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Abstract: The Galapagos archipelago is a vast reservoir of terrestrial and marine biodiversity, owing in large
part to its relatively recent volcanic genesis and colonization by humans. This unique ecological system is
particularly susceptible to human, animal, and environmental impacts. Climate change, globalization, and the
blurring of human-domestic animal-wildlife interfaces are poised to bring new threats and challenges to the
region. A One Health perspective that simultaneously considers human, animal, and environmental health is
imperative in assessing and mitigating the challenges facing the Galapagos Islands. In Part I of this review, we
provide the historical context for biodiversity in the archipelago; discuss the role of invasive species in habitat
destruction, fragmentation, and competition with endemic species; and summarize the established and
emerging infectious disease threats. We also discuss the imperative to implement research, surveillance, and
preventative measures to identify and manage future threats from a One Health perspective, with a specific
emphasis on implications for wildlife health. In Part II of this review, we outline the socioeconomic context of
life in the Galapagos Islands, evaluate the current and predicted effects of climate change, and discuss direct
anthropogenic factors affecting Galapagos biodiversity, such as tourism, fishing, pollution, and the illegal
wildlife trade. We also examine the impact of the COVID-19 pandemic in the region. We build a cohesive
picture of One Health in the Galdpagos Islands by integrating past work, current needs, and emerging threats.
We also consider overarching goals for conservation, ecosystem management, and socioeconomic
sustainability that have been previously defined by both governmental and non-governmental stakeholders,
and we identify discrete, implementable, and interdisciplinary recommendations that will facilitate
achievement of those goals.
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1. Introduction

1.1. Historical Context of Galdpagos Biodiversity

Located 960 kilometers west of Ecuador, the Galapagos Islands harbor unique terrestrial and
marine biodiversity, comprising over 6,000 species, with 1,870 being endemic (CDF, 2023b).
“Endemic” species are those limited to a small geographic region: in layman’s terms, “found nowhere
else.” The Galapagos Islands have one of the highest rates of endemism in the world, including 22%
of birds, 72% of reptiles, 38% of terrestrial mammals, 7% of marine mammals, 12% of fish (CDF,
2023b), 37% of vascular plants (Tye & Francisco-Ortega, 2011), 47% of insects (Parent et al., 2008), 29%
of shallow-water corals (Hickman, 2009), and 20% of mollusks (Finet, 1994). We have summarized
the conservation status of Galdpagos vertebrates in Table 1.

The archipelago’s relatively recent volcanic genesis (Tye et al., 2002), has influenced the
composition of its flora and fauna, whose ancestors arrived by flying, swimming, or floating. Isolated
habitats and diverse ecosystems also provided selective pressures for species diversification. The
striking morphological differences between species of mockingbirds in the Galapagos Islands, for
example, are thought to have inspired Charles Darwin’s theory of evolution (Arbogast et al., 2006).
The Galapagos Islands are also unique, even among oceanic islands, in that there has been relatively
little time for humans to impart change. The archipelago was first discovered in 1535, but apart from
serving as an occasional mooring for pirates and whalers, was not colonized until 1832 (Smith, 1979).
As a result of this relatively recent history of human settlement, the archipelago can be considered “a
rare remnant of a prehistorical pattern of global biological diversity where great proportions of the
world’s distinctive and often bizarre species occurred on islands,” as wrote Charles Darwin
Foundation (CDF) researchers in 2002. “Man has destroyed much of that pattern. The biological
diversity of the Galapagos is one of the best examples of that pattern because it remains,” (Tye et al.,
2002). The value in preserving the archipelago’s unique endemic species, therefore, cannot be
understated.

Nonetheless, human exploitation of endemic wildlife and extractive use of natural resources
have long been a part of the archipelago’s history. Whalers touted the Galdpagos giant tortoise as a
ready source of fresh meat and hydration (Nicholls, 2021; Conrad & Gibbs, 2021), killing at least
100,000 Galapagos giant tortoises between 1800-1870 (Townsend, 1925; Conrad & Gibbs, 2021). These
population decimations led to the extinction of tortoises on Santa Fe and Floreana Islands (Conrad &
Gibbs, 2021; MacFarland et al., 1974) and enormous pressures on tortoises on multiple other islands
(Conrad & Gibbs, 2021), from which modern populations have never fully recovered. Mariners
introduced goats, pigs, and donkeys intentionally, while black rats and house mice arrived as
stowaways on ships. In 1832, Ecuador claimed the Galdpagos Islands from Spain and a prison colony
was established on Floreana Island (Smith, 1979). Between 1860 and 1930, further colonies were
established for sugarcane farming, coffee crops, and salt mining. By that time, horses, cattle, dogs,
and cats had been introduced; these invasive species destroyed vegetation, predated nests and
hatchlings, and competed with endemic species for resources (MacFarland et al., 1974). remaining a
principal threat today.

In considering the historical narrative of the Galapagos Islands, the long and complicated
relationship with foreign scientists cannot be ignored. In 1835, Charles Darwin documented
biodiversity in the region through 1,500 biologic specimens. For the next century, foreign researchers
were fascinated by the novel flora and fauna and even began to recognize threats imposed by whalers
and invasive species (Dumbacher & West, 2010). However, their solution was preservation of
endemic species not in their natural habitat, but in the form of museum specimens. Between 1897 and
1905, for instance, American scientist Rollo Beck collected tens of thousands of insects, birds, plants,
and reptiles (Gifford, 1908; Dumbacher & West, 2010). G. T. Corley Smith of the CDF wrote in 1979:
“Conservation was a concept virtually unknown to their generation. Scientists simply accepted that
the Galapagos fauna was doomed to extinction and that their duty to posterity was to preserve as
much as they could in museums.” Despite the research value of these specimens (Dumbacher & West,
2010; Tonnis et al., 2005), their method of acquisition — collecting nesting individuals and eggs, or in
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some cases, capture of every single individual seen — doubtlessly contributed to population declines
still faced by these species today. The Galapagos National Park Directorate (GNPD) now requires
scientists to acquire research permits prior to collection, with stringent review of scientific
justification and research methodology. These reviews ensure both that the type and number of
specimens collected will not negatively impact endemic populations or ecosystems, and that their
use is likely to result in meaningful research outcomes.

The Galapagos Islands are still faced with the challenge of “helicopter research,” in which
foreign scientists with considerable resources enter developing regions, collect samples, publish data
without inclusion of local scientists, and then leave (Adame, 2021; Minasny et al., 2020; Chin et al,,
2019). Too often, research methods and results are not applicable or reproducible for local
stakeholders, hindering long-term benefits. Conversely, there still exist barriers to dissemination of
results of locally performed research. For instance, Barnett and Rudd first documented canine
heartworm (Dirofilaria immitis) microfilariae in Galapagos sea lions (Zalophus wollebaeki) on Floreana
Island in the 1980s (Barnett & Rudd, 1983; Barnett, 1985a). This publication, written in Spanish and
held in print at the Charles Darwin Research Station, is largely inaccessible to the larger scientific
community, and thus, a 2023 publication claims to be the first report of D. immitis infection in
Galapagos sea lions (Gregory et al., 2023). Mitigating such barriers to information-sharing and
maximizing the local impacts of research is essential, as is the integration of input from various
sectors and stakeholders in human, animal, and environmental health. Otherwise, we risk continuing
to perform research in silos, which can result in duplication of research efforts and limitation of the
downstream benefits of research results.

1.2. Recognition of Threats to Galdpagos Ecosystems

The Galapagos National Park (GNP) was established in 1959, comprising 97% of the archipelago
land mass; the remaining 3% was designated as human-inhabited areas across Santa Cruz, San
Cristébal, Floreana, and Isabela Islands. The role of the GNP is to protect sensitive wildlife and
ecological resources in the archipelago and to invest in conservation research. Under the 1998 Special
Law for Galapagos, enacted by the Ecuadorian government, 133,000 square-kilometers of marine,
coastal, and inland waters were incorporated into the Galapagos Marine Reserve (GMR). These
protected areas were intended to serve as refuges for native species and offset habitat degradation.

In 1978, UNESCO recognized the vast biodiversity and ecological importance of the Galapagos
Islands by declaring the archipelago a UNESCO World Heritage site, with the surrounding waters
added to this designation in 2001. UNESCO participates in the conservation of World Heritage sites
through conservation funding, emergency aid, and training and development, as well as through
periodic assessments of data submitted by State Parties and development of conservation
recommendations, as discussed in Section 3.1.

Prompted by ongoing and emerging threats to biodiversity, in 1999, the CDF and the World
Wildlife Fund (WWF) conducted a joint biological analysis of the region. The resulting Biodiversity
Vision for Galdpagos summarized the ecological status of the islands, identified species most
threatened by anthropogenic factors, and outlined a vision for conservation - including
recommendations to mitigate biodiversity threats, and benchmarks by which to measure progress
(Bensted-Smith, 2002). At that time, the archipelago retained 95% of its terrestrial biodiversity as
compared to pre-human colonization. However, pressures from immigration, tourism, and industrial
fishing were mounting, alongside the prospect of ecological degradation and consequent decline in
biodiversity. Pressures were summarized by Snell et al. (2002) as reproduced in Table 2. Biologists
feared that Galapagos flora and fauna might be at a precipice, and that failing to intervene could be
disastrous, so much so that the workshop goals were summarized as: “Back to Eden — one last
chance.”

1.3. Impetus for the Current Review

Over the past 25 years, the Galapagos Islands has faced rising tourism, immigration,
introduction of invasive species, and overfishing, as well as insufficient resources for local agencies
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to effectively manage these issues, leading to lack of implementation of quarantine, inspection, and
biosecurity regulations (UNESCO, 2006). The GNPD has also documented tremendous pressures on
ecosystem services and increasing demand for resources, making current conditions unsustainable
(DPNG, 2014). Factors currently affecting ecosystem services include changes in land use, invasive
species, loss of biodiversity, habitat fragmentation and degradation, overfishing, and stone materials
overexploitation (DNPG, 2014; UNESCO, 2006). Water resource degradation and pollution are
compounding factors, alongside the demand for infrastructure for fishing, tourism, transportation,
and maritime activities (DPNG, 2014). These concerns led to the inclusion of the Galapagos Islands
on the UNESCO List of World Heritage in Danger from 2007-2010 (UNESCO, 2006, UNESCO, 2007).

In October 2012, the Agency for the Regulation and Control of Biosecurity and Quarantine for
Galapagos (ABG) was established to prevent phyto/zoo-sanitary threats and control and reduce the
risk of invasive species. ABG oversees prevention and early detection of threats through various
surveillance mechanisms, and where necessary, develops control and eradication strategies.
Previously, these responsibilities were distributed among various national and regional institutions
(Bensted-Smith et al., 2002); centralizing responsibilities under ABG improved the efficiency of
management, surveillance, and research. However, optimal implementation and maintenance of
these systems is still hindered by periodic lapses in funding, personnel, and equipment (Rogg et al.,
2005).

Only one extinction has been documented in the Galdpagos Islands in the past 30 years: the Pinta
Island tortoise (Chelonoidis abingdonii), of which the famous final member, Lonesome George, passed
away in 2012. The most recent prior extinctions were the San Cristobal Vermilion Flycatcher
(Pyrocephalus dubius), last sighted in 1987, and the Floreana Island tortoise (C. niger), hunted to
extinction around 1850. In total, 16 formerly endemic Galapagos species are extinct (Table 3), five of
which are known only from the fossil record (Steadman et al., 1991; Jiménez-Uzcategui et al., 2007).
Several species previously considered extinct are no longer recognized as such, and these were not
included in the table. For example, recent genetic evidence suggests that there remain extant
individuals of the Fernandina giant tortoise, Chelonoidis niger phantasticus (formerly Geochelone
phantastica) (Jensen et al., 2022), and this species is currently considered Critically Endangered by the
TUCN. Older literature references the Rabida giant tortoise (Chelonoidis niger wallacei); however, this
description originated from a single specimen and is suspected ot have been a stray individual from
another island (MacFarland et al., 1974) and is thus no longer considered a subspecies (Frazier, 2021).
Finally, we did not include species that are locally extinct on some of the islands but are still present
within the archipelago, such as the Galdpagos hawk (Buteo galapagoensis), unless official island-
specific subspecies have been designated. For instance, we included Aegialomys galapagoensis
galapagoensis, the extinct subspecies of rice rat once endemic to San Cristobal Island, although
Aegialomys galapagoensis bauri is still present on Santa Fe Island.

Despite this seemingly small number of species extinctions, population dynamics of many
endemic Galdpagos species have changed profoundly over the past decades. Declines in multiple
finch species on Floreana Island have been documented since 1979 (Grant et al., 2005; O’Connor et
al., 2010; Dvorak et al.,, 2017; Dvorak et al., 2011). Per a 2015-16 survey of endemic birds on Floreana
Island, the Galapagos rail (Laterallus spilonota), vegetarian finch (Platyspiza crassirostris), and gray
warbler finch (Certhidea fusca) were extirpated (locally extinct), and the Galdpagos dove (Zenaida
galapagoensis) was at risk (Dvorak et al., 2017). Populations of the endangered Galapagos sea lion have
declined approximately 50% in the past 30 years (Riofrio-Lazo et al., 2017) due to human activities
(Denkinger et al., 2014; Denkinger et al., 2015). Taken together, these changes suggest that endemic
flora and fauna are struggling to contend with pressures of climate change, invasive species, and
resource limitation, and that we can expect to see further shifts in the relative composition of endemic
species. It is therefore necessary to reassess the status of previously identified threats facing the
region, and to highlight the emergence of new pressures.

