total vegetation] cover”, with lots of small Z. Fagara (up to 1m 

high), T. rufo-sericea, Darwiniothamnus tenuifolius, P. arachnoideum and other ferns, 

with patches of M. robinsoniana on the hilltops. In the more central (El Carmen) patch 

of this vegetation, residents reported a similar mixture of P. rufipes, Z. fagara, C. 

bonduc and M. robinsoniana, with individuals of I. ellipticum and P. floribunda and an 

understory of P. conjugatum. In the more eastern El Camote area, residents described 

similar vegetation (though lacking C. bonduc) dominated by Z. fagara with a mid-storey 

of P. rufipes., with some P. galapageium and patches of S. pedunculata (these scalesia 

patches are not visible on the aerial photography which shows a remarkably uniform 

tone and texture across this single polygon). This was “very thick bush” and you 

“needed a machete” to get through it.  

The eastern part of this may be a variation on the Mixed Shrubland vegetation 

described above, except that no authors have mentioned P. rufipes as being important 

in that vegetation type. For that reason we have grouped it with the Spiny Shrubland. 

All of the areas we mapped as this vegetation type were outside of the regular transect 

traversed by the early explorers and visitors to the island (Table A1.1), so there are no 

published accounts of this vegetation. Entomologist Cavagnaro (1965) wrote about his 

walk through the eastern part of this mapped vegetation class in 1964, however he 

barely mentioned the vegetation, only that Table Mountain (Cerro Mesa) was in the 

“Scalesia zone”.  

Though based on only a few reports by residents, at least the central and western 

patches of this vegetation that contained so much C. bonduc seem to represent a 
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vegetation type that has not previously been described. However, given the doubtful 

status of C. bonduc as native in Galapagos, it is unclear if this vegetation type is 

naturally occurring (see Discussion of main article). However, even without C. bonduc, 

the species composition of this vegetation as described by oral history participants still 

does not match any other vegetation described by earlier authors.  

Dry Forest 

Four residents described vegetation at the lower altitudinal limit of the existing 

agricultural area that reflects vegetation remaining in the south-east of the humid 

highlands today. Prominent species from the oral history included P. galapageium, Z. 

fagara, S. pedunculata, Clerodendrum molle (the latter especially “in rocky areas, not 

where there is soil”), P. rufipes, C. scouleri and ferns. One of these residents (in the 

north-east) mentioned a similar mixture of species to the Mixed Forest, but with trees 

growing to a lower maximum height.  

These residents’ reports are consistent with published descriptions of the ‘Transition’ 

zone (Table A1.1) and with the more formal vegetation descriptions (van der Werff 

1978; Hamann 1981). Van der Werff’s (1978) “Dry-season semi-deciduous forest” 

contained common trees of P. floribunda, P. galapageium and P. carthagenensis, with 

common shrubs being T. psilostachya, C. molle and C. alba, with some epiphytes. 

Hamann’s (1981) two sites illustrate the heterogeneity of this vegetation that has 

often been described as transitional between the dry and moist regions (see Table 

A1.1). Site 27 (p. 36) was “Moderately mesophytic, microphyllous evergreen forest (P. 

galapageium – Z. fagara community with S. pedunculata)” which also contained P. 

carthagenensis trees and understorey shrubs, vines, epiphytes and herbs. Site 18 (p. 

41) was “Xerophytic, microphyllous dry season deciduous forest (P. galapageium – B. 

graveolens community)” that also had trees of Z. fagara and I. ellipticum with a few 

shrub, vine and herb species.  

Within this vegetation it is likely that there were areas dominated by the shrub C. 

molle (see Hamann 1981, p. 45), though these have not been mentioned by other 

authors nor the residents. These areas are perhaps distinguishable on the aerial 

photography as less textured vegetation towards the edge of the humid highland zone. 

Such patches of  C. molle dominance were still present at the drier edges of the humid 

highlands in 2011 (Mandy Trueman unpubl. data). 
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viii. APPENDIX 2: SUPPLEMENT TO CHAPTER 6 

Index of vegetation classes and results on the distribution of invasive plants from the 

spatial database of canopy plant densities over the National Park on Santa Cruz 

Island, Galapagos 

This document contains results on the distribution of invasive plants in the canopy in 

each historical vegetation type, and in each density category (Table A2.1). It also has 

an index to the vegetation classes featured in the spatial database (Table A2.2).  

