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Preface

The timing of the publication of this book couldn’t be better as we celebrate the
50th anniversary of Charles Elton’s seminal book, The Ecology of Invasions by
Animals and Plants. Since this influential book was published in 1958, the study of
bioinvasions has developed exponentially, alongside the exponential growth in the
magnitude of the invasion problem itself. Today, bioinvasion, a highly complex
ecological process and environmental concern, has become a specific branch in
ecology and environmental studies, with many disciplines developing within it.

In early 2004 one of us (G.R.) received a letter from Springer Publishers asking
to consider writing or editing a book on marine bioinvasions for their Ecological
Studies Series. Springer’s editors have been thinking of such a book for quite a
while — and rightfully so. Over the past several decades, many books have been
written on management, evolutionary or ecological perspectives of bioinvasions,
but those books have focused mostly on terrestrial invasions with only a few marine
examples. Research on marine bioinvasions has been mounting in the last two dec-
ades; a special biannual international symposium on the topic was established in
1999, signifying the fact that it has become a discipline in its own right, but no
comprehensive marine bioinvasions book existed at that time. Today, four years
later, this is still the first of its kind.

The challenge was exciting and, because the book’s purpose was to reflect the
full breadth of this fascinating topic, it warranted the inclusion of knowledge of
many expert contributors. Dr. Jeff Crooks joined in as a co-editor, and we launched
on this long journey together. It was a perfect match: both of us have worked on
invasive mussels and their interactions with the native communities, one (G.R.) in
one of the hottest hotspots of marine bioinvasions on earth, the eastern Mediterranean,
and the other (J.C.) in one of the hotspots on the West Coast of North America,
Southern California.

Together, we envisioned a book that will focus mainly on the ecological aspects
of the invasion process in the marine environment, which in many ways is quite
different to the terrestrial one. With the help of Prof. Jim Carlton, we crafted an
outline for a book that would depict the different stages of the invasion process,
discuss management issues, and present illustrative case studies from different
regions of the world. Identifying prospective contributors was the easy part of the
task: many excellent experts could address these different processes. The big



vi Preface

question was would these very prolific, busy, and active researchers be willing and
able to contribute to this effort? The response was heartening: when we presented
the idea to our prospective contributors, the excitement and willingness to commit
were overwhelming. Within ten days, we had a list of chapter authors that would
cover most of the topics we envisioned. This rapid and positive response reempha-
sized the great thirst for such a book.

One of the challenges in producing this book is that the topic is so “hot” and
rapidly evolving that it is hard to keep up with the new science. This is for two main
reasons. The first is that new invasions are being discovered weekly in many
regions, and the second is that new basic research is continuously being produced
on new, as well as older, invasions. With every iteration of the book’s production,
new material seemed appropriate for inclusion and we were bound to draw the line
somewhere. Yet this is what made this project so exciting. It became clear that it is
impossible to include everything we might have wanted in this one book. Luckily,
there are other excellent books on the general theory of bioinvasions that cover
many of the topics of which we could only scratch the surface. Many are mentioned
in the introductory chapter.

The dedicated contributing authors of this book made great efforts to keep the
content as updated and relevant as possible. This enables our book, we believe, to
serve as an up-to-date learning tool for students and a valuable asset for profession-
als in the field. Editing such an encompassing book wasn’t always an easy assign-
ment, and quite challenging at times; still, we have thoroughly enjoyed this creative
work. We are grateful to Springer Publishers for their support during this process,
and mostly we thank our devoted chapter authors without which this book would
not exist. We also thank our patient families, Iris, Shai and Shir Rilov, and Emma,
Kai, and Aiden Crooks, for allowing us many hours of seclusion working on the
book. We hope that Biological Invasions in Marine Ecosystems: Ecological,
Management, and Geographic Perspectives will serve its purpose and broaden the
knowledge and understanding of this important topic.

June 2008 Gil Rilov, USA
Jeff Crooks, USA
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Section I
Perspectives on Marine Invasions



Chapter 1
Marine Bioinvasions: Conservation Hazards
and Vehicles for Ecological Understanding

Gil Rilov and Jeffrey A. Crooks

1.1 Introduction — The Problem of Biological Invasions

The old ocean is gone. Life in today’s seas is changing in an alarming rate. While
many species are dwindling due to overfishing and habitat destruction (Roberts
2007), others invade new regions using anthropogenic vectors (Carlton 1996).
These changes are rooted in human activities more than a thousand years old, but
have accelerated dramatically in the past few decades due to new technology and
increased connectivity (Carlton 1989; Carlton et al. 1999; Crooks and Suarez
2006). Huge fleets extract fish and shellfish with deadly efficiency, and at the same
time the growth of trade facilitates the dispersal of organisms attached to the hulls
of ships and, more recently, carried within ballast water. Aquaculture, live marine
seafood and bait, and the aquarium trade have also become important vectors for
the invasion of exotic marine species.

Invasions, in and of themselves, are rated high as a cause of native biodiversity
loss and economic damage (Primack 2004; Mooney et al. 2005). But invasions also
interact with other factors compromising the integrity of marine ecosystems, includ-
ing habitat destruction, pollution and climate change. Habitat destruction causes
disturbance which opens up space for newcomers such as invaders. Pollution can
make environmental conditions less tolerable for native species, and perhaps provide
opportunities for opportunists, among them exotic species. Climate change will also
play a large role in the invasion process (Mooney and Hobbs 2000). Modifications
to ocean temperature, biogeochemistry, salinity, sea level, and current circulation
patterns have all been detected within the last few decades, and are expected to con-
tinue (IPCC 2007). The ecological ‘footprint’ of these changes has been observed
both in terrestrial and marine ecosystems worldwide (Walther et al. 2002, 2005).
Documented ecological changes in the oceans include modifications to the phenol-
ogy of pelagic organisms resulting in trophic “mismatches” between predators and
prey (Edwards and Richardson 2004), severe events of coral bleaching that nega-
tively influence the structure of coral reef communities (Hughes et al. 2003), and a
mostly northward shift in fish distributions in the North Sea presumably in response
to warming temperatures (Perry et al. 2005). Evidence has also started to show shifts
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in the distributional limits of benthic organisms in temperate coastal environments
(Sagarin et al. 1999; Helmuth et al. 2006). Apart from range extension of native spe-
cies due to climate change, increasing temperatures at medium and high latitudes
have the potential to facilitate the establishment of species invading from warmer
waters, thus affecting community structure and potentially function.

The invasion of non-native species has increased exponentially in the past 200
years, and does not show signs of slowing down or leveling off. For example,
Dr. James Carlton, one of the world experts on bioinvasions and a contributor to
this book, estimates that at any one time, over 7000 species might be moving
around in ballast tanks in ships on the world’s oceans. This translates into invasion
rates that far exceed background rates of natural invasion (Crooks and Suarez
2006). For example, in San Francisco Bay alone, an average of one new species was
introduced every 14 weeks between 1961 and 1995 (Cohen and Carlton 1995,
1998). In the Mediterranean, a new invader was discovered every week in the past
5 years. In some cases we are witnessing an “invasional meltdown,” in which on or
a group of exotic species facilitate new invaders in various ways, increasing the
likelihood of survival and possibly even the magnitude of invasion impact
(Simberloff and Von Holle 1999).

Although we have been much slower to realize the extent and impacts of inva-
sions in the sea compared to those on land, our experience with problematic aquatic
invasions continues to mount. The alga Caulerpa taxifolia, a popular aquarium spe-
cies, now carpets many square kilometers of sea floor in the Mediterranean, a comb
jelly native to the western Atlantic caused the collapse of fisheries when introduced
into the Caspian Sea, and invasive marsh grasses and mangroves are transforming
wetlands around the world. Non-native species are also agents of disease, such as
the introduced protozoan MSX, which contributed to the collapse of Chesapeake
Bay oyster populations. Also, escaped farmed species can hybridize with natives,
leading to concern about aquaculture practices with species such as salmon. The
truly troubling thing about marine invasions, however, is that although we are sure
that we are doing a better job documenting their impacts, we are also sure that most
invader impacts have gone, and continue to go, unnoticed.

Marine bioinvasions can be enormously costly in terms of economic and eco-
logical damages as well as costs associated with management. Thus, especially
when coupled with others changes in the sea, invasions are of growing concern to
those charged with managing and protecting marine resources. In order to be most
effective at addressing invasions, the conventional wisdom is that it is better to try
to prevent an invasion rather than try to manage it after the fact. In order to help
stem the flow of marine invasions, we are beginning to implement ballast water
management practices such as open ocean exchange, but realize this is only a par-
tial solution that must be employed until technological advances can be made to
help better prevent invasions. When species do invade, drastic management action
is sometimes necessary. For example, in order to stop the incipient invasion of an
exotic mussel in its tracks, an entire marina in Darwin, Australia, was poisoned
with a lethal cocktail of bleach and copper. Despite such efforts, though, the science
and art of marine invasion management is still in its infancy.
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1.2 Invasions as a Tool to Study Nature

As ecologically disastrous as they can be, however, biological invasions offer a
unique opportunity to study fundamental processes in population, community, eco-
system, and evolutionary ecology across many taxonomic groups. It thus attracts
the interests of a wide variety of scientists, and can be used as a vehicle for under-
standing some basic ecological and evolutionary questions (see Sax et al. 2005;
Cadotte et al. 2006). We agree with the others who state that the relatively few stud-
ies that treat invasion in this way are “but the tip of a large iceberg” of scientific
investigation that will grow in the coming decades (Sax et al. 2005).

One of the principal goals of ecology is to understand the abundance and distri-
bution patterns of organisms in their environment. There is general agreement on
some factors related to species distribution patterns (for reviews see, Brown 1984;
Guisan and Thuiller 2005), but other ideas remain controversial (for example, the
‘abundance center’ assumption; Sagarin and Gaines 2002). It has long been recog-
nized that abundances and distribution patters of species is highly dynamic both in
time and space. These changes relate to seasonal, annual and decadal cycles, but
can also be stochastic. They also relate to species interactions and to disturbance.
A natural world that was once thought to be controlled by a stable equilibrium is
now known to be largely governed by dynamic non-equilibrium processes
(Rohde 2006).

Throughout the history of life, species have appeared and gone extinct. Species
shifted their geographical ranges as they crossed barriers, on land or in the sea,
or as the climate changed. As species arrived at new places, they had to cope with
a new physical environment, as well as with the other species that they encoun-
tered. They could compete with them for resources, eat them or be eaten by them,
parasitize them, or be indifferent to them. Many of them evolved in order to adapt
better to the new environment. It is thought that most of these changes of geo-
graphical ranges occurred at a relatively slow pace. However, this is not the case
today. Nowadays, species can catch a ride on a plane or a boat and cross oceans
in hours or days, often in great numbers (hundreds of potentially invasive species
can be found in the ballast water of a single ship arriving at a port; Carlton and
Geller 1993). Invasions are fast and easy. The world is “hyperconnected,” and the
biota on earth is changing and homogenizing at unprecedented rates (Crooks and
Suarez 2006).

Biological invasion touches on many facets of ecological disciplines. It allows
population ecologists to follow the rise (and fall) of populations from their first
arrival or establishment. It lets community ecologists investigate the interactions of
novel species with long-time residents, including the effects of invasions on the
diversity of communities and vice versa — the effects of communities and ecosys-
tems on invaders. These have important implications for topics such as invasion
resistance and ecosystem resilience (see a few recent examples: van Ruijven et al.
2003; Meiners et al. 2004; Herben 2005; Eppstein and Molofsky 2007; Shurin et al.
2007). Invasions are also important for applied disciplines such as conservation
biology, restoration ecology, and pest management.
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Biological invasions also are central to evolutionary considerations (Baker and
Stebbins 1965; Cox 2004). Adaptations to new physical and biological environ-
ments are fundamental to invasions, which can be accomplished via changes to
genotypes and/or phenotypes. By examining invaders, scientists can witness the
arms race between invaders and natives at a very fast pace, as one changes to
accommodate to the existence of the other. Molecular ecologists can follow hybrid-
ization processes among invaders and natives, or watch genetic drift in real time.
There is evidence, for example, that invaders adapt rapidly to their new environ-
ment (see Lee 2002 for a review) and going through a genetic bottleneck, as many
invaders presumably do due to a founder effect, may even eventually lead to specia-
tion. There is already evidence that recent, anthropogenic invasions have prompted
the evolution of new species (Zimmerman 1960; Filchak et al. 2000).

As well as being used to answer evolutionary questions, genetics has become
invaluable in addressing a variety of other issues related to biological invasions.
Molecular techniques can be used to identify hard-to-identify or cryptogenic spe-
cies, including larval forms so common in marine environments, or can allow the
identification of coevolved enemies for use as possible biocontrol agents. Genetics
can also be used to identify geographic sources of invasive populations and invasion
pathways, thus aiding invasion management (Holland 2000). Genetics is also cen-
tral to other invasion-related issues, such as the development of genetically modi-
fied organisms (GMOs) and hybridization between foreign and domestic fish
stocks. For a fuller treatment of genetic and evolutionary issues related to invasions,
we would refer the reader to a steadily growing body of work (e.g., Baker and
Stebbins 1965; Mooney and Cleland 2001; Lee 2002; Cox 2004), including some
related specifically to a marine invasions (e.g., Geller 1996; Holland 2000 Chapman
et al. 2008; Cunningham 2008; McGlashan et al. 2008).

1.3 Invasion Biology — The Discipline and its Application
in the Marine Environment

Despite the interaction of invasion with basic disciplines, invasion biology as a rec-
ognizable entity in its own right is relatively new (see Davis 2006 for a history of
invasion biology). Although naturalists have been noticing and thinking about the
problems caused by the establishment of naturalized and unwanted species in new
environments for centuries, the seminal book of Charles Elton (Elton 1958) drew
serious attention to the phenomenon of biological invasions and their impacts on
ecological communities. Since Elton’s work, a growing wealth of studies on bio-
logical invasions have begun to spring up. These appear in scientific books on the
topic (e.g., Drake et al. 1989; Williamson 1996; Cox 1999, 2004; Mooney and
Hobbs 2000; Mooney et al. 2005; Sax et al. 2005; Lockwood et al. 2007; Nentwig
2007), dedicated journals (Biological Invasions and Aquatic Invasions), and scien-
tific conferences (e.g., Pederson 2000). In addition, there have been an increasing
number of treatments of biological invasions in the popular media, including in



1 Marine Bioinvasions: Conservation Hazards 7

magazines, newspapers, web sites, blogs, television shows, and books (e.g., Lesinski
1996; Matsumoto 1996; Bright 1998; Carlton 2001; Todd 2001; Burdick 2005).
This latter type of communication is particularly important, as it reflects, and in
turn helps shape, public interest in the topic.