Both the International Union for Conservation of Nature (IUCN) and the CDF monitor the
population status of native and endemic species in the Galdpagos archipelago. Overall, CDF
recognizes 82 species as Critically Endangered (CR), 63 as Endangered (EN), 193 as Vulnerable (VU),
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and 87 as Near-Threatened (NT), while the IUCN Red List assesses only 61 Galapagos species as CR,
32 as EN, 95 as VU, and 25 as NT (IUCN, 2022). The differences these classifications will be discussed
in section 3.1. The at-risk Galapagos vertebrate species and their IUCN Red List statuses from 1994-
2020 are summarized in Figure 1; the species included are listed in the Supplemental Tables.

IUCN Red List Status of Threatened Galdpagos Vertebrates (1994-2020)
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Figure 1. IUCN Red List status of at-risk vertebrate species of the Galapagos Islands, 1994-2020.

The essentiality of the link between human, domestic animal, wildlife, and ecosystem health
must be the lens through which we approach biodiversity preservation in the Galapagos Islands. As
defined by the One Health High-Level Expert Panel, One Health was conceptualized as a mindset
that “recognizes the health of humans, domestic and wild animals, plants, and the wider
environment (including ecosystems) are closely linked and interdependent” (OHHLEP et al., 2022).
However, in practice, One Health has often been approached through an anthropocentric lens,
aiming to improve animal health to mitigate the effects of poor animal health on human populations,
such as emergence of zoonotic diseases (Fauci, 2006; Machalaba et al., 2015) or compromised food
security (Kappes et al., 2023; Espinosa et al., 2020). Such an application of One Health leaves out key
components: the impacts of anthropogenic activities on ecological stability and downstream effects,
and the importance of safeguarding animal and environmental health (Stephen et al., 2023).

“Planetary Health” is an interdisciplinary field, founded by The Rockefeller Foundation-Lancet
Commission, that focuses on how human activities can compromise environmental health and how
these effects are then reflected in public health consequences (Whitmee et al., 2015; Planetary Health
Alliance, 2021). Only by understanding and measuring these impacts can we develop appropriate
policy approaches to challenges in public health and environmental management. Addressing
interactions across these sectors, such as infectious disease, food and water sustainability, clean air
and energy, and climate change, requires a sustainable balance between human, animal, and
ecosystem health (Whitmee et al., 2015). To achieve this balance, integration of input from
stakeholders, including policymakers and scientists, across multiple sectors is imperative (Whitmee
et al., 2015). We find the concepts of One Health and Planetary Health key to the discussion of
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pressures facing the Galapagos Islands and to the development of management strategies that
maximally benefit humans, animals, and the environment. The timeliness of this conversation could
not be more apt in the wake of both the COVID-19 pandemic (Tounta et al., 2022) and the emergence
of Highly Pathogenic Avian Influenza (HPAI) strain H5N1.

Here, we discuss the complex historical and socioeconomic contexts surrounding Galapagos
biodiversity, revisit the pressures previously identified by Snell et al. (2002), and describe threats to
biodiversity that have emerged over the past twenty-five years. Despite the large amount of work
that has been accomplished in Galapagos conservation, we hold that there remains an imperative for
further change which, to maximize impact, necessitates a One Health perspective.

2. Threats to Galapagos Biodiversity

Part I of this review describes the impacts of introduced plants, invertebrates, and vertebrates
on native Galapagos species, and reviews established, emerging, and future infectious disease
threats. Part II of this review will address climate change, ocean acidification, and direct human
activities such as tourism, fishing, pollution, agriculture, and human-wildlife conflict.

2.1. Introduced and Invasive Species

Introduced species are non-native species that have been introduced, often by anthropogenic
events, to a given environment (Executive Order 13112 — Invasive Species; lannone et al., 2020).
Invasive species are those introduced species that have or may have detrimental effects on human,
animal, or environmental health (Executive Order 13112 — Invasive Species; Iannone et al., 2020).
Invasive species often spread rapidly beyond the area of introduction (Guo et al., 2024). An
introduced species can subsequently become naturalized (integrated into the ecosystem and capable
of maintaining their populations) (Guo et al., 2024). Invasive species have major consequences for
endemic flora and fauna. Invasive plants can alter soil composition, water and light availability,
nutrient cycling, and pollinator populations, depleting resources and impacting native plants, as well
as affecting animals that rely on the ecosystem for food and shelter. Invasive animals can alter food
chain and ecosystem dynamics, as well as participate in habitat degradation. Plant and animal
extinctions exceed continental extinctions worldwide (Sax and Gaines, 2008), suggesting that islands
are particularly susceptible to these impacts. In the Galdpagos Islands, invasive species including
mammals, invertebrates, and plants have resulted in tens of millions of dollars of economic losses
(Ballesteros-Mejia et al., 2021).

In general, the importation of non-native plants and animals to the Galapagos Islands has been
prohibited since 1999 (ABG, 2013; Toral-Granda et al., 2017; Zapata, 2008), and surveillance measures
at ports of entry aim to identify and prevent both accidental and purposeful introductions, whether
via passenger luggage or cargo shipping. Case-by-case exemptions to this rule are granted by the
board of ABG; for example, in 2014, trained dogs were imported to detect invasive giant African
snails (Lissachatina fulica), which destroy crops and native vegetation and threaten critically
endangered endemic Galdpagos land snails (Bulimulus ochsneri) (Galapagos Conservancy Annual
Report, 2014). Similarly, until recent restrictions associated with HPAI surveillance, unvaccinated
chicks could be imported to supply the local poultry industry (Puente-Rodriguez et al., 2019).
However, despite these restrictions, introduced species still represent a major pressure on Galapagos
ecosystems due to ongoing presence of historically-introduced species (such as now-feral domestic
animals and plants no longer confined to agriculture) and the risk of new introductions of species
that evade detection. Between 1990 and 2007, the documented introduced species in the archipelago
increased ten-fold (Watkins & Cruz, 2007). As of 2017, 1,579 species were estimated to have been
introduced to the Galapagos Islands, with 93% having become naturalized (Toral-Granda et al., 2017).
Pizzitutti et al. (2016) reported that in 2012, 20% of species were introduced, and predicted that by
2033, under a model of continued high rates of growth, that proportion could rise to 50% (Pizzitutti
et al., 2016).

2.1.1. Terrestrial Invasive Plants
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Nearly half of the species introduced to the Galapagos Islands were intentional introductions of
plants, primarily for agricultural purposes; non-native plants now outnumber endemic flora (Toral-
Granda et al., 2017; Guézou et al., 2010; Tye et al., 2006). In a review of IUCN Extinct species, alien
plants were implicated as a cause for 25% of plant and 33% of animal extinctions (Blackburn et al.,
2019), demonstrating the major impact of invasive species on native flora and fauna. Sax and
colleagues also proposed the possibility of a lag time between the introduction of an invasive species
and extinction of native species, leading to an “extinction debt” (Sax et al., 2002; Sax and Gaines, 2008)
that may need to be paid, even in the absence of new introductions of invasive species.

The blackberry shrub (Rubus niveus) is of the most widespread invasive plants in the Galapagos
Islands and serves as a prime example of the vast economic and biodiversity impacts of introduced
flora (Renteria et al., 2012). Originally introduced for agriculture on Santa Cruz and San Cristébal
Islands in the 1960s-70s, R. niveus has since spread to other islands and overgrown into vast thickets,
displacing native flora and diminishing arable land (Renteria et al., 2012; Renteria et al., 2021). R.
niveus has been associated with diminished richness of native plants and implicated in the altered
structure of the Scalesia pedunculata forest, a key Galapagos ecosystem (Renteria et al., 2012; Riegl et
al., 2023). Jager et al. (2024) found that land invaded by R. niveus showed a 71% decrease in S.
pedunculata and suggested that extinction of S. pedunculata on Santa Cruz Island was likely within 20
years if R. niveus growth is not curtailed (Jager et al., 2024).

Currently, the most common strategies for invasive plant control and eradication in the
Galéapagos Islands are mechanical removal followed by chemical application (Jager et al., 2024).
However, these methods have limitations. Mechanical removal is labor-intensive, requires removal
of the roots to prevent regrowth, and does not account for recurrence due to residual seeds or wind
dispersal. Chemicals can deteriorate soil quality and have off-target effects on insects and vertebrates.
In addition, control methods must be differentiated from eradication strategies. Control methods
suppress populations of invasive species but by virtue of being incomplete, incur a cumulative
financial, time, and personnel cost (Gardener et al., 2013). Eradication strategies often require a much
larger input of funding at the onset, but over time, may be comparable in cost to long-term
maintenance of control strategies (Gardener et al., 2013). However, eradication plans, by virtue of the
goal of complete removal of the target species, require even more intensive planning and complete
implementation to ensure success. Gardener et al. (2010) reported that only four of 30 plant
eradication projects carried out in the Galapagos Islands between 1996 and 2010 were successful; the
remaining projects were discontinued due to insufficient time, lack of funding, or lack of permission
to access privately owned land. In addition, management strategies geared towards the control of
individual invasive species must still consider that the removal of one invasive species could result
in replacement by, and downstream consequences of, other invasive species (Gardener et al., 2013).

More recently, biological control methods have also been investigated to target invasive plants
in the Galapagos Islands. Biological control of invasive species involves the release of a living
organism — typically bacteria, fungi, or insects — leading to selective depopulation of the invasive
species. Ideal biological control methods will have minimal off-target effects on endemic plants and
animals, including invertebrates which may serve as important pollinators, as well as on plants
grown for agriculture. The Australian ladybird beetle (Novius cardinalis), for instance, was introduced
to the Galapagos Islands in 2002 to control the invasive cotton scale insect (Icerya purchasi),
successfully reducing their populations (Calderon Alvaréz et al., 2012). In March 2023, 100,000 sterile
Aedes aegypti mosquitoes were released on Santa Cruz Island as part of a collaborative campaign to
eradicate the mosquito, spearheaded by ABG and the National Institute for Public Health Research
(INSPI) and supported by the Galapagos Conservancy. Similar biological control methods have been
successful elsewhere, such as the eradication of the American screwworm (Cochliomyia hominivorax)
from several countries in the Americas (Wyss, 2000). The fungus Puccinia lantanae has been suggested
as a potential biocontrol agent of Lantana camara, an invasive perennial shrub in the Galapagos
Islands, with no documented effects on the related endemic Lantana pedicularis (Renteria & Ellison,
2004; Thomas et al., 2021).
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In March of 2022, the CDF and GNPD co-hosted a workshop aimed at developing biological
control methods for R. niveus and fostering multisectoral collaborations, including a project with the
Centre for Agriculture and Bioscience International (CABI) to identify predators of R. niveus in its
natural range (Pollard et al., 2019). Given its devastating impact on native ecosystems and the time-
and financial-intensity of current control methods, biological control is an attractive proposition for
the eradication of this invasive species. In addition, since R. niveus is the only species in the Rubus
genus in Galapagos Islands, off-target effects on other plants may be easier to avoid (Galapagos
Conservancy, 2022).

The Charles Darwin Foundation has also successfully implemented drones and satellites to
monitor the landscape for changes in plant biodiversity, allowing conservation efforts to specifically
target at-risk areas. Restorative efforts include removal of invasive plants followed by replanting of
endemic flora, alongside education of local farmers on the importance of allowing their land to be
repopulated (CDF, 2023c).

2.1.2. Terrestrial Invasive Invertebrates

As of 2006, almost 500 insects and arthropods had been introduced to the archipelago (Causton
etal., 2006). Unintentional introduction of invertebrates occurs primarily via hitchhiking on imported
plants or produce, or on transport vehicles (e.g. boats or planes) (Toral-Granda et al., 2017).
Preventing the introduction of invertebrates is essential for several reasons: invertebrates may
destroy native vegetation, serve as predators or parasites of endemic species and thereby alter
population dynamics and ecosystem stability, and/or serve as vectors of infectious diseases that could
affect both humans and animals.

The now-naturalized southern house mosquito (Culex quinquefasciatus) and the yellow fever
mosquito (A. aegypti), for instance, were introduced to the Galapagos Islands via airplanes (Bataille
et al., 2009a; Bataille et al., 2009b; Whiteman et al., 2005; Sinclair, 2017). These mosquitoes are
competent vectors of human and animal diseases, including West Nile Virus (WNV) (Kilpatrick et
al., 2006; Sardelis et al., 2001), canine heartworm (Barnett, 1985a; Barnett, 1985b; Hendrix et al., 1986),
and avian malaria (Plasmodium spp.) (van Riper et al., 1996; Harvey-Samuel et al., 2021) and thus pose
risks for infectious disease introduction and establishment (Causton et al., 2006; Nishida & Evenhuis,
2000). In 1996, shortly after C. quinquefasciatus is thought to have been introduced, a survey of
Galapagos penguins (Spheniscus mendiculus) identified no positive cases of avian malaria (Miller et
al., 2001). Conversely, in 2013, avian malaria was identified in Galapagos penguins (Palmer et al.,
2013; Levin et al., 2013) and yellow warblers (Setophaga petechia) (Levin et al., 2013), proposed to have
been transmitted from migratory birds to mosquitoes in the archipelago, and subsequently
transmitted to endemic birds. These findings suggest that the naturalization of C. quinquefasciatus was
sufficient to allow avian malaria to gain a foothold in the Galapagos Islands. Currently, control of C.
quinquefasciatus in the Galapagos Islands is primarily via fumigation of airplanes with insecticides
and reduction of mosquito-attracting light sources in tourist areas (Harvey-Samuel et al., 2021).