Table A2.1 Distribution of invasive plant species in the canopy vegetation of the humid 

highlands of the Galapagos National Park, Santa Cruz Island, as indicated by their approximate 

total area of canopy coverage and the total area occupied (area in which it was mapped in the 

canopy, in any density category). The percentage canopy coverage of each species in each 

historical vegetation type (HVT) is also included, as is the percentage of area occupied by each 

species in each density category.  
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Cedrela odorata 933 4 85 10  4619 16 3 12 69 Accidental 

Cestrum auriculatum 585 51 35 13  2520 2 35 44 19 Accidental 

Cinchona pubescens 336 3   97 1541 9 21 20 50 Accidental 

Cordia alliodora 13  100   53 12 8 72 9 Accidental 

Persea americana 67 100    96 69 20 7 4 Planted 

Psidium guajava 838 20 36 34 10 3754 6 28 28 38 Accidental 

Rubus    niveus 204 68   32 877 12 15 36 38 Accidental 

Grasses † 173 44 20 2 33 283 53 31 14 2 Planted ‡ 

† Grasses include Melinis minutiflora and Urochloa decumbens (in the HVT 
Fern/Herbland & Miconia), and Pennisetum purpureum (in other HVTs) 
‡ P. purpureum only 
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Table A2.2 List of 26 classes we mapped and the plant species included in each class  

 Class name Description / Species a Local common name/s 

 arid Mixed species native to the dry lowlands: Particularly 
Bursera graveolens (Na), Cordia lutea (Na), Opuntia 
echios (En), Erythrina velutina (Na), but could also 
include Alternanthera halimifolia (Na), Cordia 
leucophlyctis (En) and many others. 

palo santo, muyuyo, tuna 
gigante, flame tree / caco, 
monte colorado, cordia 

* avocado Persea americana (In) avocado / aguacate 

 bare_ground Exposed soil or rock  

 bog Wet depressions containing a mixture of species 
(presumed native) 

 

 bracken Pteridium arachnoideum (Na) bracken / chontillo 

* cedrela Cedrela odorata (In) Cuban cedar / cedrela / 
cedro cubano 

* cinchona Cinchona pubescens (In) red quinine / cascarilla / 
cinchona 

 developed Infrastructure such as buildings  

+ eleph Pennisetum purpureum (In) elephant grass / pasto 
elefante 

+ grass Introduced grasses including Panicum maximum, 
Urochloa decumbens but possibly also containing cover 
classes mapped separately – eleph, melinus, urochloa 

 

* guava Psidium guajava (In) guava / guayaba 

 guayabillo Psidium galapageium (En) guayabillo 

* laurel Cordia alliodora (In) laurel 

 manzanillo Hippomane mancinella (Na) poison apple / manzanillo 

 matazarno Piscidia carthagenensis (Na) matazarno 

+ melinus Melinis minutiflora (In) molasses grass / pasto miel 

 miconia Miconia robinsoniana (En) miconia / cacaotillo 

* mora Rubus niveus (In) mora / blackberry / hill 
raspberry 

 moranativa Caesalpinia bonduc (NaQ) mora nativa 

 pomarosa Syzygium jambos (In) rose-apple / pomarosa 

 rodilla Clerodendrum molle (Na) rodilla de caballo 

* sauco Cestrum auriculatum (In) sauco 

 scalesia Scalesia pedunculata (En) lechoso 
 transition Mixed species native to the drier (transition) forest 

surrounding the humid highlands, particularly 
Tournefortia rufo-sericea (En), Pisonia floribunda (En), 
Croton scouleri (En), Chiococca alba (Na), but also 
containing other species mapped separately – rodilla, 
scalesia, guayabillo, matazarno, unia 

palito negro, pega pega, 
chala, chiococca / espuela 
de gallo 

 unia Zanthoxylum fagara (Na) cat's claw / uña de gato 

+ urochloa Urochloa mutica (In)  

 a Na = Native, En = Endemic, In = Introduced, NaQ = thought to be introduced, but possibly 
native 
* the 7 individual species that are reported in our results 
+ grasses reported in our results, combined 
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ix. APPENDIX 3: SUPPLEMENT TO CHAPTER 7 

Plant species abundance in Historical Vegetation Types (HVTs) and Contemporary 

Vegetation States (CVSs) in the highlands of Santa Cruz Island, Galapagos 

Species turnover is apparent in the transition of the HVT Mixed Forest to its associated 

CVSs (Fig. A 1). The three native canopy species that characterized this HVT (Psidium 

galapageium, Scalesia pedunculata and Zanthoxylum fagara; Table 1) had moderate to 

high cover in the HVT and lower cover in most CVSs. Other native species, such as 

Justicia galapagana, Alternanthera halimifolia and Piscidia carthagenensis, had high 

cover in the HVT but were absent from most CVSs and had low cover in others. 