Scientific studies on the cause and effects of biological invasions, as well as the
formulation of theoretical frameworks and models, have focused in the past prima-
rily on islands or on mainland terrestrial and freshwater environments. These
efforts offer some guidance for the study of marine invasions, but will not be uni-
versally applicable. One fundamental life history difference between organisms in
marine and terrestrial environments that has major implications for invasions is
that, in the sea, many benthic animals have developed a sessile life style (e.g. bar-
nacles, mussels, tubeworms, bryozoans). Therefore they disperse, like most terres-
trial plants, only via their early life stages, the propagules (or larvae). The
three-dimensional and wet nature of the medium, water, also allows fertilization to
occur externally during spawning events, and therefore this mode of reproduction
is prevalent in many species of marine animals and plants. Because of these and
other such differences, a discrete body of knowledge that deals explicitly with inva-
sions in the marine environment inevitably began to develop. These papers appeared
in a variety of applied and basic journals and, more recently, in journals devoted to
the issue of biological invasions in general. Also, many invasion books have some
treatment of marine invasions, but these tend to be relatively limited (e.g. Mooney
and Hobbs 2000) or geographically restricted in scope (e.g., Europe; Leppikoski
et al. 2002).

What was lacking, therefore, was a comprehensive book that focused on biologi-
cal invasions in the marine environment — one that overviews both the progress of,
and the gaps in, the ecological understanding of the processes determining invasion
success and impacts in this ecosystem. Management issues also need to be
addressed with the ecological perspective in mind. Better ecological understanding
improves predictions of potential future invasions, enhances risk assessment and
advances the development of control measures. Although this is now a tall order
and a full treatment is beyond the scope of any one volume, our book highlights
these issues. In this volume we have assembled top experts in the fields of marine
ecology and conservation biology to present to readers the most recent knowledge
and new challenges in the research and management of marine bioinvasions.

1.4 Structure of the Book

The book is structured largely along the theme of process and pattern. In terms of
considering invasion as a process, a successful invader has to go through several
“filters’ before it becomes successful. It needs to be taken by the vector, survive the
journey, survive the initial inoculation at the point of entry, be able to reproduce and
increase in number in the receiving environment while competing for resources and
avoiding getting eaten to oblivion, have the ability to spread, and to integrate itself
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into the environment through forging of ecological interactions. These can be boiled
down to arrival, establishment, and integration phases (Vermeij 1996). A final phase
of invasion could also be considered in terms of our response to these events. This
process will largely play itself out wherever invasions occur, but with potentially
interesting idiosyncrasies that will provide further insight into invasions.

In the book, we first provide an introduction to the book and field of study (this
chapter), as well as general perspectives on and approaches to considering marine
invasions (Section I: Perspectives on Marine Invasions). The next section broadly
treats how invaders get from where they are native to where they are introduced,
including association with vectors, transport, and release of translocated individuals
(Section II: Invader Arrival). We then address the conditions necessary, both for the
invader and the receiving environment, to make an invasion successful (Section III:
Invader Establishment). Next, we discuss the consequences of successful invasions
into the local natural communities (Section IV: Invader Integration into Ecosystems).
It should be noted that an invasion is really a continuum of inter-related steps, and
that many of the chapters in a section devoted to one phase of invasion address top-
ics applicable to other phases of invasion as well.

After the treatment of the phases of invasion from the invader’s standpoint, we
have a short section on management, risk assessment and restoration related to
marine bioinvasions (Section VI: Management Perspectives). We finish with a
series of important regional perspectives, which provide local information and
experience that touch on many of the issues addressed earlier in the book (Section VI:
Geographic Perspectives), and a Concluding Thoughts (Section VII) which briefly
highlights some considerations as the science of marine invasion biology moves
forward. Each section is introduced by a short chapter, which highlights the mate-
rial in the chapters and connects them to other sections of the book. Where appro-
priate, we also direct the reader to other sources of material.

1.5 Note on Terminology

We would likely be remiss if we did not wade (or at least dip our toes) into the
troubled waters of invasion-related terminology. Invasion biology has accumulated
the flotsam and jetsam of other popular and scientific terms, such as alien, exotic
and invasive (Occhipinti-Ambrogi and Galil 2004; Lockwood et al. 2007), as well
as words new to the world thanks to invasion biologists (e.g., pseudoindigenes; see
Chap. 2, Carlton). Part of the often-discussed semantic tumult surrounding inva-
sions arises because of inconsistent usage and potential for confusion, but it also
reflects the rich social dimensions associated with the movement of species around
the globe (Sagoff 2005; Coates 2006; Larson 2007), including accusations of inher-
ent xenophobia among invasion biologists (Theodoropoulos 2003; Singer and
Grismaijer 2005).

There have been a number of attempts to standardize usage, including sets of
terms that are hierarchical and nested, and classified by scale and impact or mode
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of entry (e.g., Occhipinti-Ambrogi and Galil 2004). Also, as noted above, there has
been the useful realization that an invasion is a process along a continuum, making
it resistant to imposition of strict definitions (Lockwood et al. 2007). Because there
is still no formal agreement within the scientific community, and after much con-
sideration, we have decided that the authors are free to use invasion-related terms
as they will. Therefore, words like invasive, which can mean species having demon-
strable impacts, do not necessarily convey anything more than terms such as exotic,
alien, introduced, non-indigenous, non-native, and so on. This liberal usage of
invasive, in particular, largely reflects the fact that we know relatively little about
impacts in marine habitats. (Perhaps we should adopt the precautionary approach
for labeling these species and assume that they all have some degree of impact and
thus are invasive, sensu stricto, unless we can prove otherwise). We believe, how-
ever, that the meaning behind the words used throughout the book is clear from
context.

1.6 Concluding Thoughts

Producing this book has been a long, but rewarding, process, and the lively tempo
of both invasions (species lists get longer by the month) and invasion science cre-
ates a moving target that is difficult to hit with any account of the field at any one
point in time. However, we believe that many of the fundamental concepts and
questions that are relevant to this field of research are presented in the following
chapters, which were written by many experts in the field. We intended this book
to be a useful textbook for students interested in this topic, and a tool for researches
and practitioners studying and managing marine bioinvasions. We hope we have
succeeded in this mission.
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Chapter 2
Deep Invasion Ecology and the Assembly
of Communities in Historical Time

James T. Carlton

“With dim light and tangled circumstance ...”

— George Elliott, Middlemarch: A Study of Provincial Life
(1871)

2.1 Introduction

A critical component of — and a limitation on — interpreting community structure
is a detailed understanding of the ecological and evolutionary history of the
assemblage of species in question. There are thus compelling reasons to under-
stand, and seek to measure, how communities have changed over both evolution-
ary (geological) and ecological (historical) time. Vast waves of change have
swept across the Earth in the past one to two millennia as waves of humans
invaded across the planet in sequential episodes of exploration, colonization, and
urbanization. As an expected and inexorable result of human activity, alterations
in biodiversity have impacted terrestrial, freshwater, and marine communities.
These alterations include the addition of species (invasions), the deletion of spe-
cies (extinctions), and altered population dynamics (such as decreasing or
increasing the abundance of a species, or altering genetic structure). In even
seemingly “pristine” areas — such as wave-exposed high-energy rocky intertidal
shores — it is no longer tenable to assume that communities and ecosystems have
remained unaltered, in part because of supply-side impacts — impacts that are the
indirect cascades of human activity originating outside of the area in question
(e.g., Butman et al. 1995; Chap. 7, Johnston et al.).

Three (among a number of) reasons drive the interest to understand the first of
these alterations — the role of invasions in historical time:

1. An academic desire to understand whether community-level processes, such as
predation, competition, and disturbance (Chap. 14, Byers; Chap. 16, Crooks;
Chap. 17, Grosholz and Ruiz; Chap. 15, Rilov) derive in part from species interactions
on an evolutionary-time scale, or from interactions on an ecological-historical time

G. Rilov, J.A. Crooks (eds.) Biological Invasions in Marine Ecosystems. 13
Ecological Studies 204,
© Springer-Verlag Berlin Heidelberg 2009
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scale, such as might be due to the presence of recently-arrived species (Mooney
and Cleland, 2001; Grosholz 2002, 2005; Sax et al. 2005; Strauss et al. 2006;
Freeman and Byers 2006; Cadotte et al. 2006).

2. A desire that merges academic interests with management concerns to predict what
phenomena and processes characterize invaders and invasible habitats (Ricciardi and
Rasmussen 1998; Bax et al. 2001; Kolar and Lodge 2001; Chap. 7, Johnston et al.;
Chap. 8, Miller and Ruiz; Chap. 10, Smith; Chap. 11, Torchin and Lafferty; Chap.
12, Olyarnik et al.)

3. Aninterest in establishing the scale of community alteration, in order to undertake
environmental management if not actual restoration (Byers et al. 2002; Lotze et al.
2006; Chap. 21, Hacker and Dethier).

The foundation of all three rationales relies not only on the ability to recognize
which species are introduced (Chapman and Carlton 1991, 1994) — and thus to
make an adequate estimate of the number of non-native species — but also, based on
this recognition, to determining experimentally the role of invasions in regulating
and producing community structure. However, while many studies that attempt to
assess the diversity of invasions acknowledge that the number of invaders is likely
underestimated, there has been little attempt to formalize the sources of this under-
estimation, nor, more importantly, how such partial assessments of the scale of
invasions (spatially and temporally) may influence our understanding of the evolu-
tion, ecology, history, and management of communities, or of our ability to predict
invasions. Clearly, if we have only a partial view of the diversity of non-native spe-
cies, this compromises our ability to predict what types of organisms can invade, to
assess what environments and regions are more or less susceptible to invasions, and
to understand invasion patterns over time and space.

The challenges — not mutually exclusive — in estimating the diversity of invad-
ers in a community are shown in Box 2.1. Some of these, as noted below, are uni-
versal to any attempt to estimate alpha diversity, but are discussed here specifically
as contributors to the underestimation of historical components of community
assembly. Discussed here are 12 potential sources of error that have led to invader
underestimation, together with some of the implications of such underestimations.
The number of introduced species may, of course, also be overestimated, as dis-
cussed below as well.

2.2 Invader Underestimation — Systematics

2.2.1 Cryptogenic Species

Species that cannot be reliably demonstrated as being either introduced or native
are cryptogenic (Carlton 1996). Most species that are now categorized as cryp-
togenic were previously treated as native; in turn, many species that should be
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recognized as cryptogenic are still regarded as native, the classic categorical default
in biogeography and evolutionary biology. Few species previously treated as intro-
duced have been converted to cryptogenic status, in part because the designation of
a species as non-native has usually come about as the result of the application of
conservative criteria.

Cryptogenic species have been recognized in marine habitats, to some extent
in freshwater habitats, and rarely in terrestrial habitats. Cryptogenic species
may include unidentified species if there is strong evidence that they may be
introduced, but it is important to emphasize that not all unidentified species are
cryptogenic (or native). Such evidence is reviewed by Chapman and Carlton
(1991, 1994) and includes association with a nonindigenous facies, association
with a “weedy” habitat, being a member of a genus or family that is otherwise
not known from the region in question (but occurs elsewhere in the world), and
other criteria.

Cryptogenic species are not introduced species of uncertain geographic ori-
gin, as used by Jensen and Knudsen (2005). No one term captures these
“Flying Dutchmen,” species that roam the seas on ships with no (as yet) certain
home. Cryptogenic species are not introduced species whose mechanism of
introduction is uncertain, as used by Englund (2002). The term to be used in
this case is polyvectic (Carlton and Ruiz 2005). Cryptogenic species are not
solely non-native species or “cryptic invaders,” as used by Lockwood et al.
(2007). By definition, it is not known if cryptogenic species are native or
introduced.

Further, cryptogenic species do not automatically include species with a type
locality outside of the region under study, such as the numerous taxa bearing
European names on the Pacific coast of North America. In such cases, biogeo-
graphic and historical taxonomic considerations come into play. On the one hand,
a substantial number of morphotaxa appear to drape naturally along the four
northernmost coasts of the Pacific and Atlantic Oceans (northeastern Pacific,
northwestern Pacific, northeastern Atlantic, and northwestern Atlantic) as a result
of their Tertiary histories of evolution, expansion and contraction, but whether
these remain the same genospecies (a taxon characterized by identical genomes
throughout its range) is not known for most of these taxa. Transarctic species
embrace a wide phyletic range: examples include the eelgrass Zostera marina, the
sea anemone Metridium senile, the seaslugs Alderia modesta and Dendronotus
frondosus, the barnacles Balanus balanus and Semibalanus balanoides, the pri-
apulid Priapulus caudatus, and the mussels Mytilus trossulus and Modiolus
modiolus. Coan et al. (2000) list more than 40 species of bivalve mollusks that
are considered circumboreal.

On the other hand, nineteenth and early twentieth century monographs of
European taxa ranging from foraminiferans to polychaetes to algae were used for
many decades to identify species from around the world: the taxonomic residue of
this globalization of euronomenclature remains with us in the form of perhaps
thousands of undescribed (not introduced!) species bearing European names in
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Africa, South America, North America, Asia, and Australasia. A rocky shore sea-
weed in California with a type locality of Italy would thus bear reexamination.
Much of this early work served to lead to the misconception that many shallow-
water marine organisms were “‘cosmopolitan”. While many “cosmopolitan” species
may in theory be considered cryptogenic, as their modern-day global distribution
could be the result of centuries of international shipping, it is argued below that a
more conservative (although vexing) approach is to consider many of these taxa to
be undetermined — essentially now unidentified or unidentifiable species, pending
systematic revisions.

