Alien Reptiles
and Amphibians

a Scientific Compendium and Analysis

Fred Kraus

Invading nature: springer series in invasion ecology 4

Eﬂ!?nb

' extras.spﬂnger.com




Alien Reptiles and Amphibians



INVADING NATURE -
SPRINGER SERIES IN INVASION ECOLOGY

Volume 4

Series Editor: JAMES A. DRAKE
University of Tennessee,
Knoxville, TN, U.S.A.

For other titles published in this series, go to
www.springer.com/series/7228



Fred Kraus

Alien Reptiles and
Amphibians

A Scientific Compendium and Analysis

@ Springer



Fred Kraus

Bishop Museum
1525 Bernice St.
Honolulu, HI 96817
USA

ISBN 978-1-4020-8945-9 e-ISBN 978-1-4020-8946-6

Library of Congress Control Number: 2008932568

© 2009 Springer Science + Business Media B.V.

No part of this work may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, microfilming, recording or otherwise, without written
permission from the Publisher, with the exception of any material supplied specifically for the purpose
of being entered and executed on a computer system, for exclusive use by the purchaser of the work.

Cover illustration: Cover figure on the right by David Preston, Bishop Museum

Printed on acid-free paper

springer.com



For Ezra, in gratitude for her gracious love
and tolerance



Preface

Transportation of species to areas outside their native ranges has been a feature of
human culture for millennia. During this time such activities have largely been
viewed as beneficial or inconsequential. However, it has become increasingly clear
that human-caused introductions of alien biota are an ecological disruption whose
consequences rival those of better-known insults like chemical pollution, habitat
loss, and climate change. Indeed, the irreversible nature of most alien-species intro-
ductions makes them less prone to correction than many other ecological problems.
Current reshuffling of species ranges is so great that the present era has been
referred to by some as the “Homogocene” in an effort to reflect the unique magni-
tude of the changes being made.

These alien interlopers often cause considerable ecological and economic dam-
age where introduced. Species extinctions, food-web disruptions, community altera-
tions, ecosystem conversion, changes in nutrient cycling, fisheries collapse,
watershed degradation, agricultural loss, building damage, and disease epidemics
are among the destructive — and frequently unpredictable — ecological and economic
effects that invasive alien species can inflict. The magnitude of these damages con-
tinues to grow, with virtually all environments heavily used by humans now domi-
nated by alien species and many “natural” areas becoming increasingly prone to
alien invasion as well.

Attention to this problem has increased in the past decade or so, and efforts to
prevent or limit further harm are gaining wider scientific and political acceptance.
Scientific and managerial attention to invasive aliens is not, however, distributed
equally across all plant and wildlife species. Most research and management efforts
involving terrestrial invasives have been showered on mammals, plants, and insects.
This is unsurprising because many of these organisms cause tremendous amounts of
damage, so focus on them is reasonable and justified. But this practice also leads to
an often unstated presumption that those alien organisms not featured in books,
newspapers, magazines, or scientific journals must not be causing problems. That
may be true; but it need not be, and it may not be as a general rule. The rub, of
course, is that the only way to be sure of presumptive harmlessness is to directly
investigate the less-recognized, unstudied alien species — studies lacking precisely
because of the presumption. Thus are we mired in a Catch-22.
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viii Preface

Reptiles and amphibians are among those alien taxa whose introductions have
largely been ignored. And yet their introduction has become common and
widespread, although it is difficult to appreciate the scale of this phenomenon from
the widely scattered references in a frequently obscure literature. Partly for this
reason, herpetological introductions have received scant attention from policy mak-
ers, land managers, and researchers. Hence, a scientific compendium of the topic is
warranted, and I attempt to provide that here. I present here a database of amphibian
and reptile introductions — based on the published literature and of global ambit —
so as to analyze how these introductions are occurring. The database is provided in
Appendix 1 and comprises a large portion of the present book. Complementary to
this is a bibliography of approximately 4,000 supporting references.

But what matters as much as providing these raw data is placing them in context
and determining what they signify. This is addressed in the several chapters that
precede the database. Because this book is not addressed solely to specialists on
invasive species, the first chapter provides a short overview of alien invasions and
human responses, then briefly summarizes the history of how study of herpetologi-
cal invasions has developed. The remaining chapters focus on alien reptiles and
amphibians in particular. Chapter 2 uses the database to analyze how reptiles and
amphibians have been transported by humans and how those patterns change spa-
tially and through time. Knowledge of these mechanisms and patterns is requisite
for preventing future introductions. Chapter 3 summarizes the detrimental impacts
documented to result from introductions of alien herpetofauna. Chapter 4 examines
management responses that have been taken against herpetological invasions and
what factors limit the effectiveness of those responses. The final chapter examines
the logical implications that the data presented in earlier chapters have for design-
ing appropriate management programs. It also identifies research needs for improv-
ing understanding and management of reptile and amphibian introductions.
Comprehensive summaries or analyses of the topics treated in Chapters 2—5 are
currently lacking in the literature.

I take it as axiomatic that scientists have a responsibility to help society solve its
problems and challenges. Consistent with this belief, this book is explicitly con-
cerned with applying scientific data to a practical conservation problem; hence, the
book may appear more applied that is common for the standard academic tome.
I have three aims for this book. The first is to document that alien reptiles and
amphibians are a valid conservation problem that warrants a broader management
response than it has yet received. Chapters 2 and 3 are most relevant to that goal.
Evidence contained in both should improve recognition within the scientific and
policy-making communities of the magnitude of herpetofaunal changes now occur-
ring and, ideally, stimulate more action toward ameliorating this unprecedented and
uncontrolled experiment in biological mixing. The current evidence suggests that
continued managerial inaction is not a responsible option.

The second goal is to identify what managerial and research actions are neces-
sary to meet this conservation challenge. Accordingly, I examine what practical and
research efforts have been directed toward these organisms and suggest how both
pursuits can be improved. So as to make it logistically easier for future research to
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proceed I provide the database compiling the majority of the published literature on
this topic. There is increasing interest in invasive reptiles and amphibians among
students, but it is commonly difficult for them to discover relevant literature. In
providing a compilation of introductions and the large majority of their supporting
literature in one source I hope to make it more attractive and feasible for a new
generation to pursue research on the ecological and evolutionary ramifications of
these introductions, as well as their solutions.

Thirdly, much of the aesthetic and ecological harm inflicted on native herpeto-
faunas by alien introductions stems, ironically, from the activities of many who
have a love for these animals. This book will make clear the extent to which care-
less or arrogant pet fanciers and an indifferent pet industry have been responsible
for this harm. It is my hope that making this pattern clear will lead to some critical
self-examination and behavioral changes among this cohort of herpetophiles.

A special circle in heaven is reserved for those who have assisted me with obtain-
ing literature incorporated into this database or used in the introductory chapters. I am
happy to report that Harald Artner, Aaron Bauer, Mark Bayless, Mary Bomford, Lea’
Bonewell, Roger Bour, Chris Buddenhagen, Russ Burke, Earl Campbell, Todd
Campbell, Jack Crayon, Ron Crombie, Indraneil Das, Chris Dionigi, Sandy
Echternacht, Kevin Enge, Antoine Fouquet, Tom Fritts, Darrel Frost, Pam Fuller,
Trent Garner, Eli Greenbaum, Heinz Grillitsch, Ivan Ineich, John Iverson, Fabio
Jaksic, Mark Jennings, Erik Johnson, Haruki Karube, David Kizirian, Ken Krysko,
Kriton Kunz, Skip Lazell, Tim Low, Ann Marsteller, Roy McDiarmid, John Measey,
Jesus Mellado, Paul Moler, Ron Nussbaum, Kimiko Okabe, Isamu Okochi, Hidetoshi
Ota, Gad Perry, Robert Powell, Edoardo Razzetti, Robert Reed, Constance Rinaldo,
Gordon Rodda, Martha Rosen, Phil Rosen, Pete Savarie, Riccardo Scalera, Patrick
Schembri, Greg Schneider, Brad Shaffer, Glenn Shea, Dawn Skala, John Slapcinsky,
Pritpal Soorae, Gill Sparrow, Thomas Ulber, Mark Wilkinson, Lori Williams, Julie
Wycherley, and George Zug will all be residing in ethereal splendor upon relinquish-
ing this mortal realm. In this vein, the choicest perquisites will be reserved for Aaron
Bauer, Ron Crombie, Darrel Frost, David Kizirian, Roy McDiarmid, Hidetoshi Ota,
Greg Schneider, Jens Vindum, and George Zug for facilitating my repeated access to
their personal or institutional libraries or for sending me many relevant articles. Of
considerable help in amassing literature were Pomai Estrella and Ellen Pyle, who
worked long on my behalf to track down difficult-to-obtain literature sources. I also
thank the library staffs at Bishop Museum and University of Hawaii for obtaining
many articles for me. I am greatly indebted to Philip Thomas (Hawaiian Ecosystems
at Risk Project) for providing much advice and assistance maintaining and querying
this database; Ron Crombie for critically reviewing an earlier version of the database
for completeness and nomenclatural currency; Chris Buddenhagen, Lloyd Loope,
Gad Perry, and Gordon Rodda for helpful discussions and reviewing drafts of some
of the chapters; and Thurid Campbell, Fern Duvall, Jaap Eizenga, Fan Gao, Denis
Kasatkin, George Phocas, and Naomi Sugimura for providing translations of original
articles. I thank the individuals whose personal communications are cited throughout
the book for the helpful information and discussions they provided me. I especially
thank Earl Campbell for his unstinting support of this project.
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This project was begun with support provided by the Hawaii Department of
Land and Natural Resources. Funding for completing this work was generously
provided by the United States Fish and Wildlife Service, Honolulu, and the Hawaii
Invasive Species Council.

Lastly, I thank Jim Carlton and Greg Ruiz for inviting me to contribute an analy-
sis of reptile and amphibian introductions to a workshop organized by the Global
Invasive Species Program in 1999. Without this initial impetus I never would have
embarked on such a fool’s errand.

Fred Kraus
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Chapter 1
Background to Invasive Reptiles
and Amphibians

Concern about invasive alien species is a relatively new phenomenon that can be
dated to the work of Charles Elton, the ecologist who provided the first thorough
scrutiny of the topic. Elton (1958) demonstrated the severe ecological and human-
health impacts that invasive alien species can cause. Since then, the number of
introduced species has skyrocketed, and examples are now available to illustrate a
much larger array of resulting damages. The spatial scale of ecological harm result-
ing from alien invasions also continues to grow because virtually all environments
heavily impacted by humans are now dominated by alien species. Many “natural”
areas are also increasingly subject to alien invasion.

Scientific interest began to gather momentum in the 1980s, spurred by the publica-
tion of several edited books on this topic (Groves and Burdon, 1986; Mooney and
Drake, 1986; Drake et al., 1989). Many scientific (e.g., M. Williamson, 1996; Mooney
and Hobbs, 2000; Perrings et al., 2000; McNeely, 2001; Mooney et al., 2005; Nentwig,
2007) and popular (e.g., Bright, 1998; Devine, 1998; G.W. Cox, 1999; Low, 1999; Van
Driesche and Van Driesche, 2000; Baskin, 2002) books on the issue have appeared as
concern with the impacts of alien species became more widespread. A journal specifi-
cally devoted to the topic of biological invasions was founded in 1999, and the field is
increasingly replete with scientific studies addressing the dynamics and ecological
processes of invasion. There is also a recent spate of books treating either specific
aspects of the invasive-species problem or summarizing the status of the topic in
particular geographic regions. In short, the topic is now well established in the scien-
tific mainstream, is attracting concerned attention among a wider public, and is increas-
ingly recognized as one of the premier environmental challenges of the new century.

In order to provide context and background information for considering the
phenomenon of invasiveness in reptiles and amphibians, this chapter presents a
brief introduction to invasive-species biology.

What Is an Invasive Species?

Terminology regarding invasive species has proliferated and changed through the
years, and a potentially confusing array of descriptors is available (Davis and
Thompson, 2000; Richardson et al., 2000a; Daehler, 2001). I use the term “alien
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2 1 Background to Invasive Reptiles and Amphibians

species” to refer to those species transported and released outside their native
ranges by the activities of humans, whether done intentionally or not. The move-
ment of such a species by humans is referred to as an “introduction”. Not all intro-
duced species become established, but many do. Such established populations are
often referred to as “alien”, “naturalized”, “non-native”, “non-indigenous”, “feral”,
or “exotic”, but I will confine myself to the first two terms.

Human-mediated dispersal of species is not necessarily a qualitatively different
phenomenon than dispersal by other means, such as attaching to a bear’s fur or a
waterbird’s foot. However, the temporal and spatial scales at which humans are
homogenizing the world’s biota are of a far greater magnitude than previously seen
in Earth’s history. As one example, Loope (1998) estimated that prior to human
arrival, the rate of new species establishment in the Hawaiian Islands was approxi-
mately 1 species/35,000 years. Now it is on the order of 20-30 species/year
(Beardsley, 1962, 1979; Miller and Holt, 1992), an approximately million-fold rate
increase. Similar changes have occurred on other oceanic islands and in marine and
freshwater systems (Ricciardi, 2007), although with perhaps not so extreme a rate
increase as in Hawaii. Establishment rates on continents seem to be lower but are
already far above historical rates and appear to be increasing. From a spatial perspec-
tive, species are now being mixed among continents that have not been connected
for 250 million years. As well, species having limited mobility — such that they
would not previously travel even to locations a short distance away — are now spread
around the world by human activity. This overwhelming increase in rate and areal
extent of alien-species introductions has had profound effects on native species and
ecosystems throughout the globe. Hence, restricting use of the term “alien” to those
species introduced by humans provides a very practical distinction for scientific and
management purposes.

Invasive species are that subset of alien species having a demonstrated negative
effect on native ecosystems, species, or human values and concerns. Invasive species
are often referred to as either “weeds” or “pests” as well, and if impacts are largely
incurred by natural ecosystems the species may be termed an “environmental pest”.
The distinction between alien and invasive species may be made clearer by a few
examples. Corn (Zea mays) is an alien species everywhere on Earth outside of
southern Mexico, but it is invasive nowhere because it fails to establish outside the
artificial ecological conditions imposed by agriculture. Many alien species — including
most important crop species — are like this, growing only where deliberately
planted, or living in sparse numbers in the wild, to all appearances having no delete-
rious effects on native or human ecosystems. But invasive aliens — such as brown
treesnakes, gypsy moths, cheatgrass, or bubonic plague — are another matter
entirely. They spread throughout areas to which they are introduced and cause
tremendous harm to wildlife, agriculture, or human health. Escaping one or more
forms of ecological constraint allows them to achieve unregulated population
growth, forming the ecological equivalent to cancerous cell proliferation within an
organism. The process by which an alien species establishes, expands its geo-
graphic range and numbers, and exerts ecological or economic impacts in a new
locality is referred to as “invasion”.
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Invasive species are usually thought to comprise a relatively modest subset of all
alien species (Williamson and Fitter, 1996), but this conclusion bears two important
caveats. First, this view may partly reflect our limited anthropocentric perspective,
and it is certainly a function of the degree to which we have attempted to identify
invasives. When investigated from the standpoint of impacts on other species, such
as native insects, it may turn out that far more alien species have negative ecological
effects than we currently appreciate and should be viewed as invasive pests. Hence,
our impression of the percentage of alien species formed by invasive pests may rise
with passing time and increased research effort, as suggested by recent findings
indicating higher rates of establishment (Kraus, 2003c) and spread (Jeschke and
Strayer, 2005) among animals than earlier predicted (Williamson and Fitter, 1996).
Second, although most pests prove invasive in many or most areas where intro-
duced, some species prove invasive or pestiferous in only one a few localities but
appear harmless in most areas where introduced. There are a number of examples
of this phenomenon, such as the traveller’s palm, Ravenala madagascariensis, that
is widely and benignly planted throughout the tropics but has become an invasive
pest in the Mascarene Islands (Cronk and Fuller, 1995). Consequently, one must be
careful in extrapolating from an observation of non-invasiveness in one locality to
infer safety in other areas. Because of our imperfect knowledge of the ecological
consequences of mixing biotas, caution is required in asserting that any alien spe-
cies poses no hazard. Prudence and expanding scientific understanding both dictate
that the burden of proof lies on those who would argue than an introduction is
harmless. This has practical consequences for designing effective management
responses for invasive species, a point that will be discussed at greater length in the
final chapter.

Two Misconceptions

One sometimes hears claims that the introduction of alien species is a normal, if
not always positive, phenomenon that does not merit concern. One such argument
is that introducing alien species serves to increase biological diversity (or “biodi-
versity””) within a region. Because establishment of an alien species increases the
total number of species — naively thought to equate to biodiversity — alien species
are good, the argument goes. This argument is fallacious for two reasons. First,
biodiversity is not measured as just the summary number of species in an area but
also includes some measure of the relative abundances of the assembled species.
Diversity is not enhanced when one species dominates over everyone else. If many
(native) species are present but rare and one (invasive) is supremely common,
biodiversity is relatively low, even if the number of species is one greater than it
was prior to the invasion. This is exactly how invasive species tend to behave, so
they frequently decrease biodiversity. Secondly, the scale at which biodiversity is
measured is crucial. In particular, one must carefully distinguish among diversity
measures at different geographical scales. Obviously, increasingly larger regions
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contain greater biodiversity than do any of their smaller, constituent subregions.
My backyard in Honolulu is not very diverse; Honolulu is somewhat more
diverse; the island of Oahu is yet more diverse; the entire chain of Hawaiian
Islands is still more diverse; the Pacific Basin is yet more diverse; and the entire
world is the most diverse. Different processes are involved in generating diversity
at different geographic scales (Sax and Gaines, 2003), and this can potentially
confuse discussion of biodiversity. In speaking of recent concerns for biodiversity
protection, we are speaking of preserving diversity at the largest scale — that is,
ensuring that the sum total of diversity on the entire planet is not diminished.
Conceptually, this is a simple matter of ensuring that species extinction does not
occur. Hawaii has many species unique to that archipelago. If we artificially
inflate species numbers by importing alien species that cause the extinction of
Hawaii’s unique species, we may have boosted species numbers within Hawaii
but at the cost of the global total. Replacement of globally unique elements by
artificial inflation of regional species numbers with widespread aliens is not a
service to biodiversity, but rather the converse: it decreases biological diversity.
And indeed, introduced species are among the major drivers of biotic homogeni-
zation, the process by which formerly distinct biotas are beginning to look more
and more alike (McKinney and Lockwood, 1999).

One also frequently hears the argument that species movements are “natural”
and that concern about alien species is, therefore, unjustified. This claim too is spe-
cious. For the term “natural” to apply in any scientifically meaningful way it must
refer to a phenomenon occurring at background ecological temporal (the rate at
which a phenomenon occurs) and spatial (geographic) scales. As I have mentioned
earlier, introduction rates in Hawaii are now approximately one million times as
frequent as the natural, background rate. Similar high rate increases have been
measured for other regions too (Ricciardi, 2007). The geographical reach of species
transport by humans also extends far beyond what the organisms could have
achieved under natural processes. To give just one example, there is no way that
chameleons — ponderous arboreal lizards native to Africa and western Asia — could
possibly have colonized places as remote as Hawaii or California under their own
power. The geographical barriers that helped give rise to the tremendous and
regionally unique biological diversity across Earth are proving ineffectual in the
face of human modes of transport such as ships and planes. Moreover, the number
of species and individuals moved during each introduction event is often now much
larger than could have occurred under natural conditions (Ricciardi, 2007). For
example, a single load of ballast water may dump millions of individuals of hun-
dreds of species, a form of dispersal unparalleled in pre-human history. In short,
there is nothing remotely natural about the tempo and extent of modern biological
mixing by human action.

Another variant of this argument is to posit that because humans are a part of the
natural world, anything we do is also natural and, hence, no cause for worry. Under
this reasoning, our transport of alien species is natural and we shouldn’t be overly
concerned with it. Of course, by that same logic, genocide, torture, and slavery are
natural too. I doubt that most readers would find these other human actions
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compellingly justified by so cavalier an argument. So it is with alien species. There
is nothing remotely natural about the Homogocene, and arguments that pretend that
this is the case are contrary to the evidence. Consequently, this book is written from
the viewpoint that alien invasions — including those by reptiles and amphibians —
are a serious ecological threat that demands attention and remediation.

The Invasion Process

In the past 20 years or so considerable scientific attention has been directed to
understanding invasive species biology and how a species becomes invasive.
Conceptually, the invasion process involves three stages: transport and release of
the organism to a novel geographic area, establishment of a population in the new
area, and expansion of the original population to fill ecological space beyond its
point of entry. The biological and social factors that favor success in any one of
these steps may not be the same as those favoring success in others (cf. Duncan
et al., 2003). For example, successful transport may rely on the ability of a species
to survive food deprivation for long periods or to tolerate harsh environmental con-
ditions. Some perceived human benefit from the species, of course, also weighs
heavily in the choice of those species that are deliberately introduced. Once arrived
in the new habitat, population establishment requires that the climate be survivable,
that appropriate food be available, and that reproduction be possible. Once estab-
lished, rapid expansion may rely on access to food sources underutilized by native
species, ability to avoid resident predators, or absence of debilitating disease organisms.
As a consequence of these varied requirements, many organisms may fail to survive
transport, those that do may fail to establish populations, and many that initially
establish populations may fail to persist or to expand their ranges. To understand
invasions, then, requires knowledge of how all three stages in the process are suc-
cessfully negotiated by the invading species.

Transport

A host of pathways serves to introduce alien species to new environments.
Unintentional introductions largely result from species hitch-hiking rides in cargo
or on the vehicles used in transport. Examples include brown treesnakes (Boiga
irregularis) being transported in wheel wells of aircraft, geckos stowing away in a
variety of cargo shipments or the containers used to package cargo, plankton
moved in the ballast water of ships, sessile marine invertebrates riding on the hulls
of ships, and insects infesting grain shipments. Also included in this category are
disease-causing agents moving about on infected humans (e.g., AIDS, malaria),
their domesticated animals (e.g., rinderpest, avian influenza), or other vectors (e.g.,
dengue in mosquitoes travelling in used tires, cholera travelling in ballast water).



6 1 Background to Invasive Reptiles and Amphibians

Intentional introductions occur primarily because a species is perceived to provide
an amenity or use value to humans. Under this category fall introductions for
use as pet animals, furs, human or livestock food, horticulture, and biocontrol of
pests. Included as well are introductions and releases undertaken by individuals
simply because they like a particular species and wish to be able to see it in their
surroundings. As a rule, some taxonomic groups, such as marine invertebrates,
insects, and landsnails are largely dispersed via unintentional pathways. Others,
primarily plants, fish, birds, and mammals have largely been intentionally
dispersed by humans. As I will demonstrate later, reptiles and amphibians are
somewhat unusual in that they are transported via a diversity of intentional and
unintentional pathways.

In considering intentional introductions, human selectivity ensures that those
species introduced do not represent a random selection of all available species.
Instead, species chosen for introduction can be biased taxonomically, geographi-
cally, and in having particular characteristics such as large body size, tasty flesh, or
large population sizes (Blackburn and Duncan, 2001a; Duncan et al., 2003). In
addition, they are often especially hardy, an attribute of obvious importance if a
species is to be used for a purpose. Although this is intuitively obvious, the phe-
nomenon has been quantified for few taxa. Recipient areas can also vary in being
primarily islands (Blackburn and Duncan, 2001a; Kraus, 2003c) or continents
(Kraus, 2003c), depending on the taxon in question.

Establishment

The naturalization process — the means by which a species establishes a reproducing
population once transported to a new region — is not yet understood in great detail.
Ideally, we would like to be able to learn enough to predict with reasonable
certainty how likely a particular alien species is to naturalize in a particular area
should it be introduced. But the particularities of both species and location that may
be involved in any given introduction make generalization across all introductions
difficult. This is because establishment success results from the interaction of the
singular combination of biotic and abiotic needs of a species with the particular set
of environmental conditions at the receiving location. Ideally, ability to predict nat-
uralization success would allow us to prohibit importation of species deemed at
high risk of establishment. Although we have not yet reached that point, several
important generalities are becoming apparent.

First, it is important that the newly attained region provide a favorable environ-
ment. Logically, the climate must be sufficiently similar to that in the native range
that a species’ physiological tolerance is not exceeded. Consequently, climate
matching has repeatedly been found to be an important predictor of establishment
success (Blackburn and Duncan, 2001b; Duncan et al., 2001, 2003; Bomford and
Glover, 2004; Forsyth et al., 2004; Hayes and Barry, 2008). The importance of cli-
mate is sufficiently uncontroversial that modeling an alien species’ anticipated
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potential range based on matching climatic variables from its native range is
increasingly common (e.g., Peterson and Vieglais, 2001; Thuiller et al., 2005;
Ficetola et al., 2007a). Second, the alien must have sufficient resources available to
complete its life cycle. At a minimum, this means sufficient food, living space,
habitat for growth and reproduction, and whatever other biotic factors, such as
pollinators, may be required. This is thought to be made easier if the intruder pos-
sesses adaptive features lacking in the biota of its newly inhabited range, thus
allowing it to pursue its way of life unhindered by close competition. Third, favo-
rability of the introduced range may also be increased by the absence of predators,
parasites, and disease organisms from the alien’s native range. Leaving these enemies
behind often gives an alien species a considerable competitive advantage over the
natives it meets in its new home.

It is also clear that propagule pressure — the number of individuals released into a
new area — is an important determinant of successful establishment. Those species
that have been released more often, at more sites, or in greater numbers tend to estab-
lish more successfully than those that do not (M. Williamson, 1996, 1999; Duncan
et al., 2001, 2003; Forsyth and Duncan, 2001; Kolar and Lodge, 2001; Bomford and
Glover, 2004; Forsyth et al., 2004; Lockwood et al., 2005; Rejmanek et al., 2005;
Caley and Kuhnert, 2006; Jeschke and Strayer, 2006; Hayes and Barry, 2008),
although it can take many introductions to make this pattern statistically apparent
(e.g., Ruesink, 2005; Bomford et al., in press). The larger the number of individuals
released at a given site, the lower the chance of stochastic extinction (extinction due
to bad luck randomly happening to strike all released individuals). Similarly, releases
at more sites increase the odds that at least one population will survive by effectively
sampling the environment for habitat most suitable to the introduced alien. Finally, a
larger number of independent releases will likely sample a greater representation of
genetic diversity from within the introduced species, providing greater genetic and
(potentially) phenotypic variation with which to meet the ecological and evolutionary
challenges of the new environment (Lockwood et al., 2005).

Unsurprisingly, life-history and behavioral characteristics of the introduced
species can be important in determining establishing success (Reichard and
Hamilton, 1997; Sol and Lefebvre, 2000; Duncan et al., 2001; Kolar and Lodge,
2001, 2002; Cassey, 2002; Cassey et al., 2004; Forsyth et al., 2004; Rejmanek
et al., 2005; Ruesink, 2005; Jeschke and Strayer, 2006; Thuiller et al., 2006; Hayes
and Barry, 2008). Such attributes vary among taxa and may even vary within the
same taxon, either because different genotypic samples are involved or because
different environments may induce different phenotypic effects. This idiosyncrasy
again limits the taxonomic scope across which we may identify biological traits
predictive of establishment success. This makes attaining useful generalizations for
a broad array of taxa a laborious undertaking.

One of the most useful predictors of establishment success is whether a species
has already successfully established somewhere else (Reichard and Hamilton,
1997; M. Williamson, 1999; Duncan et al., 2001; Forsyth et al., 2004; Caley and
Kuhnert, 2006; Hayes and Barry, 2008). This is obviously not a very refined tool
for predictive use. It doesn’t carefully discriminate among introductions to different
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habitats, and it is useless for all those species not yet transported by humans. One
consequence of our limited predictive abilities is that practical governmental efforts
to assess risk from alien species may focus on the hazards a species poses, rather
than the likelihood of its establishment or spread (e.g., Bomford, 2003).

Interestingly, the extent to which the recipient location has already been invaded
by other species can impinge on establishment success of new arrivals. Earlier inva-
sions may synergistically facilitate the success of later invasions — and thereby
magnify impacts on native ecosystems — in a process referred to as “invasional
meltdown” (Simberloff and Von Holle, 1999). This occurs when earlier invaders
provide resources — in the form of food, nutrients, pollination services, mycorrhizal
associations, seed dispersal, or habitat — critical to the successful survival of later-
arriving aliens. For example, the blind snake, Ramphotyphlops braminus, could not
have survived introduction to Hawaii without its alien food sources (ants, termites)
being introduced first. In this instance, the snake is ecologically benign, but many
facilitated introductions are not. Facilitation frequently takes the form of acquisition
of novel mutualisms among species (Simberloff and Von Holle, 1999; Richardson
et al., 2000b), but it may also be effected by alterations of habitats, resource-supply
rates, or disturbance regimes (Simberloff and Von Holle, 1999; Richardson et al.,
2000b; Ricciardi, 2005) or by protection from predators or competitors (O’Dowd
et al., 2003; Grosholz, 2005). These mutualisms may re-unite species that co-
evolved together and were independently transported to the new location, but more
often they involve generalists that can successfully form mutualistic pairings with
a wide array of potential partners (Richardson et al., 2000b). Moreover, an alien
may successfully establish but not become invasive until a facilitator species is later
introduced (cf. Grosholz, 2005). The importance of invasional meltdown is that it
provides a positive-feedback loop that makes recipient habitats more prone to addi-
tional invasions, accelerates the accumulation rate of alien species, and magnifies
impacts. This phenomenon makes invasion and ecological disturbance more likely
to occur over time, raising the concern that the rate of establishment, as well as the
magnitude of impacts, may be increasing. It also makes predicting the impacts of
any particular introduction more difficult.

We may also assess establishment success from a broader, community-level
perspective. In this case, alien species richness (number of naturalized alien spe-
cies) has been correlated with a variety of factors in an attempt to identify whether
particular areas or habitat types are more prone to alien invasion. Regional richness
in alien species has been correlated with human population numbers, land area,
disturbance, and native-species richness, and these may vary in importance across
spatial scales (Lonsdale, 1999; McKinney, 2001; Sax, 2002). With respect to
human population, temporal growth in numbers of naturalized aliens has been cor-
related with increasing human population (Mauchamp, 1997; K.G. Smith, 2006a),
and spatial variation in species richness has been correlated with variation in human
population numbers (McKinney, 2001, 2002; Espinosa-Garcia et al., 2004; Gido
et al., 2004). Many of these correlations are not ecologically surprising. Increasing
land area should generally lead to increased species numbers because larger areas
tend to hold greater habitat diversity, which will itself be correlated with increased
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numbers of native species. Disturbance is well known to facilitate establishment
and spread of many alien species, and it too is correlated with human numbers.
While these correlations can often allow us to roughly predict which areas are likely
to host increased alien species richness, they are silent with respect to establishment
mechanisms and, hence, are not predictive in a manner that can readily be used to
prevent individual future naturalizations.

Spread

Naturalized populations can vary tremendously in their ecological dominance,
ranging along a continuum from those that barely hang on in small numbers at a
single locality to those that spread like wildfire over a large range and become
numerically dominant. Obviously, those at the latter end of the spectrum are clearly
invasive, those at the former end are not, and opinions would differ about where
along the continuum one might divide “invasive” from “non-invasive”. We would
like to have an understanding of why these differences occur, as that would allow
us to predict both the likelihood that any particular species would prove invasive as
well as the relative susceptibility of particular locations to invasion.

A variety of hypotheses has been advanced to explain invasion success (reviewed
in Hufbauer and Torchin, 2007). Ecological hypotheses include the notions that
invaders are preadapted to the new environment, are inherently superior competitors,
have novel adaptive mechanisms giving them a competitive edge over natives, have
escaped from enemies that limit their population sizes in their native ranges, or
interact with other introduced organisms in a positive-feedback loop that promotes
population expansion. As well, ecological attributes of the invaded environment
may serve to promote or to limit introduced species. In particular, the empty-niche
hypothesis suggests that invasive species may use resources ignored or underuti-
lized by natives. Conversely, the biotic-resistance hypothesis posits that natives that
are close relatives of introduced species may serve to limit the expansion of the latter
via competition or increased likelihood of parasite transferral. As well, invasion
may be promoted by genetic changes within the introduced species. Hybridization,
either with closely related natives or among populations of the introduced species
from disparate parts of its native range, may increase genetic variation and allow
for rapid creation of novel genotypes that are better suited to exploiting the new
environment. Founder events may create new genotypes with similar ecological
effect. Alternatively, the novel environment may impose a novel selective regime
that promotes improved competitive ability among the invaders. In particular,
release from enemies may allow energy resources that would otherwise be expended
on defense to be used instead to promote growth and reproduction. Empirical sup-
port for each of these hypotheses is available for one invasion or another, although
examinations of the genetic and evolutionary consequences of introductions have
barely begun. Compellingly testing the empty-niche and biotic-resistance hypotheses
has proven difficult because of the complexity of biotic interactions involved in
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assessing predictions based on community-level parameters. Unsurprisingly,
mechanism importance will vary with the biological particularities of each invading
species, so generalizations have been difficult to clearly identify. It is important to
recognize too that some of these hypotheses are not mutually exclusive, and the
proposed mechanisms may interact with each other synergistically (Blumenthal,
2005; C.E. Mitchell et al., 2006). Attempts to integrate several of these specific
hypotheses into more general theoretical frameworks have recently been made
(Shea and Chesson, 2002; Facon et al., 2006). These synthetic perspectives provide
a variety of specific predictions (C.E. Mitchell et al., 2006; Hufbauer and Torchin,
2007) whose future testing may better explain the diversity of outcomes of species
introductions, potentially making identification of high-risk invaders more
successful.

The difficulty of testing these ecological and genetic hypotheses has resulted in
more attention being directed toward identifying characteristics of the introduced
species themselves that might prove predictive of invasiveness. Unsurprisingly,
many of the same features important in favoring establishment of species also tend
to explain invasiveness, in particular, degree of climate-matching between native
and introduced ranges (Duncan et al., 2001; Forsyth et al., 2004; Thuiller et al.,
2005), and an assortment of life-history or other biological variables (Pheloung
et al., 1999; Duncan et al., 2001; Kolar and Lodge, 2001, 2002; Williams et al.,
2002; Daehler et al., 2004; Forsyth et al., 2004; Rejmének et al., 2005; Pysek and
Richardson, 2007). As with predicting establishment, however, it is clear that gen-
eralities will not obtain across all taxa (Hayes and Barry, 2008).

It is easy to misinterpret the status of an alien population in its early stages of
spread. A species ultimately recognized as invasive can often appear non-invasive
at that time. Few individuals are encountered, and population growth and spread
can be difficult to detect during this “lag-phase”, when population sizes are dou-
bling but appear quiescent because of low total numbers. Slow doubling rates,
which are typically associated with slow maturation rates and long life spans, can
make a species appear non-invasive for one or more human lifetimes. Because
it is difficult to perceive the growth pattern without explicit measurement and
quantification, complacency about such a species can be easy. Consequently,
management responses are frequently delayed until the invasion is logistically
difficult or impossible to stop. This has the practical effect that many alien inva-
sions become managerially dichotomized into two stages: (1) “it’s not a problem”,
and (2) “it’s too late to do anything”. The middle ground of the lag phase, when
human control activities could prove most effective, is often squandered because
we are maladept at recognizing it. This seriously undermines efforts to meaningfully
control many invasive species and has been a frequent problem for herpetological
invasions (see Chapter 4).

An invasion will progress more rapidly if it involves many separate populations
rather than only a single one (Moody and Mack, 1988; Mack and Moody, 1992).
This can occur either because a species is introduced independently to multiple
localities or because a single invasive population further expands to multiple sites
with human help. As multiple populations become established, each expands at
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(relatively) the same rate, making total rate of new range expansion proportional to
the number of populations. This has tremendous practical implications for control-
ling invasive species. When tackling an invasion, managers often deem it best to
attack the largest population(s) first. Instead, modelling indicates that limiting the
number of new localities infested and eliminating small satellite populations should
be higher priorities (Moody and Mack, 1988).

Impacts

It would probably be fair to say that greatest research progress in the past 20 years
has been had in a broader elucidation of the numerous impacts that invasive alien
species can impose. These impacts are remarkably variable and include extinctions
of species, biotic homogenization, disruptions to food-webs, changes to primary
productivity of ecosystems, changes in soil formation, alterations of community
structure, wholesale conversion or replacement of ecosystems, changes in nutrient-
cycling dynamics, collapse of fisheries, degradation of watersheds, promotion of
increased fire frequency and extent, increases in erosion and flooding rates, losses
to agriculture, damage to human structures, disease epidemics, and degradation of
human quality of life (Greenway, 1967; Ebenhard, 1988; van Wilgen et al., 1996;
Wilcove et al., 1998; Mack et al., 2000; Pimentel et al., 2000, 2005; Mooney and
Cleland, 2001; Pimentel, 2002; Mooney, 2005; Towns et al., 2006; Binimelis et al.,
2007; Charles and Dukes, 2007; Reaser et al., 2007). Examples of these impacts are
too many to enumerate but can be found by the score in the articles just cited or in
the scientific and popular books cited at the beginning of this chapter. Hence, I will
not discuss this issue in detail but will merely give one brief example from the non-
herpetological literature to illustrate both the novelty, unpredictability, and damage
that are so frequently wedded in invasion biology.

The comb jelly, Mnemiopsis leidyi, a zooplankton feeder native to western
Atlantic estuaries, was introduced to the Black Sea around 1982. It quickly formed
extremely dense (1.5-2kg/m?) biomass, and zooplankton communities declined
15-40 fold (Kideys, 1994). As a result of jelly predation on their food and fry,
anchovies (Engraulis encrasicolus) and other planktivorous fish species declined
dramatically, with fisheries collapsing by 440 fold, depending on the fish species
and country (Kideys, 1994, 2002; M. Williamson, 1996). Anchovies and other
fisheries had been an important source of human protein for communities around
the Black Sea, so it is not difficult to imagine the economic hardship and decline in
quality of life occasioned by this introduction. It is estimated that fisheries profits
declined from US$17 million/year before the invasion to US$0.3 million afterwards
(Knowler and Barbier, 2000). This cost does not include the estimated several thou-
sand lost jobs as well as secondary effects on economically linked enterprises
(Knowler and Barbier, 2000). The jelly population happened to be brought under
control a few years later by the inadvertent but fortuitous introduction of a second
comb jelly, Beroe, which feeds on Mnemiopsis. This led to recovery of some
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ecosystem values and of the anchovy fishery (Kideys, 2002). Mnemiopsis leidyi has
subsequently been introduced into the Caspian Sea as well, and can be found there
in plague proportions at densities >2,000/m?. Similar ecological and economic
damage followed: fisheries losses to Iran alone have exceeded US$125 million
(Kideys, 2002; Stone, 2005). Unfortunately, the salinity of the Caspian Sea is insuf-
ficient to support healthy populations of Beroe, thus the control of M. leidyi happily
effected in the Black Sea looks unlikely to succeed in the second case.

It is hard to decide with this example which has a stronger grip on the imagina-
tion: the novelty or the horror of an obscure invertebrate decimating the Black Sea
and Caspian Sea ecosystems. This example is especially instructive because at the
time of ballast-water discharge, no one would have predicted that the “mere” comb
jelly thus released would lead to such devastating impacts within a few years.
A similar unpredictable scenario applied to the introduction of brown treesnakes,
Boiga irregularis, to Guam. The literature is replete with similar examples where
the ecological damage attending an introduction would have been equally impossible
to predict. In other cases, negative impacts were perfectly predictable but ignored
until too late, such as with the introduction of coqui frogs (Eleutherodactylus coqui)
to Hawaii or predatory snails (Euglandina rosea) and flatworms (Platydemus
manokwari) around the islands of the Pacific.

Despite an abundance of impacts on humans and their economic activities, eco-
nomic costs from invasive species have only infrequently been measured, except for
some agricultural pests. Economic costs include those resulting from damage, con-
trol, research, defensive prevention, and foregone economic opportunities that
attend the irreversibility of pest invasions, which is especially difficult to measure
(Perrings et al., 2005). Even when economic impacts are recognized, monetary
estimates are usually lacking. However, this is beginning to change, and even con-
servative estimates have found the monetary costs of invasive species to be staggering.
As one example, Pimentel et al. (2005) conservatively estimated the total cost of
invasive species to the economy of the United States to exceed US$120 billion/year.
Proportionately similar costs no doubt apply to many other economies. Such esti-
mates (see Pimentel, 2002; McNeely, 2005; Perrings et al., 2000, 2005; Pimentel
et al., 2000, 2005) rarely involve reptiles or amphibians, but what data are available
for those taxa are presented in Chapter 3.

The impacts discussed above and emphasized in the literature are all of prac-
tical concern to one degree or another, affecting humans directly or affecting the
ecosystems that support us and innumerable other species. There is one more
impact that I wish to mention that is of less obvious practical import and is virtu-
ally ignored in the literature on alien species. This is loss of beauty. That such
an aesthetic impact exists might seem counterintuitive inasmuch as introductions
via the pet trade and deliberate introductions due to personal fondness for an
animal’s appearance are so frequent (see Chapter 2). After all, an assortment of
lizards, birds, and many other species are lovely, widely kept as pets, and some-
times released for that reason. How could introductions motivated by an appre-
ciation for these animals’ beauty lead to loss of beauty? Does this not present us
with a paradox?