The invasive bot fly, Philornis downsi, is another major threat to birds in the archipelago.
Introduced to the Galdpagos Islands in 1964 (Causton et al. 2006), P. downsi has since become
widespread (Fessl et al., 2018). P. downsi has been associated with severe population declines in at
least 16 species of Galapagos land birds, including the critically endangered mangrove finch (Fessl et
al., 2018). The parasitic P. downsi larvae feed on hatchlings and cause severe morbidity and mortality
(Causton et al., 2013). The CDF and GNPD have ongoing multi-center collaborations to continue
researching the biology and impacts of P. downsi and implement appropriate control strategies.
However, control of this parasite is challenging because diagnosis and treatment require access to
nests and the use of methods that are both safe for birds, and do not result in environmental
contamination with potential off-target effects on other species, including native insects. Recently,
Boulton et al. (2024) recently demonstrated that insect traps placed below the canopy were most
effective at trapping P. downsi adults and excluding bycatch of other insects, a finding that will
augment the capture of this species for research and could contribute to eradication strategies while
minimizing the impact on endemic insects. While chemical control with pesticides such as permethrin
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and cyromazine is effective against P. downsi, application methods must reduce off-target effects on
native species. Current methods include injection, spray, and self-fumigation (Bueno et al. (2021);
injection and spraying require direct nest access, which is physically challenging, requires a more
time and personnel, and has the potential to cause stress in nesting birds. Self-fumigation involves
supplying permethrin-treated cotton to native finches as nest material and has been shown to be a
successful method of pesticide dispersion effective against P. downsi (Knutie et al., 2014). Recently,
biological control of P. downsi has also been investigated, with researchers concluding that the
parasitoid wasp Conura annulifera had minimal impacts on non-target hosts and thus merits further
study as a potential method to control P. downsi (Boulton et al., 2019).

Two species of fire ants are invasive in the Galdpagos Islands - the little red fire ant (Wasmannia
auropunctata) and the tropical fire ant (Solenopsis geminata) (Herrera & Causton, 2008; Wauters et al.,
2015), both thought to have been introduced in the early 1900s (Wetterer & Porter, 2003; Clark et al.,
1982; Wheeler, 1919). Given their small size and predilection for nesting at the base of trees, W.
auropunctata may have been transported via imported plants or soil (Roque-Albelo and Causton,
1999). W. auropunctata is particularly successful as an invasive pest because it can reproduce both
clonally and sexually, thus increasing their populations rapidly (Foucaud et al., 2009) and further
complicating eradication efforts. Both species of ants have been linked to declines in diversity of other
invertebrates (Wauters et al., 2015; Wauters et al., 2014; Roque-Albelo and Causton, 1999; Williams &
Whelan, 1991; Lubin, 1984; Armbrecht & Ulloa-Chacon, 2003; Kastdalen, 1982; Silberglied, 1972),
including other ant species, due to predation (Holway et al., 2000) and resources/territory
competition (Jourdan, 1997). W. auropunctata is also involved in transporting immature life stages of
I. purchasi (Wetterer & Porter, 2003) with which it has a symbiotic relationship. While W. auropunctata
has not been reported to impact vertebrates in the archipelago, it has been documented to sting or
bite reptiles, domestic animals, and humans in other regions (Rosselli & Wetterer, 2017; Jourdan et
al., 2001; Jourdan et al., 2022), suggesting that this ant may also have the potential to threaten
Galapagos vertebrates. S. geminata is responsible for hatchling mortality in native reptiles and birds,
including tortoises and penguins, and also attacks older animals (Williams & Whelan, 1991; Marquez
et al., 2004; Roque-Albelo and Causton, 1999; Cayot et al., 2021; Tapia, 1997).

Historically, control of invasive fire ants was primarily through vegetation clearance and
pesticide application. While the use of methoprene, an insect growth regulator, was largely
ineffective at achieving population reduction in W. auropunctata (Ulloa-Chacon & Cherix, 1994), serial
application of hydramethylnon (Amdro) achieved presumptive eradication of W. auropunctata from
Santa Fe Island in 1990, with subsequent surveys failing to identify any individuals over the course
of several years (Abedrabbo, 1994). Similar efforts were successful at eradicating W. auropunctata from
a large portion of Marchena Island in 2001(Causton et al., 2005). Based on these historical efforts,
Wetterer & Porter (2003) suggested that eradication of W. auropunctata could be accomplished with
4-5 treatments of insecticide bait over two years, with intensive post-treatment surveillance using
food bait, if the area treated did not exceed several hectares. Large infestations, however, would be
more challenging, particularly without access to extensive financial resources. We also note that care
should be taken when interpreting a lack of sightings as indicative of true eradication. In addition,
reintroduction of ants through interisland transport is a possibility, and has been implicated as one
of the reasons for failure of eradication of S. geminata thus far (CDF, 2024). As of December 2023, the
Galapagos Conservancy reported a collaboration with ABG to enhance biosecurity screening for
insects at ports of entry, waste disposal sites, and marketplaces, as well as collaborations with farmers
to minimize the impacts of invasive ants on agriculture (Galapagos Conservancy, 2023).

Given the off-target effects of pesticide application on native invertebrates, alternatives to
pesticides should continue to be investigated. Orasema minutissima, a wasp that naturally parasitizes
W. auropunctata, has been suggested as a potential agent for biological control (Heraty et al., 2021;
Wetterer & Porter, 2003; Heraty, 1994). O. costaricensis, a related introduced wasp, is already present
in the Galdpagos Islands without reported negative environmental effects (Heraty, 1994; Peck et al.,
1998), which may support the potential of O. minutissima as a biological control agent (Heraty, 1994).
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ABG currently utilizes food bait to capture insects at Galapagos ports of entry, as well as in
airports in Quito and Guayaquil on mainland Ecuador (the only two airports with flights to the
Galapagos) to identify potentially invasive species (Guerrero et al.,, 2019). Airplanes bound for
Galdpagos must undergo disinfection procedures before departure. Since 2017, cargo traveling to
Galapagos are also treated with pesticides. Reference collections are available at ABG checkpoints to
aid personnel in rapid detection of invasive species. ABG also hosts educational workshops to engage
farmers in active surveillance for invasive pests (Guerrero et al., 2019).

2.1.3. Terrestrial Invasive Vertebrates

Without natural predators, domestic animals and rodents introduced to the Galdpagos Islands
by mariners and early settlers established large feral colonies, with major downstream effects.
Carnivorous and omnivorous invasive vertebrates, such as dogs, swine, and rodents, are responsible
for predation of endemic species. In an analysis of extinctions documented in the IUCN database, Sax
and Gaines (2008) reported that predation has been involved in nearly 80% of all terrestrial vertebrate
extinctions worldwide. Grazing species are a major source of habitat alteration, decline in vegetation
diversity, and resource competition. For example, feral goats are responsible for significant habitat
destruction, incurring an estimated cost of 20 million US dollars between 1983 and 2017 (Ballesteros-
Meija et al., 2021). Cattle and horses have caused extirpation of native plant species (Bush et al., 2022),
a factor which also contributes to takeover by invasive plants.

Following recognition of these impacts, conservation programs were implemented with the goal
of eradicating invasive animals. In 1974, Santiago Island had an estimated 100,000 feral goats and
20,000 feral pigs (deVries & Black, 1983). Through a combination of land and aerial depopulation
methods, goats and pigs were completely eradicated from Santiago Island by 2005 (Cruz et al., 2009;
Cruz et al., 2005). Similarly, Project Isabela was responsible for the depopulation of over 140,000 goats
from Isabela Island through hunting, with the aid of “Judas goats” wearing radio collars, and “Mata
Hari” goats - sterilized female goats induced into estrus and then released on the island to lead
hunters to the remaining goats. A small population of goats remains on Isabela Island and is
maintained in check via aerial surveillance (Carrion et al., 2011). Intensive conservation efforts also
resulted in presumptive eradication of feral donkeys from Santiago Island and the Alcedo Volcano
area of Isabela Island by 2005 (Carrion et al., 2007); pigeons from Santa Cruz, San Cristobal, and
Isabela Islands by 2005 (Phillips et al., 2012a); and cats from Balta Island in 2003 (Phillips et al., 2012b).
In each case, negative surveillance for 1-2 years following the last known sighting led to conclusions
that eradication was successful.

Eradication of rodents has also been a major goal for the Galdpagos Islands. Rodenticides such
as brodifacoum have been utilized to successfully control rat populations on various islands. In 2012,
black rats were eradicated from Pinzon Island with widespread aerial application of bait containing
brodifacoum rodenticide, leading to enhanced survival of Pinzon giant tortoise hatchlings (Rueda et
al., 2019). In 2019, the GNPD partnered with non-profit organization Island Conservation to deploy
drones carrying rodenticide on North Seymour Island and Mosquera Islet; both locations were
declared free of rats by the GNPD in 2021 (Uribe, 2021). Eradication efforts for rats and feral cats on
Floreana Island were also implemented in October of 2023 (Galapagos Conservation Trust, 2023a),
with the goal of subsequently introducing 15 locally extinct species from neighboring islands
(Galapagos Conservation Trust, 2023b).

Despite the benefits of widespread bait distribution systems for future rodent eradication
programs, care must be taken to minimize off-target effects on other species. For example, ingestion
of rodenticide by lava lizards was documented on Pinzon Island, and while the lizards themselves
suffered no documented effects, rodenticide relay toxicosis led to morbidity and mortality in endemic
Galapagos hawks (Rueda et al., 2016; Rueda et al., 2019).

While depopulation efforts have mitigated the destruction caused by invasive vertebrates, much
work remains. In particular, canine overpopulation is a significant problem for endemic Galapagos
species. Domestic dogs were first introduced to the archipelago in 1832 (Barnett, 1986), with large
feral dog colonies present through the 1980s (Barnett and Rudd, 1983; Reponen et al., 2014). Canine
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nest predation of giant tortoises and land iguanas resulted in population declines that ultimately
necessitated the development of nest conservation programs (Barnett, 1986). Canine predation upon
the endemic marine iguana, Galapagos penguin, Galapagos sea lion, Galapagos fur seal, blue pelican,
blue-footed booby, and Audubon shearwater have also been reported (Barnett and Rudd, 1983;
Kruuk and Snell, 1981). Canine depopulation efforts by the GNPD and CDF, principally via bait laced
with toxic sodium monofluoroacetate (Compound 1080), led to drastic reductions in feral dog
populations in the 1980s (Barnett and Rudd, 1983; Barnett, 1986). While feral dog colonies are no
longer prevalent in the archipelago, pet dogs are still commonly free-roaming (Jimenez et al., 2020;
Diaz et al.,, 2018; Gingrich et al., 2010) and may thereby encounter wildlife, leading to predation,
injury, or disease transmission (Barnett, 1985b). Ectoparasites, such as ticks, may transmit disease or
cause hematologic abnormalities in domestic dogs, humans or wildlife. Free-roaming domestic dogs
may also be the victims of vehicular trauma or other injuries. Controlling dog populations thus
remains a key focus. Spay and neuter campaigns have been ongoing over the past decade; however,
as of 2018, the human:dog ratio was estimated to be 4:1 on Santa Cruz Island, a 55% increase in the
dog population since 2014 (Hernandez et al., 2020), demonstrating that current campaigns are still
insufficient to mitigate population growth (Hernandez et al., 2020). Re-establishment of truly feral
canine colonies in remote regions is a low but present risk (Reponen et al., 2014).

Another prominent example of the persistent impacts of introduced vertebrates is that of the
smooth-billed ani (Crotophaga ani), intentionally introduced in the 1960s as a form of biological control
to predate upon cattle ticks (Cooke et al., 2019). The smooth-billed ani is now considered the most
damaging invasive bird in the Galapagos Islands, owing to its rapid population growth and
predation of native plants and animals, particularly endemic birds (Connett et al., 2019), snakes
(Cooke et al., 2020), and the endemic Galdpagos carpenter bee, a major pollinator. The bird also
propagates invasive plants by ingesting and spreading their seeds (Cooke et al., 2019). The
widespread negative impacts of the smooth-billed ani illustrate the danger of implementing
biological control efforts without appropriate risk management considerations. Since 1980, the CDF
has studied the impacts of this species and evaluated eradication techniques, but no large-scale
control plan has yet been implemented, and the bird remains widespread (Cooke et al., 2019). A major
challenge in developing an efficient eradication strategy for this invasive bird is the lack of data on
its typical behavior and life history. By studying the size of their ecological range, breeding strategies,
nest-building, migration, and diet, researchers may prioritize areas to target for intervention.

2.1.4. Invasive Marine Species

Overall, marine invasive species, particularly invertebrates, have been understudied (Keith et
al., 2016; Baert, 1994; Carlton et al., 2019), complicating an accurate assessment of current numbers
and ecosystem-level impacts. Marine traffic from tourism, fishing, and cargo shipping is likely the
major route by which marine invasive species enter the GMR (Keith et al., 2016; Carlton et al., 2019).
Carlton et al. (2019) hypothesized that shoreline structures such as docks and buoys also facilitate
colonization by marine species introduced via the hulls of ships. According to the CDF, at least 59
invasive marine species have been documented in the archipelago, including the green algae Caulerpa
chemnitzia (CDF, 2023a). Fast-growing algae can outcompete corals, particularly in already
compromised areas; C. chemnitzia is thus a threat to Darwin Island’s Wellington Reef (CDF, 2023a).
Recent work by Keith et al. (2022) reported that C. chemnitzia populations grow and contract in
response to climate change, calling for an early detection rapid response system to monitor marine
invasive species. A baseline of the species in the GMR and modes of entry for invasive species must
be defined to inform prevention and eradication strategies.