2.2.2 Pseudoindigenous Species

An important but largely overlooked source of underestimating invasion diversity
in a given region is the presence of pseudoindigenes, here defined as introduced
species that are mistakenly considered as native (indigenous or endemic) to a loca-
tion. Pseudoindigenes include four categories of taxa (Box 2.1). The level of
sophistication of systematic and biogeographic knowledge predicts that there are
more examples of category 1 than category 2, and more examples of category 2
than category 3, as explained below. Category 4 is conceptually distinct from the
first three, and does not fall into this pattern.

Category 1: introduced species re-described as new after introduction,
although already described in their native region Pseudoindigenes in this first
category are common. Table 2.1 presents 94 introduced species redescribed as
“new”, following their introduction to a region. In many cases these species have

Box 2.1 Sources of error in estimating the number and thus importance of
introduced species

SYSTEMATICS

Cryptogenic Species (cryptogens)

Species that cannot be reliably demonstrated as being either introduced or
native.

Pseudoindigenous Species (pseudoindigenes)

Introduced species mistaken as native (indigenous or endemic) species:

1. Species redescribed as new after introduction, although already described
in their native region (Table 2.1).

2. Species first described as new after introduction, and later found else-
where (Table 2.2).

(continued)
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Box 2.1 (continued)

3. Species described as new after introduction, and remaining unknown else-
where (Table 2.3).

4. Species misidentified as previously known native species:
A. Imperfect taxonomy
B. Cryptic genospecies invasions

Unidentified Species, including many “Cosmopolitan” Species

Species that are not (unidentified) or cannot yet be (unidentifiable) identified
to a level permitting biogeographic assessment.

Small Species

Species typically less than 1 mm in size that — because of their size — are con-
sidered naturally distributed (“smalls rule”).

Uninvestigated Taxa

Species groups that are not or rarely studied.

Known but Unreported Taxa

Introduced species known to researchers but never published.
BIOGEOGRAPHY and COMMUNITY HISTORY

Widespread Intraoceanic Species

Species with within-ocean distributions that appear to mirror presumptive
natural patterns.

Widespread Interoceanic Corridor Species

Species with between-ocean distributions that appear to mirror presumptive
natural patterns.

Neritic Species with Presumptive Oceanic Dispersal

Species with planktonic life-history stages or living on floating habitats that
are presumed to be amenable to dispersal on oceanic currents.

Resident Species

Introduced or cryptogenic species which, after a length of time, are grouped
with the “native” component.

SAMPLING

Species in Underexplored Habitats and Associations

1. Undersampled parasitic, commensal, or symbiotic introduced species.
2. Undersampled introduced species in microhabitats and ecotonal habitats.

Incipient Invasions: Species with Small Population Sizes
Newly established introductions with small, restricted populations.

been described as new in several regions (up to 11 times for a single species), each
time with a different name, to a total of 159 cases of mistaken re-descriptions. No
systematic or focused search for pseudoindigenes in this category has been under-
taken in any biota, and thus neither the regional nor global scale of this underesti-
mation of introductions (and overdescription of biodiversity) is known. A few
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examples might suffice, but this longer list (although itself doubtless a small frac-
tion of the total phenomenon) serves to illustrate the historical, taxonomic, and
biogeographic breadth — the sheer ubiquity — of this category. Included are exam-
ples from aquatic (freshwater), marine, and terrestrial habitats.

With the onset of increased systematic work in the early nineteenth century,
non-native species began to be mistakenly redescribed as natives (Table 2.1): the
European green shore crab Carcinus maenas is described as a new species
(Carcinus granulatus) in 1817 in North America, and, reciprocally, the American
slipper limpet Crepidula plana is described as a new species (Crepidula sinuosa)
in 1825 in Europe. The American dreissenid mussel Mytilopsis leucophaeata is
also described as a new species (Congeria cochleata) in 1835 in Europe. As
early as the 1830s, European species were being redescribed as native species
in the Pacific Ocean, including the seasquirt Ciona intestinalis in Australia and
the marsh snail Myosotella myosotis in Peru, ship-associated animals whose
arrival in the Pacific Ocean could date back to the sixteenth century. Species
commonly associated with global commerce are redescribed continuously: the
Ponto-Caspian hydroid Cordylophora lacustris and the European synanthropic
isopod Porcellio laevis are redescribed at least 6 times each, the European snail
Myosotella myosotis is carried to South America, North America, Africa, and
Bermuda, and redescribed as a new species 9 times, and the shipworm Lyrodus
pedicellatus, not surprisingly, is redescribed at least 11 times from around
the world.

Introductions continue to be redescribed as new taxa (Table 2.2): the Indo-
Pacific mantis shrimp Gonodactylaceus falcatus was redescribed as a new species
in 1981 from the Hawaiian Islands; the Australasian mussel Xenostrobus securis
was redescribed as new, also in 1981, from Japan; the Indian Ocean seasquirt
Eusynstyela hartmeyeri was redescribed as a new species from New Caledonia in
1991, and the Japanese skeleton shrimp (caprellid) Caprella mutica was rede-
scribed as a new species from Europe in 1995. Kott (2004) described an abundant
non-native ascidian (not seen or collected prior to the 1970s) in the New England
fauna as an endemic species (Didemnum vestum), whose origin remains uncertain
(indeed, it may fall into the second category of pseudoindigenes, below). All of
these are examples only, and an unknown number of “new” species described from
shallow coastal waters, especially harbors and estuaries subjected to the vectors that
transport species around the world, are actually redescriptions of species already
described from elsewhere in the world.

The lag time in recognizing that an introduced species has been mistakenly
redescribed ranges from months to over 100 years. For example, the Japanese clam
Venerupis philippinarum was mistakenly redescribed from British Columbia in
1938, and the Japanese ascidian Styela clava was mistakenly redescribed from
England in 1954: in both cases, the error was recognized immediately. On the other
hand, it took 125 years to show that a European seaslug, Corambe batava (long
regarded as an endangered if not extinct species in Europe), was the common
American seaslug Corambe obscura. Thus a great many pseudoindigenes remain
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unrecognized, particularly in the face of declining taxonomic expertise required to
ferret out such taxa.

The common early failure to recognize invasions as introductions can be under-
stood in the context of the challenges of having access to sufficient literature, com-
bined with an underappreciation for the potential of non-native species to appear at
a systematist’s doorstep. The failure to continue to do so in the twentieth and
twenty-first centuries lies at several doorsteps, including the spread of species that
are members of complexes difficult to tease apart morphologically, concomitant
with increasing globalization and speed of commerce, leading to the requirement to
be a master of the world’s biota, a challenge for even specialized systematists. The
lack of global knowledge of specific groups explains in large part the failure of
many “environmental impact surveys” to report new invasions, as those workers
involved in making routine identifications of marine invertebrates often do not pos-
sess global-scale expertise.

Whether newer or older invasions, the presence of anomalous clades in a biota
does not always attract the attention of systematists. The “Californian” isopod
Sphaeroma pentodon took many years to be accepted by North American workers
as the Australian-New Zealand isopod Sphaeroma quoianum, despite the fact that
the speciose genus Sphaeroma is centered in the western Pacific and Indo-Pacific,
and no other species of Sphaeroma other than S. pentodon was known from the
Northwest Pacific Ocean north of 25° north latitude. Monogeneric species occur-
ring in oceans thousands of kilometers away from their closest evolutionary rela-
tives or away from where the genus is otherwise represented by many species
would bear reexamination relative to their biogeographic affinities and history, and
thus perhaps their true identity.

Category 2: introduced species first described as new after introduction, and
later found elsewhere As a result of species being transported from a region where
the biota is poorly described to a region under greater biological and systematic
scrutiny, a number of invasions have been first described in areas where they are not
native. Twenty-one examples of such species that were then later discovered in their
native, or other regions, are shown in Table 2.2. Fewer examples of these are avail-
able than those in the previous category, because the necessary “matches” require
sophisticated global knowledge and, of course, sufficient exploration in native
regions. Thus, the type locality of a species does not necessarily imply where a
species is native. For the Hawaiian Islands, Cowie (1998) has noted that “It was
only in the middle of the nineteenth century that naturalists really began to take note
of the Hawaiian biota, describing many new, supposedly endemic species ... Six of
the ten introduced species first recorded between 1840 and 1889 were originally
described from the Hawaiian Islands.”

There may be equally long lag times in resolving where such species are native
(introduced species that were described from a non-native region but that have not
yet been found elsewhere are discussed in the next category). The common and
widespread Atlantic North American filamentous red alga, Neosiphonia harveyi
(= Polysiphonia harveyi), described in 1848 from Connecticut, was not recognized as
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native to Asia until the 1990s (Mclvor et al. 2001). This species is further discussed
below in two contexts, relative to biogeographic biases in detecting invasions, and rela-
tive to the concept of the “Missing 1000” invasions (Carlton 2000, 2002, and below).

One of the more famous invasions in this category (or perhaps the first, above)
is the case of the appearance of an Asian oyster in the genus Crassostrea in the
European theater about 500 years ago. Described by Lamarck in 1819 as a native
southern European species, Ostrea angulata (now Crassostrea angulata), and long
known as the “Portuguese oyster,” investigators had concluded by the 1940s that it
was identical with the Japanese C. gigas. However, recent work suggests that C.
angulata may be a genetically distinct (although morphologically identical) sibling
species of C. gigas (O Foighil et al. 1995, 1998; Boudry et al. 1998; Huvet et al.
2000, 2004; Lapegue et al. 2004; P. Gaffney, personal communication). If the two
are not the same, C. angulata represents a case similar to that of Mya arenaria and
Spartina alterniflora, noted below, although the recognition of C. angulata as a
distinct genospecies in Asia has taken nearly 300 years.

Of interest is that two iconic marine organisms native to the American Atlantic
coast were first described from Europe: the edible soft-shell clam Mya arenaria was
described from the North Sea by Linnaeus in 1758 (what could not be known to
Linnaeus was that it was introduced centuries earlier by the Vikings from North
America), while the salt marsh cordgrass Spartina alterniflora was first described
from France in 1815 (to where it had been introduced, perhaps by shipping, presum-
ably in the eighteenth century or earlier). In both cases, the American biota was not
yet well described, and, as noted above, these (and no doubt other) species first landed
at the feet of European taxonomists. Similarly, the nineteenth century importation of
exotic aquatic plants from Asia to the Kew Gardens of England (Desmond 1995)
brought as yet undescribed associated species to the attention of British zoologists;
examples include the freshwater jellyfish Craspedacusta sowerbii (Table 2.4 section
B) and the freshwater worm Branchiura sowerbyi (Table 2.2).

For both this and the next category, an attendant risk is using a geographic name
for a species, especially for taxa from harbors, ports, and other coastal zones influ-
enced by human transport mechanisms (such as the Indian Ocean hydroid Garveia
franciscana, or the New Zealand isopod lais californica). Species with trivial
names such as californica, mexicana, mediterraneus, and so forth, do not easily
invite workers to look for the same species to be native on the other side of the
world (see also an example from Brazil in Chap. 27, Ferreira et al.).

Admitted to Table 2.2, but an exception relative to the other species treated in
this category, is the seaslug Babakina festiva. Although first described from
California and not recognized as an introduction at the time, Roller (1972) noted
that it had been known from Japan since at least 1956.

Unrelated to this phenomenon is the error of bestowing a geographic name on a
species based on a mistaken source of the specimens being described. Thus the
leucosiid (pebble) crab Persephona mediterranea (Herbst 1794) is a Western
Atlantic species which does not occur in the Mediterranean (Williams 1984), while
the purse oyster Isognomon californicum (Conrad, 1837) is a native Hawaiian
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species which does not occur in California (Kay 1979). A specimen of the Indo-
West Pacific angelfish Chaetodontophus mesoleucus, mislabeled as coming from
the Hawaiian Islands, was mistakenly redescribed as Holacanthus bicolor oahuen-
sis Borodin, 1930 (Mundy 2005).

Category 3: introduced species described as new after introduction, and
remaining unknown elsewhere The fewest examples of pseudoindigenes are in
this category: if a species is not known from elsewhere, an assumption may be that
it is native to the place where it is known. On the other hand, there may be clear but
overlooked evidence that a species is not native. Such evidence may include locali-
zation to one or a few harbors along a well-explored coastline (perhaps combined
with the demonstration that the species was not collected earlier and was not likely
to be overlooked in previous centuries, when, in the same locations and habitats,
extremely rare native species were collected), species whose only close morpho-
logical relatives are in another part of the world, species closely associated with a
human transport vector, and so on. As noted elsewhere (Chapman and Carlton
1991, 1994), multiple sets of evidence, rather than relying on any one supporting
criterion, strengthen such recognition.

Seven examples are shown in Table 2.3. Species that are restricted to one or a
few harbors and are otherwise associated with introduced biotas include the sponge
Halichondria coerulea and the crab Pilumnus oahuensis, both in Hawaii.

Table 2.3 Examples of introduced species described from non-Native regions and remaining
unknown elsewhere

Species Native to Described from  Reference

Anthozoa (corals)

Culicia rachelfitzhardingeae Indo-Pacific? Hawaii Cairns (2006); Carlton
Cairns, 2006 and Eldredge (2009)

Porifera (sponges)

Halichondria coerulea Indo-Pacific? Hawaii Carlton and Eldredge
Bergquist, 1967 (2009)

Isopoda (isopods)

lais floridana Kensley & Indian Ocean? Florida Herein
Schotte, 1999

Caeijaera horvathi Menzies, Southern hemisphere? California Carlton and Eldredge
1951 (2009)

Ostracoda (ostracodes)

Redekea californica De Vos = Southern hemisphere? California Carlton (1979)

& Stock,1956
Decapoda (crabs)

Pilumnus oahuensis Indo-Pacific/tropical Hawaii Carlton and Eldredge
Edmondson, 1931 East Pacific? (2009)

Tunicata (sea squirts)

Botrylloides diegensis Ritter Indo-Pacific? California Carlton (2005)

& Forsyth, 1917
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The commensal isopod lais floridana, described from Florida, is regarded as an
introduction from the Indo-Pacific: its sole host is the introduced isopod Sphaeroma
terebrans, and it is a close relative (if not a sibling species) of the Pacific Ocean lais
singaporensis.