The Invasion Process 13

No. The seeming paradox appears merely by forgetting that the biological world
is hierarchically arranged into different levels of organization and that the beauty of
individual animals is not the threatened beauty that I am discussing. The introduced
animals themselves retain their individual beauty but by wrenching them out of
their evolutionary contexts and arbitrarily placing them in a strange land the beauty
of that recipient land, its native fauna, and the evolutionary history of the trans-
ported species become compromised. It is this beauty of higher organizational levels
— particularly that of unique species, communities, and ecosystems — that is threat-
ened or lost. This may sound odd to those accustomed to thinking of beauty as
inherent in sensory-accessible structures, such as particular plants, animals, or
human artifacts. In what does this more abstract form of beauty consist? How can
one speak of the beauty of species, communities, and ecosystems? They do not
have color, pleasing shapes, symmetry. If not, then what is threatened with loss by
the movement of non-native species?

That which is lost is the beauty inherent in the biological systems and relation-
ships evolved under unique historical regimes of migration, competition, and evo-
lutionary accommodation. These unique histories have led to the evolutionary
development of unique floras and faunas in different parts of the world. These
evolved biotas include species, each with a unique combination of adaptive features
allowing it to survive in its own particular slice of the world; communities of co-
evolved and co-accommodating species creating geographically unique assem-
blages of life forms; and the ecosystems whose mix of unique communities,
climatic regimes, and topography impart to landscapes their specific distinctiveness
and appeal. I suggest that the distinctive co-evolved, unique beauty of each of these
systems is besmirched by the introduction of alien species — much as a beautiful
beach or coastline may be impaired by an oil spill. Or perhaps more aptly, the facile
pollution of these self-generated biotas by human introductions is equivalent to
splattering the canvases in the Louvre with day-glo paint: the structural integrity of
the canvases may not be marred, the added colors may be beautiful, but the aes-
thetic integrity of the artworks is thoroughly violated. The difference, of course, is
that the impact of an oil spill lasts for mere years, vandalization of a painting may
be rectified by careful restoration, but alien invasions are most usually irreversible
and irreparable.

I recognize that arguing loss of beauty due to alien introductions may leave
many readers unimpressed. Beauty is frequently thought of as an interpretation or
response to a sensory perception, and we have gained some understanding of
human judgement of nature’s beauty as measured by perceptive factors such as
vegetative color, shape, and structure (Lohr, 2007). But recognition of common
themes to sensory evocation of beauty is a far cry from arguing on behalf of the
beauty of ecological relationships, evolutionary consequences, and biological
uniqueness, all of which comprise a far more derivative, conceptual, and abstract
aesthetic. Yet, that this form of beauty should be abstract or invisible to many
people hardly serves as a compelling argument against its existence — any more
than the failure of most humans to perceive abstract mathematical beauty argues
against its existence. Lack of a broad appreciation for this ecological/evolutionary
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aesthetic may simply signify that its appreciation requires a degree of knowledge
and/or training that most people have, to date, proven uninterested or maladroit at
acquiring. Or such appreciation may be more widely felt but rarely articulated. In
either case, lack of human interest, talent, or clear articulation do not prove such
beauty to be absent or unattainable. They merely show its appreciation (or articu-
lation) to be rare among members of our current societies — much as appreciation
of literature was rare during the Middle Ages or the Renaissance and appreciation
of Fourier transformations, Hamiltonian geometry, and fractals non-existent. Our
current cultural status may be such that most people can do no better than respond
to the sensory impact of an individual plant, animal, or landscape. This is not an
ideal situation, of course, inasmuch as many people will rave about the “beauty”
of highly invaded landscapes that are nothing but ecological kitsch — such as typify,
say, most of lowland Hawaii. However, even this aesthetic appreciation is a tre-
mendous advance over that available in the West in, say, the Middle Ages, when
wild landscapes were viewed with fear (Oelschlaeger, 1991) and a relatively small
contingent of plants and animals were valued for strictly utilitarian purposes. It is
ironic, of course, that many educated people today consider knowledge of art or
literature a de rigueur sign of sophistication while at the same time so many of
them are the equivalent of ignorant hayseeds when it comes to appreciating the
beauty of the evolved biosphere upon which their lives depend. But, then, irony is
hardly a novel discovery in the human condition, and one presumes this situation
will improve as human understanding and aesthetics continue to develop and be
better expressed.

It will occur to many readers that concern for loss of beauty will sound a pretty
trivial concern compared to more “practical” issues such as ecological degrada-
tion and economic loss. And at some level that may be true. But I would caution
against unthinking recourse to the philosophy of economism, which attempts to
reduce so much of human life to mere economic concerns and to ignore or
dismiss those facets of experience that are not so readily reduced. We humans
inveterately view ourselves as exceptional beings, often to the point of denying
our creaturehood and evolutionary history, while clinging to some inchoate
notion of semi-divinity. While most of this exceptionalist thinking is misguided,
I would suggest that two features that truly are remarkable human attributes —
possibly, but not necessarily, unique in our evolved biosphere — are our predilec-
tion for ethics and our strong response to beauty. It is these features — not
language, tool-making, opposable thumbs, or bipedal gait — that so clearly demar-
cate human life from that of our fellow animals and which have historically
served to remove us from Thomas Hobbes’ pessimistic vision. They provide
meaning to our lives and serve to lift them from the realm of mere selfish,
resource-grubbing existence. Under those circumstances, I think that loss of
beauty is not a concern we can afford to lightly dismiss, even if the rather abstract
beauty under attack should not yet be widely appreciated across our species.
Hence, I suggest that in allowing our native ecosystems to be carelessly vandalized
by alien introductions we ensure the aesthetic and spiritual impoverishment of
ourselves and future generations.
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I explain this impact in some detail because even in those cases in which an
established alien population does not cause economic or ecological damage, it will
always incur an aesthetic cost. So far as I know, no consideration of aesthetic dam-
age from alien introductions appears in the invasive-species literature, whether for
reptiles, amphibians, or any other taxon. This probably reflects the discomfort that
many biologists would have in discussing such an unquantifiable concept, as well
as the fact that social scientists have barely become involved in research on alien
species. Nonetheless, I suggest that this is a topic deserving of consideration and
future research.

Two remaining points about alien invasions deserve emphasis. First, the effects
of invasions are frequently impossible to predict, although ecological mechanisms
of impact can often be identified and explained retrospectively. This situation may
well remain unchanged: prediction difficulty is a direct result of the inherent com-
plexity of ecosystems formed of the myriad interactions of hundreds or thousands
of species with each other and with their changing physical environments. Our
knowledge of more than a handful of these interactions in any particular ecosystem
is usually rudimentary or lacking entirely, and the large number of possible rela-
tionships involved means that an inordinately large number of direct and indirect
effects may attend the insertion of any particular novel species into such a system.
This complexity has led to invasive-species biology often being a very reactive
science — a post-mortem detailing idiosyncratic consequences of invasions that
were not or could not have been foreseen. These unpredictable consequences make
biotic invasions particularly fascinating and challenging from a scientific perspective,
while simultaneously being disconcerting and difficult to address from a manage-
ment perspective.

A second generality of extremely practical importance is that alien-species
naturalizations are usually irreversible. In most instances, once introductions
have been allowed to establish, no amount of money or effort can change the
situation — much as is widely recognized for other lamentable and irreversible
developments such as death, amputation, or the invention of disco music. This
irreversibility stems from a variety of biological and social reasons whose appli-
cability to reptile and amphibian invasions will be examined in Chapter 4, but
largely reflects the fact that biological entities are self-motivated and not readily
susceptible to control. Irreversibility of invasions imposes tremendous economic
costs in terms of perpetual damage, control, and foregone economic opportunities
(Perrings et al., 2005), a fact not yet widely appreciated by the general public or
its political representatives. In those relatively rare instances when it is feasible
to reduce or remove damaging alien species, doing so typically involves a rapid
response to a new incursion and enormous expenditures of time and money
(examples provided in Mack, 2000; Wittenberg and Cock, 2005). High expense
is incurred because invasive species will frequently occur in high numbers, be
difficult to locate, or both.

Already, thousands of damaging alien species have been introduced worldwide.
The number of recognized plant pests alone exceeds 22,000, of which at least
2,000 are environmental pests (Randall, 2002; updated to >28,000 species at
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http://www.hear.org/gcw/). Hundreds of thousands of potential pests could make
the future incomparably worse. This is not merely a reflection of the inherent bio-
logical attributes of each potentially invasive species. The invasive-species problem
is at its most fundamental level a consequence of varied human values, decisions,
and actions (Andow, 2005; McNeeley, 2005), including the commonly taken
choice of doing nothing. Adding to scientific knowledge of invasion biology without
acting on that information, however, is a sterile exercise. How, then, is our infor-
mation being used to manage these problems? What prospects are there for
improving our responses?

Solutions

A variety of actions may be taken to lessen the frequency of invasion or to reduce
the negative impacts of particular invasions. Strategically, one may respond to inva-
sive species at any or all of three stages: by preventing their arrival and establish-
ment, by eradicating newly established populations before they expand, or by
mitigating the costs of widespread invasions. Best protection against invasions is had
by employing actions (or “screens”) at all three stages because each screen acts
independently of the others, and their combined protective effect is multiplicative
(Fig. 1.1). Tactical methods useful at each stage should exploit the biological weak-
nesses of each species; hence, they will vary with species and with the particular
environment in which control is being exercised. As a matter of observation and
logic it is cheaper, more effective, and therefore more efficient to control alien
species earlier in the invasion process than later (see, e.g., Naylor, 2000; Touza et al.,
2007). A logical consequence of this is that prevention of introductions is far supe-
rior in terms of effectiveness, efficiency, and resource use than is reacting to invasions
after they occur. Hence, comprehensive quarantine and screening systems to exclude
species entry to new areas should form the foundation for any alien-species mitiga-
tion program. This paradigm has been applied to some agricultural pests, but the
approach is still new and little applied to environmental pests, except in New
Zealand and Australia. Should alien pests breach the quarantine barrier, the most
cost-effective means of mitigation is to discover and eradicate newly established
aliens while populations remain small. If successful, this avoids the large costs of
perpetual control for widespread species. For environmental pests, long-term control
is usually applied only in relatively small areas of especial ecological significance,
making it an inherently limited solution. Important economic pests may elicit
broader treatment. Clearly, avoidance of perpetual management and its attendant
costs is to be preferred, so prevention of species incursions or their rapid identifica-
tion and eradication prior to spread are strategically the most sensible tools of
choice. Their competent application avoids the difficulty and cost of long-term
control operations and the unpredictable hazards attendant upon allowing alien spe-
cies to become established. Nonetheless, no single prevention screen will be 100%
effective, and sensible invasive-species mitigation programs utilize all three
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Fig. 1.1 TIllustration of the multiplicative protection provided by erecting programmatic barriers
to the spread of invasive alien species at the three stages of pre-entry (preventing transportation),
port-of-entry (preventing introduction), and immediately post-entry (rapidly eradicating new
incursions). The cost of control is less to intercept aliens early in the invasion process, and the ease
of control and effectiveness are also higher. Costs increase and probability of successful preven-
tion decrease as a species wends its way through the invasion process

approaches. I will briefly consider topics relevant to each stage of response activity,
including certain limitations of each, because these highlight the need for compre-
hensive response programs that do not overly rely on one method alone.

Strategic Considerations

Before considering different response screens, a few cross-cutting strategic con-
siderations merit consideration first. Although the probability that a particular
species becomes an invasive pest is low, the costs if it does so can be very high.
This combination of low risk of invasion with high potential hazard can easily
skew human perception of risk (Perrings et al., 2005), making sensible assessment
of management options problematic. The history of alien-species invasions serves
as testimony to the ease with which this skewed judgment operates. The need for
the future is to minimize the risk of additional introductions and effectively man-
age the numerous pests that have already invaded. For reasons given above, risk of
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future invasions is difficult to quantify. Government agencies have instead often
taken a qualitative approach in which risk probabilities at each step (introduction,
establishment, and spread) are qualitatively categorized by a panel of experts as
“high”, “medium”, and “low”. The product of the constituent probabilities for
invasion is then scored as that of the lowest component (Simberloff, 2005).
A similar assessment may be done for species hazard, and the value of the hazard
risk is then multiplied by that for invasion risk to produce an overall assessment
value (Simberloff, 2005).

There are many problems with the approach just outlined, including its vulner-
ability to political tampering, narrowly circumscribed taxonomic ambit, practical
inability to assess every taxon of interest or concern, presumption of safety for
species whose biology is poorly known, and inability to predict consequences for
species not yet introduced anywhere (Simberloff, 2005). Hence, one must be cau-
tious in placing too much confidence in the results of such assessment, and differ-
ent means of assessing invasion impacts may sometimes be preferred (Binimelis
et al., 2007). However, such qualitative assessments still have value. The important
point about consideration of risk is the conceptual framework that it provides in
thinking about how to reduce the future burden of species invasions. Dividing the
invasion process into separate steps allows for clearer thinking about the biological
and human factors operating at each stage and how those factors might be altered
to best reduce invasion probability. This can allow for better decision-making
about when and how to respond to alien species. For example, increased interna-
tional trade increases the risk of introduction of unwanted aliens in a cumulative
fashion. This trend is not likely to change in the near future, so responsible govern-
ments need to recognize the looming future risk and respond with prevention systems
commensurate to the task.

One means of managing the high uncertainties involved in predicting invasive-
ness and costs is the adoption of a precautionary approach. This principle, as con-
cisely put by Perrings et al. (2005), holds that “where the effects of some activity
are uncertain but are potentially both costly and irreversible, society should take
action to limit those effects before the uncertainty is resolved.” The justification for
such an approach is both that the costs of foregoing preventive action are likely to
outweigh the costs of doing so and that the burden of proof for potentially damaging
activities, such as importing alien species, lies with those benefiting from the activi-
ties. Fundamentally, it is a statement that scientific uncertainty should not be
allowed to prevent society from taking action to avoid potential risks (Andow,
2005). It will come as no surprise, however, that the uncertainties involved in under-
standing species invasions allow for plenty of political bickering over relative costs
and benefits. Consequently, although invasion biologists and managers have long
argued for the application of a precautionary approach to alien-species manage-
ment, presumptions about what constitutes precaution, safety, and risk vary tremen-
dously among countries, government agencies, and international treaties (Andow,
2005). In at least one instance, New Zealand’s Hazardous Substances and New
Organisms Act of 1996, the precautionary principle has been codified into law
and is discharged by that nation’s Environmental Risk Management Authority
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(see http://www.biosecurity.govt.nz/). Elements of that approach are applied in
other jurisdictions as well (e.g., Australia, South Africa). Most countries, however,
have avoided addressing the issue and lack any formal process for systematically
responding to invasive alien species that goes beyond ad hoc reaction.

Prevention

Successful prevention requires a clear understanding of how the organisms in
question are transported and what parameters determine pathway success rates.
For species that are introduced unintentionally as hitch-hikers on commercial
goods — such as many insects, other invertebrates, and agricultural weeds —
inspection and quarantine of arriving goods, containers, baggage, and vessels to
ensure they are pest-free will theoretically suffice to keep these pests out. For
organisms that are deliberately introduced — such as pets, biocontrol agents, and
food species — development of screening systems to assess the likelihood of the
species becoming established or becoming invasive are more appropriate. Species
deemed of high risk are prohibited from import; species of uncertain hazard are
also typically banned pending further assessment to clarify probability of
pestiferousness.

Quarantine inspection is typically directed to those articles considered at high
risk of harboring unwanted pests because the huge volume of traded material
makes it impossible to search all arriving items. Risk can be assigned to particular
commercial goods, types of packing material, types of vessels, or to arrivals from
particular source areas; it may be estimated using analysis of past interception
records, random searches of selected goods and baggage, or from “blitz” inspec-
tions that comprehensively search an entire shipment of goods or passengers.
Most high-risk materials will receive an inspection at the port-of-entry that may
vary in thoroughness depending on the resources available. High-risk commodi-
ties may be held in isolated quarantine facilities to determine whether they are
free of pests; this is most often done for living commodities, such as pets and
horticultural plants. As personnel and resources are available, effort may be
directed to articles of lesser risk. For governments having the resources, certifying
the pest-free status of commodities by examining them prior to export from the
country of origin can be a means of improving cleanliness of imported materials.
But this option is typically limited to inspection of agricultural commodities for
known, high-risk pests. Practical control methods at this stage typically involve
inspection for pests, treatment of articles suspected of harboring pests, and exclu-
sion of particular commodities via trade prohibition (Wittenberg and Cock,
2005). Treatment methods for contaminated plant produce are briefly reviewed
by Hallman (2007); several of these methods are useful as well for invasives that
do not target plants.

Two weaknesses characterize most inspection programs: (1) only a handful of
alien species are targeted quarantine pests, with the remainder ignored or allowed
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entry even if detected, and (2) resources are inadequate to provide comprehensive
inspection, even were a larger array of alien species targeted for quarantine. In most
jurisdictions, the large volume of arriving goods, passengers, baggage, and vessels
often precludes meaningful quarantine for more than a handful of unintentionally
arriving species. So, current quarantine inspection programs are generally far from
ideal. A more promising approach would be wider application of vector science —
understanding and managing the motives that create the pathways of introduction
and the specific physical means of introduction (or vectors) that transport species
(Carlton and Ruiz, 2005). The benefits of a vector-analytic approach are that it can
simultaneously work to prevent the introduction of multiple species carried by the
same vector and it is likely to be economically efficient by prioritizing those path-
ways and vectors accounting for the greatest numbers of introductions or invasions.
Its intent is to reduce viable transport of all alien species associated with particular
vectors or pathways instead of just a limited list of already-identified invasives.
This approach requires identification and quantification of pathways and vectors as
well as the development of tactical means to limit successful transport by those
means. Vector science is relatively new but its recent application includes treatment
of ballast water and placement of some restrictions on the import of raw logs for
timber. Detailed studies of pathways and vectors are not available for most taxa or
commodities, and much of what commodity data are available sit unpublished in
government files. But much of what understanding is recently available is summa-
rized in Carlton et al. (2003).

Currently, most countries adopt a short list of known invasives that they attempt
to keep from their shores, and most of these are species liable to accidental intro-
duction. These species are almost always pests of agricultural concern and are a
very small subset of all known or potential invasives. Ideally, one would like to be
able to screen any alien species for potential invasiveness and use that information
to decide whether to allow or ban its deliberate importation. Such screening sys-
tems would require a methodology that can reliably identify and exclude most
invasive species, approve most useful or non-threatening species, and limit the
number of instances of uncertain status that require further assessment. Australia
has developed screening protocols to meet these goals for plant and animal intro-
ductions (Bomford and Hart, 1998; Pheloung et al., 1999; Walton et al., 1999;
Bomford, 2003; Bomford and Glover, 2004), and the plant protocol has been
adopted for use in New Zealand with minor modifications (Williams et al., 2002)
and found applicable to a variety of other locations (Gordon et al., 2008). These
protocols are based on assigning numerical scores to a variety of biological traits
for a species, summing the scores across all assessed variables, and using this sum-
mary score to decide whether to allow importation (low scores), prohibition (high
scores), or further assessment (intermediate scores). By use of such a simple sys-
tem, it has been determined in New Zealand that most invasive species of plants can
be kept from entry, most useful non-threatening plants can be allowed safe entry,
and a small proportion of species fall into a narrow numerical zone of uncertainty
that requires further study prior to making a definitive decision. The system is con-
ceptually simple, evidentiarily explicit, and objective, making it transparent to
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affected stakeholders. It has also been shown in Australia to be easily and cheaply
implemented. The advantages of such a system over the current, widespread use of
limited “black”™ lists prohibiting known pests is that a far larger pool of species can
be explicitly evaluated for invasiveness and that a “white” list of safe species is
simultaneously generated, providing a measure of regulatory stability and predicta-
bility useful when making economic decisions involving importation. The system
has also been shown to not only protect natural resources but also to generate net
economic benefits by exclusion of harmful pests (R.P. Keller et al., 2007).

Eradication/Control

When aliens slip through these prevention screens, the next-best means of avoiding
damage is to identify a new incursion as rapidly as possible and target it for eradica-
tion. For eradication to be successful requires that several conditions be met: proper
planning, socio-political commitment, a removal rate exceeding replacement rate,
that all individuals be placed at risk, and prevention of reinvasion (Bomford and
O’Brien, 1995; Clout and Russell, 2006). Systematic targeting of new incursions
requires having in place a systematic survey program and dedicated, permanently
funded staff to respond to new escapees. The former better guarantees identifying
new incursions before they have proliferated too far. Doing this successfully
requires sensitivity to the lag-phase phenomenon. Permanent staff are needed to
ensure that eradication measures continue for the length of time required to ensure
success, which can vary tremendously, depending on the species: large conspicuous
animals may often be eradicated in relatively short order; plants will produce a seed
bank that requires repeated control operations to remove all newly germinated
plants to prevent additional reproduction. Small and secretive animals, such as most
reptiles and amphibians, may be virtually impossible to eradicate once established
because they are difficult to detect and because feasible control methods are fre-
quently lacking.

Explicit use of eradication measures against incipiently established aliens is of
relatively recent occurrence and is currently limited, though expanding, in scope.
This method has proven successful against environmental pests in New Zealand,
Australia, and Hawaii and is becoming common procedure in those jurisdictions.
Invasions successfully prevented in this manner are varied, but I will give one
example to show what is achievable with rapid, competent response to new incur-
sions. Perhaps the most impressive instance is the eradication of the mussel
Mpytilopsis sp. from Darwin Harbor, which was completed within one month of its
detection in three marinas, even though it occurred at densities as high as 23,650
individuals/m?. This carefully planned and orchestrated operation involved immediate
legislative action to authorize control activities, surveys of hundreds of ships and
man-made structures to delimit the range of the infestation, quarantine of three
infested marinas, laboratory trials of control methods, chemical treatment of the
infested areas totalling approximately 20ha of harbor, chemical treatment of
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interior plumbing on all quarantined vessels, public education to gain community
and stakeholder support, and monitoring of the treated areas for one year (Bax
et al., 2002). As noted, successful eradication was achieved within one month of
first detection of the incursion, but success was not declared until mussels had
remained undetected for one year. Most eradication operations neither proceed this
quickly nor have a need to because most invasive species lack this mussel’s capa-
bilities for explosive growth. But this example demonstrates what may be achieved
by rapid response against difficult odds when such an operation is approached with
commitment and competence. In marking that achievement, Australia’s Northern
Territory has set a useful standard against which other jurisdictions may measure
their own response efforts.

Should an invasive alien species be allowed to spread widely, it is usually
impossible — or at best very expensive — to eradicate it. Under these circumstances,
one is faced with the prospect of perpetual control to mitigate the worst effects of
the alien invader. The means of effecting control and mitigating damage will vary
depending on the taxon, habitat, and management goals, but all such efforts need to
be carefully defined, planned, and executed in order to meet those goals. Mechanical
and chemical control methods are the most widely utilized tactical tools, and numer-
ous options are available, their application and effectiveness depending on the target
(examples given in Kraus, 2002a; Wittenberg and Cock, 2005). Although these tactical
methods form the backbone of most control operations, more biologically sophisti-
cated techniques, such as removal of disturbance regimes that promote proliferation
of the pest, or alteration of habitat to remove refugia for invasives or to provide a
competitive edge to natives, can also be used against some invasive pests.

Introduction of natural enemies — either predators or parasites — from a pest’s
native range has been a frequently used control option and is termed “classical bio-
control”. Biocontrol has most often been applied against plant or invertebrate pests,
and these efforts have frequently met with some degree of success in controlling the
invasive pest. When properly applied, biocontrol is often the only hope for effecting
large-scale control against many wide-ranging plants and invertebrates, and some
programs have reduced the target species to such low numbers that it no longer acts
as a pest. However, biocontrol programs have also led to unintended disastrous
consequences for non-targeted native wildlife (Howarth, 1990, 1999; Louda et al.,
2002). This has occurred primarily because some released control species proved
to have wide dietary ranges that went unrecognized because of poor (or no) host-
specificity testing prior to their release. Attempts to use biocontrol against verte-
brates have almost always been ineffective because of lack of host specificity in
vertebrate predators and parasites. Use of vertebrates themselves as biocontrol
agents has often been disastrous because most vertebrate predators have broad diets
and do not restrict their dining to the target species. Because early biocontrol efforts
often created unintended impacts on non-target species these programs are now
often conducted with extensive testing prior to release so as to ensure that such col-
lateral impacts do not occur. Nonetheless, monitoring of post-release outcomes
remains insufficient (Simberloff and Stiling, 1996), and there is still scope for
improving the application of this important control tool.
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Because control actions taken against invasive pests can themselves have potentially
broad ecological impacts, due deliberation and care must be exercised to ensure
that such impacts are minimized or avoided. For example, unintended damage to
native wildlife may occur because some natives may now use invasive species —
such as using invasive plants for food or refugia — for lack of other options. Such
conflicts arise as a direct result of the tremendous degree to which human activi-
ties have modified the world. This is not to say that large control operations
against invasive species should be abjured, merely that they need to be thought-
fully planned and implemented so as to avoid creating additional problems for the
biotas or resources they are intended to protect.

Long-term management and control of ineradicable pests thus can be a complex
undertaking with diverse ramifications. Typically, benefits are believed to outweigh
costs where the goals of the control effort are clearly defined and lead to protection
of high-value resources, e.g., biodiversity or agricultural sites of high value. These
issues and the complexities involved are treated in greater depth by Wittenberg and
Cock (2001) and Courchamp et al. (2003), which should be consulted for more
thorough treatments of management topics. De Wit et al. (2002) provide an excel-
lent example of how to conduct an explicit cost/benefit analysis identifying best
control options for a widespread invasive. It is worth emphasizing, however, that
although range-wide eradication of widespread invasive pests is typically unachievable,
discrete geographical units, such as islands, may be liable to removal of invasives
and sustained as pest-free. For these instances, considerable progress has been
made in developing tactical methods and operational strategies for the eradication
of invasive pests from increasingly large areas. A recent sampling of such work can
be found in Veitch and Clout (2002), and comprehensive summaries of operations
against certain pests (Nogales et al., 2004; K. Campbell and Donlan, 2005; Howald
et al., 2007) or for certain geographic areas (B.D. Bell, 2002; Burbridge and Morris,
2002; Ebbert and Byrd, 2002; Merton et al., 2002; Tershy et al., 2002; Clout and
Russell, 2006) are also available. With respect to reptiles and amphibians in partic-
ular, however, tactical control methods are poorly developed, although mechanical,
chemical, and habitat-modification tools have all been attempted. These examples
will be discussed in Chapter 4.

History of Research on Alien Reptiles and Amphibians

Although impacts from some alien invasions have been recognized since the late
1800s (cf. Elton, 1958), it wasn’t until rather recently that problems associated
with reptile and amphibian invasions began to be noticed or documented. Hence,
while Ebenhard (1988) could devote a 107-page monograph to the ecological
impacts of alien birds and mammals, mention of reptiles and amphibians is absent
from Elton (1958) and Mooney and Drake (1986). Similarly, the cane toad (Bufo
marinus) is the only herpetological species to appear in Groves and Burdon
(1986), and it merits only passing mention. This delayed concern for alien reptiles
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and amphibians probably stems from the interaction of two factors. First, most of
these species are cryptic and insectivorous, making their true densities difficult to
perceive and obviating any direct impact on humans or their economically
important domesticated animals. Hence, alien reptile and amphibian populations
are easy for most people — including most scientists interested in invasive species
— to overlook or ignore. Second, much of the literature on these introductions is
widely scattered in obscure sources and has previously been unsynthesized (but
see Lever, 2003, for a partial, though fairly comprehensive, summary), making it
difficult to develop an overall appreciation for the magnitude of reshuffling that
has occurred or how it has developed.

This situation has begun to change over the past 25 years. The rapid spread of
cane toads across Queensland by the 1970s, combined with anecdotal reports of
their poisoning of native wildlife (Breeden, 1963; Rayward, 1974; Covacevich and
Archer, 1975), led to considerable government funding to elucidate these effects,
understand the biology of the toad, and identify means by which to control it (Tyler,
2006; T. Robinson et al., 2006). The results of this work were a fairly broad under-
standing of toad expansion, genetics, and parasites within Australia (cf. Appendix A).
However, these efforts failed to identify practical control mechanisms, and the
toad continues to expand its range rapidly. More effective in bringing attention to
herpetological introductions was recognition that the brown treesnake (Boiga
irregularis) was responsible for the spectacular decimation of Guam’s native forest
bird fauna (Savidge, 1987a; Savidge et al., 1992), which largely disappeared by the
mid-1980s. Lost from Guam were ten species of forest birds, three seabirds, two
bats, and six lizards within approximately 40 years (Savidge, 1987a; McCoid,
1991; Rodda and Fritts, 1992; Fritts and Rodda, 1995, 1998; Rodda et al., 1997,
1999a). Three of the birds and one bat were endemic to Guam and are now globally
extinct. Two more birds — a rail and a kingfisher — remain only in captivity for the
time being. Most of the few native vertebrates that remain on Guam do so at
extremely reduced numbers. This was an unanticipated effect from a “mere snake”
(J.T. Marshall, 1985), and most ornithologists at the time blamed pesticides or
disease for the bird declines (Jaffe, 1994). Consequently, Savidge’s evidence and
arguments laying responsibility (dare I say) at the feet of the snake were initially
dismissed as impossible. The effect of these losses has been a wholesale change in
food webs on Guam, with broader ecosystem effects — such as loss of pollinators
and changes in vegetation communities — anticipated (Fritts and Rodda, 1998), sup-
ported by some data (Perry and Morton, 1999; Ritter and Naugle, 1999), but not yet
rigorously tested. Similarly, beginning in the late 1980s, evidence began to accu-
mulate indicating that the bullfrog (Rana catesbeiana) is at least partly responsible
for the decline of a diversity of native frogs and snakes across the western United
States (see Chapter 3). It has also recently been shown to be a likely vector in the
spread of chytrid fungus, which has decimated native frog populations around the
globe in the past 20 years (Hanselmann et al., 2004; Garner et al., 2000).

The approximately simultaneous acquisition of evidence linking brown tree-
snakes, cane toads, and bullfrogs to damage to native species has helped foster a
growing awareness of the potential ecological importance of invasive reptiles and
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amphibians and has provided an impetus for research on additional species. But this
awareness and action still lag well behind that accorded other taxa. Most of this
increased activity has merely recorded new introductions, documented range
expansions, or provided descriptive autecological information on some populations
of naturalized reptiles and amphibians. A growing number of studies, however, has
documented additional negative impacts to native biota or to human activities
resulting from a variety of invasive herpetofauna (see Chapter 3). Scientists occa-
sionally model predicted range expansions of select taxa based on matching
climatic parameters between native and invaded ranges (e.g., van Beurden, 1981;
Sutherst et al., 1996; Adrados, 2002; Ficetola et al., 2007a; Urban et al., 2007).
There have been regional summaries of herpetological introductions for a few areas
(e.g., King and Krakauer, 1966; Bury and Luckenbach, 1976; Smith and Kohler,
1978; L.D. Wilson and Porras, 1983; McCoid, 1995a, 1999; Ota, 1999; Meshaka
et al., 2004a; Ota et al., 2004a), and a recent book summarizes some of what is
known about particular established species of alien reptiles and amphibians
(C. Lever, 2003). A brief overview of some common pathways and impacts of alien
herpetofauna has recently appeared (Scalera, 2007a) but is focused on those species
associated with aquatic habitats. There have been, however, virtually no studies that
test explicit scientific hypotheses about herpetological invasions — most work to
date has been simply descriptive.

Little knowledge, too, has been added that would be practically useful for stem-
ming the rising tide of naturalized populations of alien reptiles and amphibians. For
example, a couple of brief assessments of introduction pathways for the alien her-
petofauna of Florida exist (L.D. Wilson and Porras, 1983; Butterfield et al., 1997),
but only one prior study (Kraus, 2003c) has attempted a broad-scale quantitative
assessment of this topic, and that was merely an early precursor to the expanded
analysis of the next chapter. As for damage from invasive herpetofauna, no rigorous
summary of ecological or social impacts from alien reptiles and amphibians has
previously been published. Some useful information on impacts may be gleaned
from C. Lever (2003), but that book mixes evidence and speculation with little dis-
tinction, and there has been much untested speculation about impacts promulgated
in the herpetological literature. If informed decisions are to be made on designing
prevention systems for alien reptiles and amphibians we need better data on both
introduction pathways and ecological, economic, and social impacts. Attempts to
predict invasion success have just begun to be investigated for reptiles and amphibians.
Rolan (2003) provided an assessment of risk to native amphibians of the United
States posed by 24 species of alien amphibians, and Reed (2005) did likewise for
an assortment of pythons and boids. Bomford et al. (2005, in press) provided
evidence that history of prior establishment, climate match, and phylogenetic relat-
edness were correlated with establishment success for alien reptiles and amphibi-
ans. Rodda and Tyrrell (in press) assessed likely ecological attributes that would
favor urban, pet-trade, and invasive herpetofauna, and they concluded that overlap
in attributes between these three sets is high. But testing those predictions with
empirical data remains to be done. Clearly, efforts to obtain the information necessary
to predict invasiveness of alien herpetofauna have just begun.
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In short, despite a recent increase in awareness and interest in invasive herpeto-
fauna obtained from damaging experiences in Guam, Australia, and the western
United States, the systematic compilation of information needed to make progress
in scientific understanding of these invasions or to make informed, practical man-
agement decisions about alien reptiles and amphibians has been lacking. It is this
information to which we now turn.



Chapter 2
Introduction Patterns

What is the magnitude of alien herpetofaunal dispersal by humans? How are
these species being dispersed by humans? Is it mainly the result of intentional
actions liable to easy personal control, or an accidental phenomenon of human
actions having statistically probable outcomes? Have the mechanisms of intro-
duction been stable through time or varied? Are the same mechanisms important
everywhere, or do pathways differ in importance geographically? How success-
ful are alien reptiles and amphibians at establishing populations in the new
regions to which they have been transported, and what factors might explain
this success?

These are the very basic questions that need to be answered if the phenomenon
of reptile and amphibian invasion and its dependence on human behavior are to be
understood. A quantitative analysis of these questions is typically referred to as a
“pathway analysis” because it assesses the details of how and why species are
transported by humans. A pathway analysis is a prerequisite for any informed
managerial response to herpetofaunal invasions because it provides the data needed
to meaningfully intervene in the first step of that process. Once pathways are identi-
fied and their variation clarified, one may then investigate predictive factors (e.g.,
ecological, economic) that might explain pathway strength and establishment success.
This knowledge may then be applied to design measures to restrict pathway
strength and success.

Such analysis has historically been hindered for reptiles and amphibians because
the requisite literature and evidence remained uncollated. The only prior attempt I
know to provide a pathway analysis for reptiles and amphibians is my earlier study
(Kraus, 2003c) that was based on approximately one-tenth of the records in the
current database. That study was a sampling of those records that I could find in a
period of two months and it was acknowledged as suffering from at least a geo-
graphical bias. The current database is a sufficiently complete sampling of the
literature that it more closely approximates a census of available global information.
Hence, I think the limitation of geographic sampling bias present in the earlier
study no longer applies to any serious extent.

The database and details on its interpretation are provided in Appendix A. I have
used 1850 as a convenient point at which to begin the analyses below because few
records reporting introductions precede that date; however, the database includes

F. Kraus, Alien Reptiles and Amphibians, 27
© Springer Science +Business Media B.V. 2009



28 2 Introduction Patterns

mention of all reported dates before 1850 (usually approximate, but sometimes
exact) that I could discover.

The database consists of records for 5,745 introductions, representing 675 taxa
and 2,141 record entries, where each “species x jurisdiction” combination counts
as a separate entry. Numerous entries in the database consist of >1 introduction of
a species to a particular jurisdiction. In these cases of multiple introduction, know-
ing that a species has become established tells us only that at least one of those
multiple introductions has been successful. It may be that more than one was suc-
cessful, but this is usually unknowable and unreported in the literature. Kolbe
et al.’s (2004) results using mitochondrial DNA to assess numbers of introductions
of Anolis sagrei to Florida illustrates one exception to this rule. Hence, for the
analyses that follow, measures of success rates necessarily can only consider counts
of jurisdictions to which species were successfully introduced and will serve as a
(probably slight) underestimate of true establishment success rates. Following this
approach, we find that these 5,745 introductions have resulted in 1,060 successfully
established populations involving 322 species.

Alien introductions of reptiles and amphibians have increased exponentially
since 1850 (Fig. 2.1), with a doubling time of 27.25 years. This growth curve is
described by the equation y = 43.6e%2%, and the fit of the data to this curve is
remarkably good (R* = 0.9978, Table 2.1), indicating that global growth in alien
introductions has increased surprisingly constantly through the past 150 years. The
dip at the end of the illustrated curve merely reflects the time lag involved in having
recent introductions reported in the literature, and it should not be interpreted as
indicating that introduction rates have recently declined. For example, in my earlier
analysis of subset of these data (Kraus, 2003c), the terminal dip in the cumulative
growth curve occurred in the 1990s, not the 2000s.
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Fig. 2.1 Cumulative growth in global introductions of reptiles and amphibians
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It is against this overall exponential increase in alien herp introductions that the
following analyses elaborate.