2.2. Infectious Diseases

Non-native hosts and vectors contribute to the introduction and establishment of infectious
diseases in susceptible endemic populations. Introduced pathogens also have the potential to
establish wildlife reservoirs, enabling them to circulate within wildlife populations and subsequently
to be transmitted back to humans or domestic animals (Haydon et al., 2002). Many of the pathogens
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described in this section remain under-researched in the Galapagos Islands; therefore, in many cases,
the presence of wildlife reservoirs has yet to be confirmed. Nonetheless, it is important to identify
pathogens for which potential local reservoir hosts exist. Prevention and early detection are key, as
once wildlife reservoirs are established, disease eradication becomes increasingly difficult and may
become impossible (Dowdle & Hopkins, 1998; Guertin, 2019). Strategies used to target domestic
animal reservoir hosts, such as mass vaccination or depopulation, can be more logistically
challenging, expensive, labor-intensive, and/or ethically complex to implement in wildlife species
(Barnett & Civitello, 2020; Miguel et al., 2020; Sharma & Hinds, 2012).

Domestic dogs are one of the most prominent potential reservoirs of infectious diseases that
could affect Galapagos wildlife. Canine vaccination was prohibited in the Galapagos Islands until
2017 (Levy et al., 2008; Vega-Marifio et al., 2023); the dog population thus remains under-vaccinated
and susceptible to outbreaks. While ABG has since promoted vaccination campaigns, efforts have not
yet resulted in adequate herd immunity against common canine pathogens, such as Canine
Distemper Virus (CDV) (Vega-Marifio et al., 2023) and canine parvovirus. For instance, an outbreak
of CDV in 2001 resulted in the death of over 600 dogs and documented exposure of Galapagos sea
lions (Levy et al., 2008). Due to lack of education and poor product availability, the use of adequate
ectoparasite preventatives is also uncommon, leading domestic dogs to carry a high tick burden
(Jimenez et al., 2020), which further promotes disease transmission in dogs, wildlife, and humans.

The food animal industry also presents a risk to wildlife, particularly birds. Food security and
economic sustainability for humans in oceanic islands require stable sources of locally-produced
food. As of 2014, approximately 100,000 chickens and over 3,500 pigs were present in the archipelago
(Puente-Rodriguez et al.,, 2019). Until recently, importation of unvaccinated day-old chicks was
common and represented a key exemption to the prohibition on animal importation; this practice
was seen as necessary to supplement the poultry industry but could serve as a route of disease
introduction (Puente-Rodriguez et al., 2019). Pathogens such as Newcastle Disease Virus (NDV),
Marek’s Disease Virus (MDV), Infectious Bronchitis Virus (IBV) and Mycoplasma spp. have been
detected in poultry in the Galdpagos Islands, and could spread to wildlife, particularly from backyard
flocks with contact with wild birds (Gottdenker et al., 2005; Whitehead et al., 2018; Wikelski et al.,
2004).

In Table 4, we report selected bacterial, viral, fungal, and parasitic pathogens of One Health
importance to the Galapagos Islands, the risks of which are summarized in the following sections.
We focus on pathogens that have been documented in domestic animal reservoirs and/or in endemic
wildlife, and/or that have zoonotic potential. For those pathogens without confirmed cases in
Galapagos wildlife, such as Coxiella burnetii, we assess risk based on the competency of these
pathogens in related wildlife species in other geographic regions. In addition, we include several
pathogens that have not been identified in the Galapagos Islands, such as WNV, but which are still
considered high risk. We also assign each pathogen a Risk Level, based on a consideration of the
potential for introduction, global status of the disease, susceptibility of Galapagos species, presence
of wildlife reservoirs and vectors, and zoonotic potential. It should be noted that this list is not
comprehensive, but represents our assessment of pathogens for which monitoring should be
prioritized.

2.2.1. Viral Pathogens of Importance to the Galdpagos Islands

CDV is a paramyxovirus that affects wild and domestic carnivores (Martinez-Gutierrez & Ruiz-
Saenz, 2016; Beineke et al., 2015). CDV is globally distributed and remains one of the leading causes
of death in domestic dogs worldwide, including in the Galapagos Islands (Vega-Marifo et al., 2023).
Transmission of CDV from domestic dogs to wildlife has been documented in other regions, posing
a major threat to conservation (Williams et al., 1988; Gilbert et al., 2020; van de Bildt et al., 2002).
While an outbreak of clinical disease caused by CDV has not occurred in Galapagos sea lions to date,
positive pups and adults having been identified (Levy et al., 2008; Denkinger at al., 2017) and a recent
study reported increasing seroprevalence (Ruiz-Saenz et al., 2023), suggesting that CDV presents a
threat to this endemic species. Morbidity and mortality associated with CDV have been documented
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in other pinnipeds (Kennedy et al., 2019), suggesting that CDV may similarly pose a risk to the
Galapagos fur seal. CDV also has the potential to become established in wild seal populations
(Bengtson et al., 1991), posing a barrier to disease eradication.

Phocine distemper virus (PDV) is a paramyxovirus that emerged in 1988, likely derived from
CDV following contact between domestic dogs and seals. Several outbreaks of PDV decimated seal
populations in Arctic and North Atlantic waters between 1980 and 2006 (Duignan et al., 2014;
Harkonen et al., 2006; Earle et al., 2006; Kennedy et al., 2019). In 2004, PDV was first identified in
previously naive marine mammals in the Northern Pacific Ocean, in association with sea ice
reduction (Goldstein et al., 2009; Kennedy et al., 2019; VanWormer et al.,, 2019). While PDV has yet
to be identified in tropical or subtropical climates, including the Galapagos Islands, its recent
introductions into previously naive populations and high mortality rate are concerning for continued
spread of this pathogen, particularly in the context of climate change. Antibody cross-reactivity
between CDV and PDV has been documented in seals, therefore real-time PCR (RT-PCR) is the gold
standard for differentiating these related viruses (Stanton et al., 2004).

Viral pathogens of domestic poultry can affect economic stability and threaten endemic birds.
MDYV, NDV, IBV, and Infectious Bursal Disease Virus (IBDV) are highly infectious viruses, for which
seropositive poultry have been identified on multiple islands in the archipelago (Soos et al., 2008;
Whitehead et al., 2018; Deem et al., 2012a; Gottdenker et al., 2005; Wikelski et al., 2004). In the
Galapagos Islands, wild birds of several species have tested seropositive for NDV, avian poxvirus,
and avian adenovirus II (AAV-II) (Deem et al., 2012a). Conversely, several studies in other wild bird
species have shown wild birds to be largely seronegative (Soos et al., 2008; Travis et al., 2006a, Travis
et al., 2006b, Padilla et al, 2003; Deem et al., 2011). These pathogens thus appear to be currently
contained within the poultry industry. These studies also demonstrate that there are differences in
susceptibility between endemic species. However, according to a 2008 survey on Santa Cruz Island
(Soos et al., 2008), backyard poultry flocks were more likely to show clinical disease compared to
broilers chickens, and had higher rates of seropositivity for infectious laryngotracheitis virus, IBR,
avian reovirus, and MDV. This is a significant concern, given that backyard poultry are more likely
to encounter wildlife, directly or through a shared environment, and are thus poised to facilitate
spillover (Ayala et al., 2020). Ongoing surveillance is therefore necessary, in combination with
enhanced biosecurity measures, particularly with regards to backyard poultry.

Avian poxvirus is another avian virus of major concern in the region. Avian poxvirus was
anthropogenically introduced to the Galdpagos Islands over a century ago (Parker et al., 2011) and
has been associated with morbidity and mortality in Darwin’s finches and waved albatross
(Tompkins et al., 2017; McNew et al., 2022; Kleindorfer & Dudaniec, 2008). Different finch species
may have varying levels of susceptibility to this virus (Kleindorfer & Dudaniec, 2008; McNew et al.,
2022). In addition, Zylberberg et al. (2013) reported that proximity to agricultural areas was a risk
factor for avian poxvirus prevalence and suggested that agricultural land use may influence
immunologic susceptibility. Further research is currently underway to assess the impacts of
seasonality on avian poxvirus transmission in Galdpagos passerines. Given the potential for stress
and poor health status as a risk factor for the development of clinical disease associated with avian
poxvirus, we may see increases in the prevalence of this virus in birds coinfected with other
pathogens, or stressed by climate change, ecosystem disturbances, predation, or parasitism.

2.2.2. Bacterial Pathogens of Importance to the Galapagos Islands

Leptospirosis is a re-emerging zoonotic bacterial disease caused by the spirochete Leptospira
interrogans. Rodents, particularly rats, serve as reservoirs. Leptospira is shed in the urine of infected
individuals and then contaminates water and soil, remaining infective for months. Leptospirosis has
been documented in Galapagos sea lions on San Cristdbal Island (Denkinger et al., 2017) as well as in
the California sea lion (Lloyd-Smith et al., 2007), South American fur seal (Arctocephalus australis) and
South American sea lion (Otaria flavescens, O. byronia) (Sepulveda et al., 2015, Katz et al., 2022). Canine
leptospirosis is endemic in South America (Rodriguez et al., 2004; Blazius et al., 2005; Calvopifia et
al., 2023). Surveillance for leptospirosis in the Galdpagos Islands has been minimal; however, one
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study in dogs in the archipelago identified no positive cases (Levy et al., 2008) and no human cases
of leptospirosis were identified between 2000 and 2020 (Calvopifia et al.,, 2022). The patterns of
transmission of Leptospira to endemic pinnipeds are therefore not yet known, and thus the risk factors
for exposure, or potential routes of cross-species transmission, have yet to be elucidated. Barragan et
al. (2016) suggested that livestock may be an understudied reservoir of leptospirosis in Ecuador; this
possibility has not been evaluated in the Galapagos Islands.

Mycoplasma gallisepticum is a poultry pathogen with significant implications for wild birds. M.
gallisepticum has been documented in backyard poultry and broilers on Santa Cruz (Soos et al., 2008)
and Floreana Island (Deem et al., 2012) and causes severe conjunctivitis, affecting sight, flight, and
resource acquisition. Although M. gallisepticum has not yet been identified in surveyed wild birds
(Soos et al., 2008; Deem et al., 2011), the potential remains for transmission from poultry. For instance,
in North America, M. gallisepticum established reservoirs in house finches before becoming endemic
in wild songbirds (Ley et al., 2016; Delaney et al., 2012; Sawicka et al., 2020), demonstrating the
potential for establishment in wildlife.

Other bacterial pathogens of poultry, such as Mycoplasma synoviae, Bordetella avium, Pasteurella
multocida, and Chlamydia psittaci, also pose threats to wild birds. For example, C. psittaci, a zoonotic
pathogen that causes avian chlamydiosis and human psittacosis, has been identified in flightless
cormorants (Travis et al., 2006b) and Galapagos doves (Padilla et al., 2004). Conversely, Padilla et al.
(2003) reported no waved albatross seropositive for C. psittaci. Variations in prevalence of C. psittaci
in different bird species may be secondary to exposure patterns depending on season, location or
diet, or differences in susceptibility due to genetic factors, immune status, or stress from concurrent
underlying disease or other pressures.

In a survey of several vulnerable species of endemic Galdpagos birds, Aaziz et al. (2023)
identified Chlamydia abortus in 35.6% of waved albatross from Espafola Island. C. abortus is a
causative agent of abortion in ruminants, but its potential as an avian pathogen is unknown
(Szymanska-Czerwinska et al., 2017). To the authors” knowledge, no studies have surveilled cattle in
the Galapagos Islands for the presence of C. abortus. The role of livestock in the transmission of C.
abortus to birds, or vice versa, is unknown and should be further investigated.

2.2.3. Parasitic Diseases of Importance to the Galapagos Islands

Dirofilaria immitis is the causative agent of canine heartworm disease and a zoonotic pathogen.
This filarial nematode is transmitted by the bite of infected mosquitoes, after which adults develop
and reside in the pulmonary arteries and can be recovered from these vessels as well from within the
heart. In the 1980s, D. immitis microfilariae were first documented in the archipelago in dogs (Barnett
& Rudd, 1983), demonstrating a domestic animal reservoir, and Galapagos sea lions (Barnett, 1985a)
presenting a direct risk to this iconic endemic pinniped. D. immitis has since been identified in dogs
on Isabela Island (Levy et al., 2008) and Santa Cruz Island, more commonly around brackish water
lagoons that serve as a mosquito breeding site (Jimenez et al., 2020). A newer report also confirmed
the presence of intracardiac adult heartworms in a Galdpagos sea lion (Gregory et al., 2023). In
addition, Barnett (1985a) surveyed humans on Floreana Island and documented 84% seropositivity
for antibodies against D. immitis. Taken together, these reports illustrate concurrent risks to humans
and wildlife secondary to a parasite with a reservoir in dogs. Additionally, the presence of both adult
heartworms and circulating microfilariae in Galapagos sea lions suggests that this parasite can also
circulate within a sylvatic cycle between mosquitoes and sea lions, posing an additional barrier to
eradication. D. immitis has also been reported in South African fur seals (Arctocephalus pusillus
pusillus) and common seals (Phoca vitulina) (Alho et al., 2017), as well as a Humboldt penguin (S.
humboldti) (Sano et al., 2005), in other regions, suggesting that the Galapagos fur seal and Galapagos
penguin are also at risk.

2.2.4. Emerging Pathogens of One Health Importance for the Galdpagos Islands

Emerging pathogens discussed in this section include those recently documented among
humans, domestic animals, and/or wildlife in the Galapagos Islands. This section also includes
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pathogens that have been documented in humans or domestic animals in the archipelago but have
either not yet been documented in Galapagos wildlife or are in the early stages of diagnosis in
wildlife.