The California botryllid seasquirt Botrylloides diegensis, described in 1917 from

harbor pilings in San Diego, California, is regarded as introduced from the Western
or South Pacific, where it is predicted it will be discovered. It is part of a clade of
Botrylloides species all found in the Western or South Pacific; B. diegensis has no
relatives in the Northeastern Pacific. It is suggested that it was carried in ship foul-
ing to southern California in the nineteenth or earlier centuries.
Described as new, but recognized at the time as introduced Not strictly mem-
bers of the above three categories are introduced species that while described as
new were recognized at the time of description as non-native. Thus, these are not
pseudoindigenes, as they were not mistaken as native species. Examples of these,
which are presented here as a “tip of the hat” to the systematists and biologists who
recognized their species as non-native, are shown in Table 2.4, divided into three
categories, that parallel those above: species that were mistakenly redescribed
(Table 2.4 section A), species first described from a non-native region and then
found elsewhere (Table 2.4 section B), and species described from a non-native
region and remaining unknown elsewhere (Table 2.4 section C). These investigators
employed a variety of evidence to deduce that the species was not native; this evi-
dence includes prior absence, association with a habitat created by human activity
and dominated by exotic biota, and morphological similarity to autochthonous taxa.
In the first case (Table 2.4 section A), there is the occasional temptation to describe
introduced populations — although recognized as such! — as new subspecies (such
as the barnacle Balanus amphitrite saltonensis, the amphipod Caprella acanthog-
aster humboldtiensis, the worm Pseudopolydora kempi californica, all from
California, and all bestowed with regional names).

Cooper (1872), although recognizing the potential for ship-mediated transport of
marine organisms, proceeded to describe the marsh snail Alexia setifer as a new
species from San Francisco Bay, pointing out that the localities where it was found
had been searched by collectors “for more than 20 years” prior to its discovery in
1871 — a rather strong assertion for how well those Bay shores were known in the
1850s and 1860s. Although unable to match it with a described Asian species,
Cooper speculated that it may have been introduced with ships from China. Less
than one year later Cooper (1873) recognized that it was the Atlantic snail Phytia
myosotis (now Myosotella myosotis), although an erroneous reversal of nomenclat-
ural fortune in the 1920s led to the use of the specific name setifer once again for
the next 30 years.

The Japanese oyster-eating flatworm Pseudostylochus ostreophagus was first
discovered in Puget Sound, Washington, in beds of imported Japanese oysters
(Crassostrea gigas). Upon its discovery, fisheries biologists immediately went to
Japan and discovered the flatworm there. The description of this worm as a new
species was thus based on specimens from its native region (Hyman 1955). It is not
listed in any of the tables here. This is a rare instance — and provides an important
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Table 2.4 Examples of introduced species recognized at the time of their description as non-
native or possibly non-native

A. Introduced species mistakenly redescribed from non-native regions

Species Native to Redescribed as (from) Reference

Turbellaria (flatworms)

Caenoplana coerulea Australia Geoplana vaga Hyman, Ogren (1989b)
Moseley, 1877 1943 (California)
Polychaeta (worms)
Pseudopolydora kempi Indo-West Pacific  Pseudopolydora Radashevsky and
(Southern, 1921) kempi californica Hsieh (2000)
(California)
Cirripedia (barnacles)
Balanus amphitrite Darwin, Indo-Pacific Balanus amphitrite Henry and
1854 saltonensis Rogers, McLaughlin,
1949 (Salton Sea, (1975); Flowerdew
California) (1985); Raimondi
(1992)
Amphipoda (amphipods)
Caprella mutica Schurin,  Japan Caprella acanthogaster Marelli (1981)
1935 humboldtiensis
Martin, 1977
(California)
Mysidacea (mysids)
Hyperacanthomysis longi- Asia Acanthomysis bowmani Fukuoka and Murano
rostris Ii, 1936 Modlin & Orsi, (2000)

1997 (California)
Gastropoda (snails)

Myosotella myosotis Europe Alexia setifer Cooper, Cooper (1872);
(Draparnaud, 1801) 1872 (California) Martins (1996)

Tunicata (sea squirts)

Eusynstyela hartmeyeri Red Sea, Indian ~ Eusynstyela aliena Monniot and Monniot
Michaelsen, 1904 Ocean Monniot, 1991 (2001)

(New Caledonia)

B. Species first described from non-native regions and subsequently found elsewhere
Species Native to Described from Reference

Hydrozoa (hydroids)

Craspedacusta sowerbii China Kew Gardens, London Russell (1953)
Lankester, 1880

Polychaeta (worms)

Ficopomatus enigmaticus ~ Australia France Cohen and Carlton
(Fauvel, 1923) (1995)

Copepoda (copepods)

Oithona davisae Ferrari & Asia California Ferrari and Orsi (1984)
Orsi, 1984

(continued)
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Table 2.4 Examples of introduced species recognized at the time of their description as non-
native or possibly non-native

Isopoda (isopods)

Gnorimosphaeroma rayi ~ Japan California Hoestlandt (1973)
Hoestlandt, 1969

Bryozoa (bryozoans)

Watersipora edmondsoni  Indo-Pacific Hawaii Winston and Heimberg
Soule & Soule, 1968 (1986)

C. Species first described from non-native regions and remaining unknown elsewhere

Species Native to Described from Reference

Turbellaria (flatworms)

Bdellocephala exotica Asia? Washington, D.C. Hyman (1953)
(Hyman, 1953)

Bipalium pennsylvanicum  Asia? Pennsylvania Ogren (1987)
Ogren, 1987

Anthozoa (sea anemones)

Diadumene franciscana Indo-Pacific/Asia? California Cohen and Carlton
Hand, 1956 (1995)

Amphipoda (amphipods)

Transorchestia enigmatica New Zealand/Chile California Bousfield (2007)
Bousfield & Carlton,
1969

Corophium alienense Southeast Asia California Chapman (1988)

Chapman, 1988
Mysidacea (mysids)

Deltamysis holmquistae Asia California Bowman and Orsi
Bowman & Orsi, 1992 (1992)

Decapoda (crabs)

Acantholobulus pacificus ~ Tropical Eastern ~ Hawaii Felder and Martin
(Edmondson, 1931) Pacific (2003)

lesson in systematic biogeography — of a species being discovered in a non-native
region, followed by biologists taking the unusual pro-active step (in this case eco-
nomically motivated) to discover the origin of the species.

Category 4: introduced species misidentified as previously known native
species Introduced species may be misidentified as native species because of insuf-
ficient taxonomic resolution, or because, despite seemingly adequate morphological
taxonomy, cryptic invasions may occur that can only be revealed genetically.

Imperfect taxonomy Non-native species may be misidentified as described native
species; we might say, “similar-looking native species,” but such is not always the
case. The introduced Atlantic gem clam Gemma gemma was misidentified as the
quite distinct native Pacific clam Transennella tantilla (now Nutricola tantilla)
throughout the American Pacific Northwest for many years (Carlton 1979). The
introduced Atlantic amphipod Ampelisca abdita was referred to for many years in
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San Francisco Bay as the Pacific amphipod Ampelisca milleri, despite the fact that,
apart from clear morphological differences, the former occurred in estuarine muds
in the Bay, and the latter was described from the open ocean, 75 m offshore of San
Miguel Island, in southern California (Chapman 1988). The Japanese snail
Batillaria attramentaria was misidentified as the native snail Cerithidea californica
when first found in 1951 in Monterey Bay, California (Carlton 1979).

In more recent and better-known examples, the invasion of the Japanese seastar
Asterias amurensis in Australia went unnoticed because it was misidentified for some
years as the native seastar Uniophora granulata (Buttermore et al. 1994), and the first-
observed specimens of the Caribbean barnacle Chthamalus proteus in Hawaii were
identified as the native Hawaiian barnacle Euraphia hembeli (Zabin et al. 2007).

It may thus be predicted with some confidence that invasions have gone, or will

go, unnoticed because of external morphological resemblances to similar-looking
native species. The northeastern Pacific barnacle Balanus glandula is now well
established in Argentina (Schwindt 2007) and in Japan (Kado 2003), but as a small
white “acorn barnacle,” may be overlooked elsewhere. Similarly, Chthamalus pro-
teus, now abundant in the Hawaiian Islands (Southward et al. 1998) would be a
challenge to detect if introduced to the warm coasts of California and Mexico
(C. Zabin, personal communication), where other Chthamalus species occur.
Godwin (2003) has noted that C. proteus survives on vessels on round-trip voyages
between California and Hawaii.
Cryptic genospecies invasions Cryptic species (Bickford et al. 2007) provide one
of the most difficult challenges in recognizing invasions, especially if a new invader
appears to be morphologically identical to a native congener. A well-known example is
the invasion of the Mediterranean mussel Mytilus galloprovincialis in southern
California in the mid-twentieth century, which although first believed to be an inva-
sion from Japan, was concluded to be a resurgence of the native mussel Mytilus
trossulus (then known as Mytilus edulis, and specifically described as a new sub-
species, M. edulis diegensis; Carlton 1979). As Geller (1999) has shown, this
“resurgence’ consisted of the invasion of the morphologically identical but geneti-
cally distinct non-native M. galloprovincialis.

In a parallel case, the marsh reed Phragmites australis “became” invasive in the
nineteenth and twentieth centuries in Eastern North America; the invasion was
caused by a non-native (but morphologically similar) genotype of P. australis
(Saltonstall 2002).

Genetic analyses have also aided in revealing invasions of species of the jellyfish
Aurelia (Dawson et al. 2005) and Cassiopeia (Holland et al. 2004), the polychaete worm
Myrianida (Nygren 2004), the vermetid snail Thylaeodus (Strathmann and Strathmann
2006; Carlton and Eldredge 2009), the freshwater limpet Ferrissia (Walther et al. 2006),
the bryozoans Bugula and Watersipora (Mackie et al. 2006), the brittlestar Ophiactis
(Roy and Spooner 2002), and others. Many more such cases are to be expected.
Unidentified species, including many ‘‘cosmopolitan” species In most surveys of
fauna and flora (sensu lato) some to many species cannot be identified for many
reasons. These taxa should not default to being listed as “native,” as is often the
case. Thus these species are often not amenable to biogeographic assessment unless
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they are demonstrably undescribed taxa recognized as probable endemics to the
region based upon habitat (such as deep cave endemics) or related taxa. Lee et al.
(2003) refer to unidentified species as “indeterminate taxa.” Clearly, introduced
species may be amongst these, and perhaps commonly so. As noted above, when
evidence can be mustered, some unidentified taxa can be considered cryptogenic,
but taxa resolved only to phyletic, class, or ordinal levels should generally be con-
sidered as unidentified, and not cryptogenic (as used, for example, by Wasson et al.
2004).

Added to this category would be certain “species” whose only apparently avail-
able scientific name is one used for the same, or similar-looking, taxon around the
world. These “cosmopolitan” taxa may include (1) species that have been globally
spread by ships or other vectors (introductions), (2) a species-complex (including
both native — and often undescribed — and introduced species), or (3) conceivably
one naturally widespread species, although adequate mechanisms for global gene
flow in ecological time that would prevent allopatric speciation are difficult to
imagine, especially when no dispersal corridors appear to exist.

Thousands of species groups have not been adequately sorted into one of these
three categories, and thus taxa with cosmonames should in many cases simply, but
frustratingly, revert to being regarded as unidentified. This strategy would serve to
strip away from a number of lists both introduced and cryptogenic species (for
example, Cohen and Carlton 1995; Wasson et al. 2004). Marine examples include
some “species” in the protist genera Zoothamnium and Vorticella, the sponge genus
Cliona, hydroid genera such as Plumularia, Sertularella, Campanularia, Obelia,
Gonothyraea, and Dynamena, bryozoan genera such as Bugula and Bowerbankia,
and the caprellid amphipod genus Caprella.

An immediate derivative of this perspective is that assessments of regional bio-

diversity should divide all taxa into four categories: native, introduced, cryptogenic,
and unidentified.
Small species Many microbial (Finlay 2002; Fenchel and Finlay 2004) and micro-
scopic (Wyatt and Carlton 2002) species — essentially many taxa less than 1 mm in
size — are considered naturally cosmopolitan, in part based upon the presumption
that global dispersal for small organisms is naturally fluid and continuous, thus
preventing allopatric speciation. Arguing against this is that wind and water do not
act to homogenize the entire world; recent molecular evidence (Green and
Bohannan 2006) thus suggests, not surprisingly, that greater provincial diversity
exists among small organisms.

Because of severe taxonomic and biogeographic challenges, including the per-
ception of natural cosmopolitanism noted above, small organisms are reported as
introductions far less often than larger organisms. Newly-discovered small organisms—
perhaps noticed because they have become common to abundant — are often assumed
to be native. This rationale is based in part upon two arguments: (1) previously rare
taxa may respond to environmental changes and become abundant (and thus detect-
able), and (2) new techniques permit the discovery of previously undetectable taxa.
Relative to the first case, newly recognized taxa invoked as native were not
simply previously rare — they were never previously recorded. In contrast, in most
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biotas, many extremely rare species may have been recorded over time. This argu-
ment thus requires that the species were so rare as to have survived no previous
detection, and had no previous episodes of becoming common or abundant. Relative
to the second case, improved microscopic and molecular techniques do permit fine-
scale resolution of taxa previously undetectable, but previously undetectable taxa are
not by default native — they were simply previously undetectable.

Carlton (in Wyatt and Carlton 2002) referred to this phenomenon as the “smalls
rule of invasion ecology,” defined as an inverse correlation of body size with the
ability to be recognized as non-native (Carlton 2003). Thus small filamentous
algae, other protists (such as foraminiferans, rhizopods, actinopods, ciliates, dino-
flagellates (including Pfiesteria spp.), pelagophyceans (including Aureococcus
spp.), diatoms, etc.), hydroids, flatworms, small nemerteans, rotifers, gastrotrichs,
kinorhynchs, nematodes, oligochaetes, small polychaetes, copepods, mites, bryo-
zoans, and a host of other taxa are rarely reported as invasions.