Conversely, the natives Passiflora colinvauxii and Paspalum conjugatum had low cover 

in the HVT yet had high cover in all or most CVSs. Among the introduced species, only 

four were present and had low cover in the HVT and yet many were present in the 

CVSs. Five of these (Cedrela odorata, Psidium guajava, Cestrum auriculatum, 

Tradescantia fluminensis and Pennisetum purpureum) were frequent and/or abundant 

in the CVSs. 

Turnover of plant species is evident in the transition of the HVT Scalesia Forest to its 

associated CVSs (Fig. A 2). The endemic tree Scalesia pedunculata that characterized 

this HVT (Table 1 main paper) had high cover in the HVT and in the Modified Scalesia 

Forest. In the Mixed Introduced Forest it had moderate cover and was not present in 

the other CVSs. Psychotria rufipes and Spermacoce remota had moderate abundance 

in the HVT yet low cover in the CVSs in which it was present. Many other native species 

were present in the HVT and absent from all or some of the CVSs. Nine native species 

have higher average cover in the CVSs than in the HVT; Commelina diffusa is 

particularly notable for being abundant in the Avocado Forest. Among the introduced 

species, eight had low cover in the HVT yet many more were present in the CVSs, and 

eight had moderate to abundant cover in the CVSs (Cestrum auriculatum, Psidium 

guajava, Passiflora edulis, Rubus niveus, Persea americana, Tradescantia fluminensis, 

Cinchona pubescens, and Pennisetum purpureum.   
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Turnover of plant species is also evident in the transition of the HVT Fernland and 

Miconia Shrubland to associated CVSs (Fig. A 3). A defining feature of the historical 

Fernland was Pteridium arachnoideum; it had moderate cover in the historical plot, 

high cover in the Modified Fernland and low or moderate cover in all other CVSs. The 

other defining species of the historical Fernland was Jaegeria gracilis, which had 

moderate cover in the historical plot and low cover in only two of the CVSs. The 

historical Miconia Shrubland was dominated by Miconia robinsoniana, which had high 

cover in the historical plot and in the Modified Miconia Shrubland, and moderate cover 

in two other CVSs. The endemic Psychotria rufipes also had high cover in the historical 

plot, yet was only recorded at low cover in one CVS (Cinchona Forest). The native 

Thelypteris balbisii had moderate cover in the HVT but was not recorded in any of the 

CVSs. Seven native species had higher average abundance in the CVSs than recorded in 

the historical plots and many other native species that were not recorded in the 

historical plots were present in the CVSs. Of the introduced species, only three were 

present (with low cover) in the historical plots. There were 15 introduced species 

recorded in the CVSs, of these Hyptis rhomboidea, Cinchona pubescens, Psidium 

guajava, Rubus niveus, Piper peltatum, Melinis minutiflora, Urochloa mutica and had 

high or moderate cover in at least one of the CVSs. 
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Fig. A3.1. Maximally ordered matrix of plant species in the 

historical vegetation type (HVT) Mixed Forest and ascribed 

contemporary vegetation states (CVSs). The matrix lists 

species in the HVT first, then species are ordered by the 

number of CVSs in which they occurred and their average 

abundance in the contemporary plots. Shading indicates 

species abundance: black - high (>40% cover), dark grey - 

moderate (10-40% cover), light grey - low (<10% cover), 

white - absent. Introduced species are indicated by *.  
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Fig A3.2 Maximally ordered matrix of plant species in 

the Historical Vegetation Type (HVT) Scalesia Forest 

and ascribed Contemporary Vegetation States (CVSs). 

The matrix lists species in the HVT first, then species 

are ordered by the number of CVSs in which they 

occurred and their average abundance in the 

contemporary plots. Shading indicates species 

abundance: black - high (>40% cover), dark grey - 

moderate (10-40% cover), light grey - low (<10% 

cover), white - absent. Introduced species are 

indicated by *. 
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Fig A3.3 Maximally ordered matrix of 

plant species in the Historical Vegetation 

Type (HVT) Fernland and Miconia 

Shrubland and ascribed Contemporary 

Vegetation States (CVSs). The matrix lists 

species in the HVT first, then species are 

ordered by the number of CVSs in which 

they occurred and their average 

abundance in the contemporary plots. 

Shading indicates species abundance: 

black - high (>40% cover), dark grey - 

moderate (10-40% cover), light grey - 

low (<10% cover), white - absent. 

Introduced species are indicated by *. 
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x. APPENDIX 4: PUBLICATIONS

The published versions of thesis chapters 2 – 7 are included following this page. 

NOTE: Available only in hardcopy version of 
thesis.
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