Avian Influenza

Avian influenza is an emerging pathogen in the Galdpagos Islands. This virus is a zoonotic
respiratory and gastrointestinal pathogen, with both Low Pathogenic (LPAI) and Highly Pathogenic
(HPAI) forms. LPAI strains circulate naturally in wild birds, particularly waterfowl, and can spread
to domestic birds via fecal contamination. LPAI typically causes mild or subclinical disease in poultry
and is not considered a major public health threat. Wild waterfowl can carry multiple LPAI strains
and remain subclinical. The emergence of HPAI is intrinsically linked to anthropogenic activities
through the maintenance of poultry at high stocking densities in intensified agricultural conditions.
Circulation of LPAI strains in poultry promotes the development of HPAI strains that then spill back
over into wild birds; migrating birds can then spread HPAI along migration routes. HPAI strains
cause severe disease, including respiratory, gastrointestinal, and neurologic signs, and high
mortality, with outbreaks in poultry leading to severe economic losses. Because control measures of
positive flocks involve depopulation, an HPAI outbreak can decimate the poultry industry.

While outbreaks of HPAI have periodically cycled through Eurasia and North America, South
America has historically remained geographically insulated from this pathogen. However, in 2021, a
new strain of HPAI, H5N1, emerged in Eurasia and rapidly spread to North America before
spreading to Peru, presumably through wild bird migration. This strain is both highly transmissible
and carries high mortality for poultry and wild birds, as well as mammals. In 2022, H5N1 was linked
to mortality in harbor seals and gray seals in Maine (Puryear et al., 2023) and dolphins (Delphinus
delphis) and South American sea lions (Otaria flavescens) in Peru (Leguia et al., 2023). H5N1 has also
spilled over into dairy cattle, causing clinical respiratory disease and reduced feed intake, and
efficient transmission directly between cattle (Caserta et al., 2024) The virus appeared to have a
tropism for mammary epithelium, and viral particles were identified in milk (Caserta et al., 2024).

The first outbreak of HPAI in Ecuador occurred in November of 2022, with high mortality in
poultry (Bruno et al., 2023). In response, ABG issued an emergency resolution to prohibit importation
of day-old chicks and poultry products, including meat and eggs, and to suspend interisland
movement of poultry. ABG also initiated active surveillance for HPAI in poultry farms, for which all
samples to date have been negative. Over the prior two decades, several studies had surveilled
endemic Galdpagos birds for HPAI, with no positive samples identified (Travis et al., 2006a, Travis
et al., 2006b, Padilla et al, 2003, Deem et al., 2012). Unfortunately, coinciding with the emergence of
H5N1, HPAI was identified in the Galapagos Islands for the first time in September of 2023, following
reports of mortality and clinical signs in wild birds on Wolf, Genovesa, and Darwin Islands (Gobierno
del Ecuador, 2023; Cruz, 2024). Two dead frigate birds and one red-footed booby were confirmed
positive for HPAI (Stokstad, 2023). Since the initial detection, ABG has rapidly established the
capability to perform on-site molecular testing and intensive surveillance is ongoing. In December
2023, the GNPD reported that all samples collected from Galdpagos penguins and flightless
cormorants were negative (Primicias, 2024). ABG also plans to conduct genomic testing on any HPAI
strains identified to assess origin, virulence, and transmissibility, informing risk assessment,
management and containment strategies. As a precautionary measure, several visitor sites across the
GNP have been closed pending further investigation. Education of farmers, tour guides, and GNPD
staff is also necessary to increase the capacity for visual surveillance of birds and mammals, and to
warn tourists to report, but not to approach, any animals with concerning signs. To aid in the
response against HPAI in the Galapagos Islands, the UNESCO Rapid Response Facility (RRF)
provided 40,000 USD towards seabird surveillance (UNESCO, 2024).

The potential impacts of H5N1 emergence in the Galapagos Islands cannot be understated, and
thus ongoing efforts to identify and isolate cases are critical. H5N1 has the potential to cause large-
scale mortality in poultry, threatening food security and economic stability, alongside the newly
emerging threat of H5N1 to livestock. Given the prevalence of backyard poultry in the archipelago,
an outbreak of HPAI in poultry also carries the risk of spillover into native birds. H5N1 could result
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in high morbidity and mortality if an outbreak occurred in Galdpagos wild birds or mammals.
Notably, several mutations concerning for mammalian host adaptation have been identified in
samples from the recent Peruvian H5N1 outbreak, with direct mammal-to-mammal transmission
suspected to play a role in sea lion die-offs (Leguia et al., 2023). These findings have dire implications
for the Galapagos sea lion and fur seal in the event of an outbreak in these vulnerable species.
Furthermore, Galapagos endemic wildlife are already under stress associated with anthropogenic
pressures and El Nifio weather patterns that affect temperature, humidity, and resource availability,
which may render them more susceptible to infectious diseases.

Historically, HPAI infections in humans were primarily a risk for poultry workers or
veterinarians, secondary to zoonotic transmission from infected poultry (Kaplan & Webby, 2013). The
role of wildlife in the transmission of the current strain of H5N1 to humans is not yet clear; however,
increased evidence for mammal-to-mammal transmission suggests that a larger-scale outbreak in
humans may be possible. Given the evolving global status of the H5N1 outbreak, HPAI remains a
transboundary disease with high risk and dire potential consequences for both humans and animals
in the Galapagos Islands.

Severe Acute Respiratory Syndrome Related Coronavirus 2 (SARS-CoV-2)

Severe acute respiratory syndrome related coronavirus 2 (SARS-CoV-2) is the causative agent of
the Coronavirus disease 2019 (COVID-19) pandemic. The response to and impact of the COVID-19
pandemic in the Galdpagos Islands was markedly different from that of mainland Ecuador, and given
various will be covered in Part II of this review.

SARS-CoV-2 is thought to have emerged during a zoonotic spillover event from wildlife (Crits-
Christoph et al., 2023), although the intermediate host is not definitively known. Birds, reptiles, and
invertebrates do not appear to be susceptible to SARS-CoV-2 infection, but mammals may become
infected. While no cases of SARS-CoV-2 have been documented in animals in the Galapagos Islands,
there is some evidence that this pathogen could pose a threat to endemic marine mammals. SARS-
CoV-2 utilizes the angiotensin-converting enzyme 2 (ACE2) receptor to enter host cells; ACE2
receptor structure has thus been used to predict the risk of SARS-CoV-2 infection in different
mammals (Damas et al., 2020; Mathavarajah et al., 2021), with evidence suggesting that cetaceans,
seals, and otters may be highly susceptible (Luan et al., 2020, Mathavarajah et al., 2021). Interestingly,
ACE2 receptors in California sea lions had multiple mutations that led to reducing binding affinity
of SARS-CoV-2, suggesting this species may be less susceptible to infection (Mathavarajah et al.,
2021). If the same holds true for the Galapagos sea lion, this could confer a protective effect; however,
until such data is available, the Galapagos sea lion and Galdpagos fur seal should be considered
potentially susceptible to SARS-CoV-2. Mathavarajah et al. (2021) suggested that marine mammals
may be exposed to virus shed by infected humans into untreated wastewater. Ecuador is one of many
countries in which untreated wastewater is discharged into natural waters (Guerrero-Latorre et al.,
2020). Wastewater management in the Galdpagos Islands will be further discussed in Part II of this
review. While it is possible that exposure of marine mammals could occur in association with human
contact — zooanthroponosis of SARS-CoV-2 has been documented in farmed American mink
(Neovison vison) (Munnink et al., 2020) — the long-standing prohibitions of close contact between
humans and wildlife in the Galdpagos Islands likely limit this possible route of exposure.

Despite the theoretical risk conferred by ACE2 receptor morphology, further research is
necessary to fully assess the susceptibility of marine mammals to SARS-CoV-2. The anatomical
distribution of ACE2 receptors varies between species; for instance, ACE2 receptors were present in
the bronchiolar epithelium but not in the lungs of of harbor seals (Phoca vitulina) (Lean et al., 2023)
while juvenile bottlenose dolphins, but not adults, exhibited ACE2 receptors in the lungs (Audino et
al., 2022). The distribution of receptors thus may affect the susceptibility of marine mammals exposed
via inhalation. To date, no cases of SARS-CoV-2 natural infection in marine mammals have been
reported worldwide. Johnstone and Baez (2021) suggested that enhanced investigation of
coronaviruses in marine mammals should be pursued as a matter of both animal and public health.
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Toxoplasma gondii and Intestinal Parasites

Toxoplasma gondii is a zoonotic parasite for which felids are the definitive host, shedding
environment-contaminating oocysts (VanWormer et al., 2013) in the feces, which subsequently
contaminate groundwater (VanWormer et al., 2014; Shapiro et al., 2019; Dubey et al., 2003). Ingestion
of oocysts by mammals or birds results in formation of cysts within muscle or migration to the brain,
causing neurologic signs.

T. gondii has been identified in domestic cats in the Galdpagos Islands (Levy et al., 2008).
Seropositivity for T. gondii has been reported in the Galapagos hawk (Deem et al., 2012b), Galapagos
penguin, and flightless cormorant (Deem et al., 2010). More recently, T. gondii seropositivity in marine
and terrestrial birds in the Galapagos Islands was reported to range from 13% in Nazca boobies (Sula
granti) to 100% in Galapagos mockingbirds (Mimus parvulus), with diet being a risk factor for infection
(Mosquera et al., 2023). T. gondii has also been reported in the California sea lion (Zalophus
californianus) (Migaki et al., 1977; Carlson-Bremer et al., 2015) and other pinnipeds (Michael et al.,
2016; Sepulveda et al., 2015, Alvarado-Esquivel et al., 2012). Taken together, these results highlight
the wide variety of species that can be affected by T. gondii, and illustrate the importance of
considering risk factors for susceptibility in different species. Ongoing ABG research efforts include
characterization of T. gondii prevalence in cattle and dogs from the four populated islands of the
archipelago. ABG has also established a protocol for circumstantial monitoring of the Galapagos sea
lion and Galapagos fur seal for this parasite, with preliminary results identifying positive individuals
of both species (unpublished data). The prevalence of T. gondii in humans in the Galapagos Islands
is not known.

The canine hookworm, Ancylostoma caninum, and the canine roundworm, Toxocara canis, have
been identified in dogs in the Galapagos Islands (Diaz et al., 2016; Gingrich et al., 2010). These
parasites can cause cutaneous and visceral larva migrans in humans, respectively. Neither species
has been reported to affect pinnipeds; however, another hookworm species, Uncinaria spp., has been
identified in otariids (Seguel & Gottdenker, 2017), including the Galdpagos sea lion (Herbert, 2014).
The potential thus remains for marine mammals to serve as aberrant hosts of canine intestinal
parasites. In atypical hosts, nematodes tend migrate and cause extra-intestinal signs, which can
include neurologic sequelae.

Vector-Borne Pathogens

As introduced in Section 2.1.2, invasive arthropods are a major concern for transmission of
vector-borne diseases. The naturalized yellow fever mosquito (A. aegypti) vectors dengue virus,
chikungunya virus, and Zika virus, all of which are emerging pathogens in the Galapagos Islands,
with the first human cases identified in 2002, 2015, and 2016, respectively (Ryan et al., 2019). During
epidemics of these viruses, humans are the primary host and source of infection for new mosquitoes.
In other regions, these viruses are also enzootically maintained between non-human primates and
mosquitoes (Vasilakis et al., 2011; Gutierrez-Bugallo et al., 2019; Evans et al., 2022; Weaver et al., 2012).
Seropositivity has also been documented in rodents and birds; however, there is scant evidence that
these species develop clinical disease or are capable of infecting new mosquitoes (Silva & Dermody,
2017; Bueno et al., 2016; Gwee et al., 2021; Bosco-Laugh et al., 2016). Similarly, serologic and genetic
evidence of dengue, Zika, chikungunya, and other arboviruses have also been identified in bats,
although the epidemiological significance remains controversial (Fagre & Kading, 2019; Gwee et al.,
2021). To our knowledge, no studies have evaluated the endemic Galapagos red bat (Laciurus borealis
brachyotis) or the native hoary bat (Lasiurus cinereus spp. villosissimus) (Key & Sangoquiza, 2008;
McCracken et al., 2009) in the context of infectious disease. It remains unknown whether there are
any Galapagos wildlife capable of maintaining sylvatic cycles of arboviruses.

Ectoparasites, such as ticks, fleas, and lice, transmit disease and could transfer between animals
and humans through close contact. The brown dog tick, Rhipicephalus sanguineus, commonly infests
dogs in the Galapagos Islands (Jimenez et al., 2020) and will also rarely bite humans. R. sanguineus is
a vector for several zoonotic diseases previously identified in Galapagos dogs, including Ehrlichia
canis, E. ewingii, and Anaplasma phagocytophilum (Diaz et al., 2016; Jimenez et al., 2020). Ectoparasite
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preventatives are infrequently used in the region and free-roaming dogs may encounter parasites
and come into contact with other potential hosts (Diaz et al., 2016; Jimenez et al., 2020). Thus, the risk
of exposure to these canine vector-borne diseases is multifactorial.

Bartonella spp., a genus of zoonotic bacteria, has been identified in cats on Isabela Island (Levy
et al., 2008). Bartonellosis has also been documented in seals in other regions, transmitted by lice
(Morick et al., 2009), although no studies have identified Bartonella spp. in pinnipeds in the Galapagos
Islands. Leishmania donovani, another zoonotic pathogen, has also been reported in dogs on Isabela
Island (Levy et al., 2008), although its New World vector, the phlebotomine sand fly (Lutzomyia spp.),
has yet to be identified in the archipelago. The identification of these pathogens in the Galapagos
Islands in the absence of previously documented invertebrate vectors illustrates the importance of
further research to identify the means by which these pathogens are vectored. Elucidating the
regional life cycle of these pathogens will aid in surveillance and management.