The same arguments that underlie the principles of natural dispersal of small
organisms — ease of transport, the ability to form dormant life stages, large popula-
tion sizes, and other characteristics (Fenchel and Finlay 2004; Green and Bohannan
2006) — equally support the possibility that many modern-day distributions of small
organisms were created by the movement of terrestrial and aquatic media over the
past centuries by human activity. Given this, it cannot logically be assumed that
only natural dispersal has been in play.

Karling et al. (2000) examined the genetic variation (in the small subunit ribos-
omal RNA gene) of three species of planktonic foraminiferans that occur in both
the Arctic and Antarctic, and identified at least one identical genotype in all three
species, “indicating that trans-tropical gene flow must have occurred.” Oceanographic
phenomena that would lead to such gene flow in ecological time are speculative and
have not been clearly demonstrated (Karling et al. 2000). In contrast, there has been
clear potential for centuries of transtropical gene flow of planktonic foraminiferans
—including between high-latitude waters — by means of steamship bath water in the
nineteenth and early twentieth centuries, and by means of ballast water since the
nineteenth century and continuing to date. Carlton (1985) has commented on the
potential for the interchange of oceanic plankton by such human-mediated means
as an alternative hypothesis to natural mixing.

The nearly complete absence of reports of introductions of such prominent
planktonic and benthic taxa as diatoms and ciliate “protozoans” may be one of the
larger gaps in introduced species diversity assessment. Indeed, in estuarine systems
such as San Francisco Bay, it is possible that over 100 species of “protozoans”
associated with soft and hard substrates, could be introduced, which, if so, alone
would increase by more than one third the known invasions in the Bay. I comment
upon the rarity of reports of introduced diatoms below.

Uninvestigated taxa A hallmark of modern censuses of marine life is that there are
few or no systematists available to assist in the specialized collection and identifica-
tion of an increasing number of taxa. The importance of the involvement of taxo-
nomic experts in both field and laboratory work cannot be underestimated. Passive
collections — samples taken by others and then provided to a systematist — often miss
many small and cryptic taxa. Based upon my experience with “rapid assessment
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surveys” — in this case, biological surveys focused on boat harbor fouling communities
along the coasts of North America and England — systematists working in the field
often recover significantly more species in their specialty than do general field biologists.
More importantly, there are often no available systematists in a region or country to
assist either with such field work or with the identification of specimens.

Notable dearths in expertise now occur in “protozoans,” sponges, hydrozoans,

flatworms, nemerteans, nematodes, gastrotrichs, kinorhynchs, rotifers, kamptozo-
ans, tardigrades, “oligochaetes,” polychaetes, leeches, ostracodes, copepods, per-
acarid crustaceans in general (mysids, cumaceans, tanaids, isopods, amphipods),
pycnogonids, mites, marine insects, bryozoans, and ascidians. In all of these
groups, with regional exceptions, invasions are rarely reported. This category (unin-
vestigated taxa) overlaps with that of another, undersampled parasitic, commensal,
or symbiotic associations, below.
Known but unreported taxa Interviews with systematists, naturalists, local biolo-
gists with many years of regional residence, and others, reveal that researchers are
frequently aware of unpublished records of introduced species in a given region.
Primary reasons cited for not publishing such records are lack of a perceived outlet
to publish a paper on a new geographic record of one species, lack of time to write
such papers, and, with some museum taxonomists, surprise that there would be
interest in a new record of a small or “obscure” species.

2.3 Invader Underestimation — Biogeographic
and Community History

2.3.1 Widespread Intraoceanic and Interoceanic
Corridor Species

Widespread species within an ocean basin (intraoceanic) and between ocean basins
(interoceanic) are almost always interpreted as natural distributions, in place for an
undetermined length of time. When corridors are present — coastlines, continental
shelves, islands, and so on — the interpretation of such distributions as natural and
long-standing appears logical. On the other hand, absent paleontological and
archeological evidence, we often have little to no understanding of the aboriginal
distributions of many such widespread “corridor” species prior to the onset of glo-
bal shipping, whose multi-millennial antiquity relative to invasions is clear (di
Castri 1989; Leppikoski et al. 2002; Wolff 2005).

What is the scale of this ancient potential human-mediated homogenization of
biota, resulting in biogeographic patterns that mirror presumptive natural patterns?
The Indo-Pacific marine biota serve as an example: here, presumably millions of
species (most undescribed) occur in shallow waters from the Red Sea to Australasia,
and often to outlying island groups, as far as the Hawaiian Archipelago, with less
diverse groups reaching as far as the tropical and subtropical Eastern Pacific islands
and coastlines. From the 1500s to the 1800s, ocean-going ships were floating zoos
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and botanical gardens of entrained species inside and outside their hulls (Carlton
1987, 1999a; Carlton and Ruiz 2003). Carlton (1999a) constructed an “imaginary
assemblage of marine organisms on a wooden sailing vessel of 1750,” excluding
parasites, commensals, and other symbiotic species. Noting the scale of microhabi-
tats available — hull fouling, hull boring, hull nestlers, the anchor, anchor chain, and
anchor chain locker, sand and rock ballast — total species richness was calculated as
easily over 150 species.

Carlton (1987) noted that this potential for ship-mediated homogenization
“throughout the atolls and high islands of the central and South Pacific has rarely
been considered.” That a great many interoceanic and intraoceanic species had
more restricted ranges prior to the onset of shipping — even if corridors were appar-
ently available to such taxa — needs careful examination, a possibility that can now
be tested with genetic analysis. In a similar fashion, Carlton and Hodder (1995)
have argued that even along a moderately uniform coastline, ships transporting
native species for centuries may have obscured original patterns of distribution.

In addition, species introduced to a coastline (or to an archipelago) can, over the
centuries, become so widespread as to mimic natural patterns: we are often disin-
clined to suspect a species’ natural status if it occurs from Alaska to Mexico, or
from the Bay of Fundy to the Gulf of Mexico. Since many introduced species on
these (and all) coasts have easily achieved such wide distributions, latitudinal
breadth of occurrence can rarely alone be used to indicate either endemicity or
aboriginal distributional patterns: the Asian alga Neosiphonia harveyi now ranges
from Newfoundland to the Caribbean. Strasser (1999) has also noted that distribu-
tions created by human activity in modern time can recreate and parallel ancient
distributions: the clam Mya arenaria was once widespread through the high lati-
tudes of the North Atlantic and North Pacific Oceans until Pleistocene glaciation
eliminated all but the Western North Atlantic populations: it was subsequently
introduced (not reintroduced, having never been introduced in the first place) by
humans to the Pacific Ocean and to Europe, recreating Tertiary patterns.

2.3.2 Neritic Species with Presumptive Oceanic Dispersal

As noted above, for many taxa there is a presumption that natural dispersal may
play the greater role in the distribution of a species, even if such taxa are recorded
from ship fouling and are unknown from ocean currents. Orensanz et al. (2002) and
Castilla et al. (2005), presenting the first inventories of marine bioinvasions of
Uruguay/Argentina, and Chile, respectively, thus excluded from consideration
hydromedusae (and their hydroid polyps) and wood borers (such as gribbles, lim-
noriid isopods) and shipworms (teredinid bivalves), under the argument that their
dispersal may also be natural on ocean currents. This will very likely lead to an
underestimation of invader biodiversity.

Hydrozoan taxa involved represent harbor-dwelling fouling species in such gen-
era as Obelia, Campanularia, Sarsia, Ectopleura, Pinauay, and Plumularia. Wood-
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boring taxa involved live in shallow bays, estuaries, and harbors; these include
certain species of shipworms in the genera Teredo and Lyrodus, and certain spe-
cies of gribbles in the genus Limnoria, known to infest wooden ships for centu-
ries. None of the wood-boring species that are found in estuaries or harbors (or
in wooden-hulled vessels), and none of the hydroids (polyps and medusae) found
in fouling communities or open waters of marinas, ports, and harbors (or on
ships’ hulls or in ballast water) have been reported from ocean currents. Carlton
(1999b) detailed the arguments, using shipworms as a model, that neritic taxa
capable of floating or being floated require discovery in the open ocean before
oceanic dispersal can be invoked. Relative to shipworms, the species found in
floating wood at sea are, not surprisingly, a guild of neustonic, oceanic species,
capable of living in that environment (and, in turn, are not the shipworm species
found in harbors and ports).

2.3.3 Resident Species

As noted above, historical invasions are often difficult to detect, albeit less so now
with the availability of genetic techniques. Not surprisingly, most invasions in the
ocean have been recognized only since marine biologists appeared on the scene,
even though vectors such as shipping had been in place for many centuries. Thus,
European species were regularly transported to New England (and vice versa) on
and in ships from the 1500s and on (and with more episodic earlier Viking voyages
500 years earlier). The documentation of the marine fauna and flora on both sides
of the North Atlantic commenced 200-300 years later, in the 1700s and 1800s, with
North American animals and plants being shipped back to European biologists for
study and naming. Although larger fish, mollusks, and crustaceans reached
European cabinets and universities by the late 1600s, most smaller taxa (such as
bryozoans, sponges, hydroids, ascidians, small crustaceans, worms, and the remain-
ing plethora of small invertebrates) were not specifically collected and shipped as
such. The long history of invasions prior to collectors and biologists being present,
combined with the lack of early investigations of many animal and plant groups, set
the stage for the presumption of natural amphiatlantic distributions for many shal-
low-water taxa (Carlton 2003).

Stachowicz et al. (1999, 2002a, b) thus categorize certain fouling ascidians that
occur both in Europe and New England as “native” species, including Ciona intes-
tinalis and Botryllus schlosseri, as well as the fouling bryozoan Cryptosula palla-
siana, and examine the interaction between these species and the introduced
ascidians Ascidiella aspersa, Diplosoma listerianum, and Botrylloides violaceus.
Stachowicz et al. (2002b) note that “Although the true status of the New England
sea squirts as natives or invaders is difficult to resolve due to the poor fossil record
of these soft-bodied organisms, all of these species have been present in New
England for as long as humans have been studying these animals. Thus, these spe-
cies form the resident community that current invaders encounter upon arrival.”
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Species status is not a dichotomy of native or introduced, and Ciona, Botryllus and
Cryptosula can be considered cryptogenic, but not native. Genetic investigations
will materially aid in sorting out these histories. Van Name (1945) considered
Botryllus schlosseri to be introduced by ships from Europe to North America, and
Carlton (2005) has proposed that it may in fact be native to the southwestern Pacific
Ocean. Equally — or more — interesting, of course, is the interaction between a
newer set of invaders and a previous set of invaders in terms of community history
and development. Regardless, the concept of “resident” or “naturalized” is not a
separate or distinct category of biogeographic, ecological, environmental, histori-
cal, or evolutionary status. Taxa capable of being identified to the species level are
either native, introduced, or cryptogenic.

2.4 Invader Underestimation — Sampling

2.4.1 Species in Underexplored Habitats and Associations

All of the historical and taxonomic challenges noted above are further compounded
when attempting to assess the systematics and biogeographic history of parasitic,
commensal, and symbiotic organisms associated with either native species or
demonstrably introduced taxa. In large part these challenges are rarely addressed
since these associated taxa are rarely sampled in standard surveys. Monographic
reports of invasions in marine and freshwater habitats from most areas of the world
record the occasional parasitic or symbiotic species that were encountered by spe-
cialists, but the undersampling of this biotic component may rival the undersam-
pling of microscopic free-living taxa.

Similarly, “microhabitats” that require specialized techniques, knowledgeable
investigators, and experienced systematists, remain largely uninvestigated relative
to invasions. Meiofaunal communities are a striking example. Ecotonal habitats,
such as the supralittoral fringe (Carlton 2002) or oligohaline zones in estuaries,
often have unique assemblages of species, but are the subject of few studies, and
fewer still for invasions, as habitat-oriented ecologists often do not find themselves
in transitional environments. Thus few terrestrial or marine ecologists have studied
the intermediate maritime zone; similarly, freshwater and marine biologists have
rarely studied the oligohaline zone between these two habitats.

2.4.2 Incipient Invasions: Species with Small Population Sizes

Newly invading species will, in the early stages of colonization, generally have
small and restricted populations that are often difficult to detect through standard
sampling programs, unless haphazardly stumbled upon. These are thus initially rare
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species, and fall into sampling challenges universal to assessing alpha diversity in
a community (Rabinowitz et al. 1986; Chapman 1999). If vectors are present that
lead to the continual inoculation (release) of propagules into a system, it is probable
that at any given time some species are in the early stages of establishment, and
may not be detected until several generations have reproduced. This is one of the
most enduring challenges of quickly assessing the efficacy of vector management,
as population lag times may lead to the detection of a new invader years after it is
thought that a given vector is under some measure of control.

2.5 The Overestimation of Invader Diversity

Miscategorizing native species as introduced is rare, in large part because the clas-
sical default in systematics, evolutionary biology, and biogeography, is to assume
that a species is native. Galil et al. (2002) note that the alpheid shrimp Automate
branchialis Holthuis & Gottlie, 1958 was first considered to be a Lessepsian
invader, but is in fact native to the Mediterranean Sea. Carlton and Eldredge (2009)
note several cases of native Hawaiian mollusks, including Bulla vernicosa, Vitularia
miliaris, and Conus capitaneus, mistaken as invasions. Understandably, based upon
previous literature, Calcinai et al. (2004) treat the octocoral Carijoa riisei as an
Atlantic species introduced to the Indo-Pacific, but it now appears to be native to
the Pacific (Kahng 2005).

A classic and more complex case involves the history of the perception of the
biogeography of the Atlantic South American xanthid crab Pilumnoides perlatus
(Poeppig, 1836). Barnard (1950) noted its presence on ship-bottoms in South
Africa; combined with its report of having been transported by ships to Britain, he
suggested that it might be introduced to South Africa. However, Kensley (1981,
p 10) speculated that its presence in both southern South America and in South Africa
might be natural, explained by larval transport on the West Wind Drift, but he also
believed that the question remained open as to whether it was introduced one way
or the other (B. Kensley, personal communication).