Taxonomic Variation

Introduction and success rates vary considerably among taxa and can be tracked in
two different ways. For those data that admit of time-series analysis, frogs have
been introduced most frequently, followed by lizards, turtles, and snakes, with sala-
manders and crocodilians relatively rarely introduced (Fig. 2.2). For each of these
taxa, with the exception of crocodilians, growth in introduction rate is exponential,
although rates, and therefore doubling times, differ (Table 2.1). Crocodilians have
been infrequently introduced and growth in their numbers with time is largely

Table 2.1 Growth rates for herpetological taxa

Taxon Growth type Growth equation R? Doubling time (years)
Frogs Exponential y = 17.396¢02310x 0.9934 29.9
Salamanders Exponential y = 0.63.47e0314% 0.9746 22.0
Lizards Exponential y =9.3101e%%2% 0.9820 28.5
Snakes Exponential y = 4.7193¢0236% 0.9548 29.1
Turtles Exponential y = 4.7072e07763x 0.9843 25.0
Crocodilians Linear y =3.5667x - 5.5 0.9760 NA
All taxa Exponential y = 43.600e%233 0.9978 27.2
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Fig. 2.2 Cumulative growth in reptile and amphibian introductions by taxon. Frogs = dark blue,
salamanders = green, lizards = yellow, snakes = blue, turtles = pink, and crocodilians = red
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linear. Although frogs and lizards have been introduced most often, the actual rate
of increase in introductions through time has been highest for turtles and salamanders
(Table 2.1), even though those taxa have not been introduced as often.
Alternatively, instead of restricting analysis to those introductions of approxi-
mately known dates, the sum total of all introductions can be examined for each
taxon. Doing so indicates turtles to have been introduced far more frequently than
any other taxon (Fig. 2.3). However, this total is heavily influenced by the wide-
spread introduction of the common pet turtle Trachemys scripta. If this species is
removed from the analysis, then numbers of turtle introductions are more in line
with those for other taxa (Fig. 2.4). In either event, rates of successful establishment
differ among taxa (Figs. 2.3-2.5), with lizards having the highest rate, followed by
frogs, salamanders, and snakes. Turtles and crocodilians have very poor overall rates
of establishment. If relative establishment success of turtles is calculated excluding
T. scripta, establishment success rates (Fig. 2.5) increase from 5.7% to 7.7% only.
Most species have only single records of introduction, with the number of spe-
cies having larger numbers of introductions declining as a negative power function
(y = 419.44x ~18280 R? = 0.9077, Fig. 2.6). Nonetheless, 87 species of reptiles and
amphibians have been subject to more than ten introductions each, with Trachemys
scripta again being the most widely released species, with 1,430 records.
Numbers of introductions per family vary in a similar fashion, with 34 families
having been introduced more than ten times and 11 families introduced more than
100 times (Table 2.2). The distribution of numbers of introductions among these
families also approximates a negative power function (y = 6331.5x ~1840 R? =
0.8572). The fit of this equation to the data is compromised by the large number of
families having only a few introductions. Restricting attention to only those families

3000 -
2 2500
]
=
3}
S 2000 -
©
o
s
£ 1500 -
[T
o
& 1000
e}
£
=0 l_\
0 — : :
Frogs Salamanders Lizards Snakes Turtles Crocodilians
Taxon

Fig. 2.3 Differences in numbers of introductions among reptile and amphibian taxa. Solid bars
are data for all introductions, open bars for successfully established introductions, where estab-
lishment is counted only once per jurisdiction
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having more than ten introductions provides a better fit to data (Fig. 2.7).
Unsurprisingly, ability to successfully establish populations varies among families,
and those families having the greatest numbers of introductions are typically also
among those having the greatest numbers of naturalized populations (Table 2.3).
Certain artifacts characterize some of these results. First, families introduced fewer

times are

more prone to estimation error; those introduced fewer than ten times are

distinguished in Table 2.3. Second, some of those families showing highest success
rates do so for unique reasons that do not make them representative. As one example,
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Table 2.2 Numbers of introduction events per taxonomic family. Family numbers correspond to

those of Fig. 2.7

Family Number of Family Number of
number  Family introductions number  Family introductions
1 Emydidae 2,108 26 Elapidae 34
2 Gekkonidae 503 27 Varanidae 30
3 Ranidae 471 28 Teidae 22
4 Iguanidae 343 29 Bombinatoridae 16
5 Colubridae 302 30 Microhylidae 15
6 Hylidae 241 31 Pelomedusidae 15
7 Bufonidae 154 32 Chelidae 14
8 Testudinidae 153 33 Proteidae 13
9 Lacertidae 148 34 Discoglossidae 12
10 Geoemydidae 127 35 Anguidae 9
11 Leptodactylidae 103 36 Kinosternidae 8
12 Pythonidae 86 37 Myobatrachidae 8
13 Scincidae 86 38 Alytidae 7
14 Boidae 84 39 Cordylidae 7
15 Typhlopidae 81 40 Crocodylidae 7
16 Trionychidae 71 41 Rhacophoridae 6
17 Salamandridae 68 42 Cryptobranchidae 5
18 Plethodontidae 53 43 Gymnophthalmidae 3
19 Viperidae 53 44 Helodermatidae 3
20 Chelydridae 50 45 Pygopodidae 3
21 Alligatoridae 45 46 Amphisbaenidae 2
22 Agamidae 43 47 Pelobatidae 2
23 Chamaeleontidae 43 48 Acrochordidae 1
24 Pipidae 37 49 Dendrobatidae 1
25 Ambystomatidae 36 50 Leptotyphlopidae 1
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Fig. 2.7 Distribution frequency of minimum number of introduction events among families.
Family numbers correspond to those of Table 2.2. The distribution is modelled by the negative
power function y = 2388.6 x ~15% with R? = 0.9493

Table 2.3 Variation in establishment success among taxonomic families. Percentages highlighted
in bold are for those families introduced more than ten times, making them less likely to be estima-

tion artifacts

Number of Number of

successful Percent of successful Percent of

establish-  establishment establish-  establishment
Family ments success Family ments success
Acrochordidae 1 1.00 Myobatrachidae 2 0.25
Dendrobatidae 1 1.00 Lacertidae 36 0.24
Leptotyphlopidae 1 1.00 Varanidae 7 0.23
Typhlopidae 71 0.88 Chamaeleontidae 10 0.23
Rhacophoridae 5 0.83 Anguidae 2 0.22
Gymnophthalmidae 2 0.67 Plethodontidae 11 0.21
Proteidae 7 0.54 Bombinatoridae 3 0.19
Leptodactylidae 54 0.52 Salamandridae 12 0.18
Microhylidae 7 0.47 Hylidae 41 0.17
Agamidae 20 0.47 Discoglossidae 2 0.17
Gekkonidae 226 0.45 Testudinidae 22 0.14
Scincidae 38 0.44 Ambystomatidae 5 0.14
Teidae 9 0.41 Elapidae 4 0.12
Bufonidae 58 0.38 Viperidae 6 0.11
Chelidae 5 0.36 Colubridae 31 0.10
Pipidae 11 0.30 Chelydridae 5 0.10
Alytidae 2 0.29 Alligatoridae 3 0.07
Trionychidae 20 0.28 Geoemydidae 7 0.06
Iguanidae 94 0.27 Emydidae 83 0.04
Ranidae 126 0.27 Boidae 3 0.04
Pelomedusidae 4 0.27 Pythonidae 1 0.01
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the entire success of the Typhlopidae is due to the success of one species,
Ramphotyphlops braminus, which is parthenogenic and, hence, far more likely to
establish populations subsequent to introduction than any other species in the data-
set. As another example, the apparent success of the Proteidae is inflated by the fact
that several of its successful “introductions” actually stem from natural dispersal
across jurisdictional boundaries from an original introduction. Nonetheless, it is
clear that families that have undergone a large number of introduction events can
vary widely in their establishment success, a topic that is analyzed in some detail
by Bomford et al. (in press) for these same data.

Pathway Variation

Ten pathways accounted for the overwhelming majority of all herpetological introduc-
tions, whether pathway importance was measured by total number of introductions
involved (Fig. 2.8) or by number of species involved (Fig. 2.9). Of these pathways, six
predominate in importance, whether all introductions are considered (Figs. 2.8 and
2.9) or only introductions leading to successful establishment are examined (Figs. 2.10
and 2.11). Hence, the remaining discussion will focus on those six pathways most
involved in alien herp movements: biocontrol, cargo, food, nursery, pet trade, and
“intentional”. Each of these requires definition prior to continued discussion.
“Biocontrol” refers to instances of species transported and deliberately released
in the hopes of controlling some perceived pest, typically a pest of agriculture but
sometimes including house pests such as cockroaches. The best-known example of
this pathway among reptiles and amphibians is the widespread introduction of Bufo
marinus around the tropics for the control of a variety of boring beetles that attack
sugar cane, Saccharum spp. (Easteal, 1981). “Cargo” refers to accidental transport
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Fig. 2.8 Relative importance of pathways of herpetofaunal introduction as measured by total
numbers of introduction events
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Fig. 2.10 Relative importance of pathways of herpetofaunal introduction as measured by numbers
of successfully established introductions, with establishment counted only once per jurisdiction

in packaged or unpackaged goods for human use; it specifically excludes those rela-
tively few noted examples of transport in vehicles per se, although frequently that
vehicular movement was for the purpose of transporting cargo. A variety of tropical
geckos serve as archetypal poster children for this pathway. “Food” includes those
deliberate introductions occasioned by the desire to establish a new food resource
in a particular location. Usually, these species, such as Rana catesbeiana and
Pelodiscus sinensis, have been intended for human consumption, but a few species
(e.g., Litoria raniformis and Rana esculenta in New Zealand) were originally intro-
duced for the purpose of establishing a food supply for ducks. “Nursery trade”
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Fig. 2.11 Relative importance of pathways of herpetofaunal introduction as measured by num-
bers of species successfully established

refers to the trade in live plants, usually for ornamental purposes, although transport
of food trees for tropical gardening has also been involved. Clearly, this pathway is
a subset of the cargo pathway but has proven of sufficient importance in its own
right and presents a qualitatively different set of transport conditions to warrant
separate examination. ‘“Pet trade” is self explanatory and includes deliberate
releases and unintentional escapes of pet animals, whether the responsible parties
were private individuals, retail dealers, or wholesale traders. I generally view the
pet-trade pathway as one of intentional introduction even when a particular release
may not have been. This is both because the importation was intentional and
because the consequence of irresponsible ownership of animals will be the frequent
and predictable escape of the deliberately imported pets. “Intentional” as used as a
separate category in the figures is somewhat of a catch-all. It refers to what is
clearly a deliberate introduction by an individual, but it lacks the precise knowledge
of motive that is characteristic of the other deliberate pathways. Most often, intro-
duction for perceived amenity or aesthetic reasons may be vaguely inferred from
reports citing this pathway, and there is clearly a close relationship with the motives
underlying the pet-trade pathway; however, the precise psychological motives
behind the release cannot usually be perceived with any assurance. This is the least
well-defined and least satisfying of the pathway categories, but these deliberate
releases have nonetheless been an important means of herpetological introductions.
Because choice of terminology could be confusing for this pathway vis a vis the
sum of all those pathways having an intentional motive (e.g., food, biocontrol, pet
trade), when I refer to this specific pathway, I will always enclose it in quotes.

Of these six pathways, the greatest volume of introductions has been via the pet-
trade and cargo pathways, with “intentional” introductions trailing those two but
still of considerable importance (Figs. 2.8-2.11). The remaining three pathways
have also been important but consistently less so in overall numbers.
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Contributions of the different taxa to each pathway vary in importance and are
generally strikingly different. Indeed, there is a distinctive taxonomic signature for
each pathway (Fig. 2.12). Biocontrol efforts involving reptiles and amphibians
have focused almost exclusively on frogs. Transportation via the cargo pathway
has been virtually restricted to frogs, lizards, and snakes. This is unsurprising
inasmuch as these taxa have many species that are small in size and with broad
physiological tolerance. Conversely, one could scarcely imagine turtles or crocodilians
accidentally hitch-hiking in cargo because their large sizes would make them
conspicuous. Similarly, most salamanders would be physiologically susceptible to
the dry and hot conditions that frequently accompany cargo transportation. The few
instances of their transport in cargo involve shipments of logs or tropical produce.
I know of other, unreported instances of salamander transport in christmas tree
shipments as well. Transport via the nursery pathway is similarly restricted and for
the same reasons. However, frogs form a higher percentage of introductions via the
nursery pathway, probably a reflection of the more conducive physiological condi-
tions presented by nursery materials for desication-prone amphibians. The food
pathway has also had restricted taxonomic representation, being dominated by
frogs (mainly Rana) and turtles (mainly Pelodiscus), although lizards have also
been involved. The only pathways that involve all taxa are, unsurprisingly, the pet
trade and its close aesthetic cognate, “intentional” introductions. Clearly, this
reflects the fact that humans who like and keep reptiles and amphibians are drawn
to a wide diversity of taxa and, hence, all groups are subject to some amount of
release or escape. Interestingly, taxonomic representation between those two
related pathways differs rather dramatically for turtles. This may reflect that the
large combined mass required to intentionally start a new population presents
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Fig. 2.12 Frequency of taxonomic representation for each major pathway of herpetofaunal intro-
duction. Frogs = dark blue, salamanders = green, lizards = yellow, snakes = blue, turtles = pink,
and crocodilians = red
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logistical difficulties for most turtle fanciers, being decidedly less easy to arrange
than the release of a large number of small frogs or lizards. Conversely, the large
number of releases of single or few pet turtles is not logistically burdensome and
is correspondingly larger.

One may also upend this matrix of relationships to examine pathway importance
for each herpetological taxon (Fig. 2.13). This confirms that crocodilians have been
introduced entirely deliberately, that the same is virtually true for salamanders, and
that the other taxa have been introduced for a greater diversity of reasons. Frogs and
lizards have been introduced via all six pathways, with lizards having a slightly
more balanced distribution of introductions across the six pathways than do frogs.
Introductions of snakes have involved all pathways except food, and turtles have
been introduced mainly through the pet trade and “intentional” pathways, but intro-
ductions for food have also been important.

It is of considerable importance to stress that establishment success rates vary
across pathways, a result hinted at by contrasting the relative histogram heights in
Fig. 2.8 vs. Fig. 2.10 or Fig. 2.9 vs. Fig. 2.11. Examined directly, introductions via
the nursery trade, biocontrol, and food pathways have had a higher establishment
success rate than those arriving via the “intentional”, cargo, or pet trade pathways
(Fig. 2.14). As pointed out earlier (Kraus, 2003c¢), this is unsurprising because the
two deliberate pathways of biocontrol and food have often involved well-funded
programs supported by scientific or agency personnel and have often resulted in the
coordinated release of many individual animals. This focused, scientifically
informed effort with large numbers of propagules has no doubt contributed to
making these pathways more likely to lead to population establishment than the
other deliberate pathways involving the pet trade and private “intentional” introductions
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Fig. 2.13 Relative pathway importance for each reptile and amphibian taxon. Biocontrol = dark
blue, cargo = red, food = yellow, nursery trade = blue, pet trade = brown, and “intentional” =
green
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Fig. 2.14 Relative success of each of the major introduction pathways in leading to successful
establishment of populations. Relative success is estimated as the count of all jurisdictions to
which a successful introduction via that pathway has occurred divided by the sum of all introduc-
tions via that pathway

(Fig. 2.14). Given that reasoning, it might be wondered that an accidental-transport
pathway such as the nursery trade could result in similarly high success rates. But
several factors likely contribute to the high rate of successful establishment for this
pathway. First, the pathway involves the wholesale transfer of favorable habitat for
the transported animals, greatly increasing their chances of surviving the move.
Second, it may be that, on average, greater numbers of animals are involved in
nursery shipments than in other forms of cargo because such goods are inhabited
by several species of reptiles and amphibians prior to processing for shipment else-
where. Third, nursery shipments are rather fragile, requiring their transport to be
done quickly. Reduced transport time likely increases survivability for stowaways.
Fourth, shipment conditions are benign because of the need to keep the plants alive.
Lastly, plant shipments are generally made between regions having similar cli-
mates, increasing the likelihood that the destination will prove as climatically favo-
rable to the hitch-hiking herpetofauna as was the origin. These seem the salient
differences between transport via the nursery and other cargo pathways and likely
explain why introductions via other forms of cargo meet with less than half the
success rate of nursery introductions (Fig. 2.14).

Lastly, it remains to examine how pathway importance has changed through
time. It turns out that these changes have been tremendously important. The “inten-
tional” pathway accounted for most alien reptile and amphibian introductions up
through the end of the 1950s (Fig. 2.15). Beginning in the 1950s, introductions via
the pet trade began to skyrocket and that pathway has remained the predominant
pathway of introduction since the 1960s. During this entire period, the cargo path-
way has been of great, but secondary, importance, overtaking “intentional”” introductions
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Fig. 2.15 Cumulative growth in reptile and amphibian introductions by pathway. Biocontrol =
dark blue, cargo = red, food = yellow, nursery trade = blue, pet trade = purple, and “intentional”
= green

in importance in recent decades. Further, the nursery-trade pathway has increased
considerably in importance since the 1970s. These patterns can be explained by
looking at differences in the individual growth trajectories of each pathway. Each
pathway can be well modelled by exponential equations, as was apparent earlier
when examining growth in introduction rates for each major taxon (Table 2.1).
However, in this case, growth is not exponential for all pathways during the entire
time period considered here, and changes in pathway importance over the past 150
years can be explained by the amount of time that exponential growth occurred for each
pathway and the magnitude of the exponent involved in that growth (Table 2.4).

Examined in this light, several points are noteworthy. First is that exponential
growth can be halted. This is most evident for the biocontrol pathway, which enjoyed
exponential growth through the 1960s but has had its growth virtually terminated
since then. The food pathway may also be showing signs of decreasing growth since
the end of the 1980s, but it is probably too soon to be certain of this. Second, is that
the pathway of predominant importance in late 20th century introductions (pet trade)
is also that with the highest exponent and, hence, shortest doubling time (Fig. 2.15,
Table 2.4). In contrast, the only pathway still clearly growing exponentially whose
sum effect (to date) approximates that of the currently non-exponential pathways of
biocontrol and food is the nursery trade, which has had the longest doubling time
(Table 2.4). Third, is that pathway importance may stagnate for decades and then
change rapidly. As one example, the pet trade was a relatively negligible pathway
until the 1920s, at which point extremely rapid exponential growth set in. Prior to
that point, growth in the pet-trade pathway cannot be modelled by an exponential
equation; since that time, the number of introductions via that pathway has doubled
every 15.3 years. Similarly, although the nursery-trade pathway has the slowest
doubling time over the entire 150-year study period, there was a strong inflection in
rate during the 1970s, and, consequently, the equation describing growth in that path-
way’s importance across that inflection point (Fig. 2.16) has a higher exponent and
much shorter doubling time (Table 2.4).
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Table 2.4 Exponential growth rates for each pathway, incorporating all data

Time span Doubling
Pathway Period (years) Growth equation R? time (years)
Biocontrol 1850-1969 120 y = 2.7980e"3000 0.9547 23.0
Cargo 1850-1999 150 y = 6.0163e"21> 0.9301 31.2
1890-1999 80 y = 10.991e"24 0.9888 23.4
Food 1850-1989 140 y = 3.0237e024% 0.9476 27.7
“Intentional” 1850-1999 150 y = 11.147e0213¢ 0.9795 323
1890-1999 80 y = 42.370e"176¢ 0.9801 39.1
Nursery 1850-1999 150 y = 2.0542e0167 0.8193 41.1
1930-1999 70 y = 3.6361e"384 0.8755 17.9
Pet trade 1920-1999 80 y = 17.367e4501x 0.9949 15.3
Overall 1850-1999 150 y = 23.709¢%»™ 0.9948 26.9
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Fig. 2.16 Cumulative growth in reptile and amphibian introductions via the nursery-trade path-
way, 1930-1999. Blue line = data for nursery-trade introductions; red line = best-fitting exponen-
tial equation for those data, modelled by the function y = 3.6361e"34* with R*> = 0.8755

Similarly changeable dynamics characterize the cargo pathway and explain why
it has surpassed the “intentional” pathway in numerical importance despite the latter’s
considerable and long-standing lead (Fig. 2.15). Visual inspection of the fit of the
equation to the cumulative growth curve for the cargo pathway (Fig. 2.17) shows
that the equation is being constrained by the simultaneous need to explain relatively
low growth rates in the 1850s as well as significantly higher ones later in the 20th
century. One can provide a better-fitting model by focusing only those data since
the 1890s, the point at which the cargo-pathway data and the exponential model
begin to diverge. Doing this (Fig. 2.18) indicates that throughout the 20th century
the cargo pathway has actually maintained a higher exponent (0.2943) and, conse-
quently, shorter doubling time (23.4 years) than has the “intentional” pathway
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Fig. 2.17 Cumulative growth in reptile and amphibian introductions via the cargo pathway,
1850-1999. Blue line = data for cargo introductions; red line = best-fitting exponential equation
for those data, modelled by the function y = 6.0163e%2?'>*, with R? = 0.9301
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Fig. 2.18 Cumulative growth in reptile and amphibian introductions via the cargo pathway,
1890-1999. Blue line = data for cargo introductions; red line = best-fitting exponential equation
for those data, modelled by the function y = 10.991e%3* with R? = 0.9888

(0.1766 and 39.1 years, respectively, for that same period). This accounts for the

late 20th century primacy of cargo-mediated over “intentional” introductions.
Another way to more simply summarize recent changes in pathway importance

is provided by looking at how the numbers of introductions/year have changed in
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Fig. 2.19 Contrasting introduction rates between the period 1850-1979 (solid bars) vs. 1980—
2006 (open bars) for each major introduction pathway

different time periods (Fig. 2.19). It becomes clear at a glance that since 1980,
introduction rates for the cargo, nursery, and pet-trade pathways have all been
dramatically higher than seen for the prior 120 years, whereas the rate for the bio-
control pathway has declined just as dramatically, and the remaining pathways
have remained largely the same as their long-term averages. These results are
consistent with the variations seen in the exponential models for these pathways,
discussed above.

Geographic Variation

Rates of introduction and of successful establishment of alien reptiles and amphibians
vary geographically (Fig. 2.20). The large majority of all documented introductions
have been to Europe and North America, but successful introductions have been more
generally distributed, with the apparent rate of successful introduction varying con-
siderably among recipient regions (Fig. 2.21). This apparent difference is almost cer-
tainly a product of two effects, one artifactitious. First, unsuccessful introductions are
more likely to be reported in regions having many active scientists and interested nat-
uralists, making rates of successful establishment in such areas appear low compared
to regions receiving less scientific attention. And that is the pattern apparent in Fig.
2.21, with the lowest rates of successful establishment obtaining in Europe, North
America, and Australia. This is the artifactitious effect reflecting distribution of
interested parties to report failed introductions. Second, real regional differences in
establishment success probably do occur, independent of the reporting bias. This is
most strongly suggested by the three-fold difference in success rate between Europe
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Fig. 2.20 Geographic variation in numbers of reptile and amphibian introductions to recipient
regions, measured either as all introductions (solid bars) or only those leading to successfully
established populations (open bars). “Europe” excludes the islands of the Mediterranean and
Atlantic, which are considered separately
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Fig. 2.21 Relative rates of successful population establishment of introduced reptiles and
amphibians into each geographic region. “Europe” excludes the islands of the Mediterranean and
Atlantic, which are considered separately

and North America, both regions heavily populated with scientists and informed
amateurs and both liable to the reporting of anomolous herpetological findings. This
difference likely reflects the less hospitable climate of Europe for many introduced
reptiles and amphibians, making their chances of successful establishment lower.
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Fig. 2.22 Cumulative growth in reptile and amphibian introductions for the five geographic

regions receiving the greatest numbers of introductions. Asia = red, Caribbean = pink, Europe =
yellow, North America = blue, and Pacific Islands = green

Table 2.5 Exponential growth rates for regions receiving the greatest numbers of

introductions

Pathway Time span Growth equation ~ R? Doubling time (years)
Asia 1880-1999  y=0.4470e""**  0.9696  16.8

Caribbean 1850-1999  y =3.1657¢"2'*  0.9875  31.7

Europe 1850-1999  y=11.326e">*  0.9815  30.2

North America  1850-1999  y = 1.6030e*"3*  0.9821 16.7

Pacific 1850-1999  y =7.7378e"%*  0.9873  33.0

This same cause is suggested by the higher success rates reported on Mediterranean
and Atlantic islands relative to mainland Europe. Both of these insular areas receive
adequate or considerable herpetological scrutiny and are unlikely to have unsuccess-
ful establishments heavily under-reported. Differences with mainland Europe likely
reflect the more equable climate of the insular areas.

Cumulative growth curves for the five geographic regions receiving the greatest
numbers of introductions indicate that each has experienced exponential growth in
introduction rates (Fig. 2.22), although Asia has only done so since the 1880s, when
the first introductions were documented. Growth rates throughout this 150-year
period have been highest for North America, consonant with its high overall num-
bers of introductions (Fig. 2.20), and for Asia, which trails behind North America
in total numbers of introductions (Fig. 2.20) because of its later onset of introduc-
tions. Data for Europe suggest a lower growth rate (Table 2.5), but this could partly
result from poorer data quality: dates for most European introductions available to
me are less well documented in the literature than for North America (dates availa-
ble for 24% of my European records vs. 51% of those from North America).



46 2 Introduction Patterns

Unsurprisingly, pathway importance varies geographically (Figs. 2.23-2.28).
Most introductions via the biocontrol and food pathways have been to North
America and the Pacific; most cargo introductions have been to these same two
areas as well as Australia; most nursery-trade introductions have been to North
America and the Caribbean; and most of the “intentional”” and pet-trade introductions
have been to North America and Europe (Fig. 2.28). For each pathway, two recipi-
ent regions dominated introduction volume, together comprising from 48-80% of
all introductions within each pathway (Fig. 2.28).
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Fig. 2.23 Relative importance of major introduction pathways in North America, as measured by
all introductions (solid bars) or only those leading to successful establishment (open bars)
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Fig. 2.24 Relative importance of major introduction pathways in Europe, as measured by all
introductions (solid bars) or only those leading to successful establishment (open bars)
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Fig. 2.25 Relative importance of major introduction pathways in the Caribbean, as measured by
all introductions (solid bars) or only those leading to successful establishment (open bars)
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Fig. 2.26 Relative importance of major introduction pathways in the Pacific Islands, as mea-
sured by all introductions (solid bars) or only those leading to successful establishment (open
bars)

Within the 12 regions examined, eight have received introductions representa-
tive of all six major pathways, two have five pathways represented, and only two
have as few as four pathways (Fig. 2.29). For most regions, introductions are domi-
nated by only one or two pathways, but pathway importance varies between
regions. Single pathways accounting for >50% of all introductions within a recipi-
ent region include the pet trade in Europe, North America, the Atlantic Islands,
South America, and Asia, and cargo in Australia and the Pacific Islands (Fig. 2.29).
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Fig. 2.27 Relative importance of major introduction pathways in Asia, as measured by all intro-
ductions (solid bars) or only those leading to successful establishment (open bars)
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Fig. 2.28 Relative dominance of each recipient region for each major introduction pathway
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Fig. 2.29 Relative pathway importance for each recipient region. Biocontrol = dark blue, cargo =red,
food = yellow, “intentional” = green, nursery trade = blue, and pet trade = brown

Other regions have a less-skewed distribution of pathways, but most are still domi-
nated by two (Fig. 2.29). Some introduction pathways were not represented in parti-
cular regions. For example, biocontrol introductions are lacking for Africa, Asia,
and the Mediterranean Islands; introductions for food are unreported for Africa and
Australia; and the nursery pathway is unrepresented among introductions to the
Mediterranean Islands (Fig. 2.29).

One may also contrast success rate and pathway importance not by geographical
region but by type of landform, in particular contrasting patterns between islands
and continents. If one contrasts rate of successful establishment onto islands vs.
continents, one finds the rate considerably higher in the former than the latter (35%
vs. 12%), a difference that is statistically significant (G = 279.468, DF = 1, p =
4.90e%%). This difference is mostly due to higher establishment success rate on
small islands. If one contrasts small islands (<6,000 km?), large islands (>8,000 km?),
and continents with each other, one finds the rate of successful establishment on
small islands to be more than twice that on large islands and approximately four
times that on continents (Fig. 2.30), a difference that is again statistically significant
(G =388.377, DF =2, p = 4.62¢™%). Conversely, if one contrasts large islands with
continents (Fig. 2.30), a difference remains between the two but is of much less
magnitude (G = 14.37, DF = 1, p = 0.00015). Islands thus appear more susceptible
to successful establishment of alien populations than do continental areas, and
islands smaller than the size of Puerto Rico are especially so.



50 2 Introduction Patterns

5000 -
[7/] 0,
4 12%
.2 4000
-t
(5]
=]
T
g 3000 -
£
k]
— 2000 -
2
€ 47% 0
S 1000 18%
N = .

0 T .
Small Islands Large Islands Continents

Region Invaded

Fig. 2.30 Distribution of the numbers of introductions among small islands, large islands, and
continents. Bars are the total sum of introductions (solid bars) and sum of introductions lead-
ing to successful establishment (open bars), with establishment counted only once per jurisdic-
tion. Numerical values are percentages of introductions resulting in successful establishment
of populations. Differences in establishment rate are highly significant (G = 388.377, DF = 2,
p =4.62e™®)

Relative pathway importance also varies among these three categories of recipient
landmasses. Introductions to continents have been dominated by the pet-trade
pathway, and those to large islands by the cargo pathway (Fig. 2.31). In contrast,
those to small islands have involved a more even distribution of pathways, with
cargo and pet-trade pathways predominating, but with biocontrol, food, and nursery
trade pathways exhibiting greater importance than seen for continents (Fig. 2.31).
Some of these differences are less obvious if one considers only successful intro-
ductions. In that case, the pet-trade pathway is still of predominant importance for
continental situations, but successful introductions to both large and small islands
have resulted from a more even distribution of pathways (Fig. 2.32). In this case,
the cargo pathway still leads to the largest number of successful introductions on
small islands, but both the cargo and “intentional” pathways have resulted in the
highest numbers of established populations on large islands.

The largest number of introductions have involved species originating from
North America, with lesser numbers originating from Asia, Europe, and Africa
(Fig. 2.33). However, if the immensely popular Trachemys scripta is excluded from
these numbers, the predominance of North America declines to a value of 1,330,
only somewhat greater than that for Asia. As seen earlier, successful introductions
are less frequent (Fig. 2.33). In this respect, species originating from insular regions
appear to have resulted in more establishments than those from continental regions
(Fig. 2.34). This pattern could result for different reasons. First, it may be an artifact
that these insular species have most often been moved to other islands whose
habitats are similar enough to promote a high probability of establishment.
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Fig. 2.31 Variation in relative pathway importance among small islands (solid bars), large islands
(open bars), and continents (diagonally hatched bars) across all introductions
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Fig. 2.32 Variation in relative pathway importance among small islands (solid bars), large islands
(open bars), and continents (diagonally hatched bars) only for those species having successfully
established populations

Alternatively, species from continents may more often be introduced to a wider
variety of habitats, thereby decreasing their probability of successful colonization.
Second, it may be that species native to insular regions are ecologically and physio-
logically preadapted for successful colonization, giving them a relative edge over
species from continental areas. These hypotheses are not mutually exclusive.
Lastly, growth in importance of the major source areas for introduced species is
similar to that seen in earlier figures, although it is not so consistently exponential
as seen for the other cumulative growth patterns (Fig. 2.35). Such exponential
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Fig. 2.33 Relative contributions of each donor region to global introductions of reptiles and
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Fig. 2.35 Cumulative growth in donor region contribution to global reptile and amphibian intro-
ductions. Asia = red, Australia = green, Caribbean = pink, Europe = yellow, and North America
= blue

Table 2.6 Exponential growth rates for regions donating the greatest numbers of introductions

Pathway Time span Growth equation R? Doubling time (years)
Caribbean 1850-1999 y = 1.444005%~ 0.9683 29.6
Europe 1850-1999 y = 12.295¢0-193 0.9909 35.7
North America ~ 1900-1999 y = 26.573e03031x 0.9633 22.8

growth as does occur (Table 2.6) is consistent with the hierarchy in dominance of
donor regions seen in Fig. 2.35. The greater variation in growth patterns seen for
donor regions compared to the strictly exponential patterns seen earlier for recipient
regions (Fig. 2.22, Table 2.5) likely reflects the importance that legal and aesthetic
particularities can have in restricting what is available for transport from a single
region at any particular time. In contrast, importations to a region can average
across a diversity of source areas, smoothing out availability variation in source
areas, and thereby keeping growth at a more consistently exponential rate.

General

Although I have identified a total of ten pathways by which alien herpetofauna
are transported, and six major pathways that account for most of this transport,
several of these are clearly related to each other. For example, two of the major
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pathways — the pet trade and “intentional” pathways — are intimately related and
form a nexus of aesthetic motivation. Included in this too are the minor pathways
of exhibit and zoo releases. These four pathways combine to form the primary
means by which alien herpetofauna have been moved and naturalized in the past
several decades (Fig. 2.36). They clearly represent a deliberate failure of social
responsibility among the citizenry of many countries. The major pathways of
cargo stowaways and nursery trade — as well as the minor pathways of aquacul-
ture contamination and vehicle stowaways — also represent a single general
nexus representing unintentional transport as a direct consequence of increasing
international trade volume. These do not constitute a failure of personal respon-
sibility so much as a failure to recognize a statistically predictable phenomenon
and programmatically respond to it. This is the second major axis of modern
introductions (Fig. 2.36). Between these axes of aesthetic motivation and con-
taminated trade goods the majority of modern herpetofaunal introductions are
accounted for. The deliberate pathways involving introduction for biocontrol or
for food use have become minor in the second half of the 20th century (Fig. 2.15),
although the latter is still an important means of introducing the problematic
bullfrog (Rana catesbeiana) to many developing counties. Given the ecological
impacts that this species likely inflicts (see following chapter), its introduction
alone merits the effort to close the food pathway, even though overall magnitude
of that pathway is now small.

Despite the fact that the generalizations discussed here have been focused on major
introduction pathways, it must be borne in mind that the minor pathways cannot be
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Fig. 2.36 Cumulative growth in importance of deliberate aesthetic motivations leading to herpe-
tological introductions (blue) vs. unintentional introductions resulting from trade activities (red)
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discounted or altogether ignored. And “minor” pathways can actually form a significant
percentage of all introductions for some taxonomic groups. Although the contribution
of minor pathways to the total introduction volume of heavily transported taxa is typi-
cally small (e.g., 6.3% for lizards, 3.2% for snakes, and 2.3% for turtles), they account
for an important component of total volume for frogs (13.1%) and crocodilians
(18.8%), and they actually account for the majority (59.5%) of salamander introduc-
tions. But that last observation is somewhat anomalous, with 38.8% of all salamander
introductions resulting from deliberate introductions for scientific research, and 83%
of these done by one individual in a “research” program of doubtful scientific rele-
vance. If these 39 introductions are excluded, the percentage of salamander introduc-
tions due to “minor” pathways is reduced to 40%. This is still a much larger number
than seen for other taxa, and it reflects the importance of bait use and the residual
research introductions in accounting for salamander dispersal by humans.

A related caveat applies to the taxonomic analyses. Even though I have demon-
strated which taxa predominate in herpetofaunal introductions (Figs. 2.2-2.5), it is
important to remember that not all taxa pose equal ecological or economic hazard.
So some species or higher taxa may be capable of generating damage dispropor-
tionate to their contribution to overall introduction volume. As just one example of
particular concern, snakes only rate as the fourth-most-frequently introduced taxon
of alien reptiles and amphibians (Fig. 2.3), comprising 11% of all herpetofaunal
introductions. Yet dangerously venomous or powerful snakes make up a disconcert-
ingly large portion (20%) of that total, a fact that increases the concern that might
be accorded that segment of herpetofaunal introductions. Successful naturalization
of such species has already occurred in Okinawa and Florida, and serious impacts
are anticipated to follow (see next chapter).

My prior analysis of an early subset of the current database (Kraus, 2003c) con-
cluded that the rate of successful establishment among introduced reptiles and
amphibians was much higher than expected from the so-called “tens rule”. This rule
postulates that approximately 10% of alien species imported to an area appear in the
wild (are “introduced”, as I have been using the term), 10% of introduced species
become naturalized, and 10% of naturalized species become invasive (Williamson
and Brown, 1986; Williamson and Fitter, 1996). Since the rule is statistical, the prob-
ability of successful transition from imported to introduced, introduced to established,
and established to invasive can vary from roughly 5-20% at each stage and still be
viewed as according with the rule (Williamson, 1996). I have no data to address the
first transition (from importation to introduction) because I have not gathered data on
contained importations, such as those for the pet trade, nor for the third transition
(from establishment to invasiveness) because most naturalized reptiles and amphibians
have not been investigated for invasiveness. Data presented here (Fig. 2.5), however,
make clear that the transition from introduction to establishment is higher for some
taxa than predicted by the tens rule. In particular, frogs and lizards appear to have
been more successful at naturalizing than predicted. And even salamanders and
snakes lie on the high end of the range acceptably compliable with the tens rule. The
same conclusion attended my earlier analysis, but the present conclusion is more
compelling because the denominators now include information on multiple introductions
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per jurisdiction. However, the values in Fig. 2.5 will be slight underestimates because
multiple naturalizations within a single jurisdiction will not appear in the numerators.
Failure of the tens rule has been found across a variety of other taxa as well (Hayes
and Barry, 2007), so its success as a rule may be uncertain

What implications do the data and patterns discussed herein have for respond-
ing to herpetofaunal invasions? I would suggest that the scope of data employed
in the above analyses is sufficiently comprehensive that additional study to gain a
clearer picture of global patterns of this phenomenon is not required, although, no
doubt, improvements could be made in understanding the dynamics of introduc-
tion within particular jurisdictions by the application of data not used herein, such
as information on importation volume and species composition. What is abun-
dantly clear from the preceding analyses is that herpetological introductions are
growing exponentially in most regions of the world and that they involve all major
taxa and a diversity of pathways. This is not a phenomenon limited to iconically
invaded locations like Florida or Hawaii. Unlike many other major taxa (e.g.,
plants, birds, marine invertebrates), whose transport is dominated by one or a few
intentional or accidental pathways, herpetofaunal introductions involve a mix of
both. So, unlike many other taxa, successfully managing herpetofaunal introduc-
tions must involve responding to both. Despite this, I have clearly demonstrated
that the pet-trade and aesthetically related pathways — pathways that promote the
keeping of animals and their frequent escape, release, or intentional introduction
via private owners, wholesalers, retailers, exhibitors, or zoo personnel — are of
overwhelming importance in creating the modern explosion of alien herpetofaunal
invasions. The growing cargo and nursery-trade pathways cannot safely be
ignored, but if herpetofaunal invasions are to be stopped, it must be a first priority
to halt the careless or arrogant release of animals by pet fanciers, dealers, and zoo
personnel. The means of doing this, and further implications of these pathway-
analysis findings for management and research, will be considered in detail in the
final chapter, which is devoted to that subject.



Chapter 3
Impacts of Alien Reptiles and Amphibians

The entire motivation for concerning ourselves with invasive alien species, of
course, relates to the ecological and economic damage these species cause. For
many non-herpetological taxa, as noted in Chapter 1, damages have been extensive
and severe, justifying the considerable attention that has been devoted to a host of
invasive pests of all groups. As for these better-known taxa, when determining the
degree of attention that alien reptiles and amphibians might merit as a management
problem it is imperative to assess to what extent these species inflict damage.
Clearly, if these animals are not affecting natural or human ecosystems, concern for
their introduction will be lessened. And, indeed, it has been argued that most reptile
and amphibian introductions to Florida provide no such impact, and the threat of
alien herpetofauna there has been largely discounted (L.D. Wilson and Porras,
1983; Butterfield et al., 1997). Alternatively, if it be shown that alien reptiles and
amphibians do cause an array of ecological or societal damages, a greater responsi-
bility for management response would inhere. In either event, a broader awareness
of these impacts or their absence would improve our assessment of the relative
standing of alien reptiles and amphibians as environmental, conservation, or social
problems. It would concomitantly serve to identify obvious research needs for fur-
ther clarifying extent and ecological mechanisms of impact as well as control and
mitigation measures.

A broad survey of ecological impacts attending invasive reptile and amphibian
introductions has not previously been available. In providing one here, I confine my
attention to studies that clearly demonstrate some level of impact from alien her-
petofauna and that provide some evidence or compelling argument as to what the
mechanism of such impact might be. In including instances that provide only reasoned
argument to identify impact mechanism I hope to highlight several hypotheses that
have languished in the literature for lack of further investigation. The literature
occasionally contains correlational evidence that simply notes the decline or disap-
pearance of a native species to be coincidental with expansion of a naturalized alien
(e.g., Miinch, 2001). However, such correlations need not result from the intro-
duced alien per se; both species may simply be responding differently to underlying
environmental changes (cf. L.D. Wilson and Porras, 1983 for herpetological
examples). Such instances are generally omitted in this summary because evi-
dence identifying the causative mechanism of replacement is not provided.

F. Kraus, Alien Reptiles and Amphibians, 57
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Nonetheless, such correlational evidence points to additional potential instances of
detrimental impacts that may warrant investigation. Lastly, concerns have fre-
quently been expressed in the literature for a variety of potential impacts for which
no evidence is provided whatsoever. Some of these speculations may be valid, but
in the absence of documentary evidence or reasoned argument they do not approach
minimal scientific standards and are ignored here.

This survey reveals that a surprisingly wide array of deleterious impacts are docu-
mented across a variety of herpetological species, even though taxonomic sampling
among naturalized herpetofauna has been sparse. Indeed, research into impacts from
alien reptiles and amphibians is rather recent, and it is to be expected that additional
examples and further impacts will be identified as research into this area garners
greater momentum. Impacts identified to date may be broadly categorized as eco-
logical, evolutionary, or social. The first includes impacts on individual species as
well as broader community-level disruptions. Ecological damages from alien her-
petofauna most often derive from food-web disruptions, with impacts stemming
from predation on sensitive species, poisoning of predators, competition with
natives, vectoring of novel parasites, or secondary disruption of food webs.
Evolutionary impacts encompass genetic contamination via hybridization with
natives as well as changes in inherited morphological, physiological, or behavio-
ral traits. Genetic impacts relate to introgression of alien genes into native gene
pools, sometimes to the point of genetically swamping native forms out of exist-
ence. Under the category of evolutionary change are included both changes
observed in the invasive alien as well as modifications induced in native fauna by
its introduction. Social damages include direct impacts on humans or their cul-
tural institutions. These impacts can be to human health, economies, quality of
life, or scientific knowledge.

Ecological Effects

Removal of Native Prey Species

The most widely studied and commonly considered ecological effect from alien
reptiles and amphibians is predation on sensitive native species resulting from the
introduction of novel predators. In only a few instances has direct evidence of popu-
lation-level effects on natives been demonstrated, but many anecdotal observations
suggest it may be a frequent phenomenon. This is, however, difficult to document
because intense, novel predation may provide only a narrow window of opportunity
for observing populations during the phase of decline. More often, sudden rarity is
noticed after the fact and the cause can only be inferred retrospectively by temporal
correlation with a newly introduced predator.

The best-known instance of predation leading to loss of native species is the
introduction of the brown treesnake (Boiga irregularis) to Guam in the years
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immediately following World War II. This snake caused the loss from Guam of ten
forest bird, three seabird, 1-3 bat, and six lizard species within a span of approxi-
mately 40 years (Savidge, 1987a; Engbring and Fritts, 1988; McCoid, 1991; Rodda
and Fritts, 1992; Fritts and Rodda, 1995, 1998; Rodda et al., 1997, 1999b; Rodda
and Savidge, 2007). Three of the birds and one bat were endemic to Guam and are,
therefore, globally extinct. Two further bird species remain only in captivity, and
most of the native vertebrates remaining on Guam do so at extremely reduced abun-
dances (Rodda and Savidge, 2007), where too they may be susceptible to predation
by other introduced reptiles, such as Varanus indicus (McCoid and Hensley, 1993a).
This introduced snake population has been the subject of scores of studies, and
early ecological research clearly ruled out a variety of other hypotheses to explain
the observed bird declines (Savidge, 1987a; Savidge et al., 1992). The dire effects
caused by this snake have led to a 14-year control program to prevent the species
colonizing additional Pacific islands, but indications are that Saipan may now be
invaded as well. If true, similar ecological effects may be expected there in the
coming decades (Fritts and Rodda, 1995; Rodda et al., 1999b).

The snake Natrix maura was introduced to the Balearic Islands approximately
2,000 years ago (Alcover and Mayol, 1981). It is credited with reducing the range
of the formerly island-wide endemic frog Alytes muletensis to plunge pools in a few
steep-sided gorges in the uplands of Mallorca (Tonge, 1986; Moore et al., 2004a;
Pleguezuelos, 2004). It is also thought to have played a role in the extinction of the
endemic Alytes talaioticus during the Holocene (Pleguezuelos, 2004). Evidence for
these claims lies in the highly ranivorous behavior of N. maura, its absence from
fossils predating human settlement of the islands, and the persistence of A. muletensis
at elevations where the snakes are scarce (Alcover and Mayol, 1981; Tonge, 1986;
Moore et al., 2004a).