Novel Reptile Adenoviruses and Herpesviruses

In 2021, researchers identified novel adenoviruses and herpesviruses among five species of giant
tortoises on Santa Cruz, Isabela, and Espanola Islands (Nieto-Claudin et al., 2021a), with unknown
pathogenic potential. Herpesviruses in other species are often latent chronic infections, exacerbated
in the context of concurrent infection or immunosuppression. Therefore, further research on these
viruses would help elucidate whether they represent a risk to the giant tortoise population.

My-cobacteria

Tuberculosis is an important pathogen worldwide, causing respiratory disease with
characteristic granulomatous pulmonary lesions, and can be transmitted between humans, domestic
animals, and wildlife, including between pinnipeds and humans (McDaniel et al., 2014; Bos et al.,
2014; Brosch et al., 2002; Macedo et al., 2020). The Mycobacterium tuberculosis complex includes M.
tuberculosis, M. bovis, and M. pinnipedii, among many others. Tuberculosis remains a public health
concern in mainland Ecuador, and has been described in one case report from a patient in the
Galapagos Islands (Garzon-Chavez et al., 2020). Although tuberculosis has not been identified in
Galadpagos pinnipeds, infections with the M. tuberculosis complex have been documented in multiple
species of seals and sea lions (Forshaw & Phelps, 1991; Katz et al.,, 2022; Barnett et al., 2013),
suggesting that Galdpagos pinnipeds may be at risk. Given the potential for cross-species
transmission, severity of clinical disease, and potential economic ramifications to the livestock
industry, tuberculosis should be considered a disease of importance in humans, domestic animals,
and wildlife.

Mycoplasma

Mycoplasma spp. are commensal organisms common to the respiratory tract of many reptiles,
birds, and mammals, including pinnipeds (Greig et al., 2005). In the context of concurrent respiratory
disease, Mycoplasma spp. can complicate and exacerbate clinical signs. Mycoplasma spp. isolated from
Galapagos sea lions with concurrent respiratory signs appear to be distinct species from those
commonly found in cats and dogs (Sarzosa et al., 2021), and thus merit further study with regards to
their pathogenic potential. California sea lions are also host to the respiratory agent Mycoplasma
zalophi (Sarzosa et al., 2021, Haulena et al., 2006), and the hemoplasm Mycoplasma haemozalophi
(Volokhov et al., 2011); these species may pose risks to the related Galapagos sea lions.

2.2.5. Future Infectious Disease Risks

This section includes pathogens that have yet to be documented in the Galapagos Islands, but
for which competent vectors and/or reservoirs are present and for which the risk of introduction is
high.

West Nile Virus (WNV) and Other Mosquito-Transmitted Arboviruses

WNV is a mosquito-transmitted flavivirus that causes disease in birds and mammals, including
humans. WNYV has not been detected in the Galdpagos Islands, with negative surveys of wild birds
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on multiple islands (Eastwood et al., 2014), and a recent serological survey of horses finding no
positive cases (Zanella et al., 2024). However, WNV is present in mainland Ecuador (Coello-Peralta
et al., 2019). Given that two competent mosquito vectors of WNV, C. quinquefasciatus and A. aegypti,
are naturalized in the Galapagos Islands (Eastwood et al., 2011; Eastwood et al., 2013; Eastwood et
al., 2019; Bataille et al., 2009b), and with growing tourism and rising global temperatures, the
potential establishment of WNYV in the Galapagos Islands is an ongoing risk (Kilpatrick et al., 2006).

While WNV causes only sporadic disease among birds in Europe, its relatively recent
introduction to immunologically naive North American birds resulted in high morbidity and
mortality, with severe febrile encephalitis (McLean, 2006; Sejvar, 2003). Galdpagos birds are likely
also naive to this Old World virus, thus an outbreak would likely similarly result in major population
declines. Thus, preventing the introduction of WNYV into the archipelago is of paramount importance.

Other mosquito-transmitted arboviruses such as Eastern equine encephalitis virus (EEEV),
Western equine encephalitis virus (WEEV), Venezuelan equine encephalitis virus (VEEV), and
Japanese encephalitis virus (JEV) also pose risks as emerging zoonotic threats, in the context of
climate change, urbanization, and tourism (Go et al., 2014; Mackenzie et al., 2016). To date, only one
study has evaluated the seroprevalence of these viruses in Galapagos wildlife, with Travis et al.
(2006a) finding no Galapagos penguins seropositive for these viruses. Nonetheless, the presence of
competent mosquito vectors of these viruses raises the question of whether these pathogens could
become established in the region and cause disease in both humans and animals.

Coxiella burnetii

Coxiella burnetii is an intracellular bacterial pathogen causing Q fever in humans and abortions
in ruminants. C. burnetii is transmitted to humans via inhalation of aerosolized dust containing spores
or direct contact with contaminated fluids or tissues from goats, sheep, or cattle (Welch, 2016). C.
burnetii can also be vectored between wildlife and livestock via ticks. Due to its hardiness in the
environment, potential for aerosolization, rapid spread and high infectivity, C. burnetii has also been
identified as a potential bioterrorism agent (Kagawa et al., 2003) and poses a significant public health,
veterinary health, and economic risk.

In infected humans, C. burnetii may cause acute, severe fever, headache, respiratory signs, and
muscle and joint pain. Chronically infected individuals may develop hepatitis and endocarditis, with
higher mortality than acute cases. In some cases, patients may be asymptomatic during acute disease
and only diagnosed after development of chronic sequelae, at which time some changes may be
irreversible.

C. burnetii has been identified in ruminant herds worldwide (Bauer et al., 2022; Bwatota et al.,
2022; El-Mahallawy et al., 2014; Epelboin et al., 2023; Georgiev et al., 2013; Kim et al., 2005). However,
overall, this pathogen remains understudied in Latin America (Epelboin et al., 2023). C. burnetii is
endemic in Ecuador, with a seroprevalence of 43-53% in dairy cattle and 34% in farm workers
(Carbonero et al., 2015; Changoluisa et al., 2019; Echeverria et al., 2019). Two studies to date have
investigated the prevalence of C. burnetii in the Galdpagos Islands. In one study, 500 bovine serum
samples were analyzed by enzyme-linked immunosorbent assay (ELISA), with no positive cases
(Chalan and Omar, 2021). In the second study, 5 milk samples from dairy cattle were negative on
molecular testing (Rojas et al., 2013). However, these studies are likely insufficient to fully declare the
Galapagos Islands free of C. burnetii, and ongoing surveillance should be performed. C. burnetii has
also been identified in Australian fur seals (Arctocephalus pusillus doriferus), although its significance
as a causative agent of abortion in this species remains unclear (Gardner et al., 2022); this pathogen
should thus also be considered a potential risk to the Galapagos fur seal.

The emergence of C. burnetii in the Galdpagos Islands would pose a threat to human health,
wildlife health, economic stability, and food security. Occupational exposure among workers in
Ecuador is likely underreported, posing a barrier to timely diagnosis and treatment. Given the
potential for chronic disease sequelae, such a situation in the Galapagos Islands could compromise
long-term health and increase the burden on healthcare systems. In addition, reduced production
from livestock would reduce income while increasing pressures on other sectors to provide local
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sources of food. If Given that Galapagos fur seals bear only one pup per breeding season, a pathogen
that causes abortion could devastate their already declining populations.

Fungal pathogens

With climate change and rising global temperatures, fungal agents are poised to emerge as
important pathogens (Nnadi & Carter, 2021), yet fungi remain understudied globally. Fungal spores
are also notoriously resilient to degradation. Several fungal organisms have emerged as wildlife
pathogens in the past decades, including chytrid fungus (Batrachochytrium dendrobatidis) of
amphibians and white-nose syndrome (Pseudogymnoascus destructans) of bats. Cryptococcus gattii, a
systemic fungal pathogen of humans and animals, has caused outbreaks of pulmonary and
neurologic disease in humans, marine mammals, and penguins (Rosenberg et al., 2016; Fenton et al.,
2017; Huckabone et al., 2015; Venn-Watson et al., 2014; Brito Devoto et al., 2022).

Several studies have surveyed Galapagos fungi in association with soil, trees, vegetation, and
insects (Ajello & Padhye, 1974; Schoenborn et al., 2023; Nelder et al., 2004; James et al., 2015; Freitas
et al., 2013; Guaman-Burneo et al., 2015), but few studies focus on fungi as pathogens (Carvajal
Barriga et al., 2014). There are only two clinical reports of fungal lesions in the region; Sutton et al.
(2013) and Christman et al. (2020) identified two novel fungal species in Galapagos tortoises, from
carapace and pulmonary lesions, respectively. Environmental surveillance efforts should be
implemented to assess for the presence of fungi with pathogenic potential.

Other Pathogens for Future Surveillance

Surveillance of infectious diseases in cattle, goats, pigs, and horses in the Galapagos Islands has
been limited. Livestock may transmit diseases to humans (McDaniel et al., 2014) or to wildlife, either
through direct contact or through fomite transmission. ABG conducted extensive surveillance of
cattle between 2014 and 2015, with no evidence of Brucella abortus (Gioia et al., 2018), Foot and Mouth
Disease, or bovine leukosis virus. Nonetheless, ongoing surveillance is necessary. Some pathogens
affecting livestock are also related to those that cause disease in wildlife — for instance, the virus that
causes Vesicular Exanthema of Swine is genetically indistinguishable from San Miguel Sea Lion
Virus.

Many pathogens affecting the California sea lion likely have the potential to affect the Galapagos
sea lion, even if they have yet to be studied in the latter, and thus should be targets for future
surveillance in the Galapagos Islands. For example, otarine adenovirus 1, related to canine
adenovirus 1 and 2, causes sea lion viral hepatitis (Goldstein et al., 2011). California sea lions are also
host to otariine herpesvirus-1 (Gulland et al., 2020) and their own caliciviruses (Smith et al., 1990),
the respiratory agent Mycoplasma zalophi (Sarzosa et al., 2021, Haulena et al., 2006), and the
hemoplasm Mycoplasma haemozalophi (Volokhov et al., 2011).

2.3. Antimicrobial Resistance

In 2013, the United States Centers for Disease Control and Prevention (CDC) highlighted the
global public health implications of antimicrobial resistance (AMR) via the first Antibiotic Resistance
Threats report (CDC, 2013). In early 2022, the CDC reported that the SARS-CoV-2 pandemic
prompted a significant increase in antibiotic use and AMR-associated infections worldwide, in part
due to enormous pressure placed on global healthcare networks (CDC, 2022). AMR affects human,
domestic animal and wildlife health. Factors contributing to AMR include overuse, prophylactic use,
and subtherapeutic use (e.g. growth-promotion in livestock) of broad-spectrum antibiotics (CDC,
2013; FDA, 2017). Antibiotics exert selective pressure for antimicrobial resistance genes (ARGs),
which can then be horizontally transferred between bacteria. Despite efforts to safeguard public
health through judicious use of antibiotics, AMR remains a significant threat to healthcare
worldwide. AMR infections result in prolonged hospitalization, economic hardship, failure of
treatment and increased morbidity and mortality (Dadgostar, 2019).

Several studies have evaluated AMR in the Galapagos Islands, all supporting a link between
human-wildlife contact and the presence of bacteria with ARGs. Thaller et al. (2010) reported that
AMR was exceedingly rare (~1%) among land iguanas (Conolophus pallidus) in remote areas of Santa
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Fe Island. Conversely, Wheeler et al. (2012) documented a higher rate of AMR in E. coli isolated from
reptiles in close proximity to human areas compared to remote areas (Wheeler et al., 2012). Nieto-
Claudin et al. (2021) also found that fecal ARGs were more prevalent in giant tortoises from urban
and agricultural zones compared to remote areas. Taken together, these studies suggest that
proximity to humans increases the risk of exposure to bacteria with ARGs. Sewage discharge at
beaches on San Cristébal Island was associated with higher concentrations of Enterococcus and more
AMR in E. coli (Overbey et al., 2015), providing one potential explanation for transfer of AMR strains
in association with human activities. In addition, antibiotics carried in tourist luggage with
inappropriate use or disposal could contribute to environmental contamination, with downstream
effects for human and wildlife health.

While the presence of AMR bacteria does not necessarily confirm a pathogenic role, their
presence is concerning for two main reasons: 1) many commensal or environmental microbes may
become opportunistic pathogens in the context of concurrent stress, disease, or immune compromise;
and 2) if an infectious disease outbreak were to occur in endemic wildlife, the presence of AMR would
complicate treatment, particularly in a region where access to antibiotics is limited even in the public
health sector.

3. Regulations and Surveillance

3.1. Institutions with a Role in Building the “One Health” Strategy for the Galipagos Islands

At the national level, several agencies overlap in responsibilities to protect public health. INSPI
is the national surveillance and reference laboratory that provides specialized public health services
for Ecuador (Gobierno del Ecuador, 2022a). The Phytosanitary and Zoosanitary Regulation and
Control Agency (AGROCALIDAD), associated with the Ministry of Agriculture and Livestock is
responsible for the regulation, protection, and improvement of animal and plant health, and food
safety (Gobierno del Ecuador, 2022b). The National Agency for Regulation, Control and Sanitary
Surveillance (ARCSA) regulates the quality, safety, and efficacy of medicines, processed foods, and
cosmetics, and conducts sanitary surveillance (Gobierno del Ecuador, 2022c). Notably, these
institutions act primarily at the continental level, but have agreements with agencies in charge of
health of the Galapagos Islands.