Guinot and MacPherson (1987) then showed that the South African species,
previously identified as P. perlatus, was in fact an undescribed taxon, naming it
Pilumnoides rubus. In a further complication, they also then described the British
specimens as a new native species, Pilumnoides inglei, rejecting the idea that it
was introduced by ships. In addition to the fact that P. inglei had not been collected
since 1913, they remarked that it was with “beaucoup d’hesitation que nous avons
separe ce Crabe des cotes anglaises sous un nom distinct” [great hesitation that we
have separated this crab from the British coasts under a distinct name]. They
speculated that perhaps it was a cryptic species (“au biotope sans doute tres par-
ticulier” [without doubt a very special habitat]) in an attempt to explain why it had
not been rediscovered. They noted it was, however, extremely close to the South
American P. perlatus; despite describing it as a new species, they further noted
that “nous n’avons pas releve de differences vraiment importantes entre ces deux
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especes” (!) [we have not noticed any truly important differences between the two
species]). Ingle (1997) subsequently treated P. inglei as an introduced South
American species, where, if it is distinct from P. perlatus, it remains unreported.
As the systematics remains unsettled, it is not included here in Table 2.3, a cate-
gory where P. inglei may eventually reside, returning to the original hypothesis
that it was introduced.

2.6 Discussion

Taken as a whole, the combination of species that are cryptogenic, pseudoindige-
nous (including cryptic), unidentified, small, uninvestigated, unreported, pseudo-
intraoceanic, pseudo-interoceanic, pseudo-oceanic, introduced “resident species,”
undersampled, and rare, potentially significantly alters our perception of the scale
of invasions over time and space.

Perhaps no better examples of this are at hand than six recent independent stud-
ies in the Pacific and Atlantic Oceans (Table 2.5), summarizing known invasions in
Denmark, the Azores, South Africa, Uruguay/Australia, Japan, and Chile. Each of
these countries has experienced global shipping contact for many centuries. Despite
the antiquity of external contact, no invasions are recognized in Denmark, Azores,
South Africa, or Chile prior to the mid-nineteenth century (no earliest introduction
dates are provided in the studies from Uruguay/Australia and Japan). The sole
exception is the archeological recognition of the introduction by the Vikings of the
North American soft-shell clam Mya arenaria to the European theatre in the thir-
teenth or fourteenth centuries.

Further, despite the potential scale of introductions, only a relatively few inva-
sions are recognized from all of these locations, with a maximum of 33 species
from the Azores, ranging down to only 18 in Denemark. In each of the countries
shown in Table 2.5, we would expect significantly more invasions, at scales up to
5-10 times the numbers shown. The list of 22 species in South Africa (which has
had European and transglobal shipping contact steadily since the 1500s) is rapi-
dally expanding as more information is gathered; only 10 species were listed in the
Robinson et al. (2005) publication vs the 22 in Chap. 23, Griffiths et al. Heavily
obscured by the dark curtains of antiquity, the uncertainties of biogeographic inter-
pretation, and sitting at the mercy of taxonomy, we simply do not yet know how
many introduced species dominate the marine and estuarine environments of most
coastlines of the world.

One of the central goals of ecology and evolution studies is to understand the
patterns of the diversity, abundance, and distribution of species, and thus how com-
munities came to be structured. Without an understanding of the history of com-
munities, we cannot know the extent to which evolutionary processes have played
fundamental roles in precipitating structures currently observed. The elegant sum-
mary of phytoplankton dynamics in San Francisco Bay, California, by Cloern and
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Table 2.5 Estimates of number of introduced and cryptogenic marine species

Number of Number of Earliest
Location introductions  cryptogens introduction Reference
Atlantic Ocean
Denmark 18 None listed 1895 Jensen and
Knudsen (2005)
Azores 33 18 1887 Cardigos
et al. (2006)
South Africa 22 18 1955 Robinson
et al. (2005);
Chap. 23,
Griffiths and
Robinson
Uruguay/ Argentina 31 46 Not indicated Orensanz et al.
(2002)
Pacific Ocean
Japan 25 None listed Not indicated Otani (2004)
Chile 51 None listed 1864 Castilla et al.

(2005); Chap.
26, Castilla and
Neill

* Except for the North American clam Mya arenaria, introduced circa 1250-1300

Dufford (2005) provides an example of the potential importance of understanding
the history of invasions.

Cloern and Dufford (2005) report 500 distinct phytoplankton taxa in San
Francisco Bay, with 396 of these identified to species level. The 81 most important
species (by biomass) consist of a “community of cosmopolitan phytoplankton com-
monly observed in temperate estuaries and coastal waters globally,” and “many key
phytoplankton species in San Francisco Bay are the same taxa that develop blooms
in the adjacent coastal upwelling systems, sugesting that phytoplankton diversity
inside the estuary is influenced by exchanges with the coastal Pacific Ocean.”
Despite the predominance of phytoplankton in ballast water (McCarthy and
Crowder 2000; Hulsman and Galil 2002), and despite the number of other addi-
tional vectors that have transported benthic diatoms to San Francisco Bay, no intro-
duced diatoms, dinoflagellates, or other phytoprotists are recognized in San
Francisco Bay, at either the morphospecies or genospecies level. Whether the
presumably endemic coastal taxa informing San Francisco Bay populations are
genetically the same as the estuarine taxa has by and large apparently not been
established, although Cloern and Dufford (2005) note that “one mode of resilience
to environmental variability is the occurrence within morphospecies of genetically
distinct strains” (such as, we add here, might be introduced to estuarine environ-
ments). That diatoms in the open coastal zone can also be introduced is illustrated
by the invasion of the (Australasian?) surf diatom Attheya armatus ( = Chaetoceros
armatum) around 1950 into the Pacific Northwest of North America (Schaefer and
Lewin 1984).
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Cloern and Dufford (2005) note that “phytoplankton photosynthesis is the pri-
mary energy supply to metazoan food webs of San Francisco Bay,” and that growth
and fecundity of invertebrates are strongly correlated with the HUFA (highly
unsaturated fatty acids) of their food, particularly eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). They note that 17 species comprise 89% of the phy-
toplankton biomass in the Bay, including two diatoms, two dinoflagellagtes, two
cryptophytes, and Mesodinium rubrum; in combination these are rich in DHA and
EPA and thus “the phytoplankton in San Francisco Bay are of high nutritional qual-
ity.” Since the biogeographic history of the phytoflora of the Bay is unknown,
whether this is a natural situation remains unknown.

In addition, phytoplankton size structure “influences energy allocation
between the competing benthic and pelagic food webs because of differences in
size-selective feeding between benthic suspension feeders (e.g. bivalve mollusks)
and crustacean zooplankton (e.g. calanoid copepods)”. Here again, which phyto-
plankters that contribute to the size spectrum in the Bay are or may be introduced
is not known, so that any changing balance struck in influencing energy allocation
over the decades is also not known. In turn it may be noted that a large proportion
of the benthic suspension feeding community is composed of known introduced
species in the Bay.

Cloern and Dufford (2005) further note that “92% of the [phytoplankton] bio-
mass in San Francisco Bay comes from two algal divisions (diatoms and dinoflag-
ellates) in which spore or cyst production is common” — benthic stages being a
“mechanism to retain a species’ genome within strongly advective systems such as
estuaries.” Cloern and Dufford (2005) suggest that this retentive mechanism may
explain the predominance of cyst-forming species in the Bay — in turn, it may also
explain the success of many of these species if they are introduced.

It seems clear that, in the absence of a phytoplankton history of the Bay, and
given the fundamental role of phytoplankton in structuring estuarine trophodynam-
ics, if a number of the species of abundant diatoms in San Francisco Bay were not
there 100 years ago, a remarkble conversion in energy flow has occurred. While we
use phytoplankton communities as a model here for the scale of what may have
changed, the principles apply to all taxa, from bacteria to fish.

Carlton (2000, 2003), using the phrase the “Missing 1000,” noted that the com-
bination of shipping history and the lack of historical records in many parts of the
world could have led to “nearly 1000 coastal species” being early introductions that
have been overlooked and are now regarded as native: the late (1990s) recognition
of the Asian alga Neosiphonia harveyi on the American Atlantic coast (there since
the 1840s or earlier), and the even more recent discovery that the “Caribbean”
octocoral Carijoa riisei (in the Atlantic since the 1850s or earlier) is native to the
Indo-Pacific, only serve to underscore the scale at which such invasions may have
occurred 100, 200, or more years ago. In retrospect, the number 1000 now seems
too low, when the full suite of the sources of error in estimating non-native species
is taken into account.

Ubi sumus? (Where are we?) Historical and continuing invasions preclude com-
munity equilibrium. In general, despite the number of macroinvasions that most
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marine ecologists are aware of around the world, the general sense of both the
ubiquity and potential of invasions, and their consequences, appear to remain “off
the radar” as a general principle in marine biogeography and community ecology.
Thus reports seemingly as simple as a newly discovered amphipod, Jassa mar-
morata, on the Uruguay and Argentinean coast (Alonso de Pina 2005) are made
without reference to the possibility of introduction, and yet J. marmorata is a poten-
tially important predator structuring communities (Armsby and Tisch 2006).
J. marmorata now occurs, distributed by ships over centuries, in many regions of
the world (Conlan 1990), and yet there are no reports of its role outside the North
Atlantic Ocean, because no ecological or experimental studies outside of its native
region have been conducted — exactly the type of non-report that has led not a few
recent investigators to conclude that most invasions have little to no impact in the
communities to which they are introduced. Ubi sumus?, indeed.

2.7 The Way Forward: Solutions

Despite the erosion of systematic resources, in terms of the declining availability of
taxonomic expertise, there are solutions. In the description of new species or the
re-evaluation of old species, eyebrows need to be arched more highly to encompass
all known global species within the genus or family of concern, even those from the
most distant shores. Such action will reveal that newly-encountered species may
well have names elsewhere; hints to potential source regions may arise from a hav-
ing a finger on the pulse of the diversity and origin of the vectors in one’s region
that would import non-indigenous species. Re-examination of highly-localized,
“endemic” species, especially in urbanized estuaries, will reveal that some of these
are redescriptions of species from far-flung corners of the world.

Materially aiding in this endeavor is the application of molecular genetics.
Morphological analyses remain the “bread and butter” of identifying species, as
laboratories that would undertake genetic studies are not available to or affordable
by all. However, genetic techniques in the twenty-first century will become less
expensive and will more universally supplement (but not supplant) morphological
studies, and we will thus expect significant breakthroughs in assessing both local
and global biodiversity, as well as the biogeographic origins of species.

Finally, as a working rule, fewer assumptions should be made about the endemic
or indigenous status of species, regardless of their apparently “natural” wide distri-
bution, their size, or their presumptive methods of “natural” dispersal. Being more
receptive to the potential scale of biogeographic complications that humans have
wrought upon the Earth, long before biologists were present to observe the seeds of
change, may reveal the depth and breadth of biotic transformations that commenced
many centuries ago.
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Chapter 3
Natural and Climate Change
Mediated Invasions

Steve 1. Lonhart

3.1 Introduction

Species distributions are constantly in flux. Biological and physical factors continu-
ally influence the rates of range expansions and contractions, altering the distribution
of species in space and through time (MacArthur 1972; Brown 1995; Brown et al.
1996). Ranges expand as individuals colonize new areas and contract as popula-
tions become locally extinct. Understanding how organisms respond to environ-
mental changes and describing the underlying mechanisms are key research
components in the fields of ecology and biogeography. Knowing where populations
occur—and where they are absent—provides insights into the ecological and
physical factors that regulate patterns of density and distribution (see also Chap. 2,
Carlton).

Historically, biological responses were due to natural processes and often
occurred over long (geological) time scales. More recently, anthropogenic (i.e.
human-mediated) processes have played an increasingly important role in driving
patterns of density and distribution. In this chapter I will present biological inva-
sions in the context of geographic range shifts, explore range shifts due to natural,
anthropogenic, and artificial processes, and consider how climate change is already
affecting species distributions.

3.2 The Geographic Range of a Species

The geographic range of a species is commonly defined as the known spatial
extent of the species. Field guides often display range information as a map
with polygons or shading to indicate species presence. Since species distribu-
tions are dynamic, a truly accurate assessment of the geographic range is nearly
impossible. Instead, range maps represent estimates of distribution based on
limited, often incomplete data and thus provide a general view of where a par-
ticular species occurs (Brown et al. 1996). Range limits, with the exception of
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a few species, are likely either under- or over-estimates of the actual geo-
graphic range. This combination of historic, recent, and anomalous range
records is not likely representative of a species’ current range extent (Gaston
1994). For the majority of species, most of which receive little scientific atten-
tion, geographic ranges are likely underestimated due to inadequate sampling
near range limits.

A suite of biological and physical factors regulates the distribution and density
of each species. Physiological tolerance limits set thresholds beyond which an
individual cannot reproduce, grow, or survive, and ecological interactions (e.g.,
competition, predation, mutualism) further modify these limits. Physical barriers
can also prevent species from dispersing to all suitable habitats. For marine species,
such barriers are often land masses, such as continents. For example, since comple-
tion of the Suez Canal in 1869, over 200 marine species have invaded the
Mediterranean Sea from the Red Sea (Rilov et al. 2004; Chap. 27, Ferreira et al.).
Similarly, the open ocean can act as a barrier to intertidal organisms with limited
dispersal distances. In addition, there are numerous and often interacting environ-
mental and physical factors driving individual and population-level responses that
lead to local and regional fluctuations in density and spatial distribution. These
natural responses make it nearly impossible to know the actual geographic range of
a species at any given point in time.

3.3 Range Shifts

Understanding the causes and consequences of geographic range shifts assumes
that new range records can be compared to existing range data that are both accu-
rate and complete. Currently there are no widely accepted criteria used to determine
what constitutes a range shift, let alone standard methods to measure and describe
the geographic range of a species (Gaston 1996, 2003). Range shifts encompass
contractions due to local extinction at the range edge and expansions as individuals
invade beyond former range limits. But how long must a population be absent from
a range edge to be considered locally extinct, warranting a range contraction?
Conversely, when an individual is observed beyond its range limit, does that con-
stitute a range expansion?