The lizard Anolis carolinensis was introduced to Chichijima in the Ogasawara
(Bonin) Islands in the period from 1965-1968 (M. Hasegawa et al., 1988) and sub-
sequently released on Hahajima in 1981 (Miyashita, 1991). It has expanded its
range quickly (M. Hasegawa et al., 1988) and increased to tremendous population
densities ranging from 600-2,570 animals/ha and averaging 1,270 animals/ha
(Okochi et al., 2006). Feeding trials, direct observations, and stomach-content
analyses have demonstrated this lizard to feed on a variety of native insects
(Karube, 2004b, 2006; Karube and Suda, 2004; Makihara et al., 2004). Comparisons
of insect faunas on Chichijima and Hahajima before and after Anolis invasion, as
well as comparisons between these islands and nearby uninvaded islands, correlate
the decline or extirpation of several formerly common species of buprestid, ceram-
bycid, cucurlionid, and melandryid beetles; lycaenid and papilionid butterflies;
bees; and odonates to that invasion (Karube, 2004a, b, 2005; Karube and Suda,
2004; Makihara et al., 2004; Takakuwa and Suda, 2004; Yoshimura and Okochi,
2005; Okochi, et al., 2006). To date, toxic, nocturnal, and large, hard-bodied spe-
cies have not experienced catastrophic declines (Makihara et al., 2004; Karube,
2005). In all, at least 15 species of endemic insects appear to have vanished or
strongly declined because of the lizard. Most of these are small, diurnal, non-toxic
species with a fondness for resting on the sunlit vegetation favored by the lizards
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(Karube, 2001, 2004a; Karube and Suda, 2004). Although preferred prey are small
diurnal inhabitants of vegetation, A. carolinensis has also been documented forag-
ing on large, hard-bodied cicadas, strictly ground-dwelling species, and nocturnal
species sleeping in leaf axils, with the last apparently leading to declines in some
nocturnal cerambycids as well (Karube and Suda, 2004; Karube, 2005). This switch
from preferred prey is thought to result from declining resources (Karube and Suda,
2004; Karube, 2006), and it is anticipated that yet additional insects will disappear
from Hahajima and Chichijima as more preferred prey species disappear (Karube
and Suda, 2004). Persistence of some of these endangered insects on adjacent
islands may be only temporary inasmuch as poor-quality habitat makes them popu-
lation sinks that historically were replenished by migration from the two islands
now having Anolis infestations (Takakuwa and Suda, 2004).

The related Anolis sagrei was introduced to Florida in the mid- to late-1800s
(Garman, 1887; W. King and Krakauer, 1966) and has rapidly expanded across the
state (Campbell, 2003a). During this expansion it has frequently been noted that the
native A. carolinensis has either disappeared or declined in numbers in many popu-
lations (Tokarz and Beck, 1987; PR. Brown and Echternacht, 1991; Echternacht,
1999), and rapid replacement of that native by A. sagrei has been experimentally
demonstrated in the field (T. Campbell, 1999a). In highly disturbed habitats,
it appears that A. carolinensis can disappear entirely, but in more structurally com-
plex habitats it persists at lower population densities occasioned by its occupancy
of fewer, elevated territories than prior to invasion by A. sagrei (Echternacht, 1999).
Decline of the native appears largely due to predation on A. carolinensis hatchlings
by A. sagrei, with preference shown by A. sagrei for consumption of heterospecific
hatchlings over conspecific hatchlings in the laboratory (Gerber, 1991; Gerber and
Echternacht, 2000), and predation on hatchlings on A. carolinensis documented in
the field (T. Campbell and Gerber, 1996). Hatchlings of both species live near
ground level, thus bringing them in frequent contact with dense populations of adult
A. sagrei (but not A. carolinensis) and making them susceptible to predation by that
species (Echternacht, 1999). The dense populations routinely formed by A. sagrei
place the hatchlings of the sparser A. carolinensis in peril wherever insufficient
ground cover is available for refugia (T. Campbell, 1999a), and occasional con-
sumption of an A. carolinensis hatchling is all that is needed to severely depress
recruitment in that species (Echternacht, 1999). This appears to explain the
observed inability of A. carolinensis to persist in sympatry with A. sagrei in heavily
modified habitats lacking structural diversity.

The rapid spread of introduced Anolis sagrei and observed shift in perch heights
of native A. conspersus in the Cayman Islands (Losos et al., 1993) are likely
accounted for by similar dynamics. In that case too, laboratory trials have indicated
an asymmetrical preference of adult A. sagrei for consuming A. conspersus hatch-
lings (Gerber and Echternacht, 2000). This, combined with the dense populations
again seen in A. sagrei and the occupation by hatchling A. conspersus of lower
vegetational strata, would provide a similar mechanism for population declines in
the native anole (Gerber and Echternacht, 2000) as seen for Floridian
A. carolinensis.
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Cane toads (Bufo marinus) introduced to Australia have been documented to
inflict population-level effects on the ground-nesting rainbow bee-eater (Merops
ornatus). In the absence of toads, these birds produce an average of 1.2 fledglings/
nest. But toads prey upon eggs and nestlings and usurp nest burrows, thereby
destroying one-third of all nests and reducing nest success rate to an average of 0.8
fledglings/nest (Boland, 2004a, b). Displaced adult birds suffer reduced average
nest productivity with subsequent nesting attempts, making the effects of the toads
even broader than that measurable by direct predation and nest destruction (Boland,
2004a, b). Susceptibility to nest predation by toads appears to result at least partly
from lack of proper defensive behaviors in the nesting birds, which can successfully
fend off attacks by much larger native predators (Boland, 2004a, b). Cane toads
have been reported to prey on an array of other native vertebrates (e.g., Rabor,
1952; Pippet, 1975; Stammer, 1981; Freeland and Kerin, 1988; Caudell et al.,
2000), but effects on populations have not been systematically researched. One
study reported a correlation between presence of toads and reduction in beetle
populations (Catling et al., 1999); another reported a similar correlation with a
reduction in gecko populations (Watson and Woinarski, 2003, cited in McRae et al.,
2005). Others have noted toads to have greater volumes of prey in their stomachs
where recently established compared to areas where they have been longer estab-
lished (Anonymous, 1968), suggesting suppressive effects on invertebrate commu-
nities by a prolonged history of predation, although temporal changes in invertebrate
populations have not been measured directly. Anecdotal reports of pest and native
invertebrate declines following introduction of toads (e.g., Wolcott, 1937, 1948,
1950a, b; Simmonds, 1957) suggest the same suppressive effects, but studies on
most native invertebrate communities are lacking (but see Greenlees et al., 2006 for
an exception).

A variety of studies has implicated alien bullfrogs (Rana catesbeiana) in
declines of native herpetofauna across the western United States. Evidence includes
anecdotal (Lardie, 1963; Dumas, 1966; Hammerson, 1982) and statistical (Moyle,
1973; Schwalbe and Rosen, 1988; Fisher and Shaffer, 1996; Kupferberg, 1997a;
Rosen and Schwalbe, 2002) analyses of distributional or historical trends, partial
recovery of affected populations with experimental reduction or exclosure of bull-
frogs (Schwalbe and Rosen, 1988; Rosen and Schwalbe, 1996a, b), skewed size-
class distributions in populations syntopic with bullfrogs (Holland, 1991, cited in
Hayes et al., 1999), and experimental demonstration of increased mortality or
decreased growth in laboratory or field experiments (Kieseker and Blaustein, 1997,
1998; Kupferberg, 1997a; Lawler et al., 1999; Adams, 2000; Pearl et al., 2004;
Maret et al., 2006). Natives argued to be affected by bullfrogs include the frogs
Bufo boreas (Lardie, 1963), Pseudacris regilla (Jameson, 1956), Rana aurora
(Lardie, 1963; Pearl et al., 2004), R. blairi (Hammerson, 1982), R. boylii (Moyle,
1973; Kupferberg, 1997a), R. chiricahuensis (Schwalbe and Rosen, 1988; Rosen
and Schwalbe, 1995, 2002; Rosen et al., 1995), R. draytonii (Moyle, 1973); R. pipiens
(Hammerson, 1982), R. pretiosa (Lardie, 1963; Dumas, 1966; Pearl et al., 2004),
R. yavapaiensis (Schwalbe and Rosen, 1988; Rosen and Schwalbe, 1995, 2002),
the entire suite of central Californian amphibians (Fisher and Shaffer, 1996), the
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turtle Actinemys marmorata (Hays et al., 1999), and the snake Thamnophis eques
(Schwalbe and Rosen, 1988; Rosen and Schwalbe, 1995, 2002). Similar declines in
native herpetofauna concurrent with introduction of bullfrogs have been noted in
Germany (C.R. Boettger, 1941; Thiesmeier et al., 1994). Because of the bullfrog’s
catholic, opportunistic diet (Bury and Whelan, 1984) and numerous observations of
predation on sensitive species (Table 3.1), declines have most often been attributed
to bullfrog predation. This interpretation is bolstered by scarring and tail loss seen
on affected natives and by skewed population structures consistent with predation
on juveniles (Schwalbe and Rosen, 1988; Rosen and Schwalbe, 1995). Furthermore,
experiments have confirmed bullfrogs to mediate their negative effects in part via
direct predation (Kiesecker and Blaustein, 1997). However, bullfrogs can also
induce behavioral changes in microhabitat use by natives that decrease the latter’s
survival and growth rates (Kiesecker and Blaustein, 1998). Further, a variety of
other factors, including habitat modification or loss (Moyle, 1973; Hayes and
Jennings, 1986; Jennings, 1988b; Fisher and Shaffer, 1996; Adams, 1999, 2000;
Kiesecker et al., 2001; Davidson et al., 2002; Rosen and Schwalbe, 2002), presence
of alien fish (Hayes and Jennings, 1986; Jennings, 1988b; Rosen et al., 1995;
Kieseker and Blaustein, 1998; Adams, 1999; Adams et al., 2003; Maret et al.,
2006), commercial exploitation (Hayes and Jennings, 1986; Jennings and Hayes,
1985; Jennings, 1988b), disturbance regimes (Jennings and Hayes, 1994; Doubledee
et al., 2003; Maret et al., 2006), diseases (Rosen and Schwalbe, 2002), and toxi-
cants (Hayes and Jennings, 1986; Rosen et al., 1995; Davidson et al., 2002) can also
be involved in declines of native species or interact synergistically to exacerbate
bullfrog effects. This complexity frequently makes parsing the exact contribution
of bullfrog predation to native-species declines problematic. Despite such compli-
cations, predation by bullfrogs has likely played a central role in declines of several
native reptile and amphibian species in the western United States. It has been
claimed that R. catesbeiana has led to decline of native Rana in the region around
Florence, Italy (Touratier, 1992b) and of native fish in the Aquitaine of southwestern
France (Touratier, 1992a), and concern has been expressed about their potential
effects elsewhere in Europe (e.g., Albertini and Lanza, 1987; Stumpel, 1992). But
in none of these cases has any of the above-mentioned forms of evidence been pro-
vided. Concerns have also been expressed about the potential threat of bullfrogs to
the endangered snake Opisthotropis kikuzatoi, endemic to Kumejima Island,
Ryukyu Islands, Japan. The threat comes both from the frog’s potential to directly
prey upon these small snakes but also because it is known to eat the endangered
freshwater crab, Candidiopotamon kumejimense, the only known food source for
the snake (Ota et al., 2004a).

Three of six dissected Xenopus laevis in an introduced population in southern
California were found to contain one or more of the endangered tidewater goby
(Eucyclogobias newberryi) as food items (Lafferty and Page, 1997). The high fre-
quency of occurrence of the endangered fish in this small sample of stomachs, in
concert with the high densities at which X. laevis can occur in California, led to the
supposition that the alien frog might serve as a substantial cause of mortality for the
fish (Lafferty and Page, 1997). However, further work to identify population-level
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effects of these frogs has not appeared. More compelling correlational evidence
is available from France, where X. laevis was introduced in Deux-Sévres in the
mid-1980s (Fouquet, 2001; Fouquet and Measey, 2006). Amphibian communities
in ponds containing X. laevis closest to the original site of introduction were
found to have lower species richness and diversity than ponds lacking that frog or
having it but occurring farther away (Grosselet et al., 2005). In this case, distance
from introduction site is taken as a rough measure of duration of infestation with
X. laevis; hence, long association with X. laevis is correlated with reduced native
amphibian diversity. Numbers of eggs of native salamanders (Triturus sp.) were
also approximately an order of magnitude lower in ponds containing X. laevis
than in those lacking them. Finally, populations of Triturus cristatus from ponds
containing X. laevis lacked the smaller size classes present in ponds without that
frog (Grosselet et al., 2005).

It has been noted that populations of Hyla squirella and H. cinerea in a Florida
hammock were found to decline dramatically upon colonization of the hammock
by adult Osteopilus septentrionalis (Meshaka, 2001: 98). Although the mechanism
of decline remains unidentified, it was presumed to be predation, given the known
feeding habits of the alien.

Tadpoles of Rana catesbeiana were demonstrated to feed upon eggs and larvae
of the endangered fish Xyrauchen texanus in laboratory conditions (Mueller et al.,
2006), and their densities in artificial habitats (human-made levee ponds) can be
sufficiently high that they may be depressing larval recruitment of the fish, but studies
have not yet demonstrated direct impacts on fish in wild habitats. Tadpoles of
Osteopilus septentrionalis have been demonstrated to prey upon and significantly
reduce average survivorship of native Hyla squirella tadpoles under crowded labo-
ratory experiments (K.G. Smith, 2005b) but not under conditions of moderate den-
sity and alternate food availability (K.G. Smith, 2005a).

Individual reports of alien reptiles or amphibians feeding on endangered or
potentially sensitive native species have been reported (Table 3.1) but each of these
reports is based on single or few observations, and depression of native populations
has not been investigated. In other instances (Martinez-Morales and Cuardn, 1999;
Enge et al., 2004c) reasonable concerns have been voiced over the potential for
recent reptile introductions to impact endangered or sensitive native wildlife, but
insufficient time has elapsed to validate these concerns. However, Martinez-
Morales and Cuarén (1999) speculated that already-depressed populations of
several endemic birds and mammals on Cozumel might be due to introduced Boa
constrictor.

In sum, predation impacts from alien herpetofauna are frequently invoked and
have been clearly demonstrated in a few instances. Anecdotal observations (Table 3.1)
suggest they may be of frequent occurrence, but population-level effects are diffi-
cult to demonstrate and may be difficult to distinguish from other causes (witness
bullfrogs in the western United States). There is an additional difficulty in that there
is typically a narrow window of opportunity after an invasion begins during which
predation impacts can clearly be demonstrated by direct observation and measure-
ment. But this is precisely the stage of an invasion during which study is, in general,
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least likely, either because the invasion is not noticed or because it is not perceived
to be a concern. More often, the swiftness with which native prey can disappear
makes hypotheses of predation impact merely liable to ex post facto inference
instead of direct demonstration. Nonetheless, the numerous suggestive or compel-
ling examples make it likely that population suppression via predation represents
one of the more common ecological impacts from alien herpetofauna.

Removal of Native Predators

A second effect involves destruction of native predators via introduction of species
bearing novel defensive mechanisms. This is documented for the cane toad (Bufo
marinus), a Neotropical anuran that attains large size, defensively secretes quanti-
ties of highly toxic bufoteneins from its skin, and attains high population densities
where introduced. It appears to have had dramatic effects on many native predators
in its introduced range in Australia because of the naivety of native Australian
predators to that species and its toxin. There are several reports of native snakes,
lizards, turtles, crocodiles, birds, and mammals dying after ingesting toads
(Breeden, 1963; Rayward, 1974; Covacevich and Archer, 1975; Stammer, 1981;
Ingram and Covacevich, 1990; Shine, 1991; Tyler, 1994; S. Burnett, 1997; van Dam
et al., 2002; Fearn, 2003; Phillips and Fitzgerald, 2004; Doody et al., 2006a) or
experiencing population crashes or community changes subsequent to arrival of
toads (Pockley, 1965; Shine and Covacevich, 1983; S. Burnett, 1997; McRae et al.,
2005; Doody et al., 2006a, b; Shine et al., 2006). At least 26 native Australian
vertebrate species have experienced such toad-induced mortality (C. Lever, 2001).
These reports tend to be anecdotal or inferential but the studies by Doody et al.
(20064a, b) contained pre-invasion abundance estimates for Varanus panoptes,
V. mertensi, and V. mitchelli and demonstrated significant population declines syn-
chronous with arrival of toads, as did the independent study of Griffiths and McKay
(2007) for V. mertensi. B.L. Phillips et al. (2003), using ecoclimatic, dietary, and
toxin-sensitivity information, systematically assessed risk to Australia’s snake spe-
cies from cane toads and concluded that 43% of Australia’s non-scolecophidian
snake fauna (i.e., excluding the burrowing blind snakes) are potentially threatened
by the toads. Identical conclusions placing much of Australia’s large herpetofauna
at risk derive from a similar analysis for the remaining Australian taxa of large rep-
tiles (J.C. Smith and Phillips, 2006).

Unpublished data suggest that some Varanus populations can survive invasion
by cane toads (van Dam et al., 2002). In the invasion area studied, most Varanus
consumed toads and were killed by doing so; however, those few lizards that sur-
vived the invasion did not eat toads, and this allowed for long-term recovery of
lizard populations. Varanus from populations having long exposure to toads also
refuse to attack toads (van Dam et al., 2002). Both these observations argue for
strong selective pressure against toad consumption by some predatory lizards,
which may lead to eventual recovery of native populations. However, further data
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are needed to determine how general this result is across Australia’s diversity of
native predators, and no research has yet investigated the effect such strong selec-
tive pressure has had on genetic diversity within the varanid populations. Ecological
studies at the expanding front of toad invasion in Northern Territory are underway
(R. Shine, University of Sydney, personal communication, 2007), so more direct
evidence of population-level effects may be forthcoming.

Bufo marinus were also introduced to Kayangel Atoll in Palau and to Ponape
and Kosrae in the Federated States of Micronesia in a deliberate attempt to control
Varanus indicus, which were considered undesirable because of their propensity to
kill chickens (Gressitt, 1952; W.B. Jackson, 1962; Dryden, 1965). Introduction of
B. marinus did result in a dramatic reduction of Varanus in Kosrae, with some dead
monitors found with toads in their mouths (Dryden, 1965). The toads have been
credited with apparent monitor declines on Guam (McCoid et al., 1994a), Ponape
(W.B. Jackson, 1962), and Palau (Thyssen, 1988) as well. Similar results have been
said to attend the introduction of toads to New Guinea (Pippet, 1975) and the
Solomon Islands (Cain and Galbraith, 1957). Anecdotal reports of poisoning of
native wildlife from ingestion of cane toads also come from Bermuda (Davenport
et al., 2001) and Fiji (Gorham, 1968).

In laboratory experiments, eggs and larvae of Bufo marinus can be toxic to an
array of native invertebrates and tadpoles (Crossland, 1998a, b; Crossland and
Alford, 1998; Crossland and Azevedo-Ramos, 1999; Punzo and Lindstrom, 2001),
and that toxicity can increase ontogenetically (Crossland, 1988b). In experiments
carried out in artificial ponds, these results were extended to demonstrate that
presence of B. marinus eggs and tadpoles significantly depressed survival of native
Limnodynastes ornatus tadpoles, presumably via poisoning of the latter. This
depression of L. ornatus, in turn, led to enhanced survival of native Litoria rubella
tadpoles due to release from predation by the former (Crossland, 2000). Survival of
L. ornatus, L. tasmaniensis, L. terraereginae, and Notaden bennetti was also some-
times depressed in independent pool and pond-enclosure experiments (Williamson,
1999). These results are suggestive of changes liable to occur in native anuran com-
munities from introduction of B. marinus, but direct examination for similar
effects under entirely natural circumstances has not occurred. Larval B. marinus
can be toxic to a few native Australian fish species as well (Crossland and
Alford, 1998; van Dam et al., 2002) but are typically rejected as food (Lawler
and Hero, 1997; van Dam et al., 2002), so seem unlikely to exert any significant
effects on native fish populations.

Wider Changes in Ecosystem Dynamics

The widespread loss of terrestrial vertebrates occasioned by the introduction of
Boiga irregularis and other vertebrates to Guam led to ecosystem-wide trophic
changes (Fritts and Rodda, 1998). The dominant vertebrate biomass on Guam now
consists of alien species, there is an increased number of predatory links in the food
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web, five ecological guilds previously present are now absent, and other ecological
guilds have become rare (Fritts and Rodda, 1998). Wholesale loss of avian and
mammalian insectivores has apparently resulted in an increase of spiders (Fritts and
Rodda, 1998; Rodda et al., 1999b) and changes in their web-making behaviors
(Kerr, 1993). The extirpation of volant frugivores has been predicted to lead to
losses of pollinator and fruit-dispersal services to native plants, leading to long-
term changes in floral composition (Savidge, 1987b); extirpation of insectivores is
expected to increase damaging insect populations, leading to increased rates of
herbivory on native plants (McCoid, 1991; Fritts and Rodda, 1998). Observations
of slowed or failed regeneration in some plant populations (Perry and Morton,
1999; Ritter and Naugle, 1999) are consistent with these predictions, but other fac-
tors (especially high ungulate densities) are also involved, so conclusive evidence
of those secondary effects is not yet available.

Secondary effects have been demonstrated to attend invasion of cane toads in
northern Australia. Subsequent to arrival of the toads, monitor lizards (Varanus
panoptes) suffered dramatic decline, apparently from preying on the toxic new
arrivals (Doody et al., 2006). This removed the most significant source of nest pre-
dation on the river turtle Carettochelys insculpta, increasing its nest-success rate by
20%. Doody et al. (2006) hypothesized that similar secondary effects would benefit
sea turtles and other native species subject to heavy predation from V. panoptes,
potentially leading to a cascade of trophic effects as yet unstudied.

The success of Boiga irregularis on Guam illustrates an additional secondary
ecological effect of considerable importance. Early expectations were that snake
abundance would abate once its food source of native birds declined. However, that
did not happen because the snake population is now maintained by supremely
abundant alien vertebrate species, the most important of which are the lizards
Carlia ailanpalai, Hemidactylus frenatus, and Anolis carolinensis (E.W. Campbell,
1996; Fritts and Rodda, 1998; McCoid, 1999; Rodda et al., 1999b, c¢). In this
instance, the secondary effect is not from the snake itself but from the alien prey
organisms that allow it to maintain high densities and continue cropping native prey
to extinction. This effect from the alien prey base is maintained because the repro-
ductive rates of the alien lizards far exceed those of the snakes (Fritts and Rodda,
1998), making them a reliably available resource.

A similar alien-prey boost to an invasive snake predator has been proposed else-
where: high population densities of the alien frog Rana perezi on the Balearic
Islands are thought to maintain high population densities of the alien snake Natrix
maura (Moore et al., 2004a). This snake is thought to be the primary threat to the
survival of the endangered endemic frog Alytes muletensis (Alcover et al., 1984;
Tonge, 1986), and the latter is largely limited to rugged upland areas in which both
N. maura and R. perezi are scarce (Moore et al., 2004a).

This augmentation of food resources for alien predators by alien reptiles and
amphibians may be of more common occurrence than currently appreciated
because many species of both taxa can attain tremendous population densities and
biomass (Burton and Likens, 1975; Gosz et al., 1978; Rodda et al., 2001; Rodda
and Dean-Bradley, 2002; Gibbons et al., 2006), including in their introduced ranges
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(e.g., Greenlees et al., 2006; Woolbright et al., 2006). Thus, many reptile and
amphibian species are likely candidates to facilitate subsequent alien predator
establishment by serving as a dense food source. Concern has been expressed that
this phenomenon could facilitate establishment of introduced snakes in Hawaii
(Kraus et al., 1999; Kraus and Cravalho, 2001; Loope et al., 2001), but this form of
ecological “priming” has been uninvestigated except for the Boiga and Natrix cases
discussed above. As introductions of additional herpetological predators and their
prey continue to increase this phenomenon may become more widely noticed.

Dense populations of alien reptiles and amphibians could potentially affect
nutrient-cycling dynamics within ecosystems, but this effect has been little investi-
gated to date. It has been proposed that two alien frogs (Eleutherodactylus coqui
and E. planirostris) could serve as nutrient sinks in Hawaii by depletion of inverte-
brate biomass and disruption of ecological pathways (Kraus et al., 1999). This
speculation was based on known high population densities of the frogs, their high
invertebrate-cropping rates, and the lack of native predators (and paucity of alien
predators) to feed on them. One study (Beard and Pitt, 2006) lent some support to
this conjecture, finding that in a dense population of E. coqui frogs were consumed
in very low amounts by mongoose (Herpestes javanicus) but not at all by rats
(Rattus rattus and R. exulans) or cane toads (Bufo marinus). These are the only
predators available to prey on these frogs in most of Hawaii. Studies in their native
Puerto Rico have shown E. coqui to affect nutrient cycling dynamics in forest plots
by reducing aerial invertebrates and leaf herbivory and by increasing primary pro-
ductivity and leaf decomposition rates (Beard et al., 2002, 2003). These effects
resulted from high predation rates on aerial insects and fertilization of soil by frog
feces. Identical effects were found in the invaded range of E. coqui in Hawaii, as
were reductions in numbers of herbivorous and leaf-litter invertebrates and
increases in new leaf production by the invasive plant Psidium cattleianum in one
invaded site (Sin et al., 2008).

Similar ecosystemic impacts are considered likely to result from the invasion of
Bufo marinus in northern Australia. In this system, a four-fold increase in amphibian
biomass has been documented as toads invade virgin territory (Greenlees et al.,
2006). Because the toad is largely invulnerable to predation by native species, the
increase in amphibian biomass is expected to serve as a nutrient sink (Greenlees
et al., 2006), although possible effects on primary productivity and decomposition
rates would also merit investigation.

Another change to community dynamics is attributed to colonization by Bufo
marinus. High prevalence of a native tapeworm in the Australian anuran Litoria
pallida declined after invasion by cane toads, apparently because the high density
of toads interfered with transmission of the parasite to its definitive snake host,
Liasis childreni (Freeland, 1994). The tapeworm’s life cycle originally involved
transmission of eggs from snake feces to frogs via consumption of infected food.
Cyst-bearing frogs were then consumed by the snakes, completing the worm’s life
cycle. The creation of high-density populations of voracious toads shunted most
worm eggs to that alien species, which was shunned as a food item by the snakes,
breaking the life-cycle of the tapeworms and reducing their prevalence in native
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frog populations. The tapeworm’s decline has been associated with a decline in the
stability of the local frog community (Freeland, 1994).

Each of these documented or potential changes to food webs and ecosystem
dynamics stems directly from the high standing biomass that some alien reptiles
and amphibians are capable of achieving. Direct measurements of biomass or
densities have not often been made for alien populations of reptiles and amphibi-
ans. However, there is a number of herpetological genera with naturalized popu-
lations whose densities are sufficiently high that they are likely candidates for
disrupting trophic dynamics of invaded ecosystems. These include frogs of the
genera Bufo, Eleutherodactylus, Osteopilus, Rana, and Xenopus and lizards of the
genera Anolis, Carlia, Chamaeleon, Hemidactylus, Lampropholis, and Podarcis.
This list is not exhaustive but merely highlights some of the more promising taxa
for investigation.

Competition with Native Species

As noted above, Bufo marinus has depressed reproductive success of rainbow bee
eaters partially through competition for burrow use (Boland, 2004a). Tadpoles of
the same species also depressed growth rates among a variety of native anuran
larvae in pool and pond-enclosure experiments, but inconsistency among trials
leaves unanswered the extent to which competition exerts population-level effects
among tadpoles in natural settings (Williamson, 1999). Other experiments indicated
apparently strong competitive effects between B. marinus tadpoles and those of
Limnodynastes ornatus (Crossland, 1997, cited in van Dam, 2002). No competitive
effect was noted between adult toads and native frogs (Freeland and Kerin, 1988).

The expansion of Eleutherodactylus johnstonei across the Lesser Antilles has
been correlated with the decline or replacement of native congeners on several
islands (Hardy and Harris, 1979; H. Kaiser and Henderson, 1994; H. Kaiser et al.,
1994; H. Kaiser, 1997). However, this replacement largely goes hand in hand with
habitat destruction: E. johnstonei has a greater physiological tolerance for higher
temperatures and drying (Pough et al., 1977) and greater use than native
Eleutherodactylus of opened habitats (Stewart, 1977; Stewart and Martin, 1980).
This tolerance seems to facilitate its use of expanding areas of vegetation disturbed
by human activities (H. Kaiser, 1997), apparently at the occasional expense of resi-
dent congeners (Hardy and Harris, 1979; H. Kaiser, 1997).

Competitive effects from larval Rana catesbeiana can be varied. They depress
growth rates and survival in larval R. boylii owing to exploitative competition
for algal resources (Kupferberg, 1997a). They also inhibit growth rates in larval
R. aurora by passive exclusion under conditions in which food resources are
clumped (Kiesecker et al., 2001). This happens because larval R. aurora avoid tad-
poles of R. catesbeiana and, hence, lose access to the clumped food resources
around which the latter invariably gather (Kiesecker et al., 2001). The two mecha-
nisms need not be exclusive: exploitative deficiencies of native Rana tadpoles may
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be worsened by also decreasing activity levels (and, hence, amount of time spent
feeding) in the presence of R. catesbeiana (Kiesecker et al., 2001). Severity of
competitive effects may vary with environmental conditions between aquatic habi-
tats (Adams, 2000), a confounding factor that has yet received no detailed treat-
ment. Laboratory trials have also found survival of native European Rana tadpoles
to be considerably reduced in the presence of larval R. catesbeiana, even when
densities of the latter were low (Laufer and Sandte, 2004). This appeared to result
from direct competition for food inasmuch as larval bullfrogs displaced native tad-
poles from food resources and larval predation was never observed.

Similar competitive effects have been found with Osteopilus septentrionalis intro-
duced to Florida. Tadpoles of this species depressed growth rates and delayed metamor-
phosis in native Bufo terrestris and Hyla cinerea when raised together in a laboratory
setting; they also led to reduced size at metamorphosis in B. ferrestris (K.G. Smith,
2005a). When raised together in mesocosm experiments O. septentrionalis decreased
survival rates, growth rates, and size at metamorphosis of B. ferrestris, although those
effects were reversed when tadpoles were raised in the presence of predatory newts
(Notophthalmus viridescens), which preferentially preyed upon the alien tadpoles
(K.G. Smith, 2006b). Although these results are suggestive, competitive impacts of
O. septentrionalis in natural systems remain experimentally uninvestigated.

Pearl et al. (2005b) documented unexpectedly frequent rates of interspecific
amplexus between Rana catesbeiana and native R. aurora and R. pretiosa in the
Pacific Northwest of the United States. They hypothesized that, should males of the
two natives be limited in breeding pools, sexual interference by frisky R. catesbeiana
might serve as a hindrance to population recruitment, although the importance of
such a mechanism remains to be demonstrated.

A variety of alien lizards has been presumed to competitively displace native
species, judging from historical patterns of changes in species abundance and
geographical patterns of species assortment (Case and Bolger, 1991; Case et al., 1994).
Exclusion of the long-resident geckos Lepidodactylus lugubris by recently established
Hemidactylus frenatus in urban and suburban niches in several locations in the Pacific
appears to result from behavioral interference (Bolger and Case, 1992) and consump-
tion of juveniles by the newcomer (Bolger and Case, 1992; McCoid and Hensley,
1993b), but especially by enhanced ability of H. frenatus to exploit food resources
(Petren and Case, 1996). This exploitative exclusion is dependent upon dense concen-
trations of insects attracted to human light sources and the structural simplicity of
building surfaces (Petren et al., 1993; Petren and Case, 1998). However, L. lugubris
also avoid H. frenatus (Bolger and Case, 1992; S.G. Brown et al., 2002), and this
avoidance may make L. lugubris more susceptible to predation subsequent to invasion
by H. frenatus (S.G. Brown et al., 2002). Although L. lugubris itself may be a human
introduction across much of the Pacific (Moritz et al., 1993), making this an example
of displacement of one alien lizard by a more recent introduction, it does illustrate the
potential for competitive exclusion to result from alien lizard introductions. A similar
mechanism may be occurring between two alien geckos in Texas. There, resident
H. turcicus are being displaced by more recently arrived Cyrtopodion scabrum, and
the displaced species exhibits a dietary shift in sympatry that is consistent with strong
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dietary competition (Klawinsky et al., 1994). Both displacement and dietary shift may
be mediated by interference competition for perch sites, which has been demonstrated
in enclosure experiments (Vaughan et al., 1996). However, in laboratory experiments,
Dame and Petren (2006) demonstrated that replacement of Hemidactylus garnotii
across the Pacific by H. frenatus cannot be explained by either resource competition
or aggression, leaving uncertain what mechanism is responsible.

Clearer evidence attends the competitive exclusion of endemic and highly
endangered Nactus species in the Mascarene Islands by invasive Hemidactylus
frenatus. In this situation it is known that the endemic geckos N. coindemirensis,
N. durrelli, and N. serpensinsula have disappeared across most of Mauritius and its
satellite islets, being confined (with one exception) only to a few islets lacking
H. frenatus (Arnold and Jones, 1994; Cole et al., 2005). Outdoor exclosure experi-
ments have shown H. frenatus to aggressively interact with individuals of the
smaller Nactus species, displacing them from daytime refugia, injuring some indi-
viduals, and preying upon others (Cole et al., 2005). Competitive exclusion from
refugia presumably makes the native geckos more susceptible to predation by inva-
sive mammals like cats and rats, and injury is likely to directly impact survival of
affected individuals. The native geckos persist only in a few small areas having
substrates not easily negotiated by the alien.

The skink, Cryptoblepharus nigropunctatus, endemic to the Ogasawara Islands,
has been reported to be declining on Chichijima since the late 1970s, and by the
1990s the skink could not be found in areas having high densities of introduced
Anolis carolinensis (Miyashita, 1991; Suzuki and Nagoshi, 1999). This appears to
result from direct competition with A. carolinensis. Where the two occur syntopi-
cally, there have been changes in substrate use and perch height by Cryptoblepharus,
suggesting that competition for favorable basking sites may explain some of the
native lizard’s displacement. Further, Anolis were invariably observed to attack
Cryptoblepharus when food was experimentally presented between pairs of each
species in the wild (Suzuki and Nagoshi, 1999). Both results suggest that interfer-
ence competition by the larger alien lizard is causing the decline of the native.

It has been observed that Carlia ailanpalai, introduced to the Mariana Islands,
is extremely aggressive toward the native terrestrial lizards, attacking them, stealing
their food, and possibly preying on them (Rodda et al., 1991; McCoid, 1995b). It has
been proposed that this aggressive behavior may serve as a competitive exclusion
mechanism contributing to the decline or disappearance of several populations of
native skink in the region (Rodda et al., 1991; Rodda and Fritts, 1992; McCoid,
1995b). This hypothesis is reasonable but has yet to be experimentally tested.

Podarcis wagleriana is native to Sicily and the satellite Aegadian Islands; P, raffonei
is a close relative restricted to some of the nearby Aeolian Islands (Capula, 1994a).
Podarcis sicula is native to mainland Italy, Sicily, and Adriatic coastal areas but has
been introduced on some islands in the native ranges of P. wagleriana and P. raffonei
(Capula, 1992, 1994b). In those circumstances, P. sicula either dominates or replaces
the native lizards. This has been argued to reflect competitive superiority because the
alien lizard predominates in virtually all available microhabitats (Capula, 1992).
Genetic (Capula, 1993) and distributional (Capula, 1992) evidence suggest that this
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competition has led to extirpation of P. raffonei throughout most of its original range,
and the species is now virtually extinct (Capula et al., 2002).

The replacement of Anolis carolinensis in Florida by invasive A. sagrei may be
due in part to competitive effects on reproduction. In enclosure experiments, female
A. carolinensis laid fewer eggs when placed in sympatry with A. sagrei than when
housed alone or (sometimes) with conspecifics (Vincent, 1999). In contrast, A. sagrei
females did not reduce reproductive output in sympatry with A. carolinensis.
Whether such results also obtain in the field remains unknown but, if so, would
complement the effects of hatchling predation by A. sagrei discussed earlier.

Concern has been raised about alien Trachemys scripta competing with native Emys
orbicularis in Europe (Frisenda and Ballasina, 1990; Servan and Arvy, 1997; Arvy and
Servan, 1998; Gianaroli et al., 1999), and they have been argued to act aggressively
toward the native turtle and displace it from basking sites (Kaltenegger, 2006). Cadi and
Joly (2004) demonstrated weight loss and reduced survival of E. orbicularis when con-
fined with 7. scripta in outdoor enclosures in southeastern France. Data from these same
enclosures suggest this effect is at least partly due to superior competitiveness of
T. scripta for basking sites, relegating E. orbicularis to poorer-quality sites (Cadi and
Bertrand, 2003; Cadi and Joly, 2003). This effect was not due to active displacement of
E. orbicularis by T. scripta, but simply resulted from its earlier occupation of basking
sites during the morning and the reluctance of E. orbicularis to climb onto sites already
occupied. Competition for basking sites has also been posited as a likely impact
of T. scripta on native Actinemys marmorata in California (Spinks et al., 2003) and is
consistent with earlier data showing behavioral avoidance of the alien turtle by that
same population of A. marmorata (Holland, 1994). Impacts on wild populations
of E. orbicularis have not been demonstrated but may be feasible, considering the rare
status of that species in many localities and the densities which the alien turtle can attain
(Cadi and Joly, 2003). This supposition needs to be tempered, however, with recogni-
tion that 7. scripta exhibits low reproductive success and juvenile survival in much of
Europe (Luiselli et al., 1997). If that observation holds generally, 7. scripta populations
may undergo attrition as adults die but fail to be replaced by additional pet releases
because of the European Union’s import ban on this species. So the practical effects of
T. scripta for native turtle populations in Europe remain uncertain.

Enclosure experiments have also shown that female 7. scripta gain a competitive
edge over native Chrysemys picta females in Ohio, United States, by being more
aggressive (McKenna and Tramer, 2001). Males of the two species did not exhibit
such differences. Growth of C. picta was not affected by this behavioral difference
but it seemingly led to an increased tendency of female C. picta to disperse away
from the T. scripta (McKenna and Tramer, 2001).

Vectoring Novel Parasites

The pathogenic fungus Batrachochytrium dendrobatidis induces a recently emerged
disease, chytridiomycosis, that has caused drastic declines and extinctions of many
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species of amphibians worldwide (Berger et al., 1998; Daszak et al., 1999, 2003;
Speare and Berger, 2000; Garner, 2005; Lips et al., 2006; Skerratt et al., 2007).
Earliest known presence of this fungal infection is from the frog Xenopus laevis in
Africa, and this suggests that the fungus may have begun its global spread with the
widespread export (resulting in frequent release) of X. laevis for laboratory and
pregnancy testing in the 1930s (Weldon et al., 2004). Infection in X. laevis is
typically asymptomatic (Weldon, 2004), as it is in the American bullfrog, Rana
catesbeiana (Mazzoni et al., 2003; Daszak et al., 2004). This latter frog has been
widely exported, farmed for food, and escaped or released into the wild in a large
number of countries (Bury and Whelan, 1984); and Batrachochytrium has been
documented in feral bullfrog populations in many parts of its introduced range
(Hanselmann et al., 2004; Garner et al., 2006). Both alien frogs are, hence, efficient
potential vectors of the fungus to naive, native frog faunas, and current evidence
suggests their widespread transportation and release may be a contributing source
to the global explosion of the disease in the past two decades. Consistent with this
hypothesis is that the first documented occurrence of Batrachochytrium in Great
Britain is at a site in Kent having the only breeding population of R. catesbeiana in
the country, as well as a feral population of X. laevis (Cunningham et al., 2005;
Fisher and Garner, 2007). Although movement of these two species may have been
responsible for starting and abetting this amphibian pandemic, it is clear that a large
number of widely traded amphibians can serve as vectors for Batrachochytrium and
that the amphibian trade generally, whether leading to feral introductions or not,
must be viewed as highly inimical to the continued persistence of uninfected
amphibian faunas (Fisher and Garner, 2007).

Daszak et al. (1999) pointed out the likelihood that other amphibian disease
organisms besides Batrachochytrium have been transported with the wide-
spread introduction of alien bullfrogs and cane toads, but this reasonable sup-
position remains uninvestigated. However, iridoviruses of the genus Ranavirus
have been implicated in numerous amphibian mortality events across North
America in the past decade (Green et al., 2002; Jancovich et al., 2005), and
genetic evidence suggests these viruses to have been derived from widely intro-
duced sport fish, with subsequent spread across western North America due to
the common use (and escape or release) as fish bait of alien larval Ambystoma
tigrinum (Jancovich et al., 2004). Outbreaks of disease caused by Ranavirus
affect a diversity of frog and salamander species, including some endangered
forms (Jancovich et al., 1997).