In 2003, the Ecuadorian government enacted the Regulation for the Total Control of Introduced
Species in Galapagos Province (RCTEI), which further defined regulations on transport of food
products into and within the archipelago, and established a Provincial Agricultural Health and
Quarantine Committee, responsible for reviews and recommendations every 5 years. RCTEI also
outlines biosecurity procedures, such as disinfection of vessels and a system of vessel certification,
with reported compliance of 95% (Brewington et al., 2012). Additional recommendations have been
made to reduce the risk of contaminated maritime equipment and ballast water (Brewington et al.,
2012).

The institutions that govern sustainability of the Galdpagos Islands locally are the Government
Council (CREG), focused on public policy; the GNPD, centered on management of protected areas
and wildlife; and ABG, safeguarding animal, vegetal, and human health. ABG is a technical-public
entity attached to the Ministry of the Environment, responsible for monitoring diseases of public
health and veterinary importance. ABG’s lines of action were framed to comply with the Invasive
Species Management Plan for Galdpagos, summarized in Table 5 (Espinosa & Cedefio, 2022). ABG
carries out surveillance, diagnostics, and research for timely identification of threats in urban and
wild fauna. ABG is also responsible for emergency response plans, disease control programs, and
epidemiological research. To monitor the food production sector, ABG institutes biosecurity and
containment measures for livestock, including quarantine procedures and slaughterhouse
inspections, and certifies the movement of animals and animal products between islands (Gobierno
del Ecuador, 2022d).

Given the wunique ecological status of the Galapagos Islands, international and
intergovernmental organizations play key roles in setting conservation goals and evaluating
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progress. Approximately every 8 years, the UNESCO World Heritage Committee evaluates the status
of World Heritage sites based on voluntary legislative and administrative updates provided by the
State Party (UNESCO, 2023a). New Action Plans are then formulated with discrete goals to address
urgent challenges. The most recent report for the Galapagos Islands was presented on November 28,
2022, highlighting threats of tourism, land use, unregulated or illegal fishing, and invasive species
(UNESCO, 2023b). The corresponding conclusions from the World Heritage Centre and Advisory
Bodies will be further discussed in Part II of this review.

The TUCN Red List monitors wildlife populations and is an invaluable monitoring and
assessment tool. However, several caveats should be considered when using the IUCN Red List to
assess the conservation status of Galapagos species. The interval between IUCN assessments is
variable, thus the most recent IUCN classification may not accurately reflect a species’ current
conservation status. Accurate assessments rely on available scientific data, which may be scarce. For
instance, the San Cristdbal giant tortoise (C. chathamensis) was first assessed in 1996 as Vulnerable
and not re-assessed until 2017, when it was classified as Endangered (Caccone et al., 2017). In
addition, many species have yet to be evaluated by the IUCN. Thus, the IUCN Red List should not
be used to exclude certain species from conservation simply because they have not yet been classified.
Most importantly, the global status of a species may not fully reflect the conservation status of local
or regional populations. The IUCN states that the Red List was “developed for assessing extinction
risk at the global level ... If the criteria are used on their own to assess non-endemic species at regional
or national levels, this could result in incorrect or even misleading assessments” (IUCN, 2022).
Particularly on oceanic islands, isolated populations have diversified into subspecies and are subject
to distinct pressures compared to the parent species. For instance, the blue-footed booby (Sula
nebouxii) is native to the Galapagos Islands but is also found throughout the Gulf of California and
western Central and South America. The Galdpagos endemic subspecies, S. n. excisa, has declined by
over 50% in the past two decades (Anchundia et al., 2014) and is considered Endangered by the
Charles Darwin Foundation, yet the parent species remains listed as Least Concern by the IUCN as
of 2020 (CDF 2023; BirdLife International, 2021). Similarly, endemic subspecies of the short-eared owl
(Asio flammeus ssp. galapagoensis), great blue heron (Ardea herodias ssp. cognata), and yellow-crowned
night heron (Nyctanassa violacea ssp. pauper) are all regionally threatened, despite global populations
remaining of Least Concern according to the IUCN. These considerations may in part explain
differences between the IUCN and CDF assessments of risk status of Galapagos endemic species.

Multidisciplinary collaboration between governmental institutions, non-profit and non-
governmental organizations, and private entities or private research centers are key to maintain
biosafety and identify strategies to mitigate existing threats. Organizations such as the CDF,
Galapagos Science Center (GSC), and the Galapagos Conservancy promote sustainability through
conservation and research, providing personnel, funding, and expertise to drive key projects
forward. These organizations also conduct global campaigns to increase public awareness of threats
facing the Galapagos Islands, leading to a valuable source of external funding.

3.2. Discussion and Recommendations

The terrestrial and marine environments of the Galapagos Islands are subject to distinct, but
sometimes overlapping, pressures. As defined by Snell et al. (2002), the primary threat to marine
biodiversity is the exploitation of key species through fishing, poaching, or accidental killing,
compounded by the effects of climate change and invasive species. Terrestrial ecosystems are most
threatened by invasive species and associated predation, competition, and habitat alteration (Snell et
al., 2002). As an interdisciplinary field, Planetary Health holds that understanding these threats is key
in developing appropriate management and prevention strategies.

In this review, we outlined key invasive species threats in the region and review key control and
eradication efforts, as well as emerging technologies. It is necessary to continue researching and
developing eradication plans for invasive species. Currently, biological control agents appear to be a
promising avenue for further research, given their potential to be highly selective for the target
species. However, due to the often-irreversible nature of biological control agents, stringent risk
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assessments must be conducted before implementation. Otherwise, species introduced with the goal
of serving as biological control agents could themselves become invasive and have downstream
consequences for native species.

Ongoing monitoring for recurrence is also important even in areas where eradication efforts are
thought to have been successful. Care should be taken when interpreting a lack of sightings as
conclusive evidence of eradication. Additionally, until a given invasive species is entirely eradicated
from the archipelago, there is an ever-present risk of reintroduction through anthropogenic
interisland movement, and thus a need for ongoing surveillance and prevention.

In developing control and eradication strategies, it is critical to engage various sectors (Gardener
et al,, 2013). However, reaching a consensus on management plans can be challenging, given
differences in values between stakeholders. For example, many invasive species in the archipelago
were introduced for agricultural purposes and were once considered economically important.
Community education is therefore critical to enhance buy-in and encourage property owners to allow
land access. In addition, Trueman et al. (2010) also suggested the implementation of inter-island
quarantine efforts to reduce invasive plant introductions.

We also recommend the implementation of a reporting system that can be utilized by the public
to alert authorities to invasive species sightings, thus facilitating a rapid, targeted response. For
instance, while ABG conducts routine surveillance throughout the archipelago, a cluster of reports of
invasive arthropods on one island would allow ABG personnel to increase the frequency or scope of
their surveillance at that site, as well as adopt techniques particularly suited to the sighted species,
such as aerial traps for mosquitos, or ground baits for ants. A particular challenge for a publicly
accessible reporting system is the large volume of reports and the capacity of personnel to manually
review all the submitted images. The use of emerging artificial intelligence technologies offers a
potential avenue to process images, remove false positive results, and prioritize only likely invasive
species for further review by biosecurity officials. Given the volume of tourism in the archipelago,
engagement of citizen science (for instance, through an application downloaded by tourists) may be
an unexplored avenue to augment regional biosecurity efforts in the Galapagos Islands. For example,
the mobile application iNaturalist has been used to track the spread of invasive invertebrates and
plants in other areas (Fisher et al.,, 2022; Pawson et al., 2020; Dimson et al., 2023). Several research
groups have also reported bulk molecular surveillance protocols to identify invasive arthropods from
mixed-species samples on insect traps (Butterworth et al., 2022; Mee et al., 2021).

In this review, we also document many pathogens with the potential to cause disease in humans
and endemic wildlife in the Galdpagos Islands, and prioritized these pathogens with a “Risk Level”
in Table 4. Notably, while we acknowledge the importance of prioritizing surveillance for diseases
that are involved in active outbreaks, we also include in this list some agents that have been
documented in domestic animals but not in wildlife in the Galapagos Islands, and some that have
never been documented in the region but have a high potential for introduction and/or severe
consequences for human or animal health. Inclusion of these latter two categories is crucial when
considering biosecurity from a One Health perspective, because it acknowledges 1) that disease
transmission across human-domestic animal-wildlife interfaces is a viable route for pathogen
introduction, and 2) existing factors may make spread of certain pathogens very likely in the future,
such as the potential for anthropogenic transport or the presence of competent arthropod vectors.
Outbreaks of pathogens that affect humans, domestic animals, and wildlife, such as HPAI or C.
burnetii, have the potential to simultaneously cause crises in public health and animal health, while
also impacting food security, economic sustainability, and biodiversity. Furthermore, once emerging
pathogens establish wildlife reservoirs, eradication efforts would become vastly more technically
difficult, costly, and time-intensive, if not impossible. Detection of biologic threats before they
become established is therefore critical. Thus, our goal was to highlight agents which should be
considered important threats, regardless of their current presence in the region, as maintaining
vigilance for these pathogens will inform appropriate biosecurity measures to exclude or contain
them.
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ABG is a bold institution due to its administrative autonomy and sanctioning/regulatory power,
and its acceptance as a regulatory unit by the local, national, and international community. On some
Islands, ABG sites have the most advanced infrastructure, laboratory equipment, and technical and
managerial capacity. ABG also has the scope to collaborate with inter-institutional and international
organizations. As a relatively young entity, however, ABG can still strive to implement
improvements at an institutional and operational level.

Due to the large volume of tourist activity and reliance on imported products, air and sea are
potential routes for introduction of invasive species or pathogens via passenger or cargo vessels, and
require rigorous, active surveillance. For inspection and quarantine, ABG maintains a list of approved
and prohibited organic products (ABG, 2013), devised by balancing supplying internal markets with
the risk of biologic threats (Rogg et al.,, 2005). Currently, the list of prohibited products is only
published in Spanish, limiting full accessibility to tourists. Providing lists in English to tour
companies and cruise ships would increase awareness and improve compliance. Additionally,
having these lists is not entirely beneficial if baggage or import inspections are not rigorous. X-ray
scanning of crates and baggage is performed on the mainland and upon arrival at official ports of
entry. However, there is often a time delay between scanning, cargo loading, and vessel departure,
during which time crates may be stored for days in open air. Improving the efficiency of cargo
surveillance and loading would decrease exposure to pests and contamination. Cargo could be
tagged with designated ship dates and X-ray scanning and visual inspection conducted just prior to
loading. Additionally, where pre-shipment storage is necessary, cargo should be stored indoors on
raised pallets in clean, dry, and vermin-proof areas. Cargo crates are currently randomly selected for
visual inspection, but it is not possible to open every crate. To mitigate this, we recommend the
incorporation of sniffer dogs trained to detect organic materials to allow targeted inspections of cargo,
similar to current policies for passenger baggage arriving to Baltra and Cristdbal airports.

Since ABG is considered a public investment project, activities may also be constrained by
budget availability and delays in accessing external funding. There are also limitations in equipment,
reagents, or infrastructure to support advanced diagnostic techniques. ABG requires personnel with
specialized training in microbiology, epidemiology, biosecurity, and related fields. Current
legislation, meant to promote local economic growth, restricts the contracts available to non-
Galapaguefios. In practice, however, there is a lack of investment in education opportunities for
Galapagos residents, thus these positions may remain unfilled. Expansion of human talent
acquisition is essential to ensure that ABG has the expertise and bandwidth to carry out all necessary
surveillance and monitoring.

We recognize the challenges inherent in conducting surveillance for multiple pathogens,
particularly when ABG must prioritize resources towards current public health efforts and/or
actively emerging threats. Ultimately, surveillance goals must be developed at the regional level,
considering many overlapping factors. Regardless of the pathogens prioritized, however,
surveillance strategies should aim to span human, domestic animal, and wildlife interfaces. For
instance, in 1985, humans on Floreana Island were documented to have a high rate of seropositivity
for antibodies against D. immitis, a pathogen of humans, dogs, and pinnipeds. However, no studies
in the past 40 years have evaluated the prevalence of this disease in humans in the Galapagos Islands.
Serologic testing is more readily conducted in human patients and pet dogs than in wildlife, and
results would inform both public health and the regional risk to sea lions. Surveillance efforts should
also utilize a combination of diagnostic tools to build a comprehensive picture, recognizing that
seropositivity does not indicate active infection, and even infected individuals may be subclinical for
disease. For instance, while the archipelago may currently be considered free of C. burnetii based on
the two studies in the literature, more comprehensive surveys should be conducted of livestock
serum samples and bulk milk tank samples. Eastern equine encephalitis virus, WNYV, yellow fever
virus, and dengue virus can be identified directly from mosquitoes via polymerase chain reaction
(PCR) (Hadlfield et al., 2001; Ali et al., 2022), which may prove useful in identifying and managing
newly introduced and/or emerging pathogens before clinical cases occur.
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In addition, occupational surveillance and education on disease recognition should be provided
for farmers. Research to identify new vectors of disease and potentially novel pathogens should also
be prioritized. For example, the arthropod vector of Leishmania in the region has not yet been
identified; without a full picture of this pathogen’s life cycle, it is extremely difficult to develop
appropriate risk mitigation strategies.

Control of canine overpopulation, vaccination campaigns, limiting contact with wildlife, and
appropriate education of pet owners is necessary to prevent the spread of diseases for which domestic
dogs and cats serve as a reservoir (Vega-Marino et al., 2023). Preventing domestic cats and dogs from
roaming freely would also decrease environmental contamination with fecal parasites. Pet owners
should be diligent about collecting waste to reduce the risk of groundwater contamination. For
instance, T. gondii takes 48 hours to sporulate in the environment, thus discarding cat feces daily
reduces household exposure to infectious stages of the parasite. At the regional level, development
of appropriate wastewater treatment and solid waste handling strategies are necessary to prevent
groundwater contamination from pet feces discarded in municipal trash. In addition, further research
should evaluate AMR in the Galapagos Islands in the context of domestic and wild species to develop
guidelines for antibiotic stewardship in the public health, agriculture, and regulatory sectors.