3.3.1 Factors that Influence our Understanding
of the Geographic Range and Range Limits

“I am never sure whether to be general or more detailed with distributions, as animal
distribution records often tell us as much about the distribution of biologists as they
do about the geographical range of a species.” Dr. Bill Rudman, http://www.
seaslugforum.net/
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The geographic range of a species is dynamic, representing a moving target. In
addition to the variation derived from environmentally driven and anthropogenic
changes, there are also logistical constraints that limit our ability to describe effec-
tively the geographic range of a species. Gaston (1994) noted that measures of
geographic range are inaccurate or problematic for the following reasons: (1) the
quality of data varies across the entire range since it is impossible to sample all
areas equally; (2) the magnitude of error estimating the range varies as a function
of true range size; (3) there is no standard way to deal with anomalous occurrences
or transient or migratory species; and (4) the need to distinguish between historical
and current range sizes.

Collecting new range data is not trivial and there are few biogeographic studies
focused on detecting the range limits of marine species (Sagarin and Gaines 2002a).
Instead, new range records are often collected serendipitously as a result of moni-
toring programs or surveys designed for other purposes. If we consider the most
studied and accessible marine habitat—the rocky intertidal—we are still confronted
with significant logistical barriers. For example, selection of rocky intertidal study
sites is typically nonrandom and biased toward areas adjacent to marine laborato-
ries or with relatively easy access. Sampling effort within and between sites may be
unequal due to differences in exposure and available habitat. In addition, few sites
are selected a priori as part of a study design focused on describing the range limits
of a species (but see Gilman 2005).

With the exception of a few narrowly distributed species, comprehensive sampling
of the entire geographic range is rarely feasible. This obstacle is reduced somewhat
for intertidal species since the range is essentially linear (Sagarin and Gaines 2002b),
but this is true only for intertidal obligates—many intertidal species also occur in the
shallow subtidal. Surveys near range limits require intensive sampling effort to detect
what should be a relatively rare occurrence. As such, these organisms are commonly
undersampled at or near the range limit and therefore underestimate their spatial
extent (Sagarin and Gaines 2002a). Spatial variation in abundance within the rocky
intertidal makes it difficult to sample for certain species (Sagarin 2002). If the species
is small or otherwise cryptic, the likelihood of detecting it declines. Furthermore,
since distributions change over time, sampling the range requires repeated surveys on
a regular basis. Such extensive on-site efforts are rarely undertaken for most species
(but see Sagarin and Gaines 2002b; Gilman 2005).

Determining whether a new range record represents a “true” range expansion
is difficult, requiring additional evidence. For example, it is not always possible
to determine whether an extralimital range record represents a natural range
expansion, a human-mediated invasion, or is a sampling artifact. The context of
the discovery (i.e. species dispersal capabilities, site characteristics, and sam-
pling history) provides additional information to evaluate the status of a new
range record. Such records may not indicate that a species recently expanded
into a new area, but instead may have been observed for the first time due to
increased sampling effort or exploration of a new area. Without long-term, inten-
sive sampling at a particular site, it is difficult to separate real range shifts from
sampling artifacts.
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There are also analytical issues that hinder accurate descriptions of geographic
range. Existing range data can have multiple shortcomings. A range limit can be
based either on a single, anomalous extralimital range record or the presence of a
well-established population. As discussed earlier, anomalous, extralimital range
records should not be used to determine geographic range. Conversely, an extral-
imital, well-established, self-sustaining population provides strong evidence of an
expanded geographic range. There are also new range records that go unreported.
During a search of several museum collections, Lonhart and Tupen (2001) discov-
ered several “new” (i.e. unpublished) range records that exceeded recent field
observations. However, unless sufficient metadata are included with museum
voucher materials, it is difficult to differentiate extralimital range records from
true range expansions. Furthermore, museum collections also represent a time-
integrated view of the geographic range. Compiling range records that span dec-
ades, if not centuries, can be problematic when describing the current geographic
range of a species.

Marine ecologists working in the field may lack the taxonomic expertise and
natural history background to recognize extralimital species, and thus many poten-
tial new range records go unnoticed. In contrast, when taxonomic experts undertake
expeditions to remote locations, it is not surprising that numerous new range
records are reported (e.g., Vermeij et al. 1990; Bertsch et al. 2000). Ideally, coast-
lines would be systematically sampled, but this is not practical. Instead, targeted
areas are sampled, and these are selected in a non-random manner. Thus the cluster-
ing of range limits at a particular site may be more indicative of where experts
sampled than of the true limit of any particular species. Moerman and Estabrook
(2006) describe a pattern where university botanists in North America have, in
general, spent more time investigating areas near their university, resulting in
higher local species richness than in counties more distant from their home institu-
tion, a phenomenon they call the ‘botanist effect.’

Range maps may use some or all of these data to generate distribution polygons,
and must extrapolate between the relatively few known data points (Gaston 1994;
Brown et al. 1996). Thus, with the exception of a few species that have extremely
limited distributions along the intertidal, the geographic range of a marine species
cannot be known in great detail and is instead estimated using available informa-
tion. While this level of detail is sufficient for biogeographic analyses that cluster
endpoints at 1° latitude scales or larger (e.g., Roy et al. 1995), it may be insufficient
to track invasions or ecological responses to climate change.

3.3.2 Natural Range Shifts

Natural range shifts require the establishment of extralimital populations without
direct mediation by human activities. There are key spatial and temporal compo-
nents to defining the validity of a proposed range shift, where a ‘shift” may include
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range contraction and/or expansion. In the case of a range expansion, the new range
record must occur beyond the known geographic range limits of the species. This
is typically verified by consulting a field guide or other published reference that
contains the spatial extent of the species in question. The second component, which
receives little attention, is to determine whether the new range record represents an
anomalous occurrence, or is part of a well-established population. If the new range
record is based on one or a few individuals, temporarily found beyond the species’
range limit, then the observation should be considered an extralimital range record.
Relative to the geographic range of a species, extralimital range records should not
constitute a basis for expanding the geographic range. To be considered a “true”
range expansion, these extralimital individuals should be part of a self-sustaining,
multi-generational and well-established population persisting beyond the previ-
ously known range limit.

This restrictive definition of range expansion excludes marginal-population that
persist beyond the edge of the range for only a short period of time (‘relict popula-
tions’) or are sustained by external propagules (‘sink-population’). Relict popula-
tions persist beyond their range limit for a single generation but fail to reproduce
successfully, ultimately leading to local extinction. Such populations represent
ephemeral range shifts. In contrast, sink populations persist beyond range limits,
sustained by propagules derived from source populations within the established
range limits. Although sink populations can persist for multiple generations, should
dispersal from the source population cease, the sink population will become locally
extinct.

Published geographic ranges may include data from anomalous extralimital
range records and marginal populations. Without clear definitions for valid range
records and criteria for including or excluding data from estimates of the geo-
graphic range, natural variation and sampling error may obscure our view of spe-
cies’ geographic ranges and their dynamics.

History and time Species range shifts occur for a number of reasons. Over the
evolutionary history of a species, there are three general phases: initial expansion,
equilibrium, and decline to extinction (Gaston 1996). During the initial expansion
phase, a species invades new, suitable habitats. Expansion may be rapid or very
slow, depending on the dispersal capabilities of the species and suitability of habi-
tats. This is followed by a period of dynamic equilibrium, when the spatial extent
of the species is stable and near its maximum. Finally, as the species declines and
approaches global extinction, its range size diminishes by either contracting along
the entire range towards the center or creating a patchwork of shrinking, isolated
populations. Since these phases are not synchronous across taxa, each of the three
phases is currently represented by a multitude of species. While these changes
naturally take place at geologic time scales, anthropogenic processes have hastened
the pace of species decline (e.g., habitat loss, pollution, over-fishing) and global
spread (e.g., intentional and accidental introductions).

Response to natural changes Range shifts are also expected as species respond
to natural changes in climatic conditions. Climatic external forcing occurs at
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various time scales, from seasonal to millennial (Root and Schneider 2002).
Individuals and populations can respond to changes in weather and season, but
these shifts are fine-scale and ephemeral, making them hard to detect and track.
Furthermore, such shifts likely have little impact on general estimates of geo-
graphic range. Interannual shifts due to large-scale atmospheric and oceano-
graphic changes, such as El Nifio Southern Oscillation (ENSO) and North
Atlantic Oscillation (NAO) events, can alter species distributions significantly
(Harley et al. 2006). Although many of these range shifts are temporary, some can
be lasting (Lonhart and Tupen 2001). At decadal scales, regime shifts such as the
Pacific Decadal Oscillation (PDO) can dramatically alter patterns of species den-
sity and distribution (Chavez et al. 2003; McGowan et al. 2003). At millennial
scales, paleontological records indicate shifts in species ranges in response to
geologic processes and glacial-interglacial periods (Valentine and Jablonski
1993). These large-scale, low-frequency climatic changes lead to long-term,
broad-scale range shifts.

3.3.3 Human-mediated Range Shifts

The pace and extent of species spread has rapidly accelerated as human modes of
transportation (e.g., ships, planes) have increased in number, speed and distance
traveled. Humans are moving species either intentionally or accidentally to all parts
of the world. This accelerated global redistribution of species has lead to a phenom-
enon termed ‘biotic homogenization’, where community assemblages in different
regions are becoming more similar to one another through the addition of cosmo-
politan species (McKinney and Lockwood 1999).

Intentional species introductions occur for a variety of reasons (Chap. 5,
Minchin et al.; Chap. 6, Hewitt et al.). In terrestrial systems, many species are
brought to new environments for economic reasons (e.g., agriculture, silvicul-
ture), while other species are introduced as biocontrol agents to combat invasive
pests. In aquatic systems, species are intentionally introduced for aquaculture,
and in freshwater systems for commercial and recreational angling (Rahel 2000;
Kolar and Lodge 2002). There is also increasing evidence that the release of pets
from aquariums may be a significant source of species introductions (Semmens
et al. 2004).

Not all introductions are intentional. Many species are accidentally introduced
by human activities. In North America, Ruiz et al. (2000) conservatively estimate
that just over half of the nearly 300 invasive species studied were introduced by
shipping. Species can be transported on the hulls of vessels, in cargo, or in ballast
tanks, either suspended in ballast water or in the tank’s sediments. Hitchhikers are
also found associated with commercially important species, such as oysters and
abalone, whose shells serve as habitats for a myriad of invertebrates and algae
(Culver and Kuris 2000; Wasson et al. 2001).
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3.4 Climate Change and Range Shifts

The Intergovernmental Panel on Climate Change (IPCC) recently reported on
observed climate changes to (1) atmospheric concentrations of greenhouse gases
and aerosols, (2) the Earth’s surface temperature and precipitation, (3) snow cover,
sea and river ice, glaciers, and sea level, (4) climate variability, and (5) extreme cli-
matic events (IPCC 2007). These changes are the result of natural, internal proc-
esses (e.g., El Nifio Southern Oscillation, Pacific Decadal Oscillation), natural
external forcing (e.g., Milankovitch cycles), and human-mediated external forcing
(e.g., elevated CO, levels) (Beaugrand and Reid 2003). Describing the patterns and
understanding the mechanisms that drive existing and predicted biological
responses to climate change are active areas of research in the fields of ecology and
biogeography.

Predicted and observed biological responses to global warming include
changes in physiology, morphology, patterns of density and distribution, phenol-
ogy, species interactions, and population genetics through local adaptation
(Hughes 2000; McCarty 2001; Sagarin 2002; Beaugrand and Reid 2003; Helmuth
et al. 2006; Parmesan 2006). A dynamic model of community response to climate
change suggests species will respond individualistically rather than as a tightly
linked species assemblage (Graham and Grimm 1990). Shifts will occur at the
level of individuals, populations, and species—not at the level of communities—
and will be limited by life history characteristics and phylogenetic constraints.
Responses may be further limited by species interactions. For example, depend-
ing on coevolutionary relationships, the rate of range expansion for some species
(e.g., parasites, mutualists, habitat specialists) will be limited by the rate of spread
for an obligate host or habitat.

3.4.1 Observed Biological Responses to Climate Change

Organisms respond to climatic changes at various temporal scales. Many marine
apex predators undergo seasonal migrations to forage in ephemeral but highly pro-
ductive areas, to find mates, or give birth. Geographic range maps usually capture
these temporary changes in distribution. At longer time scales (i.e. interannual,
interdecadal, millennial), changes in distribution represent actual range shifts. The
evidence for responses at these longer time scales is growing and several examples
are presented below.

At interannual scales, atmospheric and oceanic processes act at large, basin-
wide scales. In the Pacific Ocean, El Nifio Southern Oscillation events, which
persist for several months and occur every 2—7 years, increase sea surface tem-
perature (SST) and alter equatorial and coastal current patterns (McGowan et al.
1998; Chavez et al. 1999). From coastal California there are multiple examples
of new northern range records, spanning several taxa and nearly a century, that
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coincide with ENSO events (e.g., Hubbs and Schultz 1929; Glynn 1961; Richards
and Engle 2001; Engle and Richards 2001). Poleward flow of coastal currents
along the northeastern Pacific entrains the adults and larvae of subtropical and
warm temperate species, depositing them well beyond their typical northern
range limits. As ENSO conditions wane and SST drops, few of these extralimital
individuals survive, although some may establish relict populations (Lonhart and
Tupen 2001).

If SST serves as a key driver of change in coastal marine species, then during
ENSO events populations of cold temperate species near their southern range
limit should respond by either declining in abundance locally or contracting
poleward. A recent study of the giant kelp, Macrocystis pyrifera, along the
northeastern Pacific coast reported delayed recovery at its southern range limit
in response to an ENSO event (Edwards and Hernandez-Carmona 2005). During
the 1982-1983 ENSO, high wave action, high SST and low nutrients decimated
kelp populations at the southern limit. At these same areas the southern sea
palm, Eisenia arborea, persisted during the 1982-1983 ENSO and quickly
recruited at high densities into habitats devoid of Macrocystis. By coupling long-
term monitoring data and field experiments, Edwards and Hernandez-Carmona
(2005) showed that the southern range shift of Macrocystis over a 20-year period
was due to increased mortality and recruitment failure of Macrocystis after the
ENSO event and the ability of the understory kelp FEisenia to competitively
exclude Macrocystis.