At least one protozoan has been vectored to Australian frogs by introduction of
Bufo marinus, and it has been able to expand to areas beyond the invasion front of
the toad (Delvinquier, 1986; Delvinquier and Freeland, 1988a). Effects on native
anurans are unknown. A variety of other protozoan parasites has arrived with
B. marinus from its native range but are not yet known to infect native amphibians
(Delvinquier and Freeland, 1988). Vectoring of alien helminths to new hosts via
introduced lizards has been documented in Hawaii (Goldberg and Bursey, 2000a;
Goldberg et al., 2004c), but effects on native taxa are non-existent because Hawaii
lacks native lizards. These examples demonstrate the potential for introduced
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reptiles and amphibians to transport new parasites to naive herpetofaunas, but
whether this potential has translated into damage to native herpetofaunas is totally
uninvestigated.

Observations of epidemic mortality events caused by viral or mycoplasma
agents in Actinemys marmorata in California and Washington states, United States,
were noted to have occurred in populations into which alien species of turtles had
previously been introduced (Holland, 1994). This led to the reasonable hypothesis
that the alien turtles served as vectors of a new disease agent into these populations.
This speculation could not be directly tested but was consistent with the frequent
maintenance of pet-store turtles under crowded and unsanitary conditions, which
could easily allow for rapid acquisition of novel disease agents prior to a turtle
escaping or being released (Holland, 1994).

Under somewhat more controlled circumstances, a total of 29 species of alien
ticks has been imported into the United States on captive reptiles (Burridge and
Simons, 2003), and at least seven of these have established breeding populations at
captive reptile facilities (S.A. Allan et al., 1998; Burridge et al., 2000a; Simmons
and Burridge, 2000, 2002). One alien tick, Amblyomma rotundatum, has been
found on feral Bufo marinus in Florida, which is presumed to have served as the
vector to that new locale (Oliver et al., 1993). That tick has a broad host range in
its native Central and South America but has not yet been reported from native
wildlife in Florida. Another species, A. dissimile is also established in Florida, is
thought to have arrived on imported reptiles, and has been found infecting native
reptiles (Bequaert, 1932). It continues to arrive on imported reptiles from Central
and South America (Burridge and Simons, 2003). Several of these alien ticks are
readily capable of switching onto hosts to which they have no prior history of expo-
sure (Burridge, 2001), suggesting a capability to infect native reptile species. The
potential for this wide array of ticks to vector diseases to native reptile and amphibian
populations has been largely uninvestigated, but two of these tick species can vector
reptilian haemogregarines, and severe infestations of one species have led to respi-
ratory distress and death in some reptiles (Burridge, 2001). The finding of lethal
infections of the tick-vectored Ehrlichia ruminantium or a close relative in a phylo-
genetically varied array of captive snakes suggests that risks to native reptiles are
potentially serious (Kiel et al., 2006); however, this potential remains unexamined
in wild populations.

Community Homogenization

Little attention has yet been paid to the broader-scale effects that accumulating
introductions have for homogenization of herpetological communities. One excep-
tion is a recent investigation into regional changes in herpetological communities
attending alien introductions to Florida. This study found that introductions made
to date have increased homogenization of communities at the small spatial scale of
adjacent counties but had not yet shown a similar tendency toward homogenization
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across the state as a whole (K.G. Smith, 2006a). This spatial contrast probably
results from two factors: the recency of many introductions has likely not yet
allowed homogenization effects to spread very far, and the climatic gradient in
peninsular Florida may not allow many established southern species to access more
northerly latitudes. This is the only study I know to quantify regional effects of
herpetological introductions.

Evolutionary Effects

Evolutionary effects from invasive reptiles and amphibians are primarily of interest
in terms of how they impact native faunas. Such effects have been demonstrated in
a few cases, are frequently to be expected, but have been little studied to date.
Evolutionary changes have been noted for the alien invaders themselves in a few
instances. With the possible exception of the last example below, all changes dis-
cussed here have or are presumed to have a genetic basis.

Genetic Changes

Hybridization with congeners is a frequent outcome of rampant transport of organ-
isms (cf., Levin et al., 1996; Rhymer and Simberloff, 1996; Mooney and Cleland,
2001; Low, 2003: 261-272; Largiader, 2007), and the same consequence has been
documented for a number of alien reptile and amphibian introductions. Such
hybridization may lead to loss of native allelic or genomic identity, outbreeding
depression (Rhymer and Simberloff, 1996), or, in the extreme case, loss of native
species due to wholesale genetic swamping by the invader (e.g., Echelle and
Connor, 1989). Clearly detrimental impacts on native reptiles and amphibians
resulting from introgressive hybridization of alien genomes have been demon-
strated for only a small set of species. Nonetheless, these effects have frequently
been grave and this seems one of the more damaging impacts attending herpeto-
logical introductions.

Among amphibians, populations of the salamander Ambystoma tigrinum across
the western United States have experienced widespread introduction of larvae of
eastern forms of this species used as fishing bait (Lowe, 1955; Espinoza et al.,
1970; Bury and Luckenbach, 1976; Collins, 1981). Genetic contamination of native
populations has been documented in Arizona, where genetic introgression threatens
the endangered A. t. stebbinsi (Storfer et al., 2004), and in California, where the
endangered A. californiense is extensively threatened with the same (Riley et al.,
2003). In the latter case, hybridization appears to be promoted by habitat alteration,
with alien alleles preponderating in unnatural, perennial ponds. This pattern derives
from differential success of hybrid genotypes and has resulted in a complex mosaic
hybrid zone (Fitzpatrick and Shaffer, 2004).
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The alien newt Triturus carnifex has introgressed with native 7. cristatus in both
Great Britain (Brede et al., 2000) and the Geneva Basin of Switzerland and France
(Arntzen and Thorpe, 1999). In the former case, evidence of introgression is still limited
to the introduction site. In the latter, the alien has largely replaced the native across the
landscape over a period of 30-40 generations, although it is not clear whether this is due
to introgression, competition, habitat degradation, or a combination of all three.

Hybridization threatens native bisexual and hybridogenic complexes of water
frogs (Rana spp.) in Europe. Rana kl. grafi is a hybridogenic lineage that occupies
northeastern Spain and southeastern France and originated from the hybridization
of R. ridibunda with either R. perezi or the hybridogenic R. kl. esculenta (Pagano
et al., 2001a, c). This lineage is maintained by the standard hybridogenic mecha-
nism of destruction of one parental genome prior to meiosis followed by back-
crossing to one or the other parental species to re-form either a new generation of
similar hybrids or reconstituted individuals of the parental species. Several of
these hybridogenic lineages (or kleptons, designated by “kl.”) occur across Europe,
involving a number of different parental species and their resultant hemiclonal
classes (Graf and Polls Pelaz, 1989; Giinther, 1990; Pagano et al., 2001a; Arnold
and Ovenden, 2002). Alien R. ridibunda, R. lessonae, and R. kl. esculenta have
been recently introduced to Spain, are hybridizing with the native R. perezi, and
are introgressing foreign genes into the local complex of water frogs (Arano et al.,
1995). It is thought that this poses a threat to the bisexual R. perezi by boosting
heterozygosity values in local hybridogenic R. kl. grafi, which may then outcompete
R. perezi. Similar fears attend the introduction of the alien R. kl. esculenta (Arano
et al., 1995). Although the feared displacement mechanism, strictly speaking, is
competition, the system could not be maintained without the successful introduction
of the alien genomes; hence, continued hybridization is key to the threat. Similarly,
in Switzerland, hybridization of alien R. ridibunda with native R. lessonae and
native R. kl. esculenta has led to creation of, respectively, additional numbers of
R. ridibunda and new genotypes of R. kl. esculenta, which themselves are capable
of producing additional generations of R. ridibunda by backcrossing with the alien
frogs (Vorburger and Reyer, 2003). These new genomic combinations have con-
tributed to the rapid replacement of the two native water frogs by R. ridibunda
during the past half century (Vorburger and Reyer, 2003). The standard mecha-
nism for maintaining hybridogenesis does not involve meiotic recombination,
although such does occasionally occur (Pagano and Schmeller, 1999). In southern
France, introduction of alien water frogs has also led to introgression of for-
eign genes into local water frog gene pools (Pagano and Schmeller, 1999; Pagano
et al., 2003) as well as creation of novel assemblages of water frog genomes that
were previously absent (Pagano et al., 2001c). The potential for similar genetic
pollution elsewhere in the ranges of these hybridogenic water frog complexes
is obvious.

As mentioned earlier, Podarcis wagleriana is native to Sicily and the satellite
Aegadian Islands and P. raffonei to the nearby Aeolian Islands (Capula, 1994a). On
some of these islands, the introduced P. sicula has been documented to hybridize
with the native — with P. wagleriana on Marettimo and with P. raffonei on Vulcano
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(Capula, 1993). These events have led to some genetic introgression on each island,
and evidence indicates there was hybridization with P. raffonei prior to its extinc-
tion on Lipari as well (Capula, 1993). To what extent genetic introgression has
contributed to the decline of P. raffonei beyond that attributed to the competitive
effects noted earlier remains unknown.

Hybridization between Iguana delicatissima and I. iguana is documented and is
argued to be contributing to the displacement of the former in Guadeloupe and les
fles des Saintes (Day and Thorpe, 1996; Day et al., 2000; Breuil, 2000a, b, 2002).
It remains uncertain that . iguana is alien to this region but it highlights the potential
for similar problems in nearby areas (e.g., northern Lesser Antilles) where it
certainly is not native.

Some populations of Anolis distichus may originally have been native to Florida
(L.D. Wilson and Porras, 1983, but see A. Schwartz, 1968a for a contrary opinion)
and were given the designation A. d. floridanus (H.M. Smith and McCauley, 1948).
But three other subspecies of A. distichus have been introduced to Florida (W. King
and Krakauer, 1966; Bartlett, 1995a), and hybridization between one of these,
A. d. dominicensis, and the presumptive native has been sufficient to largely obliter-
ate the distinctiveness of the latter, creating instead a continuum of phenotypes
having no geographic structure (Miyamoto et al., 1986). Mitochondrial DNA evi-
dence also supports a history of extensive hybridization among three or four lineages of
A. distichus in this region (Kolbe et al., 2007a). Thus, the original population
of A. distichus inhabiting Florida in the 1940s is now extinct and replaced by a
variable hybrid swarm of largely alien composition. Whether this represents loss of
a unique lineage or not is unknown.

Hybridization between native Anolis carolinensis and alien A. porcatus has also
occurred in southern Florida (Kolbe et al., 2007a), but the magnitude of any genetic
impact on the native remains unknown.

Hybridization with introduced Trachemys scripta may be a threat to the endemic
T. stejnegeri malonei of Great Inagua Island (Mealey et al., 2002). If one believes
the argument of Lee and Ross (2001) that 7. terrapin is native to Grand Bahama
Bank and not to Jamaica, the same threat would be posed by introduced T. scripta
and T. stejnegeri on the islands of that bank (Lee, 2004, 2005), where hybrid
swarms have resulted from past introductions (Seidel and Adkins, 1987; Seidel,
1988). Alien T. scripta elegans are widely hybridizing with native T scripta scripta
in Florida (Bartlett and Bartlett, 1999; Aresco and Jackson, 2006) and Virginia
(Mitchell, 1994), but the degree of genetic pollution in these populations is not yet
quantified. Introduced Cuora flavomarginata interbreed with the native species
Geoemyda japonica in the Ryukyu Islands, and hybrids are moderately frequent
on the same island between native Protobothrops flavoviridis and the intro-
duced P. elegans (Nishimura and Akamine, 2002; Ota, 2002d; Ota and Hamaguchi,
2003). In both cases, the genetic integrity of the natives may be threatened by inter-
breeding with closely related aliens. Alien subspecies and DNA haplotypes of Emys
orbicularis have been widely distributed around much of Europe (Lenk et al., 1998;
U. Fritz et al., 2004), posing the threat of genetic contamination or swamping of
local populations (Kaltenegger, 2006).
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Genetic changes can also occur in the introduced species itself. The clearest
example is for Anolis sagrei, native to Cuba, the Bahamas, and the coast of northern
Central America and introduced to a variety of other localities. In Florida, A. sagrei
was introduced at least eight separate times. These introductions were from a
variety of localities in the native range of the lizard and this resulted in genetic
diversity within Florida populations greatly exceeding that available in native
populations (Kolbe et al., 2004, 2007b). This increased genetic diversity has been
retained to a diminished extent in further populations in Grand Cayman Island,
Hawaii, Louisiana, Taiwan, and Texas founded by animals from Florida, and it is
thought to be one of the reasons for the success of A. sagrei in these several
invaded localities (Kolbe et al., 2004, 2007b). Similar admixture of native
genomes by multiple introductions has been shown for a number of other Anolis
species introduced to Florida and the Dominican Republic (Kolbe et al., 2007a).
Chuckwallas (Sauromalus spp.) found on Alcatraz, Sonora are claimed to be a
hybrid swarm involving the three introduced species S. ater, S. hispidus, and
S. varius (Case, 1982; Petren and Case, 1997; Mellink, 2002), although evidence
for this assertion has not been published. More often, a decrease in genetic
diversity (the so-called “founder effect”) is expected to obtain in most alien popu-
lations, reflecting their founding from very few individuals, each containing only
a limited sample of the species’ total genetic diversity. Such reduced genetic vari-
ation has been observed within some populations of alien reptiles (Gorman
et al., 1978) and can also serve to set the introduced population on a different evo-
lutionary track from its parental species. So are novel genetic entities created by
the process of human introduction.

Morphological Changes

Morphological changes in head shape and body size have been documented in
two species of ranivorous Australian snakes, Dendrelaphis punctulatus and
Pseudechis porphyriacus, with degree of change correlated with duration of
exposure to invasive populations of cane toads, Bufo marinus (Phillips and Shine,
2004). Both snakes are highly sensitive to toad toxins, and observed morphological
changes are toward reduced gape size and increased body size, in accordance
with predictions for minimizing size-dependent vulnerability to toads (Phillips
and Shine, 2006b).

The toads themselves have also changed morphologically through time, with
reduction in body size and parotoid gland size both being negatively correlated with
time since establishment of different populations (Phillips and Shine, 2005, 2006c¢).
These changes presumably result from the high costs of producing large bodies and
large quantities of toxin in novel environments in which they are unnecessary
(Phillips and Shine, 2005), but response to climatic and seasonal variables is also
involved (Phillips and Shine, 2006c). Furthermore, toad leg lengths have increased
with time, giving a colonization advantage to longer-legged individuals, and
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dramatically increasing the rate at which toads are expanding their range in
Australia (Phillips et al., 2006).

Microevolutionary changes in morphometric and scale-count variables have
occurred in Floridian populations of the alien Anolis sagrei (J.C. Lee, 1985, 1987),
and these changes are the side-effect of novel admixing of independently introduced
genomes from different parts of the species’ native range (Kolbe et al., 2007b).

Physiological Changes

Australian snakes of the species Pseudechis porphyriacus are sensitive to toxin
from introduced Bufo marinus. Snakes from populations exposed to toads for
several decades have developed some degree of toxin resistance compared to con-
specifics from toad-naive populations. This is not an individually acquired trait, and
so must involve evolutionary adaptation of exposed populations to the toxin
(Phillips and Shine, 2006a).

Behavioral Changes

Australian snakes of the species Pseudechis porphyriacus from populations
exposed to toads for several decades have developed a non-learned aversion to eating
the invasive Bufo marinus compared to conspecifics from toad-naive populations
(Phillips and Shine, 2006a).

Native Alytes muletensis tadpoles, endemic to Mallorca, respond to chemical
(and perhaps visual) cues from alien Natrix maura snakes by decreasing their activity
levels, both in native plunge pools as well as under laboratory conditions (Griffiths
et al., 1998). Post-metamorphic individuals show the same avoidance of snake
chemical cues (Schley and Griffiths, 1998). Tadpole responses are specific to snake
cues from the introduced population of N. maura on Mallorca and do not extend to
conspecific snakes from the Iberian Peninsula (Griffiths et al., 1998). Use in these
tests of captive-reared A. muletensis naive to snakes shows that behavioral responses
are genetic and most likely acquired since the introduction of N. maura to the
Balearic Islands approximately 2,000 years ago. Morphological changes in tadpole
shape are also induceable by exposure to N. maura chemical cocktails, with
exposed tadpoles developing longer tails with deeper musculature and shallower
ventral fins (Moore et al., 2004b). This developmental plasticity again seems to
have evolved in response to the introduction of N. maura (Moore et al., 2004b).

Similarly, tadpoles of native Rana aurora derived from ponds inhabited by alien
R. catesbeiana show increased antipredator behavior and higher survival rates when
exposed to R. catesbeiana in captivity than do tadpoles from evolutionarily naive
populations (Kiesecker and Blaustein, 1997). Learning could be ruled out as a
mechanism because tadpoles were derived from collected egg masses and, hence,



80 3 Impacts of Alien Reptiles and Amphibians

were individually naive to bullfrogs. Thus, behavioral avoidance appears to have a
genetic basis. Juvenile Pseudacris regilla from ponds inhabited by R. catesbeiana
also showed avoidance of chemical cues from the latter species, whereas juveniles
from ponds lacking the alien frog did not (Chivers et al., 2001). In this last case,
although evolution of avoidance behavior may be involved, the study design did not
exclude the possibility of learning.

Until the extirpation of most birds and mammals from Guam brown treesnakes
were primarily nocturnal in behavior. With the loss or extreme depletion of these
nocturnal food sources during the 1980s, the snakes switched to largely feeding on
diurnal lizards, and that prey switch is reflected in a major change in activity patterns
for the snakes, with diurnal activity approaching 50% of all snake activity in the
1990s (Fritts and Rodda, 1998). Similarly, prior to 1988 the brown treesnake was
primarily arboreal in behavior; during the 1990s, ground-level activity became the
mode for some populations on Guam (Rodda, 1992b; Fritts and Rodda, 1998). It is
uncertain whether these changes have a genetic basis or merely represent behavioral
plasticity in the species. The latter seems more likely but it does highlight the degree
to which behaviors that are thought to be typical for a species (in this case arboreality
and nocturnality) may change in short order as circumstances require.

Social Effects

Economic

Economic effects from alien herpetofauna have been little considered, but those of the
brown treesnake in Guam have been recognized as considerable. From 1978-1997,
this species caused >1,600 power outages on Guam (Fritts et al., 1987; Fritts and
Chiszar, 1999), including many of island-wide scope. Incurred costs are conserva-
tively estimated to be from US$1-4 million/year (United States Geological Survey,
2007) and include (1) damage to electrical-distribution equipment, (2) increased
maintenance and emergency-repair costs, (3) damage to electrical products due to
voltage surges, (4) loss of revenues during outages, (5) loss of business by consumers
during outages, and (6) investment in backup generators and transformers to ensure
stable power availability (Savidge, 1987b). Occasionally, power outages have resulted
in loss of water to some parts of the island for periods up to one week (Savidge,
1987b). Outage durations have risen from an average of 1 hour every 3—4 days in
1997 to 1.5 hour every two days in 2003 (Burnett et al., 2006). Power outages
on a very localized level have also been attributed to Cuban treefrogs (Osteopilus
septentrionalis) taking refuge in transformers in Florida (S. Johnson, University of
Florida, personal communication, 2007), but no quantification of costs is available.
Brown treesnakes are significant predators of domestic chickens and their eggs
on Guam. Although the dollar value of this predation was not determined,
approximately 80% of chicken farmers surveyed reported predation, and 45% of



Social Effects 81

these attributed predation to snakes (Fritts and McCoid, 1991). Fritts and McCoid
(1991) concluded that brown treesnakes were an apparent factor contributing to
Guam’s inability to produce sufficient quantities of eggs for local consumption,
leading to high-cost import substitution of eggs from Australia and the United
States. As well as reducing the viability of a commercial poultry industry, increases
in agricultural insect pests attributed to the snake’s extirpation of insectivorous
birds is argued to be partly responsible for Guam’s agricultural decline since 1945
(United States Geological Survey, 2007). The snake also takes a toll on pets, prima-
rily puppies and cage birds, but the cost of this loss is unestimated (Rodda and
Savidge, 2007). Total costs of brown treesnakes to the United States have been
estimated at US$12 million/year (Pimentel et al., 2005), which includes damage
costs on Guam and funds expended to control the species and prevent its further
introduction elsewhere.

Poultry depredation has also been reported for Varanus indicus in Guam
(Crampton, 1921; Fritts and McCoid, 1991), the Northern Mariana Islands (Crampton,
1921; R.P. Owen, 1974; Wiles et al., 1990), Marshall Islands (Fulbeck, 1947), and
the Federated States of Micronesia (Uchida, 1966, 1967, 1969). The same species
is reported to reduce native populations of coconut crabs in Micronesia, leading to
an additional loss of protein to local villagers (Uchida, 1966, 1969). The related
Varanus niloticus is reported to attack pets in Florida, United States (T. Campbell,
2005). In none of these instances are economic costs quantified.

The introduction of Eleutherodactylus coqui to Hawaii led to the prediction of
potential economic effects to the nursery industry, hotel industry, and residential
property values because of the noise pollution caused by the frogs’ loud calls
(Kraus et al., 1999; Kraus and Campbell, 2002). Some of these effects have subse-
quently been documented. Negative effects of E. coqui on residential property values
on Hawaii Island alone have been estimated to be 0.16% of total value for houses
within 500m of an infestation and 0.12% for houses between 500-800m of an
infestation, leading to a potential loss of revenues of almost US$8 million/year as
frogs continue to spread (B.A. Kaiser and Burnett, 2006). Total costs would
increase accordingly should the frogs become well established on Maui or Oahu,
with their higher property values (B.A. Kaiser and Burnett, 2006). Realtors on
Hawaii Island now include declaration of coqui presence in sellers’ disclosure
statements (Wu, 2005). An alleged failure to make such a declaration has led to the
first lawsuit generated by this pest invasion (Dayton, 2007). Since December 2004,
Guam has required nursery shipments from Hawaii to be certified as having been
treated prior to export with either a 16% citric-acid solution or a 42°C hot-water
drench for five minutes (D. Gee, Guam Department Agriculture, personal commu-
nication, 2007), treatments known to kill E. coqui. As well, plants imported from
Hawaii are temporarily quarantined, preference is given to bare-rooted plants, and
public education programs have been launched on Guam (Christy et al., 2007a).
Some additional cost to Hawaiian nursery growers must follow from these restric-
tions, but they have not yet been calculated.

Introduced Bufo marinus became a significant predator of honey bees (Apis
mellifera) in Australia and led to economic losses for apiarists and reduction in
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crop-pollination services (Goodacre, 1947; Hewitt, 1956; Tyler, 1994). Consequently,
the government of Queensland recommended placing hives on collapsible wooden
stands to remove them from the reach of toads. C. Lever (2001) estimated the cost
of doing this to be AUS$1 million for stand procurement and replacement every
five years; this excludes labor and transportation costs, which are expected to be
heavy (Tyler, 1994). Upon advent of the cane toad in their region, aboriginal com-
munities in the Borroloola area changed their ceremonies to request the spirits to
return the local food and totem species lost subsequent to the toad invasion (van
Dam et al., 2002). This bespeaks a significant, though unquantified, effect of the
toads on the local subsistence economy. Similar impacts were predicted to occur to
native communities in the Kakadu region subsequent to toad invasion (van Dam et al.,
2002). Cane toads also consume large numbers of dung beetles, which were intro-
duced to Australia to rid the continent of accumulating waste from non-native
ungulates introduced for ranching (Waterhouse, 1974). Although the costs of this
consumption of beetles do not appear to have been calculated, the threat of an
upsurge in cattle dung was serious enough to prompt the search for additional dung
beetles that would be immune to toad predation (Waterhouse, 1974). These toads
have repeatedly been noted to poison naive domesticated pets (e.g., Rabor, 1952;
Gebhardt, 1967; Krakauer, 1968; Otani et al., 1969; Roberts et al., 2000), leading
to some unmeasured degree of veterinary and replacement costs. Research costs to
Australia in an effort to identify a means of controlling cane toads have been esti-
mated at AUS$500,000/year (Bomford and Hart, 2002) and have totalled more than
AUS$9.5 million as of 2006 (Shine et al., 2006). As well, the Northern Territory
has pledged AUS$100,000/year for a three-year program of research to identify
long-term control methods for the species, and Western Australia invested
AUS$600,000 to develop a strategy to prevent toads from entering that state (R. Taylor
and Edwards, 2005). Far higher research and mitigation costs are proposed for the
future (T. Robinson, 2006).

Green iguanas (Iguana iguana) and black spiny-tailed iguanas (Ctenosaura
similis) have become nuisance problems in southern Florida, eating residential and
commercial landscape plantings and digging burrows that can undermine human
structures (Krysko et al., 2003a, 2007a). Costs of these activities are unestimated
but likely to be significant in aggregate, though widely dispersed.

Information on control and prevention costs for invasive species, including
reptiles and amphibians, are rarely made public and are often difficult to obtain.
Nonetheless, these costs can be illustrated in a few cases. Control costs (including
research and public-outreach expenses) for Eleutherdactylus coqui in Hawaii for
Fiscal Year (FY) 2007 are in excess of US$4.2 million, increasing dramatically
from approximately US$1 million in FY 2005 (M. Wilkinson, Hawaii Department
of Land & Natural Resources, personal communication, 2007). Costs to control
Rana catesbeiana in five ponds in Germany has been estimated at € 270,000
annually (Reinhardt et al., 2003). Costs to control the same species for three years
in two ponds in England summed to £20,000, excluding personnel time and in-
kind costs (Inskipp, 2003); costs across seven ponds managed since 1999 have
now summed (as of early 2008) to £100,000 (J. Foster, Natural England, personal



Social Effects 83

communication, 2008). Since 1994, there has been a control program on Guam to
prevent brown treesnakes from accidentally being shipped to other localities.
Direct programmatic costs for FY 2006 were US$5.76 million and do not include
additional expenses provided by in-kind services (E.W. Campbell, United States
Fish & Wildlife Service, personal communication, 2007). During that same fiscal
year, the State of Hawaii spent US$210,000 to inspect vehicles and cargo arriving
from Guam to ensure they were free of brown treesnakes (D. Cravalho, Hawaii
Department of Agriculture, personal communication, 2007). Total federal fund-
ing for the brown treesnake program in FY2007 was US$6.26 million; this
included costs of both operations and research (E.W. Campbell, United States
Fish & Wildlife Service, personal communication, 2007).

Control costs for future protection of human health from the alien viper
Protobothrops mucrosquamatus on Okinawa have been estimated to vary from 430
million to 10.8 billion yen (US$3.7-93 million) in the first year of operations,
depending on how densely traps might be employed for snake control (Nishimura,
2005). To this cost are added depreciation costs varying from 130 million to 2.3
billion yen (US$1.17-20.6 million) each year. These costs do not include direct
economic harm caused by the snakes, such as hospitalization costs, lost agricultural
productivity, or lost tourism revenue (Nishimura, 2005).

Health

Brown treesnakes are rear-fanged and venomous and have been responsible for
many instances of snakebite on Guam, 80% of which have involved individuals
sleeping in their homes (Fritts et al., 1990, 1994; Rodda et al., 1997). A majority of
victims seeking or requiring medical treatment have been children less than six
years of age (Fritts et al., 1994), and several infants exhibited signs of serious
envenomation, including respiratory distress or temporary neurological impairment
(Fritts et al., 1990, 1994). The potential of this snake to generate medically serious
envenomation in infants is well established. Although fatalities have not been docu-
mented, doctors have privately related that they believe some early unexplained
child fatalities exhibited the same symptoms later recognized in sublethal enveno-
mations by brown treesnakes (G. Rodda, United States Geological Survey, personal
communication, 2008). Thus, it may be that a few human fatalities have occurred
from this snake. The odd pattern of biting predominately sleeping humans, biting
predominantly small children, and frequent coiling around victims suggests that
many bites represent attempted feeding behavior by the snake (Fritts et al., 1994;
Rodda et al., 1997; Fritts and McCoid, 1999). Recent figures indicate that approxi-
mately 150 brown treesnake bites require emergency-room treatment each year (S.
Shwiff, United States Department of Agriculture, personal communication, 2007).

Rear-fanged snakes, such as B. irregularis, are generally not as dangerous to humans
as the highly venomous front-fanged snakes of the families Elapidae and Viperidae,
many of which easily kill adults. The fact that members of these families (Naja kaouthia,
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Protobothrops elegans, P. mucrosquamatus) have successfully established alien
populations on Okinawa raises a potentially more serious health issue than is presented
by B. irregularis in Guam. The two alien vipers of the genus Protobothrops are more
aggressive than the native P. flavoviridis, and P. elegans has already been calculated to
have a nine-fold greater rate of human envenomations than the native species
(Nishimura, 2005). It has been estimated that once the related P. mucrosquamatus
expands over much of Okinawa in the next century it will cause between 112-258 bite
cases annually, much higher than the approximately 60 annual cases caused by its native
congener (Nishimura, 2005). Variance in these estimates depends on how far and how
fast the alien viper spreads as well as how aggressive it truly proves to be as human-
contact frequency increases. Other dangerously venomous snakes have been introduced
intentionally or accidentally through the pet trade to numerous other jurisdictions
(Appendix A), and their potential to create grave health risks should be obvious.

A similar threat is posed, but not yet realized, by alien populations of large con-
stricting snakes. Pythons (Python molurus) are now established in southernmost
Florida, and population densities are high and increasing. This species attains a length
of at least 7m, is known to eat leopards in its native range (C.H. Pope, 1935), and can
be exceedingly cryptic. Several instances of pythons killing and eating alligators
(Alligator mississippiensis) in the Everglades are already documented. Although it is
unlikely to be a frequent occurrence, it seems fairly likely that a visitor to Everglades
National Park or surrounding area will eventually be killed by one. Similar concerns
would pertain to other massive snakes (Python reticulatus, P. sebae, Eunectes spe-
cies) should they become established in Florida or other localities.

Flinders Island spotted fever is a recently recognized human rickettsiosis (R.S.
Stewart, 1991). Endemic reptile ticks (Aponomma hydrosauri) have been identified
as a reservoir, and possibly a vector, of the disease (Stenos et al., 2003; Whitworth
et al., 2003). Although the rickettsia, ticks, and reptile hosts are all native to the
system studied, the potential for a reptile-borne tick to vector a human disease is
newly recognized and raises the possibility that other, currently unrecognized,
human diseases may accompany the widespread dispersal of reptile ticks via the pet
trade. This may be particularly obvious in the case of the African tick Amblyomma
variegatum, sometimes vectored by Varanus lizards, and known to carry the human
disease agent Rickettsia africae (Burridge, 2001). An outbreak of human Q fever
was associated with the handling and removal of alien ticks from imported reptiles
and is suggestive of a possible connection between the two, but direct evidence for
a causal relationship remains lacking (Burridge et al., 2000a; Burridge, 2001).

Alien frogs (Eleutherodactylus johnstonei) and toads (Bufo marinus) in
Barbados have been reported to host serovars of Leptospira interrogans that are
pathogenic in humans, livestock, and domestic dogs (Everard et al., 1988, 1990).
Everard et al. (1990) argued that amphibians may be more involved in human
leptospirosis epidemiology than currently appreciated, but this supposition remains
uninvestigated. Similarly, it has been noted that cane toads can carry extremely high
levels of pathogenic Salmonella and related bacteria (O’Shea et al., 1990; Thomas
et al.,, 2001), as well as pathogenic Leptospirosis (Babudieri et al., 1973; Everard et al.,
1980, 1983, 1988), but it is unknown whether wild populations of this species have
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a practical role in causing disease for humans. In Guam, it has been determined that
Bufo marinus, Anolis carolinensis, and Carlia ailanpalai have high infection rates
for Salmonella species, including S. waycross, a serotype that contributes signifi-
cantly to high human salmonellosis rates in Guam but is rare in other countries
(Haddock et al., 1990). High prevalence of Salmonella in fenced yards that exclude
feral mammals has led to the inference that these lizards and toad are significant
contributors to the high prevalence of salmonellosis in Guam (Haddock et al.,
1993). In the United States, 6% of all Salmonella infections (and 11% of those in
patients <21 years of age) are related to contact with amphibians or reptiles, which
equates to approximately 74,000 cases/year (Mermin et al., 2004). Exposure in
these cases is attributable to keeping reptiles and amphibians as pets and not to
established populations of alien species per se. However, this finding does show
the potential for similar transmission via close contact with alien species — such
as house geckos and Cuban treefrogs — that are commensal with humans in the
tropics and commonly reside and defecate in homes or cisterns. As far as I know,
disease transmission via these routes has not been examined; however, health
officials in the British Virgin Islands attempt some control of Cuban treefrogs
because of their propensity to occupy cisterns used for collecting residential
water (Owen et al., 2006).

Cane toads serve as a mechanical vector for human helminths in its native range
(Marinkelle and Willems, 1964) and in Puerto Rico (Hoffman and Janer, 1941)
because of its coprophagous habits. Hence, they have been conjectured to serve as
vectors for human diseases or helminth parasites in areas lacking proper sanitation
(Hoffman and Janer, 1941; Freeland, 1985; van Dam et al., 2002). However, the
epidemiological importance of these conjectures in any portion of its introduced
range remains unexamined.

There is one documented case of human death following ingestion of three
cane toads that were mistaken for an edible species (Rabor, 1952). This species
has also been reported to cause illness in humans after handling (Allen and
Neill, 1956; Gebhardt, 1967) and after toxin entered open scratches (Gebhardt,
1967; Otani et al., 1969). Contamination of water sources by dead Bufo marinus
has been reported for Palau (Gressitt, 1952) and Australia (van Dam et al.,
2002). In at least the former instance, contamination threatened scarce water
resources on an atoll. The threat is created by the sometimes large numbers of
toads that may die and rot in a water source, as well as their released toxins,
which may possibly be stable in such an environment for several days (van Dam
et al., 2002).

Tadpoles of Bufo marinus have been shown to have a depressive effect upon growth
rates in four species of mosquito and on survival rate in one species when reared
together in small containers of water (Hagman and Shine, 2007). Although many varia-
bles remain unresolved (e.g., cane toad effects on native anurans and native mosquito
predators, fitness of different size classes of mosquitoes), this has led to the speculation
that cane toads might potentially have a suppressive effect on mosquito populations in
the wild and lead to reduced transmission rates of mosquito-vectored diseases for
humans (Hagman and Shine, 2007).
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Green iguanas (Iguana iguana) have become abundant on Puerto Rico, where
they now pose an airstrike hazard at San Juan’s international airport (Engeman et al.,
2005b). There have been five collisions of airplanes with iguanas at this location,
and flight operations were temporarily halted six times during a two-month period
in 2001 because of iguana incursions on the runways (Engeman et al., 2005b). The
size and abundance of these lizards make them an important airstrike hazard in San
Juan and of potential importance at airports in other parts of their introduced range
(Engeman et al., 2005b).

Scientific Loss

The irreversible damage that alien invasions can cause is not limited to ecological
and economic impacts but includes epistemological loss as well. Information lost
can include knowledge of original range for a species, evolutionary status of popu-
lations, and ecological relationships within invaded regions. Such knowledge loss
can have practical importance for conservation efforts.

Rampant introduction of reptile and amphibian species has resulted in many
species being cryptogenic; that is, the distinction between their native vs. introduced
ranges is obscure or totally unknown (Carlton, 1996). The term was originally
coined in the context of marine species, many of which have presumably hitch-
hiked on the bottoms of ships for thousands of years, resulting in complete uncer-
tainty about the extent of their original ranges. However, among reptiles and
amphibians many examples exist too, and most are derived from introductions
made prior to the historically recent period of scientific documentation. It is almost
certain that the set of lizards (Gehyra mutilata, G. oceanica, Hemidactylus garnotii,
Hemiphyllodactylus typus, Lepidodactylus Ilugubris, Nactus pelagicus,
Cryptoblepharus poecilopleurus, Emoia cyanura, E. impar, Lipinia noctua) that
occurs throughout most of the Pacific islands has been introduced by humans
through at least part of this region during the past two millennia. However, we do
not yet know in most cases exactly where they were introduced; we know in none
of these cases where exactly their native ranges lie. To discriminate among the two,
detailed molecular studies using a variety of sensitive markers and comprehensive
geographical sampling need to be done; to date, these are lacking. So, it remains
virtually certain that much of the currently occupied ranges of these species are due
to human introductions (e.g., Moritz, 1987; Beckon, 1992; Moritiz et al., 1993;
Fisher, 1997; Austin, 1999; Ineich, 1999), but details are opaque.

Identical problems hold in many other regions. In the Caribbean, which islands
were occupied by Eleutherodactylus johnstonei, E. martinicensis, Geochelone
carbonaria, and Iguana iguana prior to human activities are variously argued about
but not known with confidence (Underwood, 1962; Lazell, 1973; Lescure, 1983;
Censky, 1988; Corke, 1992; H. Kaiser, 1992, 1997; Breuil, 2002; Powell, 2004). It is
uncertain whether the population of Trachemys decussata on Grand Cayman is
native or introduced by Amerindians (Seidel, 1996). In France, the native range of
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Rana ridibunda is obfuscated by recent introductions of allochthonous frogs
(Pagano et al., 2003). Paleontological (Alcover and Mayol, 1981) and some bio-
chemical evidence (Hemmer and Kadel, 1980; Hemmer et al., 1981) suggests that
few species of reptiles and amphibians occurred on the Balearic Islands until
human occupancy and that most of the current herpetofauna there is introduced.
Similar results may obtain elsewhere on Mediterranean islands (e.g., Bohme and
Wiedl, 1994; Corti et al., 1999; Pascal et al., 2006; but see Vigne et al., 1997 for a
counter-example) but have not yet been conclusively demonstrated. In Madagascar,
the few species shared with mainland Africa have sometimes been suspected to be
introductions; for example, Kinixys belliana is argued to be an ancient introduction
(Bour, 1978, 1987, 2006). However, Madagascan Ptychadena mascareniensis —
another species shared with mainland Africa — has recently been shown to be native
(Vences et al., 2004a), and Kinixys merits similar testing. The lizard Zonosaurus
madagascariensis on Aldabra and Curieuse in the Seychelles is variously argued to
be introduced (Henkel and Schmidt, 1995) or native (Matyot, 2003). The partheno-
genic blind snake Ramphotyphlops braminus now has a virtually pan-tropical dis-
tribution, most likely having travelled with humans for millenia. It’s origin is
unknown but is likely to be southern Asia, where its presumed closest relatives live
(A. Wynn, United States National Museum, personal communication, 2006).

Conversely, the obvious fact that herpetological species are transported by
humans has led to a number of uncritical claims for human introduction that have
no direct or compelling inferential evidence. For example, C. Lever (2003) asserted
without evidence that a variety of lizards native to islands of the central Pacific are
alien (see Appendix B). Brown and Alcala (1970) provided a list of 23 reptiles and
amphibians that they asserted were non-native to the Philippines, and Iskandar and
Tjan (1996) did the same for 19 species of reptiles and amphibians on Sulawesi, an
assertion repeated by Inger and Voris (2001). But these claims were based solely on
distributional evidence and ability to thrive in human-disturbed habitats (Brown
and Alcala) or distributional impressions on an imperfectly studied island (Iskandar
and Tjan). In the latter case, the authors acknowledged that some of their records
could be nothing more than cases of mistaken provenance. Prior belief that the
endemic Indotestudo forstenii of Sulawesi was also a human introduction (Pritchard,
1979; Groombridge, 1982; Hoogmoed and Crumly, 1984; Iskandar, 2000) has been
shown to be false (Iverson et al., 2001), so such assertions should be viewed (and
made) with caution. Nonetheless, these claims, though not yet compelling, do high-
light the potentially significant complement of cryptogenic species within a wide
array of insular herpetofaunas. Some of these hypotheses of human-mediated
origins are potentially testable by investigation of patterns of genetic variation, but
that need not always be the case, and some cryptogenic species will undoubtedly
remain lost to scientific understanding.

Taxonomic clarity too can suffer from alien reptile introductions, as indicated by
the case of Anolis distichus in Florida discussed earlier. In that instance, taxonomic
distinctiveness of a possibly native lineage was obliterated by genetic introgression
of foreign genomes, and it is now likely impossible to determine whether A. d. floridanus
was truly a native Floridian element or an older introduction. Turtles provide
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equally instructive examples. Bahaman turtles of the genus Trachemys have
apparently not been native members of the fauna of the Great Bahama Bank in recent
times but may have been in the Pleistocene (Seidel, 1988, 1996). Until recently,
turtles from Cat Island and Eleuthera on this bank have been treated as an endemic
species and considered highly endangered (Groombridge, 1982). More recently,
they have been shown to be conspecific with the Jamaican species 7. terrapin and
are presumed to be introduced (Seidel and Adkins, 1987; Seidel, 1988). However,
Lee and Ross (2001) argue alternatively that 7. terrapin is native to the Great
Bahama Bank and prehistorically introduced to Jamaica. Taxonomic confusion
about Caribbean Trachemys persisted for many years because morphological varia-
bility within the genus had been difficult to assess. This was worsened in the
Bahamas by introduced Trachemys species creating hybrid swarms, resulting in
additional phenotypic confusion (D.G. Campbell, 1978; Groombridge, 1982;
Seidel and Adkins, 1987; Seidel, 1988). Foreign Trachemys species introduced
to the Bahamas include T. stejnegeri (Seidel, 1988), T. terrapin (Seidel, 1988),
T. decussata (Lee, 2004), and T. scripta (Lee and Ross, 2001; Mealey et al., 2002;
Lee, 2004), and some of these introductions continue to be made (Mealey et al.,
2002; Lee, 2004). Because of this history of human intervention, taxonomic resolu-
tion of Bahaman Trachemys was delayed until populations on the Great Bahama
Bank were very small. The result is that, without clearer historical resolution of
directionality of movement for 7. terrapin, it remains uncertain whether Bahaman
populations are endangered native elements or foreign interlopers, although the lat-
ter presently seems more likely.