Most of the Galapagos Islands is a protected area (PA). Research in Southeast Asia has shown
that effectively managed PAs are an asset to conservation, with increased wildlife diversity inside
reserves and in adjacent unprotected areas (Brodie et al., 2023). However, many large PAs suffer from
lack of resources and infrastructure for efficient management, thus creating “paper parks.” It is
imperative that the Galapagos Islands do not fall prey to this pitfall, particularly where human
presence and wildlife conservation are so closely intertwined and managed visitation of protected
areas are a core economic component. Continued assessment of the biodiversity landscape is
necessary to ensure that GNP protections are functioning as intended.

Given that many challenges cross international boundaries or stem from global anthropogenic
activities, collaboration between regional and national authorities and international stakeholders has
become a necessary component of building effective management strategies for the region. However,
research efforts by international scientists must actively strive to produce tangible and direct regional
benefits, and integrate solutions for preservation of biodiversity while supporting local development.
Scientists must prioritize ethical research practices (MacClancy & Fuentes, 2013). This includes
consideration of the ecological impacts of specimen collection and field studies (ranging from stress
caused by human presence to transmission of pathogens), and appropriately compensating and
acknowledging local participants. Furthermore, research methodology should be able to be
replicated using local resources, enabling study results to be translated into actionable management
plans and compared to future data. Under the current infrastructure, barriers to communication also
impede the efficiency of surveillance programs. Information-sharing must be enhanced by expanding
scientific journal access to avoid information gatekeeping and establishing digital repositories and
translations of print literature to ensure preservation and accessibility. A central electronic database
for sharing diagnostic, epidemiological, and geographic reports would enhance information transfer
and transparency, ensuring that different sectors are not operating in silos. This database would be
of most utility in the context of a One Health monitoring network, to consolidate information
generated by research institutions for access by policymakers, regulatory agencies, and scientists,
enabling efficient and informed decision-making. Ultimately, a reciprocal exchange of knowledge
should be prioritized.

3.3. Tables

Table 1. Vertebrates Species of the Galapagos Islands: Origin and CDF Conservation Status.

Taxon Endemic Native  Migrant Vagrant Introduced Other Total

Birds 47 (22%) 27 (13%) 31 (15%) 65 (31%) 12 (6%) 30 (14%) 212
Extinct 1 1
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Critically endangered 4 4

Endangered 5 0 1 6

Vulnerable 15 7 0 3 25

Near Threatened 5 3 0 11 1 20

Least Concern 16 14 31 49 9 119
Terrestrial mammals 9 (38%) 0 0 0 15 (63%) 0 24

Extinct 3 3

Critically endangered

Endangered

Vulnerable 5 5

Near Threatened

Least Concern 3 3
Marine mammals 2 (7%) 2 (7%) 13 (46%) 11 (39%) 0 2 (7%) 28

Extinct

Critically endangered

Endangered 2 2 1 5

Vulnerable 1 1

Near Threatened

Least Concern 6 5 11
Reptiles 37 (9%) 2 (4%) 4 (8%) 0 5 (10%) 4 (8%) 52

Extinct 2 2

Critically endangered 7 1 8

Endangered 3 1 4

Vulnerable 7 1 2 9

Near Threatened 10 10

Least Concern 6 1 5 12
Fish 65 (12%) 396 0 52 (10%) 1 (<1%) 14 (3%) 528

(75%)

Extinct

Critically endangered

Endangered 1 1

Vulnerable 3 8 11

Near Threatened 10 1 11

Least Concern 1 16 17

Amphibians 0 0 0 0 1 (50%) 1 (50%) 2
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Table 2. Historical causes of natural and anthropogenic changes in the Galapagos Islands (Snell et al.,
2002).
Causes of natural change Causes of anthropogenic change
Climate change and weather Invasive species
Volcanism Introduction of infectious diseases
Ecological succession Extractive use of natural resources
Competition Habitat alteration
Predation
Dispersal
Table 3. Extinct Endemic Species of the Galapagos Islands.
Scientific Common First Approximat Threats / Likely References
name name Describe e Yearof  Drivers of
d Extinction  Extinction
Sicyos Darwin’s 1835 1835 Grazed to CDF, 2023b;
vollosus Galapagos extinction or Sebastian et
gourd target of a al., 2010
cucumber virus
Delilia N/A 1835 1835 Unknown; CDF, 2023b;
inelegans possibly Delprete,
competition by 1995
invasive plants or
grazed to
extinction
Gomphrena Galapagos 1835 1906 Unknown; CDF, 2023b;
rigida amaranth possibly Lawesson,
competition by 1987
invasive plants or
grazed to
extinction
Chelonoidis Pinta giant 1877 2012 Human Snow, 1964;
niger tortoise exploitation Cayot et al,,
abingdonii (whalers/mariner 2022;
s) CDF, 2023b;
Resource

competition and
habitat
destruction by
introduced

species (goats)
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Chelonoidis

niger niger

Chelonoidis
niger spp.

Megaoryzom

ys curioi

Megaoryzom

s sp.

Nesoryzomys

darwini

Nesoryzomys
indefessus

Floreana 1827
giant

tortoise

Santa Fe 1905
giant

tortoise

Galapagos 1964

giant rat

Isabela Fossil

giant rat

Darwin’s 1906
Galapagos

mouse

Indefatigabl 1898

e
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1850

Mid-1800s

1930

1930

1934

Human
exploitation
(whalers/mariner
s)

Impacts of
introduced
species (donkeys,
dogs, pigs, black
rats, mice, cats,
cattle, goats)
Unknown;
presumptively
human
exploitation

(whalers/mariner

s)

Unknown;
possibly
competition,
predation, or
disease from
introduced
species (pigs,
dogs, black rats,
cats)

Unknown

Competition and
disease
introduction by
introduced black
rats

Predation by
feral cats
Competition and
disease
introduction by
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van Dijk et
al., 2017;
CDF, 2023b;
Conrad &
Gibbs, 2021

Steadman et
al., 1991;
Jiménez-
Uzcategui et
al., 2007;
Conrad &
Gibbs, 2021

CDF, 2023b;
Weksler &
Tirira, 2019;
Lange, 2015

Steadman et
al., 1991;
Jiménez-

Uzcategui et

al., 2007
Tirira &
Weksler,
2019a;

CDF, 2023b;
Dowler et
al., 2000
CDF, 2023b;
Dowler et
al., 2000;
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Aegialomys
galapagoensis

ssp.
galapagoensis

Nesoryzomys
sp. 1

Nesoryzomys
sp. 2

Nesoryzomys
sp. 3

Pyrocephalus
dubius

Phyllodactylu
s sp.

Galapagos

mouse

Galdpagos
rice rat, San
Cristobal

subspecies

Rabida rice

rat

Isabela rice

rat

Isabela rice

rat

San
Cristobal
Vermilion

Flycatcher

Rabida
gecko
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1835 Unknown,
likely mid
1800s
Fossil -
Fossil -
Fossil -
1839 1987
Fossil -

introduced black
rats, Norway
rats, and house
mice

Predation by
feral cats
Competition and
disease
introduction by
invasive rodents
Predation by
feral cats

Unknown

Unknown

Unknown

Competition and
predation by
introduced rats
Introduction  of
avian pox virus
Invasive bot fly
Philornis downsi
Unknown

Table 4. Selected Pathogens of One Health Importance for the Galapagos Islands.
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Tirira &
Weksler,
2019b

CDF, 2023b;
Steadman et
al., 1991;
Jiménez-

Uzcategui et
al., 2007
Steadman et
al., 1991;
Jiménez-
Uzcategui et
al., 2007
Steadman et
al., 1991;
Jiménez-
Uzcategui et
al., 2007
Steadman et
al., 1991;
Jiménez-
Uzcategui et
al., 2007
CDF, 2023b;
Carmi et al.,
2016
Vargas, 1996
BirdLife
Internationa
1, 2017
Steadman et
al., 1991;
Jiménez-
Uzcategui et
al., 2007
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Zoonoti
Primary Risk
C Wildlife Reference
Pathogen Animal Documented in Galapagos? Leve
Potenti at risk s
Reservoir (s) . 1
a

Domesti Wildlif Human
C e s

Animals

Kaplan &
Webby,
2013

Birds Puryear et

Avian Poultry
Yes Pinniped Yes Yes No 3 al.,, 2023

influenza Wild birds
s Leguia et

al.,, 2023
Bruno et
al.,, 2023
Levy et
al., 2008
Diaz et al.,
2016
Denkinge
Canine r at al,
Pinniped
distemper Dog No Yes Yes No 3 2017
virus ’ Vega-
Marino et
al.,, 2023
Ruiz-
Saenz et
al.,, 2023
Sejvar,
2003
Coello-
Peralta et
al.,, 2019
Birds Yes Birds No No No 3 Kilpatrick

et al., 2006

West Nile

Virus

Eastwood
etal., 2011
McLean,
2006
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Chalan
and
Omar,
Coxiella Cattle, goats, 2021
Yes Fur seals No No No 2
burnetii sheep Gardner
et al., 2022
Rojas et
al., 2013
Gwee et
Dengue virus NHP Yes Unlikely No No Yes 2
al., 2021

Bosco-
Chikungunya Rodents
Yes Unlikely No No Yes 2 Lauth et

al.,, 2016

virus NHP

Levy et
al., 2008
Barnett
Pinniped and Rudd,
s 1983
Dirofilaria
Dog Yes Galapag Yes Yes Yes 2 Barnett,
0s 1985

immitis

penguins Culda et
al., 2022
Jimenez et
al., 2020
Denkinge
r et al,
Leptospira Rat, Dog, Pinniped 2017
prosk & Yes P No Yes No 2
interrogans Cattle, Swine s Sepulved
a et al,
2015
Duignan
etal., 2014
Harkonen
et al., 2006
Phocine
Pinniped Earle et
Distemper Seals No No No No 2
S al., 2006
Virus
Kennedy
et al., 2019
Goldstein

et al., 2009
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Mycobacteriu

m tuberculosis

Mycoplasma

gallisepticum

Plasmodium
spp. (avian

malaria)

Newcastle
Disease Virus
(avian
paramyxovir

usI)

Cryptococcus

gattii

Humans Yes
Poultry
Passerines
No
Columbiform
es
Birds No
Poultry
Waterfowl No
Other birds
N/A Yes

Pinniped

S

Passerine
S
Galapag

os doves

Birds

Birds

Pinniped
s
Galapag
0s

penguins

Yes

Yes
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Forshaw
& Phelps,
1991

Katz et al.,
2022
Garzon-
Chavez et
al., 2020
Soos et al.,
2008
Deem et
al., 2011
Levin et
al., 2009
Levin et
al., 2013
Palmer et
al.,, 2013
Lynton-
Jenkins et
al., 2021
Soos et al.,
2008
Whitehea
d et al,
2018
Deem et
al., 2011
Rosenber
g et al,
2016
Fenton et
al., 2017
Huckabon
e et al,
2015
Venn-
Watson et
al., 2014
Brito
Devoto et

al.,, 2022
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(sporadic)
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Soos et al.,
2008
Whitehea
d et al,
2018
Deem et
al.,, 2011
Barr et al.,
1988

Soos et al.,
2008
Whitehea
d et al,
2018
Deem et
al., 2011
Deem et
al., 2012a
Lynton-
Jenkins et
al., 2021
McNew et
al., 2022
Forshaw
& Phelps,
1991; Katz
et al.,
2022;
Barnett et
al., 2013;
Macedo et
al.,, 2020;
Garzon-
Chavez et
al., 2020
Levy et
al., 2008
Deem et
al., 2012b
Deem et

al., 2010
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Mosquera
et al., 2023
Soos et al.,
2008
Deem et
al,, 2012a
Poultry No Unlikely Yes No No 1 Gottdenk

Marek’s

Disease Virus
er et al,

2005
Wikelski
et al., 2004
Bueno et
Zika virus NHP Yes Unlikely No No Yes 1
al., 2016
Gingrich
Ancylostoma Unlikely etal., 2010
Dog Yes Yes No No 1
caninum Diaz et al.,
2016
Gingrich
et al., 2010
Toxocara canis Dog Yes Unlikely Yes No No 1
Diaz et al.,
2016
Levy et
Bartonella Cats Pinniped al., 2008
Yes Yes No No 1
spp- Dogs s Morick et

al., 2009

Table 5. ABG Strategic Plan for Management of Invasive Species.

Priority Invasive Species Management

Biosecurity Strategy Health Strategy
Strategy

C1: Prevention C1: Baseline of diseases C1: Integral Management
C2: Early Detection C2: Phyto-zoo-sanitary =~ C2: Innovation
C3: Rapid Response Epidemiological Surveillance

C3: Health of domestic and feral

animals
Transversal Strategy of the Transversal Strategy for Transversal Strategy for
Information Management Institutional Strengthening for Communication, Environmental

System for Invasive Species the Management of Invasive Education and Participation for the

in Galapagos. Species Management of Invasive Species
Cl:Technological C1: Coordination C1: Communication
Development C2: Financing C2: Education

C2: Baseline C3: Training C3: Participation
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C3: Follow-up C4: Legal Framework
C4: Research

C5: Prioritization

C: components.

Supplementary Materials: The following supporting information can be downloaded at:

Preprints.org.
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