Similar problems plague understanding of the giant tortoises of the granitic
Seychelles. It is clear that one or more species of tortoise was native to these islands
inasmuch as they were noted to be common when the islands were discovered
(Stoddart and Peake, 1979). However, these original populations were extermi-
nated, and tortoises from Aldabra were later imported in large numbers. Modern
giant tortoises from the granitic Seychelles can have a diversity of shapes (Bour,
1984c¢), which has led some to treat them as separate species (Gerlach and Canning,
1998), but molecular evidence shows them to be identical or virtually identical to
each other and to Aldabran tortoises (Austin et al., 2003; Palkovacs et al., 2003;
Karanth et al., 2005). In the absence of DNA evidence from subfossil specimens
that unequivocally pre-date human settlement, it remains unknown whether the
species that is now restricted to Aldabra naturally occupied the granitic islands or
whether those islands contained only extinct endemic species. So, it remains uncer-
tain whether the numerous introductions of Aldabran tortoises to the granitic
Seychelles represent instances of reintroduction of a native species or introduction
of an alien, although I have conservatively treated them herein as the latter.

It is clear from these examples that loss or muddling of taxonomic or distribu-
tional knowledge can have practical ramifications for conservation above and
beyond merely reducing the total fund of human knowledge. Another example is
provided by the pool frog, Rana lessonae, known to be introduced into Great
Britain several times since the mid-1700s. It has long been thought that all popula-
tions within Great Britain originated from such introductions, but recent evidence
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has confirmed that a few populations (now all extinct) were native and unrelated to
the lineages from which introduced animals were descended (Gleed-Owen, 2000;
Zeisset and Beebee, 2001; Wycherly et al., 2002; Beebee et al., 2005; Snell et al.,
2005). Without the introductions, the species would likely have been recognized as
a native element of the British fauna sooner, perhaps in time to prevent its extirpa-
tion there. Similar problems hold in the case of Iguana iguana and I. delicatissima.
The former is widespread across tropical America and parts of the Lesser Antilles;
the latter is endemic to some of the Lesser Antilles. The native range of 1. iguana
in the Antilles is uncertain, but some populations are certainly introduced (Lazell,
1973; Lescure, 1983; Breuil, 2002). On Guadeloupe and the adjacent fles des
Saintes, the two species have been hybridizing, with I. delicatissima populations
disappearing in the process (Day and Thorpe, 1996; Day et al., 2000; Breuil, 2000a, b,
2002). Clearer knowledge of the native range of 1. iguana might have generated
concern for a possible introduction and instigated mitigative measures to avert this
loss, but such data were and remain lacking.

Other scientific losses occasioned by herpetological introductions are widely
recognized, even as they remain largely undiscussed. Primary among these is that
the original ecological dynamics in unique regions or habitats heavily invaded by
alien reptiles and amphibians are likely to never be understood. The cascade of
effects attendant upon introduction of Boiga irregularis to Guam (Fritts and Rodda,
1998) well illustrates the loss of understanding of original ecological dynamics that
can occur subsequent to an invasion. Similar epistemological effects certainly apply
to regions already heavily invaded by alien reptiles and amphibians, such as south-
ern Florida, Hawaii, and Okinawa, and they likely occur even in areas having only
a single significant herpetological introduction, such as the Ogasawara Islands. It is
reasonable to expect this loss of scientific knowledge to be common even though it
typically goes unremarked. In a broader sense, because much of ecology involves
understanding spatial and temporal scales of disturbance regimes and the ecological
patterns thereby derived, when an area becomes overwhelmed by alien introduc-
tions, the ecological dynamics and patterns due to other disturbance regimes are
liable to be masked and less accessible to understanding. These problems, of
course, are compounded in places like Hawaii or the Mascarene Islands where mas-
sive introduction regimes are superimposed upon large numbers of native-species
extinctions.

One final epistemological loss extends far beyond the realm of science and its
application. It is widely noted that modern humans are becoming increasingly
alienated from nature, concomitant with increased concentration of human popula-
tions in urban areas far from any sustained contact with nature. This alienation can
make it difficult to gain public acceptance for biologically sensible conservation-
management decisions because large segments of society are cognitively divorced
from the biological realities upon which their lives are based. One way in which
this problem is worsened is by introduction of alien species, which, because of their
frequent abundance, will often be unthinkingly accepted by most people as “normal”,
implicitly interpreted to mean “native”. This has practical implications for native
plants and wildlife by making needed control of invasive aliens harder for an
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uninformed public to accept, sometimes leading to unnecessary opposition to
alien-species control programs needed to prevent extinctions of native species. I am
unaware of any studies to quantify the effects of this particular form of social ignorance
upon policy or managerial decisions, but the impression for many actively involved in
management of invasive species is that it often leads to significant problems.

Conclusions

As the survey above indicates, a wide variety of negative impacts has been shown
to attend the introduction of alien reptiles and amphibians — impacts that mirror
many of those seen in better-studied groups like mammals. Despite this diversity, it
is important to note that only a small subset of naturalized species or populations
has received any form of impact study. Hence, while at least 322 species of reptiles
and amphibians have been naturalized across the globe, only 14 species have had
ecological impacts demonstrated or reasonably inferred (Table 3.2). Of these, only
three species (Boiga irregularis, Bufo marinus, and Rana catesbeiana) could be
said to be even moderately well studied; most of the remainder have had impacts
demonstrated in only one or a few studies of limited scope. Similarly, evolutionary
impacts have been demonstrated or implied for 17 species. Most of these involve
instances of hybridization with native relatives. Although not all instances of
hybridization have been demonstrated to have importance at the population level,
several clearly do. Lastly, economic or health impacts on humans have been demon-
strated (n = 4) or implied but not compellingly proven (n = 2) for six species. In
total, excluding instances of epistemological loss of knowledge, which are currently
too numerous and uncertain to quantify, 26 species of reptiles and amphibians are
demonstrated to have caused or are credibly implicated in ecological, evolutionary,
economic, or health effects on native wildlife or humans (Table 3.2).

It could be argued that this small number reflects the fact that alien reptiles and
amphibians are largely innocuous and warrant ignoring. That is possible, but it is
neither a scientifically cautious nor compelling interpretation. More likely, this
modest number reflects widespread inattention to impact phenomena among rep-
tiles and amphibians and the difficulty of convincingly demonstrating them.
Consistent with that interpretation is that the large majority of articles cited above
have been published in the past 20 years and that such studies are dramatically
increasing in frequency (Fig. 3.1). Most of the earlier studies recorded in Fig. 3.1
are merely anecdotal references; experimental studies didn’t begin until the 1970s.
Further, the species demonstrably or likely causing impacts for which dates of
introduction can be estimated (this excludes several more ancient introductions of
undetermined age) were introduced from 20-175 years ago, with an average
introduction date of 62 years ago. Since approximately two-thirds of all herpetofaunal
introductions have occurred in the past 60 years, the lag in scientific study alone
suggests that a considerably larger pool of impacts will eventually emerge. This
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Table 3.2 Impacts reported for alien reptiles and amphibians, excluding species reported to affect
only other aliens. Only a few examples of taxa involved in loss of scientific understanding are
listed because of the large and uncertain size of this cohort

Impact Species
Ecological
Predation Anolis carolinensis, Anolis sagrei, Boiga irregularis,
Bufo marinus, Natrix maura, Osteopilus
septentrionalis, Rana catesbeiana, Xenopus laevis
Poisoning Bufo marinus
Secondary trophic Anolis carolinensis, Boiga irregularis, Bufo marinus, Carlia
effects ailanpilai, Hemidactylus frenatus, Rana perezi
Competition Anolis carolinensis, Anolis sagrei, Bufo marinus,

Disease vector
Evolutionary
Hybridization

Changed morphology

Changed physiology

Changed behavior
Economic

Agriculture

Power supplies

Property values

Human Health
Envenomation
Water contamination
Disease vector
Airstrike hazard

Scientific
Biogeography

Taxonomy
Ecology

Carlia ailanpilai, Eleutherodactylus johnstonei,
Hemidactylus frenatus, Osteopilus septentrionalis,
Podarcis sicula, Rana catesbeiana, Trachemys scripta

Ambystom tigrinum, Rana catesbeiana, Xenopus laevis

Ambystom tigrinum, Anolis distichus, Anolis sagrei, Cuora
flavomarginata, Emys orbicularis, Iguana iguana, Podarcis
sicula, Protobothrops elegans, Rana esculenta, Rana
lessonae, Rana ridibunda, Sauromalus spp., Trachemys
scripta, Triturus carnifex

Bufo marinus

Bufo marinus

Bufo marinus, Natrix maura, Rana catesbeiana

Boiga irregularis, Bufo marinus, Varanus indicus
Boiga irregularis
Eleutherodactylus coqui

Boiga irregularis

Bufo marinus

Bufo marinus, Eleutherodactylus johnstonei
Iguana iguana

Cryptoblepharus poecilopleurus, Eleutherodactylus johnstoneli,
Eleutherodactylus martinicensis, Emoia cyanura, Emoia
impar, Gehyra mutilata, Gehyra oceanica, Geochelone
carbonaria, Hemidactylus garnotii, Hemiphyllodactylus
typus, Iguana iguana, Lepidodactylus lugubris, Lipinia
noctua, Nactus pelagicus, Rana ridibunda, Trachemys
decussata

Anolis distichus, Trachemys spp.
Boiga irregularis

will be even truer if lag phenomena among the naturalized populations themselves
should prove common. So it seems likely that instances of ecological, evolutionary,
health, and economic impacts from herpetological introductions will multiply as
additional alien populations expand and become studied. This is further suggested
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Fig. 3.1 Growth in number of scientific studies that treat the ecological and evolutionary impacts
of alien reptiles and amphibians

by the large number of literature claims not surveyed here that purport, but do not
document, the decline of native species of herpetofauna coincident with the advent
of alien forms.

The late genesis of these impact studies is problematic in another way. The
absence of such studies seems sometimes to have been interpreted as demonstrating
the absence of impacts, especially when combined with the absence of obvious
effects upon casual inspection — effects that we’ve grown to expect to be obvious
because they are apparent for many plant, mammal, insect, or forest-pathogen inva-
sions. The problem is that impacts caused by invasive herpetofauna are usually not
obvious, even to trained biologists. Instead, they have proven to be subtle and diffi-
cult to discern without careful study. This form of denial was perhaps most apparent
in the case of the brown treesnake — a species now widely viewed as the poster child
for invasive herpetofauna, but which was vehemently denied as having any role in
Guam’s bird declines until years of careful research (Savidge, 1987a; Savidge et al.,
1992) demonstrated that position to be baseless. But earlier claims for the neutral
effect of Florida’s alien herpetofauna (L.D. Wilson and Porras, 1983; Butterfield
et al., 1997) — claims repeated for other jurisdictions too (e.g., McKeown, 1996) —
also seem to reflect this pattern of reasoning. In raising this issue, I in no way intend
to argue that most herpetological introductions do or will impose damaging
impacts. I simply don’t know whether that’s true or not; insufficient data have been
gathered to allow for generalizations. But I will argue that the diversity of evidence
provided above shows herpetological invasions cause or are likely to cause far more
damage than they have hitherto been credited with. Moreover, I suggest this
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evidence is sufficient to justify a precautionary approach with respect to further
herpetological introductions, thereby meriting the devotion of greater management
attention to this phenomenon. I proceed from this conclusion to now inquire what
management actions have been taken in response to these invasions.



Chapter 4
Management Responses

Management actions against invasive herpetofauna have slowly increased as
awareness of their impacts has advanced, although management has not yet pro-
gressed to the level of routine success that frequently characterizes actions against
invasive mammals or plants. Logically, alien herpetofaunal management may occur
at any of the three stages of the invasion process discussed in Chapter 1: preventing
introductions from occurring, establishing early-detection and rapid-response pro-
grams to eradicate incipient populations, or managing well-established pests long-
term so as to mitigate their worst effects. As for other alien species, impact
reduction will most effectively be achieved by having a strong prevention program
to keep herpetofauna from travelling and naturalizing outside their native ranges.
To create such a program involves knowing the details of how species are trans-
ported by humans, and research requirements to meet that need will be examined
in the next chapter. However, prevention programs can never be perfect barriers to
introduction, so it also remains important to determine to what extent eradication
and long-term control programs may prove effective against naturalized herpeto-
faunal populations. Relatively few attempts have been made in this direction, and
they are not widely publicized, but I review here the instances of which I am aware.

Prevention

Before considering eradication and control programs, let us briefly review the range
of prevention options that have been adopted against alien reptiles and amphibians.
By and large, such efforts have been sparse. Most governmental jurisdictions do not
approach import restrictions on reptiles and amphibians in any sort of comprehen-
sive or coordinated manner. Instead, if they act at all, governments typically ban a
few species known or believed to be pests, and restrictions may be independently
adopted by a variety of agencies. In the case of the United States, for example, the
Fish and Wildlife Service prohibits only the brown treesnake from import without
a permit (U.S. Code of Federal Regulations: Title 50 CFR Section 16.11-16.15);
the Department of Agriculture prohibits three tortoise species (Geochelone pardalis,
G. sulcata, and Kinixys belliana) because they are known carriers of African ticks
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that serve as vectors for heartwater disease (U.S. Code of Federal Regulations: Title
9 CFR Sections 74.1, 93.701); and public health regulations prohibit the importation
of turtles smaller than four inches, or their eggs (Title 42 CFR Section 71.52-53).
Each of these restrictions was imposed in reaction to widespread publicity of one-
time newly identified, specific threats: extinction of birds on Guam caused by
brown treesnakes, potential for importation of heartwater disease via tick-infested
tortoises, and Salmonella transfer between young turtles and children, respectively.
In a somewhat more proactive vein, in 2000, the United States Fish and Wildlife
Service solicited risk analyses for a variety of species it identified as potentially
invasive. Taxa were apparently chosen for study based primarily on high commer-
cial trade volume, and two of these studies concerned reptiles or amphibians. Rolan
(2003) assessed potential risk of 24 amphibians; Reed (2005) assessed the risk of
large boas and pythons and made a series of recommendations to reduce risk from
these imports. It is unclear that either report has led to consideration of any regula-
tory action by the United States Government, but the Fish and Wildlife Service for
the past five years has been considering banning the importation of all species of
Boiga, and that same agency has recently proposed banning the importation of
some large constrictors. Other than this one-time effort, coordinated, proactive
assessment of invasion risk posed by other species of reptiles and amphibians has
not been pursued by the United States.

A similarly taxonomically limited, reactive approach led the European Union in
1997 to ban importation of Trachemys scripta and Rana catesbeiana (Detaint and
Coic, 2006; Dupré et al., 2006; Scalera, 2007b), although possession of these spe-
cies is not banned, and both may still be traded among European Union member
states (Scalera, 2004). This import prohibition followed widespread naturalization
of the two species in climatically acceptable regions of the continent, which gener-
ated concern about the potential risks of these notorious invaders to native wildlife.
Although some animals continue to be smuggled into some European Union states,
arrests aiming to curtail this activity have occasionally been made, and tens of
thousands of animals have been seized (Fiore and Avanzo, 2002; Dupré et al.,
2006). This ban was followed in 2005 by an additional ban on Chrysemys picta,
whose importation volume increased dramatically with the curtailment of trade in
T. scripta (Scalera, 2007b). However, as Scalera (2007b) pointed out, a coordinated
effort in the European Union to address invasive species of any kind has not been
made, so actions currently are restricted to isolated activities by member states.
Genovesi and Scalera (2007) have proposed the adoption by the European Union
of a coordinated system of lists covering taxa approved, prohibited, or requiring
further study for importation. Doing so would make prevention programs for alien
herpetofauna in the European Union far more proactive and effective than the cur-
rent approach and move it considerably beyond the reactive paradigm adopted by
the United States. National prohibitions by European Union member states against
alien species are as hit-or-miss as those of the United States, and few of these
include mention of reptiles or amphibians (de Groot and Gerrits, 2002).

Guam too has responded to the threat posed by a single herpetological species —
in this case the coqui, Eleutherodactylus coqui. As noted in the preceding chapter,
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Guam Department of Agriculture now requires nursery shipments from Hawaii to be
treated prior to export, so as to kill any hitch-hiking frogs, and to be temporarily
quarantined upon arrival in Guam. As seen for the United States, there appear to be
no broader assessments of herpetological risks to Guam or to the European Union.

More comprehensive or systematic import restrictions against herpetofauna
apply in only a few jurisdictions known to me. For example, New Zealand prohibits
importation of animals for which they have not established an explicit import
policy. Reptiles and amphibians lack such policies; hence, they are prohibited by
default. Australia has similar laws, banning the importation of all reptiles and
amphibians except for permitted scientific and educational uses. Taiwan also bans
the importation of reptiles as pets. Hawaii lies somewhere between the extremes
presented by the United States and the austral nations: it allows importation of a set
of several dozen species that are approved for commercial sale, it permits several
dozen additional species for use by scientific and educational institutions, and it
bans all remaining species. In this instance, there is no clear scientific rationale or
objective decision-making process for determining which species are included on
which list, but there is at least the general application of a precautionary approach.
Both New Zealand and Hawaii have explicit legislative prohibition of snake
imports, reflecting recognition gained from the brown treesnake of the danger these
animals can pose to island faunas. These are the only jurisdictions of which I am
aware that take a more general precautionary approach to alien reptiles and amphibians,
although I acknowledge that there may well be other examples elsewhere of
which I am unaware. My intent is not to present a comprehensive review of
importation restrictions but merely to show the range of options available and to
illustrate the fact that explicit preventive attention to alien reptiles and amphibi-
ans is rare. This poor preventive response can not be viewed as surprising inas-
much as the impacts attending herpetological invasions are not yet widely
appreciated, even among invasion biologists. Such ignorance makes import
restrictions politically infeasible in most jurisdictions. That Australia, New
Zealand, and Hawaii have escaped that bind no doubt reflects heightened sensi-
tivity to alien invasions gained by their extensive tragic experiences with them.
It seems likely that most other countries have responded even less to the issue
than have the United States and European Union.

Eradication

Attempts to rapidly eradicate recent incursions of alien herps have met with little
success to date. A few exceptions exist, however. The best-documented case
concerns the Australian frog Limnodynastes dumerilii, tadpoles of which were
privately reared in captivity from an egg mass found in northern New Zealand
in 1999. The individual possessing the frogs soon brought his discovery to the
attention of biosecurity officials. Within two months of the discovery, officials had
surveyed for eggs, tadpoles, and calling adults in all catchments of the mountain
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range in which the egg mass was found; all captive animals were destroyed; and all
tadpoles and metamorphs captured at the original site were destroyed (Whitaker
and Bejakovich, 2000). Extreme rains during the survey period led to flooding that
scoured the stream having the original infestation. All uncaptured tadpoles appear
to have been destroyed by that event and no further animals have been found sub-
sequently. Hence, the eradication effort, undertaken at a very early stage of incur-
sion, has been declared a success.

I have been able to find only a few other claims for (relatively) rapid eradica-
tion of newly established reptiles or amphibians. The first is the statement by Ota
et al. (2004a) that Bufo gargarizans, introduced to a site in northern Okinawa,
was eradicated from that site (and, by implication, from the island) by a private
effort extending from the late 1980s through the mid 1990s. This project involved
removal of adults, eggs, and tadpoles, but details on the adopted methodologies
were not provided.

The second involves bullfrogs, Rana catesbeiana, first noticed at a couple of
adjacent ponds in East Sussex, England in 1996. By 1999, hundreds of tadpoles
were evident, and an eradication project was begun. This involved survey of 53
ponds and fencing of the 7 found to be infested. Within these ponds, frogs were
removed by use of aquatic traps, pit-fall traps, hand-capture, shooting, and elec-
trofishing (Banks et al., 2000; J. Foster, Natural England, personal communication,
2008). At the end of 1999, the ponds were drained so as to exterminate remaining
tadpoles, allow surviving frogs to be located and captured, and allow the pond silt
to be excavated and buried under compact soil. After several years of effort, this
operation netted a total of almost 12,000 bullfrogs, and eradication of these popula-
tions appeared successful (Fisher and Garner, 2007). However, bullfrogs have
recently appeared at another locality in Great Britain (R. Trout, Forest Research,
personal communication, 2007), control of this population is ongoing (J. Foster,
Natural England, personal communication, 2008), so complete eradication from the
island is not yet assured, though is seemingly feasible.

Similarly, several populations of bullfrogs have been eradicated from Germany.
One population was eradicated from Celle, Germany, partly by means of hunting
with shotguns (C.R. Boettger, 1941), and a second population near Béblingen
exterminated partly by means of electrofishing for tadpoles and by pond fencing
(Laufer and Waitzmann, 2002; Veenvliet and Veenvliet, 2002; Ficetola et al.,
2007b). Another pond in Meckenheim was fenced and drained, and animals
removed (Veenvliet and Veenvliet, 2002), again resulting in eradication (Ficetola
et al., 2007b). A fourth population was exterminated from Kiel by freezing
weather (Veenvliet and Veenvliet, 2002). Eradication of the same species from a
pond in the Netherlands was achieved by capturing tadpoles (Veenvliet and
Veenvliet, 2002).

Lastly, three isolated populations of Xenopus laevis appear to have been success-
fully eradicated in the United States. The first population was poisoned; the second
inhabited ponds at a fish hatchery, which were drained one autumn so that all
animals froze over the winter; the third was removed by trapping and may have
been assisted by severe freezing weather (Tinsley and McCoid, 1996).
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Islands may sometimes be able to achieve eradication and avoid reinfestation
even if the larger jurisdiction to which they belong can not achieve complete, terri-
tory-wide eradication. Such could be the case with a pending eradication attempt
against Bufo marinus on Viwa Island in Fiji. This 60 ha island is one of the last habi-
tats containing the endangered endemic frog Platymantis vitiana and the cane toads
are thought to present a threat to this species (R. Taylor and Edwards, 2005; Morley
et al., 2006). Removal of this species is part of a broader conservation plan for the
island that involves the removal of a variety of invasive mammals as well (Morley
et al., 2006). Eight ponds on the island have been fenced to exclude toads, thereby
preventing their breeding and preventing rehydration of adults during the dry season.
Another five ponds have been filled in for the same purpose. To date, the barriers
seem to be working, with no tadpoles or metamorphs found within any of the exclo-
sures (C. Morley, University of the South Pacific, personal communication, 2007).
Hence, reproduction seems to have been halted. It is intended that future efforts will
expand to include removal of adult toads by hand capture and use of traps (Morley
et al., 2006). This effort is expected to require 3—4 years to complete, if sufficient
funding can be obtained to maintain the program. Because of the small size of the
island and the fact that toad reproduction can be prevented without threatening the
direct-developing P. vitiana, this project is quite promising for local conservation of
native wildlife, even though cane toads will remain widespread on other islands in
Fiji. However, success is not yet assured because of funding uncertainty.

A similar situation may obtain for coqui, Eleutherodactylus coqui, infestations
on some islands in Hawaii, although that situation is more complicated and may
more correctly be viewed as a long-term management program. These frogs were
vectored to, from, and around Hawaii in nursery plants (Kraus et al., 1999; Kraus
and Campbell, 2002). Governmental response to the invasion was delayed until
well after Hawaii Island became widely and heavily infested (Kraus and Campbell,
2002; Kraus, 2008). Eradication on that island is now unachievable, which is prob-
lematic because it holds the major portion of Hawaii’s large nursery industry
(Kaiser and Burnett, 2006). Consequently, Hawaii Island serves as a source of
repeated frog invasions to the other islands of the archipelago and to extra-territorial
locations. As a result, populations have become established on Kauai, Maui, and
Oahu. Eradication of the few populations known on Kauai and Oahu seems likely
to succeed because they were tackled before they became irremediably large. For
example, all four established populations on Oahu appear close to being eradicated,
with breeding populations now apparently absent and all newly calling animals
(newly maturing males that had been silent as juveniles) immediately treated upon
first detection. Calling animals have not been heard for many months at any of these
sites (S. Williamson, Hawaii Department of Land & Natural Resources, personal
communication, 2007). The sole population on Kauai is not far behind and should
lack a reproducing population by the end of 2007 (K. Gunderson, Kauai Invasive
Species Committee, personal communication, 2007). Programs on both islands
involve frequent surveys for calling animals, clearing of thick vegetation to reduce
habitat, and frequent spraying with citric acid or hydrated lime to kill frogs.
Furthermore, Molokai has successfully avoided infestation due to immediate
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prejudiced response to incursions of frogs that appear in infested nursery materials.
Success on these three islands was made possible by widespread public awareness
of these pests and the negative impacts brought about by their uncontrolled spread
on Hawaii Island, coupled with frequent surveys of the sites (nurseries and garden
centers of department stores) most likely to receive new incursions. These could be
considered additional examples of successful eradication but long-term vigilance
against reinfestation from rampant nursery populations on Hawaii Island will be
necessary. This is helped by regulatory requirement that all exported shipments
from Hawaii Island nurseries known to be infested with frogs be treated with either
concentrated citric-acid solution or hot-water spray to kill hitch-hiking frogs. Thus,
although successful eradication of coqui populations seems likely to be achieved on
Kauai and Oahu, both islands will be faced with long-term management to maintain
their expensively acquired coqui-free status.

These examples are among the more successful control operations to date,
whether applied across an entire political jurisdiction or just to single islands. More
often, control efforts that initially began with the intent to eradicate soon proved
that goal to be infeasible because population size was initially underappreciated.
Such efforts often seek to couple eradication with the gathering of biological data
useful for understanding the invasion. For example, Nile monitors, Varanus niloti-
cus, became established in the area around Cape Coral, Florida, in approximately
1990. In 2002, funding amounting to US$51,000 was obtained to complete what
was anticipated to be a one-year eradication program (T. Campbell, University of
Tampa, personal communication, 2007). However, in the first month of effort it
became obvious that the number of lizards present in the population was far in
excess of what could be removed with the time and funds available. Consequently,
efforts remained focused on gathering data useful for supporting future control
efforts, animals continued to be removed from the population, but eradication was not
achieved. This lizard population continues to expand numerically and geographically,
but governmental control efforts to follow up on the initial knock-down have not been
forthcoming (T. Campbell, University of Tampa, personal communication, 2007).

A virtually identical situation obtains with Burmese pythons, Python molurus,
in the Everglades region of South Florida. In 2002, a park biologist became con-
cerned with the large and increasing number of sightings of these snakes. There
had been 21 sightings prior to 2002 and 27 more in that year alone (Snow et al.,
2007b). He consulted outside biologists as to whether an established population
might exist and was advised against that concern — even though Dalrymple (1994)
had already called attention to remarkably high numbers of large constrictors
removed from southern Florida every year. Nonetheless, this biologist continued
to collect data on sightings and all retrieved specimens, and he has clearly dem-
onstrated that a python population is thriving in the park and expanding well
beyond that domain (Snow et al., 2007b). In 2004, it was hoped that the infesta-
tion was sufficiently limited that it might be eradicable; by 2006, it was clear that
was not the case. The large numbers of snakes that are obviously present, their
extensive range throughout a difficult-to-penetrate terrain, their high reproductive
output (up to 100 young/brood), and current lack of effective control methods
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render eradication extremely unlikely. Hence, efforts are now focused on identifying
effective techniques (mainly trapping) so that long-term control may at least be initi-
ated against what is likely to be a significant environmental pest. This work is made
more important by recent work suggesting that this species may survive weather con-
ditions across large portions of the United States (Rodda et al., 2008).

Long-Term Control

Far and away the largest-scale control operation for any alien reptile or amphibian
has been the United States’ federal program on Guam to keep brown treesnakes
from spreading to other Pacific islands. This interdiction program was initiated in
1993, is ongoing, and will likely be needed in perpetuity. Most effort has gone
toward (1) reducing snake densities in areas surrounding air- and seaports, so as to
decrease their probability of entering cargo and vehicles, and (2) searching out-
bound cargo and vehicles for hitch-hiking snakes, so as to reduce probability of
shipping infested cargo. Population reduction largely depends on employing a
dense array of traps to capture snakes, which are then dispatched with prejudice
(Engeman and Vice, 2002). Nighttime searches of fences, which tend to be attrac-
tive to the snakes as easily traversed highways, also help lower snake numbers
(Engeman and Vice, 2001). Cargo searches largely rely on the use of trained dogs
(Engeman et al., 1998, 2002), but port workers occasionally find and kill them as
well. Reduction of rat populations through use of bait stations also lowers prey
populations around ports, increasing the efficacy of snake traps. This program has
been responsible for a considerable reduction in the numbers of brown treesnakes
leaving Guam and arriving in other jurisdictions, such as Hawaii. Although this
program is, strictly speaking, a prevention program designed to protect other
islands from infestation by brown treesnakes, it has generated numerous spinoff
tools that are directly applicable to control of these snakes on Guam. First, there has
been considerable refinement of effective trapping (Rodda et al., 1999d; Engeman
and Vice, 2002) and barrier (Perry et al., 1998a; E. Campbell, 1999) methodologies
to reduce snake numbers in the geographically restricted areas around the ports and
within cargo. These methodologies could be at least partly useful for rapid contain-
ment and eradication of brown treesnake incursions elsewhere. Second, considerable
work has proceeded on devising attractants (Shivik and Clark, 1999; Shivik et al.,
2000; Jojola-Elverum et al., 2001), repellents (Savarie and Bruggers, 1999; Clark
and Shivik, 2002), toxicants (Brooks et al., 1998a—c; Savarie and Bruggers, 1999;
Savarie et al., 2000, 2001, 2005), and toxicant-delivery systems (Shivik et al., 2002;
Savarie and Tope, 2004) to control brown treesnakes at both local- and
landscape-level scales (cf. Rodda et al., 1998). Management objectives and
applications for each of these tool sets are summarized in detail by E.W.
Campbell et al. (1999) and Engeman and Vice (2002). It has been recognized
for several years that removal of brown treesnakes from relatively small areas
(up to ca. 50ha) may proceed effectively using existing barrier and trapping
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methodologies (Rodda et al., 1999e, 2002). Doing so could be important for
short- to medium-term conservation of some of Guam’s endangered wildlife;
however, for long-term conservation of this biota, control across larger areas is
necessary. For control of snake populations across Guam’s landscape, work has
progressed to the point that a methodology employing large-scale aerial delivery of
frozen pinky mice laced with acetaminophen has been evaluated for safety
(Johnston et al., 2002) and is being tested for efficacy (Hall et al., 2007). The expec-
tation is that once efficient delivery of large numbers of these baits is better refined,
clearance of brown treesnakes from certain landscapes on Guam will allow for
re-introduction of endangered native animals to these areas as well as greater secu-
rity from these pests in port areas. To reach this point has taken over 20 years of
research effort and 12+ years of operations effort. Costs of the research and opera-
tions programs for brown treesnakes are difficult to obtain, but US$17.9 million
was spent on snake-control operations on Guam from October 2001-September
2007 (M. Pitzler, United States Department of Agriculture/Wildlife Services,
personal communication, 2007).

Numerous credible reports and recovered specimens of brown treesnakes have
appeared on Saipan, in the Commonwealth of the Northern Mariana Islands, in the
past 20 years. However, attempts to recover snakes from these various sightings so
as to assess whether an incipient population is established have proven frustratingly
difficult. Dissatisfaction with this state of affairs led to the initiation in early 2007 of
an intensive three-week trapping and search effort in an area having multiple snake
sightings over the past 25 years, so as to determine whether an incipient population
could be detected (Hawley and Stanford, 2007). Trapping employed 185 traps, cov-
ering approximately 6 ha. Visual and canine searches occurred every night, employ-
ing 16-23 searchers/night (J. Stanford, United States Geological Survey, personal
communication, 2007). Total effort comprised 5,775 trap nights, 1,660 visual search
hours, and 100 canine search hours, with search effort summing to approximately
300km of forest edge and forest transects; cost for the exercise was approximately
US$89,000 (J. Stanford, United States Geological Survey, personal communication,
2007). Results were negative, although it is uncertain whether this is because an
established population is absent or because its members are untrappable because
high prey abundance renders traps ineffective. Either way, the scale of effort
involved well illustrates what is required to competently assess suspected new incur-
sions of cryptic herpetofauna, even for narrowly circumscribed areas.

Control operations elsewhere have generally been sparse or gone unreported in
the scientific literature, but some information can be found in unpublished govern-
ment reports. Such activities as do occur typically involve attempted removal of a
species from a particular, limited area, often in an effort to preserve ecological values
for native species in high-quality habitats. Such efforts as I am aware of have fared
no better than many of the eradication projects noted above. An early attempt to
remove a population of Caiman crocodilus in southeastern Florida (Ellis, 1980)
appears to have failed (L.D. Wilson and Porras, 1983), and the population is now
well established (Meshaka et al., 2004a). Migration from adjacent source areas may
have been a contributing factor in this failure. Attempts to remove bullfrogs from a



Long-Term Control 103

wildlife refuge in southeastern Arizona met with marginal success (Rosen and
Schwalbe, 1996b). Adults and juveniles were targeted by hand-capture, spearing,
and use of aquatic traps for several short-duration intervals during the summer
months. Although large numbers of frogs were removed each year and mean mass
of adults declined through time, frog numbers consistently rebounded between
years, suggesting that effort and technology were insufficient to impact the popula-
tion (Rosen and Schwalbe, 1996b). An attempt to eradicate bullfrogs from nearby
Sycamore Canyon, Arizona, is ongoing and, again, involves targeting of adults and
tadpoles (Kahrs, 2006). Another effort at bullfrog removal from a site in Washington
State resulted in numerous dead bullfrogs but no summary of what effect this effort
had on the population (Hays et al., 1999).

In Germany, bullfrogs have inhabited relatively few areas and have been suc-
cessfully eradicated in at least three locations, as mentioned above. An eradication
program involving pond drainage, electrofishing, and netting of adults and tadpoles
has also been attempted for the largest series of German populations near Karlsruhe
(Veenvliet and Veenvliet, 2002; Reinhardt et al., 2003), but the population persists
(Ficetola et al., 2007b). It remains to be seen whether bullfrogs can be eradicated
from Germany as a whole or whether long-term control will be required at the
larger populations. The potential for bullfrog control or eradication in southwestern
France is being assessed through a four-year research and public-education pro-
gram that began in 2003 (Detaint and Coic, 2006). In this effort, cover traps and
catfish traps have been used to collect adults and tadpoles effectively, but it remains
to be seen whether these can be deployed broadly enough to effect eradication of
metapopulations, which have spread extensively throughout the region (Ficetola et
al., 2007b). Failure to do so will result in constant immigration from nearby popula-
tions and re-establishment in treated areas. In Venezuela, local control of bullfrogs
has involved shooting adults, spreading lime in water bodies to kill tadpoles, and
clearing vegetation (Dfaz de Pascual and Chacén Ortiz, 2002). Interest in bullfrog
control seems to be growing in a wide variety of locations, judging by the number
of websites mentioning this goal. Although many of these initiatives refer to their
proposed or ongoing activities as “eradication” operations, they are in fact local
control operations that may, if competently executed, result in very localized
removal of populations. Complete eradication from jurisdictions may be unlikely
except in the few instances, like Britain, that have readily defensible borders, few
and small populations, and well-executed control operations. Otherwise, this frog’s
reproductive capabilities and the threat of repeated introduction or recolonization
from adjacent untreated areas are likely to thwart most “eradication” efforts.

Some of the poor success to date in controlling bullfrogs may be explainable
because recent work has shown that population growth rate in bullfrogs is most
influenced by tadpole development rate and by early postmetamorphic survival rate
(Govindarajulu et al., 2005). Consequently, removal of adults — as most control
operations have so far done — may only increase survivorship rates among recent
metamorphs by reducing the level of cannibalism they suffer. Modeling suggests
that control efforts would better be directed toward removal of recent metamorphs
in the autumn months (Govindarajulu et al., 2005), and coupling that effort with
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removal of egg masses in the spring may serve as a more effective means of
population control. This notion has yet to be field tested.

Control efforts against Bufo marinus in Australia have largely been devoted
toward public education; research to identify effective means of long-term control;
and preventing establishment of new populations on offshore islands, at the south-
ern end of its range in New South Wales, and at the western end of its range in
Northern Territory and Western Australia. Much of the border-control activity
relies on volunteer labor (R. Taylor and Edwards, 2005; Boulter et al., 2006;
Sawyer, 2006).

Attempts at localized removal of populations of Trachemys scripta are being
made in France (Dupré et al., 2006), but details on operational efforts are lacking.
These turtles have been removed from some populations using floating basking
traps (Gianaroli et al., 1999), submersible traps (Spinks et al., 2003), and shooting
(Mosimann and Cadi, 2004), but these activities were apparently not part of sus-
tained control operations. Eradication of an established population of T. scripta in
Queensland, Australia is being attempted using traps for basking adults and trained
dogs to detect nests (O’Keefe, 2005). Infested ponds have also been filled in and
compacted or drained, desilted, and fenced to prevent re-colonization. The success
of this project is not yet certain.

Management Limitations

As can be seen from these several examples, prevention and eradication programs
against invasive reptiles and amphibians have been sparse. This probably results
from the still-common perception that these species do not, by and large, pose suf-
ficient ecological problems that they merit the effort. Just as important, such control
operations as have been attempted have met with relatively little success. That
result stands in contrast, for example, to the situation for many mammals and
plants, where control methods and successful eradication operations are becoming
fairly routine (see, e.g., Veitch and Clout, 2002; Nogales et al., 2004; K. Campbell
and Donlan, 2005; Howald et al., 2007). There are a variety of reasons, both bio-
logical and social, for this poor rate of engagement and success, and these are worth
reviewing so as to determine whether and how this currently mediocre record might
be improved.

Control operations against alien reptiles and amphibians will very often have to
overcome three biological obstacles posed by the alien species themselves: crypsis,
high reproductive rates, and high population densities. All three may not be opera-
tive in each individual invasion, but they will be for many, and one or two of them
are likely to apply in almost all invasions. Crypsis merely refers to the fact that most
reptiles and amphibians are difficult to locate. Most species are of small size and
get by in life to a large extent by hiding from predators, including land managers
and biologists. Even species of moderate or considerable size — such as most snakes —
are remarkably effective at hiding. It has been remarked, for example, that one can
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stand within a few feet of a large python in Everglades National Park in Florida and
not be able to see it. In contradistinction, this problem does not apply to many of
the mammals and plants that have been the targets of successful control operations.
It does apply to other invasive mammals, such as rats, that have frequently been
successfully eradicated, but success in those instances has come only after many
years devoted to development of reliable baiting, trapping, and poisoning methods.
Even eradication of the larger mammals, such as goats and pigs, has required devel-
opment or refinement of novel control methodologies over the past few decades.
Development of effective control methods may be possible for many alien reptiles
and amphibians as well, but those research efforts have barely begun. Methods
devised for brown treesnakes, for example, have taken almost two decades of effort
and are not yet perfected.

High reproductive rates characterize many herpetological species, including
several of the most notorious invasives. Amphibians can often have clutches of
hundreds or thousands of eggs, making their intrinsic growth capabilities obvious,
but even species with rather small clutch sizes can expand their numbers rapidly.
For example, the brown treesnake has a modest clutch size of only 3—12 eggs/brood
and 1-2 broods/year (Rodda et al., 1999b; Rodda and Savidge, 2007). Nonetheless,
in a favorable environment it was able to march across Guam and largely extinguish
its native bird community in slightly less than 40 years. Similarly, the direct-
developing coqui can produce perhaps 100-120 eggs/year. By frog standards this
is rather modest. Nonetheless, it was able to explode across the landscape of Hawaii
Island in less than five years, sometimes increasing from a few calling males to
large populations in only six months (Kraus and Campbell, 2002). Many invasive
reptiles and amphibians have reproductive capabilities greater than these two noto-
rious invaders, and it seems that intrinsic ability to rapidly establish and expand
populations is likely to be a severe constraint to controlling many herpetological
invasions.

These high reproductive capacities, coupled with the relatively small size of most
herpetofauna, frequently result in populations that occur at high densities. This is
especially true for alien populations, which typically escape many of the biotic
factors — parasites, predators, and competitors — that may constrain their numbers in
their native ranges. To return again to the examples just cited, brown treesnakes have
been found to occur at densities on Guam that are the highest known for any terres-
trial snake species (Rodda et al., 1999c), attaining 50-100 snakes/ha. Similarly,
coqui on Hawaii Island occur at approximately three times the maximum densities
attained in their native Puerto Rico, reaching 28,000-89,000 frogs/ha (Woolbright
et al., 2006). Such numbers will be daunting for any control operation but are likely
to be common for many herpetological invasions. All three of these biological obsta-
cles make it difficult to put all individuals in a targeted population at risk, a precondi-
tion for successful eradication operations (Bomford and O’Brien, 1995).

Social obstacles operating among the general public, government officials, and
scientists may be no less important in constraining successful control operations but
are not often discussed. One or more of four such obstacles are likely to apply to
many herpetological invasions: disbelief that either a problem or a solution exists,
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positive support for the introduction, opposition to the killing of vertebrates, and
lack of appropriate control methodologies. As we saw above, disbelief among
biologists that a population was established hindered recognition of the python
invasion in the Everglades, and disbelief among government officials that frogs
posed a problem was a major factor in the failure to respond in a timely fashion to
the coqui invasion in Hawaii (Kraus and Campbell, 2002). Disbelief in the desirability
or feasibility of eradication currently appears to be preventing French governmental
response to the relatively recent invasion of Xenopus laevis (Fouquet and Measey,
2006). Even in the case of brown treesnakes on Guam — among the best docu-
mented and studied herpetological invasions — there was widespread dismissal of
snakes as the cause of avian disappearance in the early 1980s (J.T. Marshall, 1985;
Jaffe, 1994). By the time the snake-predation hypothesis became widely accepted,
the birds were gone. To this day it remains easy to hear Guam residents express
disbelief that brown treesnakes are a problem, simply because they happen never to
encounter the (nocturnal) snakes. My experience is that this type of disbelief
remains common among scientists as well, including many specializing in invasive-
species research. Disbelief that alien reptiles and amphibians constitute problems
or that they merit response is likely to remain widely rooted among the general
public, but it is to be hoped that education will increase sensitivity among managers
and biologists to the potential severity of herpetological invasions. We are not yet
to that goal.

Positive support for herpetological invasions will typically involve only a very
small slice of the public, but it has the potential to undermine even determined
control efforts widely supported by the general public. Spread of coqui by water-
garden clubs and private individuals who liked the sound of the frogs’ calls abetted
widespread and rapid invasion by that species across Hawaii Island, as did the
erroneous belief that the frogs control mosquito and nut-borer populations (Kraus
and Campbell, 2002). Many herpetological invasions are initiated as deliberate
releases motivated by the desire to have a favorite species living nearby. This is
clearly true for Phelsuma spp., Gekko gecko, and Chamaeleo jacksonii releases in
Hawaii, and it apparently applies to a number of releases in Florida as well (Wilson
and Porras, 1983; Meshaka et al., 2004a). This situation can be made worse if mon-
etary opportunities are provided by the release. The rapid spread of C. jacksonii in
Hawaii, for example, resulted in large part because numerous individuals wanted to
ranch them, establishing populations near their homes from which they could col-
lect animals for sale in the pet trade. Similar pecuniary advantage has been taken
of some populations of alien lizards in Florida (Krysko et al., 2003b; Enge and
Krysko, 2004; Enge et al., 2004c; T. Campbell, 2005), and it would be unsurprising
if this too has led to founding of additional populations there.

Opposition to killing invasive herpetofauna may arise because certain segments
of the population oppose the killing of any vertebrate. This was an argument used
by a few people opposed to coqui control in Hawaii. Opposition by public “animal-
rights” groups had little effect in this instance because exasperation with the frogs’
noise was widespread among the public. However, opposition by a government
official for the same reason served to hinder response operations for a year or so



Management Limitations 107

and had a far more lasting effect on this invasion. I know of no other instance in
which this social factor has yet served as a barrier to herpetological control efforts,
but the fact that “animal-rights” groups have even opposed eradication efforts
directed against rats (Howald et al., 2005; Towns et al., 2006) suggests that it is only
a matter of time before such opposition becomes relevant for other herpetological
invasions too. Even without organized opposition to removing alien herpetofauna,
area residents often like these animals and oppose their removal (e.g., Enge et al.,
2004a). The same can be true for members of the scientific research community
(e.g., Holden, 2003).

Control methods effective against invasive reptiles and amphibians, as a group,
have been barely researched or applied. As previously noted, considerable research
in this direction has been expended against brown treesnakes on Guam. Some of
these methodologies are likely to have application against other invasive reptile
species, but unmodified transferral is by no means certain and seems unlikely in
many cases. For example, traps have proven quite effective at reducing brown tree-
snake populations in sensitive port areas on Guam, but those traps are biased toward
capturing large animals, trap design took many years of careful research to opti-
mize, and the design is sufficiently particular to brown treesnakes that it cannot
automatically be applied against other snake populations, such as pythons or water
snakes. Indeed, an attempted application of brown treesnake traps to control
Lycodon aulicus in the Mascarene Islands failed (Rodda et al., 2002). This is not to
suggest that knowledge gained for controlling brown treesnakes is irrelevant to
other species, only that additional research will often be required to shape that
knowledge to create an effective tool to use against the biological peculiarities of
the next focal species. Similarly, identification of concentrated caffeine (Campbell
and Kraus, 2002) and citric-acid solutions as effective sprays for killing coqui is
likely to have application to some other frog invasions, even though the need for de
novo development of these techniques in Hawaii helped delay operations against
coqui until such point as total eradication was impossible. Recent work in devising
control methods for cane toads has focused on development of traps, attractants,
toxins, exclosures, biocontrol, and sterile-male release methods (R. Taylor and
Edwards, 2005; Molloy and Henderson, 2006; Schwarzkopf and Alford, 2007).
None of these techniques is yet perfected for that species, but should they be, they
may prove useful against other anuran invaders as well.

The prospect of using parasites as biological control agents against certain
herpetological pests — in particular, brown treesnakes and cane toads — has been
considered (e.g., Whittier et al., 1997; Whittier and O’ Donoghue, 1998; Holzman,
1999; Telford, 1999; Caudell et al., 2002; T. Robinson et al., 2005) but has not
progressed very far. This likely reflects the difficulty of guaranteeing host specifi-
city, vector availability, and demographic significance of biocontrol enemies for
most vertebrate species (Howarth, 1999; T. Robinson et al., 2005; Rodda and
Savidge, 2007). Indeed, even clinical effects may be lacking in heavily parasitized
animals (e.g., Caudell et al., 2002; Jakes et al., 2003), and it remains to be determined
to what extent reptile and amphibian populations may be ecologically limited by
parasitism. All this makes use of biocontrol against invasive herpetofauna highly
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risky, success uncertain, research costs high, and funding difficult to justify (e.g.,
Colvin et al., 2005). It remains to be seen whether such approaches will ever be
relevant to control of reptiles and amphibians, but skepticism is justified.

For most invasive reptile and amphibian species we are in a similar position to
where we were in the early 1990s with brown treesnakes or in the late 1990s with
coqui — effective control methods have yet to be investigated or even identified.
This makes it difficult for managers to respond to reptile and amphibian invasions
even when they have the desire to do so. Paucity of management tools is likely to
remain a serious roadblock for effective action against invasive reptiles and amphib-
ians for many years to come.

Many of these identified biological and social constraints have been relevant to
each of the species against which control operations have so far been attempted
(Table 4.1), and this concatenation of constraints has undoubtedly been important
in generating the poor record of control success to date. These same limitations will
undoubtedly pertain across a wide variety of additional herpetological invasions not
yet engaged with. Generally stated, the problem is that the high reproductive rates
and high densities formed by many reptiles and amphibians enforce a narrow
window of opportunity during which eradication can potentially succeed. Failure to
act before this window closes means that most species will rapidly become so dense
and widespread that effective action is soon impossible. Running counter to this
biologically driven need for a rapid response is the fact that crypsis and the four
social constraints — especially entrenched disbelief and undeveloped control

Table 4.1 Constraints operative in control operations already attempted against reptile and
amphibian species. + indicates the constraint is operative, — indicates it is not. Number of symbols
is my rough estimate of the relative degree to which the constraint applies. Crypsis likely applies
to all of these species at one stage of their life cycle or another, but I use the symbols to indicate
the degree to which it hinders effective control operations

Constraint
High rate Opposition Lack of
of repro- High  Disbelief Support for to killing  control
Species Crypsis duction  density in problem invasion species methods
Bufo marinus + +F+ + - - — _
Bufo gargarizans  + +++ + - - — _
Eleutherodactylus — + + ++ + + ++
coqui
Limnodynastes + et ? - _ _ _
dumerilii
Rana catesbeiana + +++ + - - - +
Varanus niloticus — — + - - - - ++
Boiga irregularis  ++ - + + - - Tt
Python molurus ++ + ? + - _ ++

Trachemys scripta — - - ? ? ? -
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methods — promote delays in recognition and/or response to the invasion, often
until after the window of opportunity has closed. That was the exact dynamic oper-
ative in the case of coquis in Hawaii, brown treesnakes in Guam, and Burmese
pythons in South Florida. That same dynamic was avoided in the cases of
Limnodynastes in New Zealand and bullfrogs in Great Britain because the threat
from each was acknowledged at an early stage and because the limited range and
aquatic breeding habits of both species allowed for application of control operations
at a narrowly focused spatial scale.

But opportune confluence of the proper social, biological, and temporal factors
is unlikely to be fortuitously met for most herpetological invasions, especially until
the social limitations of disbelief and undeveloped control methodologies are recti-
fied. Control efforts are likely to be similarly compromised by frequent inability to
guarantee long-term investment of funds and personnel in such operations. The
odds of successful control can certainly be improved by concerted efforts to remove
or neutralize the four social constraints and to pursue herpetofaunal eradications
with the same degree of professional planning and resource commitment that now
characterize rat and ungulate eradications. Such efforts are feasible and eminently
worthy of pursuit, and some means of overcoming those limitations will be dis-
cussed in the following chapter. But biological constraints remain likely to prove
decisively limiting in many herpetofaunal invasions, and, at least for the foreseeable
future, most herpetological introductions once established will prove ineradicable.
Hence, I think it is clear that avoidance of further herpetological invasions must rely
heavily on well-designed prevention programs. This does not obviate the need for
competent rapid-response and eradication programs, but merely recognizes that
some invasive reptiles and amphibians will present biological difficulties that do
not apply to eradication campaigns against other taxa. Hence, primary reliance on
responding to known incursions can never form the foundation of a successful pro-
gram to stem herpetological invasions. Similar to ensuring personal or public
health, prevention of infection is key.



Chapter 5
Implications for Policy and Research

There has been no prior synthesis of pathway information, impacts, or human
management of introductions for alien reptiles and amphibians. Yet those data are
of critical importance for informing future management and research decisions
with respect to these animals. They are especially important inasmuch as the mod-
ern flood of invasive species represents one of our greatest conservation challenges.
So what general patterns and conclusions emerge from the data provided in the
previous chapters?

We have seen that a wide array of pathways has been involved in herpetological
introductions, but that six of these have been dominant, even though their impor-
tance varies taxonomically, temporally, and geographically. In addition to these,
four minor pathways contributed lesser numbers of introductions to the total. We
have seen that several of these major and minor pathways revolve around similar,
unifying themes: an aesthetic nexus that promotes the keeping of animals and their
frequent escape, release, or introduction via private owners, wholesalers, retailers,
exhibitors, or zoo personnel, and a trade-goods nexus that transports animals in
cargo or vehicles as unintentional hitch-hikers in the course of regional or interna-
tional trade activities. The patterns of taxonomic, temporal, and geographic varia-
tion seen in pathway importance allow scope to investigate whether ecological and
economic parameters might serve to predict variation in naturalization and invasion
success. Although that work is not begun in the present work, one study demon-
strates the importance of climate, propagule pressure, and phylogenetic propinquity
in predicting establishment success among alien reptiles and amphibians (Bomford
et al., 2005, in press). Examination of a wider array of ecological attributes seems
likely to improve predictive success in this regard, which would be useful for
screening proposed deliberate introductions for likely invasiveness.

We have seen that islands are more prone to herpetological naturalization than
are continents. Although not directly investigated here, it is possible that this pattern
reflects the easier invasibility of these relatively depauperate areas.

It is also clear that a wide variety of damaging impacts has resulted from
herpetological invasions, even though only a relative handful of naturalized popula-
tions has been examined in any ecological or economical detail. It is beyond con-
tention that herpetological invasions can result in tremendous damage to other
native fauna, broader ecosystem values, human health, and human economies.

F. Kraus, Alien Reptiles and Amphibians, 111
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What remains to be determined is how general such impacts are — a question that
cannot now be addressed because of the sparse taxonomic sampling of existing
impact studies.

Finally, we have seen that effective eradication and control of invasive herpeto-
fauna can be achieved, but only under circumstances that have rarely yet been met.
In particular, biological attributes of many reptiles and amphibians have intersected
with limited human perception and imagination to virtually ensure failure of most
eradication and control operations under present response paradigms. More often
response has not even been attempted. Some of the human limitations contributing
to this poor record may be overcome with concerted attention, research, and educa-
tion, and future control operations may meet with improved success. However, the
political impetus for such change has largely been lacking so far.

These discoveries have numerous implications for devising proper policy and
management responses to herpetological invasions. They also illustrate important
research needs.

Implications for Management

What implications do the data presented herein have for design of effective
management strategies for alien reptiles and amphibians? And, beyond that, what
requirements must be met more generally to respond to this accelerating ecological
problem? How can we transcend the current haphazard responses to herpetological
incursions and devise an intelligent, coordinated means to significantly reduce
this threat?

Perhaps the conclusion of greatest management importance derived from the
data presented herein is that prevention of additional herpetofaunal invasions must
rely first and foremost on curtailing introductions. This is not only because preven-
tion is the most efficient and (typically) cost-effective means of controlling alien
invasions generally (see Chapter 1) but also because eradication and control opera-
tions against alien herpetofauna have proven remarkably ineffective to date. Many
tens of thousands of additional herpetological introductions are possible (and likely,
without change in our habits), and eradication or control will not be a biologically
or fiscally viable option for most of them. So averting the problem instead of treat-
ing it after the fact will be key. This is not to say that eradication and control opera-
tions should be foresworn, but development of effective techniques will require
considerable investments in research, and these strategies are unlikely to be widely
useful for the foreseeable future. In contrast, pathway-management techniques are
either already in hand to some extent or could be developed with less delay and
cost. Such techniques include wholesale screening and/or treatment of arriving
cargo. Comprehensive prevention programs will necessarily rely largely on the
activities of governments because those are the institutions responsible for control-
ling ingress and egress across political boundaries. However, private programs can
also have a role in meeting prevention needs, as discussed later.
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In managing pathways for alien herpetofauna, the distinction between inten-
tional and unintentional introductions is of great importance. This is because
tactical methods and social requirements will vary for each of those two pathway
modes. Hence, it is important to know by which pathways species are most likely
to reach a jurisdiction. Most major taxonomic groups of organisms have the majority
of their introductions accounted for by only one or a few pathways, typically either
accidental or deliberate. For example, marine invertebrates largely travel uninten-
tionally via ballast water or by fouled ship hulls (Fofonoff et al., 2003), and most
plants have been moved deliberately for agricultural, silvicultural, or horticultural
purposes (Mack, 2003). Birds have largely been moved intentionally via the pet
trade and for game hunting, and mammals (except for rats and mice) largely inten-
tionally for game hunting and food or fur use (Kraus, 2003c). In contrast, we have
seen that both deliberate and non-deliberate pathways are important in dispersing
reptiles and amphibians (Figs. 2.15, 2.36). Given that mixed pattern, it is unsurprising
that the taxa moved deliberately are usually different than those moved unintention-
ally. What this means practically is that preventing further incursions of alien
reptiles and amphibians will require a greater diversity of prevention tools than are
needed for many other taxa — tools appropriate for both intentional and uninten-
tional pathways. Screening systems to evaluate proposed importations and
educational programs to elicit more responsible behavior from the pet-keeping
public will be key to effectively reducing deliberate introductions. Improved imple-
mentation of inspection programs for high-risk cargo and development of bulk
treatment methods for high-risk cargo must underlie any abatement of accidental
introductions. And bulk treatment methods are likely to prove useful in stopping a
variety of other pests too. Crucial to both will be educational efforts to make clear
to the public and government officials why the impacts of alien herpetofauna
warrant this attention.

Important too is recognition that pathway importance is not static. Instead, it
unambiguously varies taxonomically, temporally, and geographically. What this
means is that appropriate intervention tools must be correspondingly flexible.
Chronological trends indicate that, overall, pet-trade, cargo, and nursery-trade path-
ways are increasing in importance; therefore, stemming invasions via these routes
will clearly be high-priority goals in many regions for the foreseeable future. But
pathway importance also varies geographically, and different countries will need to
tailor their prevention activities to reflect the pathways of greatest import to their
own jurisdictions. For example, the nursery trade is clearly the single greatest con-
tributor to the movement of alien herpetofauna in the Caribbean and must be
addressed if further incursions are to be halted there. That same trade makes a neg-
ligible contribution to Europe’s influx of alien herpetofauna, which is instead
closely tied to the pet trade and the deliberate actions of private herpetoculturists.
These fundamental facts of pathway heterogeneity must be understood and incor-
porated into management planning if meaningful prevention of further herpetological
incursions is to be achieved.

What then is logically required to incorporate these basic facts into manage-
ment programs? At a minimum, one needs detailed risk assessment — assessment
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of the major pathways relevant for any particular jurisdiction, and assessment of
individual species (or genera) proposed for deliberate introduction. The former
would ideally be done at the scale of particular jurisdictions — typically countries,
but sometimes island groups or other areas showing regional biotic differentiation
— because the geographical analyses used here are too coarse-grained to accurately
assess pathway variation within most regions. The United States will be an excep-
tion to that rule, however, because the large majority of my data for North America
comes from that country. In some cases — such as small countries — there may be
insufficient data to generate country-specific risk assessments. In those cases, the
regional analyses provided here may be of surrogate use in determining cargo-
inspection priorities. That may be appropriate in much of the Caribbean, for example,
because the greatest recent risk for many countries in the region has proven to
be infested nursery shipments from southern Florida. More usually, though, one
would desire country-specific statistics indicating volume of relevant trade
items likely to harbor hitch-hiking herpetofauna. Ideally, if one could identify
economic statistics that correlate well with transport likelihood for alien herpetofauna,
one could use those statistics to set inspection priorities. This is especially likely
to hold true for nursery shipments because climatic discrepancy between origin
and destination is not likely to be a confounding factor. For other cargo types,
information on cargo origin would also factor into risk determinations inasmuch
as climatic disparity between origin and destination might obviate successful
transport of many species.

Risk assessment for particular species proposed for deliberate introduction
(typically as pet animals) may prove difficult to achieve because of the vast diver-
sity of biological idiosyncracies among the total pool of imported/importable
herpetofauna. However, as discussed earlier, progress has been made in assessing
establishment risk and invasion risk for a diversity of vertebrates, including
herpetofauna (Bomford et al., in press), so broad-scale rules are likely to provide
some discriminatory assistance. Those findings suggest that great scope remains
for developing a usefully predictive screening algorithm, but insufficient attention
has been devoted to that effort, so effective screening tools are currently lacking
for most jurisdictions.

Preventing introduction cannot, however, be the sole strategy for minimizing
future herpetological invasions for the simple reason that no single prevention
method is perfect. Although current control technologies for alien herpetofauna
are frequently inefficient or poorly developed, in the longer term technological
improvements should be achievable, making eradication and control increasingly
viable and sensible options for managing some invasive herpetofauna. However,
there will remain relevant biological constraints (crypsis, high demographic rates
of increase) likely to bar application of these methods to many species. And fiscal
constraints on control programs will remain common. Eradication and control
operations can logically be done by any form of institution, but government
action will often be key because governments are frequently the only entities that
can bring a sufficiency of resources to bear on such problems. As well, govern-
ments readily provide a logical nexus around which actions of a variety of
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interested partners may be coordinated. For these reasons, much of the discussion
in this chapter necessarily focuses on governmental management responses and
how to improve those. Nonetheless, it should be understood that nothing logically
requires that response actions be monopolized by government entities (with the
obvious exception of border protection per se), and responsible actions taken by
private organizations and individuals can help considerably in reducing alien
herpetofaunal invasions.

Critical for future herpetofaunal control operations must be the adoption of a
new professional mentality. In particular, pro-active research, comprehensive
planning, sufficient funds, and dedicated personnel trained in wildlife control are
indispensable — a point repeatedly made in the literature and explicitly adopted in
the many successful mammal eradications that have occurred over the past 20+
years (Veitch and Clout, 2002; Nogales et al., 2004; K. Campbell and Donlan,
2005; Howald et al., 2007). The current state of the art with herpetofaunal eradi-
cation attempts is far from this standard. Indeed, one is frequently struck by the
ad hoc nature of many such eradication operations. This is not a reflection on the
personnel engaged in these operations, who are often researchers having little
outside support, no tested or refined tools at their disposal, and no wildlife-con-
trol experience. These researchers have merely responded out of desperation to
try to correct conservation problems facing native animals that have been ignored
by responsible agencies. The successful eradication of Limnodynastes dumerili
from New Zealand (Whitaker and Bejakovich, 2000), Rana catesbeiana from
Great Britain (Fisher and Garner, 2007), and at least two of three Xenopus laevis
populations from the United States (Tinsley and McCoid, 1996) may be excep-
tions to the general pattern of eradication failure in large part because eradication
was placed in the hands of conservation-management professionals. Expecting
researchers to fix these ecological messes is to rely on the gratis services of
people with the wrong sets of skills. To date, resources have rarely been devoted
to finding and professionally applying viable eradication or control methods to
address herpetofaunal invasions.

Of course, merely developing predictive tools for risk assessment or for control/
eradication does not guarantee that they will be vigorously (or even sensibly)
implemented by governments or other parties. As an obvious illustration of this,
useful predictive tools for screening deliberate plant introductions have been avail-
able for over a decade but have been implemented only in Australia and New
Zealand (although interest in their application has recently grown in some other
jurisdictions, c.f., Gordon et al., 2008). Following the pattern for alien invasions
generally, there has been a particular reluctance to act against herpetological incur-
sions on the part of most governments. As noted in the last chapter, some of this
derives from disbelief that alien reptiles and amphibians constitute real ecological
or economic problems that warrant social response. But this reluctance is more
general than just disbelief, sometimes occurring even when the undesirability of the
alien species is acknowledged.

This points to the little-discussed management issues of political will and political
organization, the presence and structure of which determine the effectiveness of all
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invasive-species management efforts, including the successful and failed eradica-
tion attempts discussed in Chapter 4. These topics are sufficiently important that
they deserve some detailed consideration. Generally speaking, there has been
slowly growing appreciation of the ecological and economic seriousness of alien
invasions in recent years; however, with few exceptions, governmental engagement
with the problem in most jurisdictions has remained of limited scope and effective-
ness. The importance of political will and organizational structures in determining
a country’s invasion fate is perhaps most easily illustrated by contrasting the different
approaches taken by two countries possessing the fiscal and intellectual resources
required to respond to the challenge competently.

New Zealand has had legislation since 1993 that explicitly places responsibility
for preventing and responding to new alien-species invasions in a single govern-
mental authority, the Ministry of Agriculture and Forestry (MAF). Prevention pol-
icy in New Zealand includes comprehensive lists of prohibited species and rigorous
inspection of arriving cargo and passengers, with inspection priorities based on risk
assessment of cargo type and origin. Animals proposed for importation must have
an explicit import policy developed by MAF; otherwise, entry is prohibited.
Reptiles and amphibians in the pet trade are strictly limited, with most species pro-
hibited from import. When species successfully circumvent preventive detection,
new incursions are assessed for hazard and are liable to rapid eradication by MAF.
Should eradication fail, control of established pests may then be undertaken by
MAF for agricultural pests, by Department of Conservation on their conservation
lands (ca. one-third of the country), or by regional councils in accordance with
regional pest-management strategies developed with public input. Declaration of a
species as a pest often carries the requirement that landowners suppress the species
on their lands. Responsibility for preventing alien incursions and eradicating incipi-
ent populations is clearly assigned to a single ministry in New Zealand, ultimately
making the Minister of Agriculture and Forestry accountable for overall border
protection. The only political appointee in this chain of command is the Minister of
Agriculture and Forestry, duly elected to Parliament and appointed as a cabinet
member by the prime minister. All other relevant officials responsible for biosecu-
rity are permanent professionals of the civil service. Partly as a result of this uni-
fied, comprehensive biosecurity system, New Zealand has not had a new species of
reptile or amphibian become naturalized since the 1960s.

The United States provides a striking contrast. As mentioned in the last chapter,
importation of reptiles and amphibians is virtually unregulated, except that brown
treesnakes and three species of African tortoises are prohibited from unlicensed
import, which may be allowed for scientific or educational use. Ownership of
particular species may also be prohibited by some states. Inspection of arriving
cargo is directed toward finding agricultural pests (United States Department of
Agriculture, or USDA) or smuggled goods (Customs Department). The United
States Fish and Wildlife Service (USFWS) inspects declared shipments of imported
animals to verify import declarations are accurate, and it collates importation infor-
mation to meet CITES requirements. Smuggled animals discovered by Customs are
also referred to USFWS for prosecution, largely to enforce CITES requirements.
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Hitch-hiking herpetofauna are largely ignored by USDA but may be referred to
state agriculture officials should a state have an interest in their interception (this
sometimes occurs in Hawaii, for example). With the exception of brown treesnakes,
three tortoises, and unlicensed CITES-protected species, no alien herpetofauna are
prevented entry to the United States, so prohibition, risk assessment, and cargo
inspection for other species liable to be invasive are not required. Further, the Lacey
Act, the primary legislative vehicle for prohibiting invasive vertebrates entry into
the United States, has been shown to be highly ineffective unless used before a spe-
cies is ever imported (Fowler et al., 2007). It has, however, more often been used
(ineffectively) to ban further import of species already present or established in the
country. Should a species naturalize in the United States, control responsibilities are
not mandated but might be undertaken by a host of federal, state, or private inter-
ests. Primary responsibility for wildlife management lies with states, but many
states have no staff herpetologist and no mechanism for addressing invasive reptiles
or amphibians. Federal involvement is mandated only if the invader causes a native
species to become endangered, but by then the infestation is well advanced and
generally irreversible. Some of the applicable agencies may work at cross purposes
— for example, states have sometimes promoted the deliberate introduction of spe-
cies banned by adjacent states. Hence, a state that will ultimately suffer from the
range expansion of an introduced reptile or amphibian will have no say in eradica-
tion of an infestation arising in another state. Research on alien species, including
alien herpetofauna, may of course be undertaken by any interested party. But such
research is not an assigned responsibility for any particular government agency and
is generally undertaken only in response to a colonization. To the best of my knowl-
edge, no federal agency has accepted responsibility for researching the prevention
of reptile or amphibian invasions. The number of different agencies having some
hand in invasive-species issues in the United States is approximately 36—40
(National Invasive Species Council, 2005; C. Dionigi, National Invasive Species
Council, personal communication, 2007). Instead of having a single federal man-
agement authority responsible for preventing alien incursions and responding to
those incursions that do occur, the United States defaults instead to a patchwork of
dozens of agencies and programs whose jurisdictions may overlap but often fail to
connect. Because it is in the nature of bureaucracies to pursue their particular man-
dates and vigorously defend their jurisdictions, cooperation among this assortment
of agencies can be difficult to achieve. Lastly, in the United States, political
appointees extend much farther down the executive structure than in New Zealand.
Cabinet members (secretaries), deputy secretaries, under secretaries, assistant sec-
retaries, and bureau directors are all political appointees, providing 3—4 layers of
political appointees above the permanent civil service. Below this is the senior
executive service, whose members serve at the pleasure of the political appointees.
This heavy layering of appointees makes decisions based on political interference or
accommodation far more likely to occur than in New Zealand, and consistent policy
and programmatic development by civil-service professionals is correspondingly
constrained and liable to change with changing administrations. These systematic weak-
nesses have been recognized for some time (Office of Technology Assessment, 1993),
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but Congress has responded only by proposing (and occasionally passing) legisla-
tion addressing one small facet of the alien invasion crisis at a time. One result of
this dystopian approach has been at least 110 naturalizations of reptiles and
amphibians in the United States since the 1960s.

This contrast in approaches taken by New Zealand and the United States may be
further clarified by considering each country’s most successful operations against
alien herpetofaunal incursions. As discussed earlier, New Zealand quickly and suc-
cessfully eradicated an incipient invasion of Limnodynastes frogs in 1999, surveying
and treating a large area of the Waitakere Ranges within a few weeks (Whitaker and
Bejakovich, 2000). The United States has no such success (or even attempt) at rapid
eradication of a new herpetofaunal incursion. The United States does, however,
have a successful program for containing the highly invasive brown treesnake to
Guam (see Chapter 4), thereby protecting other Pacific islands from further inva-
sions by this pest. One measure of this program’s success is that brown treesnake
sightings in Hawaii declined from eight in the period 1981-1994 (0.57 snakes/
year), to one dead animal since the program has been fully functional (0.077
snakes/year). Despite this demonstrable success, the program has existed for its
entire 14-year tenure without base funding, that is, it has continued solely on year-
to-year funding liable to termination at any time by Congress. But base funding is
generally required for the hiring of government employees (as opposed to tempo-
rary contractors). Further, no single agency is accountable for the program. As a
result, funding flows have been intermittent, especially from the Department of
Defense, which is responsible for the majority of departing vehicular traffic on
Guam and, correspondingly, poses the largest threat of snake dispersal to other
Pacific islands. Hence, even though the brown treesnake prevention program on
Guam has been a clear operational success —the only herpetological example that
the United States can point to — inadequate administrative design has subjected it
to repeated funding crises throughout its history, making it perennially liable to
unintended failure.

The administrative contrast between New Zealand and the United States with
respect to taking the risk of alien invasions seriously and assigning clear responsi-
bility for responding to them couldn’t be more stark. And this is reflected in their
recent invasion histories. Some of the difference in naturalization success between
the two countries could, of course, be due to the presence in the United States of
warmer regions more equable to invasion by alien herpetofauna. But New Zealand
does not lack for hospitable habitat, and this certainly does not provide a complete
explanation. Instead, the fact that New Zealand has responded to the threat of alien
invasions in a coordinated manner largely free of political interference for the past
15 years while the United States has limped along with piecemeal, uncoordinated
actions is certainly key to explaining the different on-the-ground results. Particularly
important is the fact that New Zealand has largely prohibited trade in pet reptiles
and amphibians whereas the United States has no meaningful import restrictions on
animals available for private ownership. The importance of this point is confirmed
by data from Australia, which has also prohibited private trade in alien herpeto-
fauna and which is unique among the regions surveyed in Chapter 2 in having most
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of its alien introductions consisting of internal movement of herpetofauna in cargo
(Fig. 2.29). Introductions via the pet trade have been virtually non-existent in
Australia. And that country and New Zealand are the least invaded of all Western
countries. In contrast, Europe, North America, South America, and Asia all have
the majority of their reptile and amphibian introductions occurring via pet-trade
releases, and regulation of that pathway is virtually absent in those regions.

The difference in approach and effectiveness between the United States and
New Zealand has historical roots. As suggested by Gordon Rodda, the ecological
histories of the nations certainly play a role. New Zealanders are very familiar
with the heavy toll taken by introduced mammals in their land, and many native
species today are famous taxonomic curiosities to be seen only on offshore
islands where introduced mammals are lacking. Commitment to invasive-species
management is high among both the public and government sectors in New
Zealand. Similar histories in Australia and Hawaii have no doubt made each of
those jurisdictions similarly sensitive to invasives. In contrast, the iconic stories
of wildlife conservation in North America revolve around elimination of bison,
passenger pigeons, and a variety of other species at the hand of human gunners.
Concern with those losses led to passage of the Lacey Act (primarily protecting
native wildife but subsequently prohibiting some alien animals) and creation of
the national wildlife refuge system. Invasive-species issues and reptile and
amphibian conservation consequently have had much less historical salience
among the American public.

Much of the programmatic ineptness in the United States would appear to be the
historical baggage of bureaucratic structures: it would no doubt be politically
charged to attempt to reorganize the quagmire of agencies that deal to one extent or
another with alien species. This could perhaps reflect a diseconomy of scale, with
the United States Government too large and unwieldy to respond to any social
problem with dexterity and finesse. If true, greater delegation of prevention and
management responsibilities away from the federal government and toward
regional and local structures might help improve invasive-species responsiveness in
the United States. Similarly ineffective bureaucracies may have hindered responses
to invasives in European countries too, which historically have been lax in manag-
ing alien reptiles and amphibians. It could be that the political upheaval involved in
forming the European Union may now allow scope for devising effective manage-
ment programs across that region by forcing attention to the issue and setting
minimal standards of action. Recent European planning and control activities
against alien herpetofauna suggest that such might be the case. Alternatively, the
European Union might instead also be approaching a diseconomy of scale as well
as expanding its fragmentation of authorities among several hierarchical levels
(EU/nations/provinces/municipalities). Hence, it remains too early to be certain
whether response effectiveness will be embraced in Europe as it has been in
Australia or New Zealand. In any event, ineffective bureaucracies having no clear
line of responsibility have certainly served to hinder meaningful management of
invasive herpetofauna (and many other species) in a wide variety of countries,
including the United States.
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A final difference in approach between New Zealand and the United States is
that the former explicitly adopts the precautionary principle in devising policies
pertaining to alien species. This allows policymakers to opt for excluding a species
or eradicating an alien in the absence of scientific certainty of its invasiveness. In
contrast, the United States excludes only species known to be pests elsewhere. The
precautionary approach assigns burden of proof for safety to the importer, whether
the introduction is intentional or a statistically predictable accidental component of
legal cargo transport. Under this paradigm, instances of scientific uncertainty are
decided in favor of avoiding invasion costs. In contrast, under a reactionary para-
digm, burden of proof to demonstrate species risk falls on those social institutions,
organizations, or individuals challenging a proposed introduction, and instances of
scientific uncertainty are decided in favor of allowing the importation to proceed.
Because invasiveness is so difficult to conclusively demonstrate a priori for most
species, and impossible for species not previously imported, the reactionary
approach defaults to unfettered importation of virtually all biota. With respect to
reptiles and amphibians, this problem is particularly acute for the pet-trade path-
way. The relentless search for novelty in the exotic pet trade intersects with the
reactionary regulatory paradigm to ensure that regulations only prevent the impor-
tation of species that were formerly popular as pets and have already become natu-
ralized. This results in a predictably high rate of invasions in countries adopting
such a regulatory paradigm. Regulated industries understandably prefer a reactionary
approach, as it allows them to externalize the costs of invasive species management.
Part of the reason New Zealand and Australia have more successfully responded to
the threat of alien invasions is because their governments have recognized these
previously externalized costs, attempted to measure them, and responded so as to
minimize them.

An additional reason for governmental inaction has been inadequate informa-
tion. There is often bewilderment among even concerned officials about how to
respond to herpetological invasions because control techniques have not previously
been reported in the literature or encountered by politicians or agency personnel.
And there are few experts that may be consulted for advice on how to respond to
such invasions. (As one example, the response to the invasion of South Florida by
Burmese pythons relies heavily on expertise from the brown-treesnake program,
potentially limiting staff availability for both programs.) In the absence of clearly
prescribed solutions, few officials have the clout to devote scarce institutional
resources to programs with an uncertain outcome. This leaves inaction as the
default (non-) response position. This unhelpful circumstance is potentially ame-
nable to research directed to developing standard control/eradication procedures
for reptiles and amphibians, much as has been achieved for rodents in the past
three decades.

The point of dwelling at some length on these contrasts in bureaucratic struc-
tures and response approaches is that one can identify minimal organizational
standards and requirements for effective governmental response to invasive aliens,
including invasive herpetofauna. These include combining responsibility for alien
prevention and eradication in a single agency with clear accountability and professional
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staff protected from political tampering. Further required is explicit adoption of a
precautionary approach in responding to alien species. This, in turn, requires an
honest economic reckoning of who in society gains from unfettered import and
who pays the costs. Finally are needed clear development and explication of effec-
tive response options for concerned government officials. Meeting these minimal
standards has allowed New Zealand to lead the world in provision of biosecurity
protection from invasive aliens, including reptiles and amphibians. Australia also
closely approximates these standards. What is certain to fail is having alien-
response authorities divided among myriad agencies liable to several layers of
political appointees. This structural failing is compounded by adopting a reac-
tionary approach to alien species that requires identification of disastrous invasions
elsewhere before adopting piecemeal, limited restrictions against a handful of
proven pests, and that is predicated on an economic paradigm that hides the
complete costs of importations. That latter approach has kept the United States,
European Union countries, and most other countries in the world mired in mana-
gerial ineffectiveness. It continues to make them liable to an unending cycle of
further invasions.

Of primary importance in stemming further herpetological invasions is stanching
the flood of introductions via the pet-trade pathway. The practical result of external-
izing trade costs — allowing private interests to accrue wealth through the pet trade
while foisting the predictable costs of unhindered importation of cheap animals
onto the general public — has been an accelerating rash of herpetological invasions,
with southern Florida, Hawaii, and the Ryukyu Islands presenting sorry cautionary
tales of dishonest market costing gone awry. In most countries, the pet industry has
remained unregulated in any way that would meaningfully reduce its large contri-
bution to herpetological invasions. It should be clear from the evidence presented
herein that that situation is untenable and should be rectified. Solutions for this
problem can no doubt come in a variety of forms but could include governmental
regulation prohibiting species deemed prone to invasiveness, improved public edu-
cation to increase responsibility among pet owners and pet dealers, and bond
requirements for wholesalers and zoos to defray the costs of management resulting
from institutional release, neglect, or bankruptcy.

Government regulation of any systematic nature may (but need not) await the
design of reliable screening protocols for invasiveness, an approach we have seen
prove fruitful with respect to plants, fish, birds, and mammals (see Chapter 1).
Despite the potential importance of government regulation in stemming the tide of
alien pet releases, one often hears claims that this is a counterproductive approach.
This largely stems from the common belief that if import restrictions are imposed
on a pet-yearning public it will only drive the trade underground. I believe such a
claim to be true. The evidence also suggests it to be irrelevant. Australia, for example,
has long banned the import for private ownership of alien herpetofauna. And every
herpetologist and herp fancier in the country knows that such species continue to
be smuggled into that nation and kept by many private enthusiasts. Yet Australia is
also the only major developed country not beset by a rash of alien pet releases. The
reason is that by driving the trade underground, Australia has made each smuggled
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animal that much more valuable, and careless releases and escapes have been kept
remarkably low. In short, via regulation, Australia has managed to impose a suffi-
ciently elevated cost to exotic pet ownership that animals are valued highly enough
to largely prevent their release to the wild. As a result, it doesn’t matter that preven-
tion of smuggling isn’t perfect — it’s good enough to ensure that captive herpeto-
fauna largely remain captive. And such a structural adjustment to the pet-value
system is all that is needed to effectively protect against an introduction pathway
run rampant elsewhere.

Such a result might be achieved alternatively by a quota system that makes
abundant, cheap animals unavailable (L.D. Wilson and Porras, 1983). In any event,
the point is to impose a cost to pet keeping that removes the incentive for careless
release or escape. Enforced maintenance standards for wholesale and retail stock —
especially in areas, like Florida, subject to hurricanes — could also prevent some
unintentional pet-trade releases. Escape by means of such activities has long
plagued Florida in particular but has been a contributing factor in several other
jurisdictions as well. Revocation of business licenses for wholesale and retail deal-
ers that release animals or allow them to escape could also be considered. Florida
has recently adopted stricter regulations for the keeping of venomous reptiles, a
handful of large constrictors, and the Nile monitor, Varanus niloticus (Florida
Fish and Wildlife Conservation Commission, 2007). These regulations include age,
experience, caging, disaster-planning, record-keeping, and escape-notification
requirements, as well as the requirement to have each animal permanently identi-
fied with a surgically implanted passive integrated transponder. These regulations
may go some way toward stemming the release of the more dangerous reptile
species held in captivity in Florida, but of course, they are silent on the wider
phenomenon of reptile and amphibian release in that state.

Despite any such regulatory efforts that might be made, the importance of the
pet trade and aesthetic-release nexus in modern herpetofaunal introductions is so
large that, for many countries, government cannot be solely responsible for pre-
venting additional herpetofaunal invasions. The problem is too widespread for
such an approach to always be viable, and responsibility for its creation is too dif-
fuse. In particular, it is long past due for industry and private individuals to accept
responsibility for preventing the ecological damages caused by pet releases and
intentional releases for aesthetic gratification. And improved, focused public
awareness of the consequences of pet release will be highly important in meeting
this goal. Currently, awareness that pet releases pose an ecological problem (as
well as typically being inhumane to the released animals) does not appear wide-
spread among the pet-keeping public. One would hope that it should not be too
difficult to develop a new ethos by capitalizing on the love that herpetoculturists
feel for reptiles and amphibians. In particular, wider appreciation of the impacts
that released pets can have on native herpetofauna, coupled with the fact that
released pets often soon die from starvation or exposure, should allow for develop-
ment of a guilt-free and responsible means of disposing of unwanted or burden-
some pets. The pet-keeping publics of few, if any, countries attain that reasonable
standard of behavior.
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One initiative to elicit greater responsibility among the pet-owing public has
recently been taken in the United States. There the pet industry launched in 2005 a
focused public-education campaign called Habitattitude™ to prevent release of
unwanted pets. Educational activities are largely directed to getting the pet-owning
public to avoid impulse buying of pets, to make informed decisions about which
pets to choose, and to place unwanted pets in other responsible captive situations in
lieu of releasing them to the wild (Reaser and Meyers, 2008). Information on how
to meet these goals is provided to prospective buyers in participating pet stores and
is available on the web sites of industry advisory councils. This program is one
sensible response to the flood of releases due to the pet trade, but it is also young,
and it remains to be seen how effective it will prove in decreasing releases to the
wild. The tremendous success of the anti-littering campaign in the United States in
the late 1960s suggests that a widespread public-education campaign can quickly
change human behaviors if that campaign is approached with sufficient vigor. This
is exactly what is needed in most developed countries to prevent pet release. The
Habitattitude™ campaign remains the only attempt to devise a non-regulatory
approach to the pet-trade pathway of which I am aware. It may prove deserving of
emulation elsewhere, and similar programs may be relevant to the related problem
of religious “mercy” releases of alien herpetofauna in Buddhist countries. In any
event, greater responsibility by private citizens is crucial to preventing additional
introductions and invasions of alien reptiles and amphibians and will likely need to
operate in concert with greater regulatory oversight or adoption of means to
increase the economic valuation of pets.

Implications for Research

Innumerable gaps remain in our knowledge of herpetological naturalizations and
invasions, the factors that determine their dynamics, the magnitude and frequency
of their deleterious impacts, and how they might best be prevented and mitigated.
Scientific information on invasive reptiles and amphibians lags far behind that
available for better-studied taxa like mammals, plants, and marine invertebrates.
Many of these knowledge gaps are of critical management importance — not to
mention of intrinsic scientific interest — and I have already indicated how they can
sometimes serve to justify management inaction.

Before considering how research might best be focused to address these topics,
it is worthwhile to consider for a moment the reasons for this mediocre state of
knowledge. In large part, these reasons are historical and lie in the intersection of
scientific culture with economic motivation. Invasion biology as a subdiscipline of
conservation biology is to a significant extent an applied science. And applied biology
has historically been discouraged or disparaged in the academic environment, being
assigned a low value because it is often not theoretically challenging and does not
expand the conceptual boundaries of fundamental scientific understanding. That
perception reflects the value system within academia, and that is fair enough. To put
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it bluntly, applied herpetologists don’t get tenure. As a consequence, research in
applied biology has instead developed when outside economic interests have pro-
vided an independent incentive for conducting such research. In large part, the rea-
son why invasive mammals, birds, insects, and plants are much better studied than
are invasive reptiles and amphibians is because each of those taxa has imposed
major economic costs to agriculture or forestry, and entire research industries have
formed around the need to mitigate those costs. No such economic incentive has
allowed for the development of a mature field of applied herpetology. (An excep-
tion is that a few species have occasionally been farmed or harvested for food or
skins, and some energy has gone into investigating best farming practices.) As a
consequence, herpetology has remained more strictly esoteric than some other dis-
ciplines, and the study of herpetological invasions has necessarily relied on the
interest of a sparse pool of ecological researchers. Because academic herpetology
has historically foresworn concern with invasive herpetofauna, interested amateurs
have by default provided much of the basic observational data in the field. However,
these individuals have not been well-positioned to provide rigorous scientific analy-
sis of their observations, so reporting standards and meaningful analysis of patterns
and process have largely been lacking, leaving the field with a rather mediocre
analytical record.

This situation was long worsened by an attitude among many academic
researchers that frequently excused herpetological introductions as inconsequential
(e.g., L.D. Wilson and Porras, 1983), justifiable because interesting (e.g., Smith and
Kohler, 1978), acceptable once sufficiently ancient (e.g., Bohme, 2000), or worthy
of wanton promotion under the guise of research having no focused purpose (e.g.,
Thurow, 1994, 1997, 1999). One consequence of these laissez faire attitudes has
been to justify in the minds of many herpetological enthusiasts the acceptability of
deliberate introductions (e.g., McKeown, 1996), a practice that continues today.
Hence, historical academic attitudes melding scientific disinterest with unconcern
for consequences have had wider ramifications, infecting less-fastidious minds with
the idea that promoting introductions is acceptable. This combination has abetted
the quiet explosion of herpetofaunal naturalizations depicted in Chapter 2.

Those earlier attitudes seem to be shifting. With increased acceptance of conser-
vation biology as a valid academic discipline over the past two decades unconcern
among many academic herpetologists toward herpetofaunal invasions has thawed.
That perceptual shift has been reinforced by recognition of the ecological harm
done by brown treesnakes, cane toads, and bullfrogs. Interest has grown too as the
theoretical relevance of species invasions to clarifying ecological processes has
become more apparent. We are consequently, I think, poised for major advances in
the understanding of herpetological invasions. And, the number of studies directed
at naturalized populations of reptiles and amphibians has increased greatly in the
past decade or so. But virtually all of these studies have been descriptive, and
research focused specifically on hypothesis testing and problem solving has
remained sparse. Consequently, it seems fitting to inquire how an increased research
interest in herpetological invasions might most profitably be directed so as to
achieve significant advances in understanding that are relevant for both science and
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management. I find it useful to organize the most relevant research issues along the
lines adopted by Rejmanek et al. (2005) for plant invasions. Rejmanek and com-
pany asserted that five research questions comprise the core of invasion biology and
that these questions need to be answered if we are to progress in understanding and
controlling invasions. The questions are:

Which taxa invade?

How fast?

What makes ecosystems invasible?

What is the impact?

How can we control or eradicate harmful invaders?

Nk e =

Let us address for each what research could most profitably be undertaken in the
near term to advance understanding and management of herpetofaunal invasions.

Which Taxa Invade?

As noted earlier, knowledge of which factors lead to establishment or invasion suc-
cess is virtually undeveloped for alien reptiles and amphibians except for the study
by Bomford et al. (2005, in press). But a variety of ecological attributes — especially
biotic attributes — remains unexamined. Meshaka (2004) noted that most of Florida’s
established herpetofauna shared a small suite of attributes linked to early and pro-
longed breeding, broad diet, and tolerance of human disturbance. More broadly,
Rodda and Tyrrell (in press) compared ecological features hypothesized to charac-
terize reptiles and amphibians among the three assemblages of urban, pet-trade, and
invasive herpetofauna. They found that features hypothesized to favor invasiveness
overlapped considerably with those features thought to favor persistence in urban
settings and, to a lesser extent, with those that favor selection for the pet trade. This
work presents a useful summary of hypotheses that might explain herpetological
invasiveness, but statistical tests demonstrating a preponderance of these attributes
among naturalized aliens compared to other herpetofauna remain to be done. Such
studies are currently hindered by lack of broad summaries of the required ecological
information, as well as by the lack of a reasonable means of ranking herpetological
invasiveness. Even though a few herpetofaunal species can clearly be pointed to as
demonstrably invasive, and others are just as demonstrably not invasive, develop-
ment of a reliable metric of herpetological invasiveness has yet to be attempted.
Indeed, opinions differ as to whether invasiveness should be defined based on eco-
logical impacts or on magnitude and rapidity of range expansion (e.g., Richardson
et al., 2000a; Daehler, 2001), although the two likely have a high degree of overlap.
Regardless of what definition might be chosen, we currently lack objective criteria
for classifying degree of invasiveness among alien herpetofauna. This clearly
imposes an unmet precondition for identifying which species invade. Beyond that
remains the large body of work to be undertaken in determining whether herpeto-
logical invasiveness can be predicted on the basis of species attributes.
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How Fast?

There is virtually no information on how quickly herpetological invasions progress.
A few quantitative estimates of range expansion have been provided in the literature
(e.g., van Beurden and Grigg, 1980; Easteal, 1988; B.L. Phillips et al., 2007 for Bufo
marinus; Lobos and Jaksic, 2005; Fouquet and Measey, 2006 for Xenopus laevis;
Locey and Stone, 2006 for Hemidactylus turcicus; Rodda and Savidge, 2007 for
Boiga irregularis), and one can occasionally find comparative snapshots of invaded
range size at different stages of an invasion (e.g., Percsy and Percsy, 2002b for Rana
spp.). But these are insufficient to make general conclusions about range-expansion
rates. It is important to recognize that rate of spread can be due both to the invader’s
inherent ability to negotiate terrain under its own power as well as to secondary, sal-
tational transport of the species by humans. The latter is likely to be operative in
many herpetological invasions, including those involving species having an amenity
value. This has been a frequent theme among pet-trade introductions in Florida and
Hawaii (e.g., L.D. Wilson and Porras, 1983; Meshaka et al., 2004a), for example,
and was a major cause of the rapid spread of Eleutherodactylus coqui around Hawaii
Island (Kraus and Campbell, 2002). Saltational secondary transport by humans can
also be important for accidental hitch-hikers, such as Anolis sagrei (T. Campbell,
1996a) and a variety of geckos. Because saltational transport by humans will
increase the numbers of populations (and therefore the numbers of spreading nodes)
of an alien, it can be a major contributor to rate of spread. And, indeed, species arriving
into Florida as cargo stowaways were found to be spreading at a faster rate than
those introduced intentionally (Butterfield et al., 1997), which may reflect that these
species are preadapted to such saltational dispersal. However, intentional introduc-
tions to Florida tend to be more recent than the pool of accidental introductions, so
comparisons may well be confounded by time since introduction. In any event,
range-expansion rates have rarely been measured for alien herpetofauna, and are not
easily measured for some, but there are suggestions that interesting differences in
spread rates may correlate to invasion pathway. To what extent range-expansion
rates might correlate with impacts remains unresearched.

A related issue of some importance is ascertaining to what extent current per-
ceptions that most alien herpetofauna are benign are due to unrecognized lag
phenomena. As noted in Chapter 3, herpetofaunal invasions for which the best evi-
dence of impact has yet been adduced average 62 years old. Some alien populations
that were dismissed as harmless two or three decades ago (e.g., Iguana iguana in
Florida) are now viewed as invasive, and Eleutherodactylus coqui appeared to
persist largely unnoticed in Hawaii for approximately one decade before exploding
out of control over a period of only three years (Kraus and Campbell, 2002). These
observations suggest that alien herpetofauna may frequently be subject to long lag
periods before population growth becomes sufficiently high that they generate
concern among scientists or managers. It remains thoroughly unknown what
percentage of alien herpetofauna will exhibit lag phenomena, what the modal time
period of these lags might be, and what accounts for them (e.g., human misperception
vs. real biological limitations).
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What Makes Ecosystems Invasible?

Clearly related to lag phenomena is an understanding of the degree to which alien
herpetofauna will remain restricted to urban or other highly modified landscapes or
eventually prove capable of invading more-or-less native habitats. Alien herpetofauna
in Florida have been argued to be strongly associated with disturbed, primarily urban,
areas (L.D. Wilson and Porras, 1983). However, virtually all colonizations in
Florida (as in most other locales) originated in urban/suburban areas, so insufficient
time may have elapsed to assess to what extent the introduced herpetofauna are
capable of colonizing native habitats. This is likely true for most jurisdictions inas-
much as the majority of herpetofaunal invasions are quite recent (Fig. 2.1). More
species are now known to be invasive in natural habitats in Florida and elsewhere
than when Wilson and Porras wrote, suggesting that we can not expect many urban
releases to stay put in the long term. And there are few ecological reasons to expect
such a pattern to widely hold, despite the fact that many alien reptiles and amphibians
clearly are capable of exploiting disturbed habitats created by humans. If lag
phenomena are common among these species, then we should see a large increase
in number of natural-area invasions over the coming years. There is currently no
compelling treatment of this very basic question.

As noted in Chapter 2, small islands appear to be more readily invasible than
larger landmasses. It has also been suggested that the high rate of herpetofaunal
invasion of South Florida is partly because that region is ecologically insular, being
surrounded on three sides by water and on the fourth by the frost line (e.g.,
Butterfield et al., 1997). But the reasons why islands and island-like mainland areas
might be more amenable to herpetofaunal invasion are not yet known. It has been
proposed that Guam was especially vulnerable to the brown treesnake because it
has a moderate climate suitable for many foreign species, had high densities of
many prey species, lacked competing predators, was sufficiently small as to be
quickly overrun, and was distant from any other islands that could have provided
refuges or recolonization sources for native wildlife (Fritts and Rodda, 1998; Rodda
et al., 1999b). Clearly, such attributes apply to many oceanic islands and may serve
to explain why such landmasses would be especially vulnerable to herpetofaunal
invasions, but systematic tests of these hypotheses have not been conducted for
alien herpetofauna. In short, a host of biotic peculiarities characterize island biotas,
and it is not clear which of them (or all in concert) allow for easy establishment or
invasibility.

Attempts have not yet been made to determine whether size of naturalized her-
petofauna correlates negatively or positively with size of native herpetofauna,
although that question has been addressed for some other taxa (e.g., Lonsdale,
1999; Sax, 2002). Nor is it clear to what extent ecosystem invasion by herpeto-
fauna is due to the exploitation of untapped resources vs. superior competition for
already utilized resources. The result of these knowledge gaps is that it remains
unknown whether or why particular geographic regions or ecosystems might be
more liable to invasion than others, although several hypotheses are available for
testing (see Chapter 1).
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What Is the Impact?

This is one area for which some research progress has been made with alien reptiles
and amphibians, as detailed in Chapter 3. Nonetheless, as frequently noted throughout
this book, research has been decidedly biased toward a handful of species, and investi-
gation into a taxonomically broader sample of naturalized species would be highly
desirable. Although a diversity of impacts is already documented for alien herpeto-
fauna, many categories of impact can point to only one or two exemplars. Partly, this
reflects the difficulty of collecting ecological impact data for many of these species.
This is especially true for demonstrating predation impacts, which are often extremely
time sensitive and difficult to detect or demonstrate once native prey are decimated.
Yet, it seems likely that the high densities achieved by many alien reptiles and amphibians
will make direct effects on prey species and secondary effects on ecosystems more
widespread than currently appreciated. Similarly, investigations into health impacts
and economic impacts of invasive herpetofauna have just begun, and additional dam-
ages are likely to be identified. In short, despite the fact that research on impacts has
grown considerably since the 1980s, studies are not yet sufficiently dense to allow us
to assess how frequently naturalized herpetofauna are likely to prove damaging. There
is likely to be continued political resistance to responding effectively to herpetological
invasions until such a rough estimate can be provided, even though the growing
number of herpetological “train wrecks” is garnering some increased political atten-
tion. Because waiting for continued train wrecks is a poor management paradigm, bet-
ter scientific understanding of the likely pool and frequency of impacts attendant upon
herpetofaunal invasions is critical for better allocation of management efforts.

Additionally, we need to identify the native ranges of a variety of species widely
dispersed by humans. This is critical for clarifying the validity and conservation
status of some species, the geographic origins of other species, and the native com-
position of some insular herpetofaunas (c.f., Chapter 3). Such research has already
proven important for conservation purposes in some instances (e.g., Iverson et al.,
2001), and further instances await elucidation (c.f., Chapter 3, Appendix B). The
considered application of sensitive molecular techniques is likely to be most useful
for this purpose, but has rarely been applied to these questions in a comprehensive
fashion. Until such research becomes more widely undertaken, many instances of
presumptive human introduction (Appendix B) will remain speculative. That these
speculations are sometimes in error (e.g., Iverson et al., 2001) and can have practi-
cal conservation consequences (e.g., Austin et al., 2003; Palkovacs et al., 2003)
highlights the importance of this research need beyond its obvious application to
basic evolutionary and biogeographical understanding.

How Can We Control or Eradicate Harmful Invaders?

As I've noted repeatedly, control involves prevention, eradication, and population
reduction/control, each operating at a different stage of the invasion process. The first
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has different knowledge requirements from the last two. For effective prevention,
the pathway analyses begun here need to be extended and refined for particular
nations or sub-national jurisdictions (e.g., Galapagos) having quarantine programs.
Pathway details that might reasonably be added, but which I have ignored, include
type and volume of pet trade, quarantine-agency records, trade-good types and
volumes, and major trade partners. These more detailed analyses will improve risk
estimates for quarantine purposes within particular jurisdictions. Again, these
could be supplemented by any predictive correlations that might be identified
between economic variables and pathway importance. A few rough estimates of
herpetological traffic within cargo exist for limited places and times (e.g.,
O’Dwyer et al., 2000; Gill et al., 2001), but focused risk assessment for these taxa
seems absent.

Research is also needed to identify interdiction methods that can be applied
safely and effectively to treat large volumes of cargo. As one example of what is
needed, in response to the coqui invasion in Hawaii and the fact that most of its
rapid spread around the state was due to transport in potted plants, State officials
modified a hot-water drench system (previously used for cleaning cut-flower
exports of insect pests) to remove coqui from infested nursery plants. This method
kills a variety of other invasive pests (e.g., slugs, earthworms) as well. Broad adop-
tion of that or a closely related technology could prove useful as a general treatment
to transform the nursery trade from an extremely dirty pathway to a much safer one.
That method, however, is currently applied in few jurisdictions and only for coqui
treatment. Similar treatment methods need to be identified and developed for a
variety of other high-risk cargo, including cargo containers and vessels.

It is also important to recognize that the modern phenomenon of alien introduc-
tions and invasions is not an ineluctable force of nature. It is a choice made by
humans — a choice of what to value and what to discount, a choice of when to act
or not to act. As such, biological invasions are in many important ways not prima-
rily biological phenomena at all, but social phenomena. Consequently, social
research into the drivers of biological invasions is highly relevant but almost wholly
lacking, and even acknowledgement of their importance in the biological literature
(which comprises the overwhelming majority of literature) on the topic is virtually
absent. Of particular importance would be (1) psychological research into the moti-
vations for and constraints upon responsible pet ownership, genesis of aesthetic
appreciation for ecosystems, and the myriad other factors that figure into how
humans make valuations regarding promulgation of or defense from alien species;
(2) social research into how best to apply incentives for responsible individual
behavior toward alien species; (3) political science research into improving respon-
siveness and successful behavior of institutions charged with responding to this
problem; and (4) economic research to identify the costs of alien herpetofaunal
invasions and any structural incentives that might improve internalization of these
costs. Research on the last-named is just beginning for alien reptiles and amphibi-
ans; model legislative tools have been developed for effectively responding to the
invasive-species threat more generally (C. Shine et al., 2000), but I know of no
work addressing the first two fields.
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Of very high management importance is devising effective means of locating
and removing alien reptiles and amphibians once introduced. Doubtless a large array
of different methods will need to be investigated and developed, in accordance with
the wide diversity of lifestyles adopted by the target species themselves. The need
for such a diversity of approaches has been made clear in the case of the brown
treesnake, for which we earlier saw that trapping, barrier, luring, repellent, toxicant,
and toxicant-delivery methods have all proven useful and undergone extensive
research. Technique diversity will no doubt expand as additional species become
targets of concern. But response to herpetological incursions so far has largely
relied on existing methods already used by herpetologists to sample their species,
and many control attempts have foundered because of initial lack of reliable and
efficient tools. A more concerted effort is needed to test and improve current sam-
pling tools and supplement them with novel ones. The sooner that a wide suite of
reliable control tools is available for off-the-shelf application, the fewer instances
of failed eradication we will have.

It may be that the notion that we need improved means of exterminating certain
reptiles and amphibians will be viewed by many people, including herpetologists,
as heretical and repugnant. Vociferous opposition to alien mammal eradications by
animal-rights activists is frequent (e.g., Simberloff, 2001; Bertolino and Genovesi,
2003; Howald et al., 2005), but I have occasionally witnessed similar resistance to
amphibian eradication and control operations as well. I am by no means certain
how widespread such sentiments may be among the herpetological research com-
munity, but discomfort with killing our favorite organisms may be one reason why
some of the most innovative proposals in herpetological management (toxicants
and toxicant-delivery systems for brown treesnakes, genetic sterilization for cane
toads) have come from non-herpetologists. Although emotional clouding of judge-
ment is to be expected from a certain portion of the general public, one could hope
that the herpetological research community would suspend emotional attachment to
their study organisms, recognize that several of these are damaging interlopers, and
accept that its skills and knowledge are valuable for remedying that ecological
hazard. At the very least, one could hope that professional herpetologists would
at least abstain from censure or uninformed dismissal of such activities, as has
sometimes occurred (e.g., Holden, 2003).

Important too will be further research on the demographic parameters of inva-
sive herpetofauna. Such research, in addition to its intrinsic scientific interest, has
the potential to identify stages in a species’ life cycle at which it may be especially
susceptible to control. Govindarajulu et al. (2005) provide an excellent illustration
of how such research may be of practical application.

On a broader note, I suggest that professional herpetologists bear another
responsibility that has heretofore been ignored. As I’ve mentioned before, much
literature on invasive herpetofauna is less informative than it could be. Information
of broad scientific utility is absent from many (most?) reports. All new reports of
introductions or naturalizations should at least address the questions of when the
introduction occurred, how many separate introductions were involved, what the
relevant pathways were, what personal motives inspired the introduction (if any can
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be identified), and what the current status of the population appears to be. In those
rare instances when origin or numbers of individual animals involved in the intro-
duction are known, those data should be included as well. For summaries covering
numerous escaped or released aliens, specifying the times of their discoveries
should be required instead of just giving a broad date range. Of course, not all of
these data will be available for all introductions, and publication should not be pro-
hibited in those instances — the last thing we need is another reason to reject applied
papers. But reporting standards and use of terminology have been remarkably var-
ied throughout the literature surveyed for this study, and attempts to show that each
of these scientifically relevant details were at least considered (if not all liable to
resolution) would work considerably to improve the quality of information availa-
ble to researchers in assessing future trends. A perusal of the database and bibliog-
raphy will make clear the degree to which Herpetological Review has filled the
niche in reporting new alien reptile and amphibian populations. Applied Herpetology
also has a new section devoted to the topic. Adoption of these minimal standards
by those journals would set a precedent that could go some considerable way
toward improving reporting standards throughout the field.

As I have said above, interest in herpetological introductions and invasions has
grown among both researchers and managers in recent years, but this interest has
not yet gelled into focused hypothesis testing, problem solving, or effective man-
agement. A largely new generation of herpetologists is investigating a greater range
of questions and invasive taxa than was the case a mere few years ago. And there
is an increasing number of managers and policy makers who wish to address her-
petological invasions but have been hindered by lack of reliable information and
methodologies. But, with only one or two exceptions (notably, the United States’
brown treesnake program and, perhaps, Australia’s cane toad program), the research
and management communities have not greatly intersected or interacted, so fruitful
programs of adaptive management and applied invasive herpetology have not yet
matured. I have tried to show how available information is sufficient to justify a
greater degree of policy attention to these ecological interlopers than has histori-
cally been tendered, and to show as well some of the structural requirements for
effective policies and programs to be developed and implemented. I have also
pointed toward research areas that are in greatest need of attention from a practical,
conservation point of view. Most of these questions also have their own intrinsic
scientific interest, which will be obvious enough to scientists, given their training.
But I have sought to show how such research might best fit into a practical con-
servation paradigm and, thereby, have joint impact in both fields. Management
uninformed by scientific knowledge will likely prove misguided or counter-
productive; research uninformed by management needs will likely remain arcane
or sterile. If the conservation impact of herpetological invasions is to be decreased,
these two communities need to address singly their respective structural, pro-
grammatic, and research gaps and need to work together to better focus their
energies on adaptive problem solving. Otherwise, it is difficult to see what will
prevent the exponential increase of herpetofaunal naturalizations from thoroughly
transforming the communities and ecosystems that we jointly cherish.



Appendix A: Database of Introductions

Database Structure and Content

The database currently includes 2,142 records for 676 taxa. All these records
consist of species except for 67 instances that were originally identified only to
genus or family. In all cases, a single record consists of an introduction of a particu-
lar species to a particular location. Data collected, as available, include (1) species,
(2) locality to which introduced, (3) success of the introduction, (4) dates of intro-
ductions (including dates for multiple introductions, when known), (5) reason(s) for
introduction, (6) minimum number of independent introductions of the same
species to the same locality, (7) literature supporting the data in these prior
cells, (8) literature providing additional data on the ecology or evolution of the
species in the recipient jurisdiction, and (9) taxonomic synonyms. Not all these
data are available for all species, but some are available for most. Each field
requires some explanation.

1. Species. Effort has largely been made to render the species names consistent
with the latest accepted taxonomic usage. However, herpetological nomencla-
ture has been in a period of considerable flux in the past decade and I have not
incorporated all proposed recent changes. One such exception is that I have not
adopted the generic name changes proposed for Bufo, Eleutherodactylus, and
Rana by Frost et al. (2006). This is partly because the proposed taxonomic
changes haven’t stabilized, but also because the changes would make the data-
base presentation totally dissonant with the primary literature for a variety of
important introduced amphibian species, making it harder for non-systematists to
gain access thereto. Since most users of this database will be non-systematists,
I give them priority of consideration. Nonetheless, interested researchers should
be aware of these proposed nomenclatural changes and may adopt them for
future work, as interested. Changing nomenclature and mistaken identifications
sometimes result in conflict between the current name and that used in some of
the earlier cited literature. To make it easier for researchers to access that litera-
ture, each entry includes under the heading “syn:” synonyms or mistaken names
under which the species has been referred in the literature for that jurisdiction,
if different from current usage. I cannot guarantee I've identified every alternate
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name for every entry, but all relevant alternates should be identified within the
pool of locality records for each species. This should facilitate recognition of the
older literature passages that differ from current nomenclature.

2. Locality. Locality of introduction is typically a defined political jurisdiction,
usually a country, but for the United States and Canada I subdivided jurisdiction
by state or province. As well, because political jurisdictions are arbitrary, I also
tracked data separately for biologically important islands or island groups that
are parts of larger, distinct countries. Importance, in this case, was determined
by the biogeographical significance of the island or island group irrespective of
its current political affiliation. So, for example, records for the Galapagos are
treated separately than those for the remainder of Ecuador, those for the Ryukyus
separately than for the remainder of Japan, Sardinia and Sicily separate from
Italy, etc. Doing this allows for better assessment of the degree to which intro-
ductions to islands are more successful than those to continental areas.

I excluded the following from the database: (1) conservation re-introductions to
a species’ native range; (2) releases of animals from one part of their native range
to another, unless a distinctly different genetic lineage (operationally, typically
involving a different subspecies) or source population was unambiguously
involved; and (3) experimental introductions to tiny unoccupied islands in the
midst of a species’ native range. The first is irrelevant to assessing the degree to
which reptile and amphibian introductions serve as a conservation threat, as
opposed to a remedy. The second is usually unknowable and rarely reported in the
literature (see Eckstein and Meinig, 1989; Miinch, 1992 for exceptions). The third
is likely a reflection of colonization or extinction stochasticity, is biogeographi-
cally meaningless, and adds nothing to my analyses. So, for example, I do not
include in the database experimental introductions of Anolis sagrei to several
uninhabited islets in the midst of its native range in the Bahamas (Schoener and
Spiller, 1996, 1999; Losos and Spiller, 1999, 2005), Podarcis pityusensis to Dau
Gran in the Balearic Islands (Bohme and Eisentraut, 1981), or Podarcis sicula to
coastal islands in Croatia (Radovanovi¢, 1959, 1965; Nevo et al., 1972). In each
case, the species in question is native to the immediately adjacent mainland or
surrounding islands and biogeographic patterns remain unobscured. I do include
all other introductions to islands, even if near a species’ native range, because the
introduction is potentially of some biogeographical significance. For example,
I include the introductions of Podarcis sicula to the Aeolian Islands of southern
Italy and Sauromalus species in the Sea of Cortez because in each case biogeo-
graphic patterns are potentially obscured by the introduction and/or endemic congeners
are potentially affected by the introductions.

These distinctions can admittedly be somewhat arbitrary, and two problematic
issues remain, although relatively few taxa are involved. First, I do include in the
table introductions of species to areas outside of their historic ranges even if those
areas were inhabited prehistorically but modern presence in the area is compellingly
ascribed to human introduction. The primary example of this is Emys orbicularis,
which inhabited virtually all of Europe during xerothermic eras but has been absent
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from most of central Europe during historic times. Also, it has recently been pro-
posed that Rana lessonae had at least one native historic population in Great Britain
(Gleed-Owen, 2000; Beebee et al., 2005; Snell et al., 2005; but see Langton and
Burton, 2006, for a contrary opinion) even though current populations derive from
introductions. Normally, such an instance would be excluded from Table A.1; how-
ever, the introduction is so well-known and documented (and the involved lineages
are genetically distinct) that I have elected to include it in the table for the sake of
completeness. Second, there is a number of species of questionable introduction
status in certain areas, as discussed in Chapter 3. For example, it is widely assumed
that most of the geckos and skinks to be found in the eastern reaches of the Pacific
(and parts of the Indian Ocean) were introduced by humans (e.g., Beckon, 1992;
Moritz et al., 1993; Austin, 1999). Similar claims are made for populations of
Iguana iguana and Geochelone carbonaria in the Caribbean (e.g., Censky, 1988;
Corke, 1992) and are becoming rather commonplace for a variety of species on
Mediterranean islands (e.g., Bohme and Wiedl, 1994; Corti et al., 1999). As dis-
cussed earlier, many of these claims are reasonable on biogeographic, morphologi-
cal, or genetic grounds but are problematic because direct evidence in support of
these claims hasn’t been provided in most instances and details delineating native
from introduced ranges are lacking for all examples. I am happy to assume that
many of these hypotheses will eventually be demonstrated to be correct; nonethe-
less, I have largely left such instances out of this database for two reasons: (1) the
quality of evidence in support of such claims is generally not yet very advanced,
and it becomes difficult to justify inclusion of these claims with the same level of
confidence that characterizes the other entries in this database, which are based on
discovering species unobserved during older surveys, or known with certainty to be
foreign, or whose introduction has been directly admitted/observed; and (2) delet-
ing claims of prehistoric introductions, even if they later prove true, has no practical
effect on the analytical goals of assessing the modern phenomenon of herpetologi-
cal homogenization. Exclusion of these relatively few examples is not intended as
a curt dismissal of the truth of these claims so much as a desire to await clearer evi-
dence before including them. For some island groups, where evidence of recent
introduction is clearer and explicitly presented, I have included these species as
introductions even though they may not be listed as such for nearby areas for which
compelling arguments have not yet been made.

3. Success. This cell records whether or not the introduction was reported to be
established at the time of the most recent literature citation for the population in
question. Categories are “yes” if established, “no” if not established, or “?” if the
status of the introduction could not clearly be inferred from the literature.
Populations that were successfully established for years but later became extinct
(e.g., Podarcis sicula in Pennsylvania) are included in the database as failures.
Including data for both established and unsuccessful introductions was done to
assess relative success of introduction pathways and to better assess pathway
importance.
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4. Number. The minimum number of independent introductions of a species to a
jurisdiction is given, when known or able to be estimated from the literature. By
“independent” I mean separate colonizations from outside the locality in ques-
tion, including division of a single lot of animals for release into separate areas
at the same time. This is meant to exclude the phenomenon of spread of the alien
species once successfully established in the new region (whether done by “natu-
ral” dispersal of the species or by further saltational movement of animals by
humans), although it is possible that I have inadvertently counted as independent
introductions a few instances of what are, in reality, translocations of existing
stock. It is sometimes difficult to distinguish between the two from the literature
available.

Instead of explicitly providing numbers of separate introductions, authors fre-
quently summarize observations of alien herpetofauna verbally as “commonly”,
“frequently”, or “occasionally” seen, for example. I have operationally rendered

LLIT3

“some”, “occasional”, and “a few” as a minimum of “2”; “several” as “3”, and
“many”’, “numerous”, “frequent”, or “common’ as “4” in the following table. The
value in this column frequently defaults to “1” because most authors don’t specify,
even in this approximating verbal fashion, the number of introductions they are
discussing, especially when considering incidences of escaped or released pets.
Sometimes I have been able to estimate a minimum number of introductions by
counting numbers of independent introduction locations on maps provided in origi-
nal articles. In such instances, each location counted as only a single introduction,
even though many more may have occurred at some localities. This option could be
used, for example, in obtaining numbers of Trachemys scripta introductions to
some European countries because of active herpetological atlas projects in that
region. Again, note that I have adopted a conservative stance in estimating numbers
of introductions, so the number given in this column is a bare minimum estimate of
introduction intensity based on literature information. It is not intended to be, nor
can it be interpreted as, a precise measure of number of introductions because those
are impossible to know in most instances. For example, it is impossible to know the
real number of times a species such as Trachemys scripta has been released (no
doubt in the tens or hundreds of thousands) because not all releases are known or
reported in the literature. Nonetheless, including a minimum estimate of number of
independent introductions does provide some measure of relative propagule pres-
sure across taxa and pathways.

5. Pathway. The reason for introduction is included in the database only if
explicitly mentioned in one or more of the supporting literature citations or if it
could be reasonably inferred from data presented or something said in those
citations. For all other instances, even if the general pathway of introduction for
a species is well-known, that information cell was left blank. For example,
Ramphotyphlops braminus has been introduced around the world in nursery
materials, and many authors have pointed to this introduction pathway — and to
no other — in explaining its recent arrival to their particular geographic area.
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But claims for introduction pathway were not explicitly made by some authors
for several areas in the introduced range of this species; thus, I did not ascribe a
pathway for those areas. Occasionally, species have been repeatedly introduced
to a particular jurisdiction for multiple reasons, and in these instances each docu-
mented or claimed reason is provided, as well as the minimum number of times
that pathway was utilized, if known or liable to estimation. If a single introduc-
tion was done for multiple reasons, both are listed within braces. In those few
instances in which introduction pathway is uncertain but is narrowed down to a
couple options, both options are listed within brackets. Parenthetical numbers
following a pathway designation indicate the minimum number of introductions
that are claimed or implied for that pathway. If no number is provided, the path-
way was either generally mentioned in reference to some introduction but not
clearly associated with any particular introduction event (if multiple events
occurred), or is unambiguously assigned when only a single introduction
occurred. Pathway designations should be self-explanatory with one exception.
As explained in Chapter 2, I have used the pathway designation “intentional” to
denote those introductions known to have been deliberately made by individuals
but without fitting into one of the other deliberate categories of introduction
(e.g., for biocontrol or food use). These “intentional” introductions have often
been noted or implied as being done out of personal aesthetic interest, but fre-
quently motives are unspecified although likely to derive from some form of
aesthetic satisfaction.

6. Date. Date of introduction is provided when known or liable to close estimation,
whether done explicitly by an original author or done by me based on data an
author provided. Dates of single specimens of obvious pet animals that never
formed established populations were typically approximated as the date of dis-
covery or the previous year, based on the assumption that most such animals do
not survive for extended periods in most jurisdictions. Multiple dates for multi-
ple introductions are recorded when known. Only introductions from outside the
boundaries of the jurisdiction in question are included; dates of subsequent dis-
persal of animals to new localities within the jurisdiction are not tracked.
Approximate date of entry into a jurisdiction by normal dispersal of animals
from a naturalized population in an adjacent jurisdiction are shown in brackets;
those dates were excluded frm the pathway analyses.

In the pathway analyses of Chapter 2, dates were grouped by decade, beginning
from 1850, so analytic methods are robust to some imprecision in date estimation.
In many cases, dates of introduction cannot be estimated or are insufficiently pre-
cise to be unambiguously assigned to decade. Such records were excluded from
calculations of pathway development through time. I made exceptions for two
studies (Kraus and Cravalho, 2001; Eterovic and Duarte, 2002) that each presented
many introduction records for a date range that spanned several years of the 1990s
but only the first few months of 2000. In those two cases, I counted all introductions
as falling into the 1990s so as to increase the data available for analyses. Although
this is not exactly correct (one might expect 5 of 76 introductions in Sdo Paulo
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and 1 of 18 in Hawaii to be mis-assigned to decade on the basis of chance), the
resulting error is too small to compromise the overall patterns shown, but the gain
in evidence is large. Introductions prior to 1850 were clustered together as “< 1850
and used to set the Y-intercept for the timeline graphs illustrated in Chapter 2.

7. Supporting Literature. Included here are references documenting all preced-
ing data cells for the introduction record as well as references providing infor-
mation on continued range expansion within the invaded jurisdiction. For many
introductions there is some degree of redundancy among these included citations
as more recent references repeat the claims of those preceding them. I have
deliberately retained this redundancy because it will help ensure that interested
researchers can locate at least some of the relevant literature pertaining to any
particular introduction of interest. This is important because the primary litera-
ture for a large number of introductions resides in a wide array of obscure, fre-
quently regional journals that may be difficult for many interested researchers to
obtain. Despite this favorable bias toward some amount of redundancy, I did not
strive for an absolutely complete coverage of all possible herpetological books
that might mention a particular introduction because I reckon any sensible per-
son will think of these sources without my assistance and because it is becoming
impossible to keep up with the flood of regional herp books swamping the mar-
ket, especially from a bibliographically starved location such as I inhabit.
Typically, when I have cited books in the database it is because they provide
some amount of novel information for the relevant introduction.

8. Additional Literature. Included here are references that were not relevant to
populating the main cells of the database but which provide information on eco-
logical attributes, interactions, or impacts, as well as genetics or evolution of the
introduced populations. Many of these citations involve brief and fairly unin-
formative notes that, nonetheless, could be construed as providing a modicum of
relevant habitat or behavioral information. A few references are for laboratory
behavioral studies that are nonetheless directly relevant to understanding the
ecology of the alien populations from which the investigated animals were
taken. Citations in this column were included to assist the interested researcher
in entering the relevant literature. They also serve to highlight the paucity of
studies on these relevant biological topics for the large majority of alien herpeto-
fauna. Perhaps drawing attention to these lacunae may stimulate interest in their
diminishment.

I made every effort to have the citations in columns (7) and (8) as complete as
possible through 2006. I have also included whatever citations from 2007 that I
have incidentally encountered, although I have made no attempt to comprehen-
sively sample the literature after 2006. Excluded from both columns of the litera-
ture cited are theses and dissertations. This is because such sources are frequently
difficult to obtain but primarily because I figure if the authors can’t be bothered to
publish their findings I can’t be bothered to cite them. Also excluded are articles in
newspapers because it would be impossible to capture that information on a global
scale. Nevertheless, interested researchers might bear in mind that such sources
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could provide additional information that might be relevant to assessing introduc-
tion rates and pathways at a local level. For the same reason, I have not included
personal communication of unpublished introduction or naturalization events — they
simply cannot be captured comprehensively at a global scale. Finally, I have made
no sustained attempt to capture the gray literature of government reports. The rela-
tively few exceptions I’ve made to this rule are for studies that have been repeatedly
cited in the literature, are not too difficult to obtain, and provide information not
available in the published literature. I believe most of these exceptions are of
reports coming from Australia or the United States. Again, interested researchers
are likely to find it productive to pursue such reports at their local level.

A note on bibliographic completeness: this published bibliography includes
>4,000 literature citations and a brief perusal of the journal titles will indicate the
wide range of sources involved. Every effort was made to make this bibliography
as complete as possible, given the constraint that I actually see the article (or have
a translation provided by a native speaker) myself. This criterion has required me
to exclude ca. 70 additional references that I have been unable to find in any library
in the United States, Australia, or at the British Museum (Natural History), or to
obtain directly from the printer overseas. Most of these unavailable citations derive
from the European or Japanese literature (some of these are cited in Lever, 2003)
and to note that they are in obscure, difficult-to-obtain regional journals would be
an understatement. The important point is that the interested researcher may not
find every relevant citation for an introduction included in this bibliography, but
they should be able to use the citations so provided to trace back and find the addi-
tional missing citations on their own, should they so desire.

Despite my best efforts to avoid them, I have every confidence that some errors
and inconsistencies will remain in this database. I hope they will be sufficiently rare
that the overall usefulness of the final product is not thereby compromised. I can
only apologize for these in advance and note that I welcome learning of mistakes
or overlooked literature that I can use to update or correct the database.
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Appendix B: Table of Erroneous and Uncertain
Introduction Claims

Table Structure and Content

In addition to the questionable ancient introductions discussed under Appendix A,
Section 2 the literature contains a number of claimed herpetological introductions
that are either uncertain or invalid. Claims are uncertain either because the original
claim was noted to be questionable and hasn’t subsequently been clarified or
because an original claim has subsequently been demonstrated to be false or unreli-
able. Many of the claimed introductions presented here are clearly erroneous, others
are speculative, a few are reasonable but insufficiently resolved to justify inclusion
in the primary database. Erroneous claims already corrected in the literature are
included here so as to save other researchers the effort of independently re-discovering
the corrections or missing them altogether. Other corrections to clearly erroneous
claims appear here for the first time (e.g., a number of Emoia species claimed by
C. Lever [2003] to be introduced). Several of the entries in Table B.1, however,
consist of speculative claims of introduction for which no compelling evidence is
yet presented. In each case I cite countervailing arguments and evidence, if available.
In some instances, the claims are not entirely unreasonable and no countervailing
argument has explicitly appeared in the literature but the evidence at present is not
sufficiently compelling to warrant their inclusion with the better-supported examples
collected in Appendix A. The fields in this table include species, locality for which
the introduction is claimed, citations for this claim, best estimate of the claim’s
validity, reason or rationale for rejecting or questioning the claim, and authority for
refuting or questioning the claim. Obviously, in cases wherein the same citation
appears in the fields presenting and questioning the claim it is because that literature
source raised the reasonable possibility of introduction but lacked sufficient evidence
to clearly demonstrate or refute it.
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