Interdecadal regime shifts, a term used to describe significant and sustained
changes in ecosystems responding to climate change (Hays et al. 2005), add yet
another layer of complexity. The Pacific Decadal Oscillation occurs in the Pacific
Ocean, lasts for 20-30 years, and is more pronounced at high latitudes (Mantua
and Hare 2002). Long-term data sets are needed to track decadal changes, and in
southern California the California Cooperative Oceanic Fisheries Investigations
(CalCOFI) program has organized cruises to collect physical and biological data
since 1949 (McGowan et al. 2003). During the winter of 1976-1977 there was an
abrupt shift from the cooler ‘anchovy regime’ to the warmer ‘sardine regime’ (see
Chavez et al. 2003). Following this regime shift, the offshore species composition
and abundance of calanoid copepods changed, zooplankton phenology shifted, and
the abundance and proportion of larval fishes changed (summarized in McGowan
et al. 2003). Pelagic tunicates, significant members of zooplankton communities,
also responded to the PDO regime shift (Lavaniegos and Ohman 2003). Of the
10 species studied, 4 were present in both cool and warm phases of the PDO, while
4 dropped below the limits of detection after the regime shift. During the warm
phase, dramatic changes in biomass were not solely due to declines in abundance,
but also to decreases in the size of individual zooids and colonies (Lavaniegos and
Ohman 2003).

In the nearshore waters of southern California, Holbrook et al. (1997) docu-
mented substantial changes to the assemblages of reef fishes after the 1976-1977
regime shift and slight increase in SST (nearly 1 °C). At the two sites that were
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studied, species richness fell by up to 25% and dominance shifted from cold
water to warm water species. In central California, Barry et al. (1995) re-sampled
rocky intertidal invertebrates along a transect that had been initially sampled from
1931 to 1933. By locating the original bolts, they were able to replicate the origi-
nal study and quantitatively compare abundances over the 60-year interval.
Changes in abundance occurred for 32 of the 45 species analyzed, indicating a
significant shift in community structure. When species were categorized by geo-
graphic range (i.e. southern/warm water, northern/cold water, or cosmopolitan),
eight of nine southern species increased in abundance while five of eight northern
species decreased significantly (Barry et al. 1995). Climate change was consid-
ered the primary driver of change, while alternative mechanisms such as habitat
changes, anthropogenic effect, species interactions, ENSO events and upwelling
variation were not considered as important (Sagarin et al. 1999). An unintended
“experiment” on the California coast demonstrated how warming of seawater by
the thermal outfall of a power-generating station caused dramatic changes in
intertidal community structure through apparently cascading responses to
changes in abundance of several key taxa, particularly habitat-forming foliose red
algae (Schiel et al. 2004).

In the northeastern North Atlantic marine organisms have expanded northward
concordant with warm water regime shifts and the North Atlantic Oscillation
(NAO) (Hays et al. 2005). From 1960 to 1999 calanoid copepods (crustaceans)
shifted up to 10° latitude northward as SST increased in part due to the NAO and
climate change (Beaugrand et al. 2002). Physical and biological data suggest the
northeastern North Atlantic is currently in a warm water dynamic regime and con-
comitant changes in the abundance, distribution, and diversity of phytoplankton and
zooplankton communities may have contributed to the recent decline of Atlantic
salmon stock (Beaugrand and Reid 2003). Southward et al. (1995) also report range
shifts and population-level responses of plankton and intertidal barnacles and mol-
lusks to increased SST in the western English Channel. During warm water phases,
warm water species increased in abundance and expanded northward; the reverse
was true during cool periods. Using 20 species with range limits in the North Sea,
Perry et al. (2005) reported that during a period of increased SST half of the ranges
shifted northward for warm water species and half of the ranges contracted for cold
water species.

Prior to the acceleration of global change mediated by human activities (e.g.,
habitat loss, pollution, introduced species, and overfishing), changes in species-
level distributions were relatively slow. Studies of the fossil record have added to
our understanding of biological responses to climate change. During the
Pleistocene, eastern Pacific marine mollusks indicate species range shifts and
redistributions were common and driven by climatic changes associated with
glacial-interglacial cycles (Valentine and Jablonski 1993; Roy et al. 1995, 1996).
In fact, fossil evidence shows that species additions, deletions, and substitutions
within marine communities are the rule rather than the exception (Valentine and
Jablonski 1993).
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3.5 Contrasting Natural Range Expansions
and Biological Invasions

Range expansions as a result of natural processes (i.e. dispersal not aided by human
activities) share many similarities with human-mediated biological invasions. Both
result in the introduction of a species into a new habitat and expansion of the geo-
graphic range. However, there are also striking dissimilarities, and at least six have
important ecological and biogeographic implications. First, the vectors and rates of
transmission are very different. Biological invasions circumvent physical barriers
to dispersal through human activities (e.g., shipping, aquaculture) and occur at an
alarming and accelerating rate (Cohen and Carlton 1998). Natural range expansion
of marine organisms often depends upon oceanic currents and occurs at longer,
often geologic, time scales. Second, the rate of addition into communities is greater
for introduced species than natives (Strauss et al. 2006). For example, marine bio-
logical invasion events often occur locally but at high frequencies, such as ships
inoculating harbors on a daily basis (i.e. small spatial scale, high rate). In contrast,
natural range expansions are driven by large-scale, low frequency climatic events
(i.e. large spatial scale, slow rate). Third, many biological invasions fail because of
very different environmental conditions between donor and recipient regions.
Tropical species attached to the hull of a vessel are unlikely invaders of cold tem-
perate regions. When a natural range expansion occurs, it is often because condi-
tions in areas just beyond the current range limit change, becoming environmentally
tolerable to the species in question. Fourth, invasive populations are disjunct from
their native range in the donor region, often by very large distances. As a conse-
quence, invasive populations can suffer Allee effects and become locally extinct
unless there is a steady supply of new propagules. This is in contrast to natural
range expansions, which are often contiguous with the main population. The ‘res-
cue effect’ (see Brown and Kodric-Brown 1977) may buffer extralimital popula-
tions from local extinction through immigration from the main, adjacent population.
Fifth, responses to climate change will differ between native and invasive species
(Carlton 2000), and the variation in response may be greatest for invasive species.
As environmental conditions change in the recipient region, invasive species may
increase or decline in abundance, depending on physiological tolerances. As SST
increases due to climate change, selection by environmental conditions in the donor
region will affect the ability of invasive species to persist in the recipient region: the
abundance and distribution of warm water species should increase while cold water
species could become locally extinct. Further, the likelihood of regional extinction
is potentially higher for invasive species. Small and nascent invasive populations
are more susceptible to the deleterious direct and indirect effects of climate change.
For these vulnerable populations, a local extinction of an invasive population can
also be a regional extinction. In contrast, native species responding to increasing
SST may lead to poleward range expansions and range contractions away from the
equator, but regional extinctions are unlikely. Finally, introduced species lack a
co-evolutionary history with species in the recipient region (unless, by chance,
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there are other invasive species from the same donor region). Species undergoing a
range expansion are likely moving into habitats and communities that share many
of the same species. In spite of these differences, the response of established inva-
sive species to recent global warming mirrors native species: on the Pacific coast of
North America, all nine of the invasive species that have apparently responded to
recent global warming moved poleward (Carlton 2000). Comparative studies on the
responses of both natives and invasive species to climate change will improve our
understanding of the biological and physical processes driving geographic range
shifts and the success or failure of invasive species.

3.6 Conclusions

Without human activities to overcome physical barriers to dispersal, the ability of
invasive species to spread long distances is minimal. In contrast, natives have a long
history of opportunities to invade nearby areas, and the inability to expand further
is due primarily to biological barriers affecting survival (e.g., physiological toler-
ances, species interactions) and not physical barriers to dispersal. The rate of
change for natural range shifts is typically slow, occurring over decades and centu-
ries and covering tens to hundreds of kilometers. In contrast, human-mediated
invasions are occurring at an unprecedented rate, with species moved hundreds or
thousands of kilometers in a matter of hours to days. The threat of biotic homogeni-
zation is significant: while the rate of climate change might be altered by human
production of CO, and other greenhouse gases, and habitat loss can be reduced or
even reversed, invasive species, once established, are rarely eradicated and there-
fore pose an ongoing threat with potentially severe ecological consequences.
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Chapter 4
Modeling Marine Invasions: Current
and Future Approaches

Marjorie J. Wonham and Mark A. Lewis

4.1 Introduction

This chapter focuses on how dynamical mathematical modeling has been and could
be useful in understanding marine biological invasions. Mathematical models have
long been central to the development of general ecological and invasion theory
(e.g., Case 1990; Hastings et al. 2005; Lewis and Kareiva 1993; Neubert and Parker
2004; Shigesada and Kawasaki 1997). Although the dynamics of marine systems
can be challenging to observe and model (e.g., deYoung et al. 2004; Kinlan et al.
2005), mathematical models are nonetheless beginning to provide insights into
invasion dynamics in marine systems.

4.1.1 Why Marine Invasion Modeling?

Mathematical modeling is a tool, like natural history observations, field and labora-
tory experiments, and genetic analysis, that can provide insight into biological
processes in general, and invasion dynamics in particular. The mathematical tools
associated with ecological, epidemiological, evolutionary, and economic theory can
all be brought to bear one way or another on problems of invasions. While models
can provide new insights and perspectives into invasions, invasions can also moti-
vate new ways to combine modeling approaches.

Before delving into this material, it is perhaps useful to consider two questions.
First, is invasion modeling different from any other ecological modeling? Second,
is marine invasion modeling different from any other invasion modeling?

Does invasion modeling differ from other ecological modeling? Current human-
mediated invasions offer a dramatically sped up version of natural processes of
colonization and extinction. At the community scale, the rapid accumulation of
invaders requires us to consider in ecological time the global-scale dispersal and
homogenization that traditionally have been the domain of paleontology and bioge-
ography (e.g., Drake and Lodge 2004; Olden and Poff 2004). At the population
scale, invasions prompt us to focus on the dynamics of small populations, and have
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Ecological Studies 204,
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spurred mathematical innovation in modeling spatial population dynamics in gen-
eral, and Allee effects in particular (e.g. Hastings 1996). Invasions also encourage
us to adopt and develop traditional conservation-oriented modeling tools, such as
population viability analysis or fisheries harvest models, and turn them around to
ask how best to eradicate, rather than to protect, a species. The striking impacts of
selected invaders also provide a compelling incentive to combine ecological and
economic modeling to help prevent and control invasions (e.g., Leung et al. 2002;
Sharov 2004; Sharov and Liebhold 1998).

Does marine modeling differ from other invasion modeling? Marine systems
differ in a multitude of ways from terrestrial ones, and can demand different mode-
ling approaches. With respect to invasions, a conspicuous difference is the mobile
nature of the habitat: water moves faster than continents. Ocean circulation operates
in three dimensions, which can prove challenging to model. Depending on the
question, marine invasion models may be nonspatial or may incorporate one or
more spatial dimensions. One dimension may suffice for characterizing spread
along a coastline, and two dimensions may adequately capture the movement of
certain surface or benthic organisms. Three-dimensional models may be required to
capture large-scale pelagic systems, or local settlement processes influenced by
turbulent flow, eddies, and tidal exchange. As the number of spatial dimensions
increases, so does the complexity of the model. Perhaps as a consequence of the
habitat differences, models that effectively predict invasion-spread rates in terres-
trial systems largely fail in marine systems (Grosholz 1996; Kinlan et al. 2005).
This disparity highlights the need to focus on additional environmental processes
when modeling marine invasions.

4.1.2 Scope of this Review

To contain this review, we have chosen to focus on dynamical mathematical mod-
els, which means we largely omit statistical models. We have also chosen to high-
light how models have been applied to non-native species, which means we skip
over many mathematically similar models that treat native species dynamics. We
have organized the resulting collection of models in terms of biological invasion
processes, mathematical model types, and the goals of the model.

Biologists and mathematicians may look at invasion modeling in somewhat dif-
ferent ways. A biologist may conceptualize invasions as a series of qualitatively
distinct stages. A given invasion begins with a species being transported. The spe-
cies will then establish and spread, interact with the resident community, have some
degree of impact, and may or may not be subject to control or enhancement efforts.
At a community scale, where multiple invasions occur, questions of invasibility,
and the roles of disturbance, resource availability, and resident species diversity
may arise.

A mathematician, in contrast, might categorize invasion processes according to
the type of model that could be applied. For example, single-species population



4 Modeling Marine Invasions: Current and Future Approaches 73

models can be used to ask questions about establishment and control, and multispe-
cies models may provide insight into the role of interspecific interactions in estab-
lishment, impacts, and biological control. These models must be extended to a
spatial context to address questions of invasion spread (Shigesada and Kawasaki
1997). A quite different category of bioeconomic cost-benefit analysis may be used
to optimize invasion control efforts.

The goals of a model will determine its approach and structure. In any modeling
enterprise, there is a tension between a model’s tractability and its realism. Where
a biologist may find a given model unrealistically simplified, a mathematician may
find it excessively complex. The goal of a model can run the gamut from being
highly strategic, intended to provide general insight into a certain kind of process,
to highly tactical, intended to simulate and forecast the detailed operations of a
particular system (Levins 1968). Where a model falls along this continuum likely
dictates where it falls along a series of related spectra (Table 4.1). The success of a
model can only be evaluated in the context of its goals: a highly strategic model is
not intended to be very realistic, and a highly tactical model is not intended to be
broadly applicable. A more detailed discussion of modeling philosophy and prac-
tice is beyond the scope of this chapter, but we refer in the Appendix to sources that
we find helpful on these topics.

To review current marine invasion modeling, we mix and match freely between
biological and mathematical perspectives of invasion biology, and also highlight dif-
ferences in modeling goals. First, we look at models of human-mediated species
transport, as this process sets the stage for the invasion dynamics that follow. Next, we
turn to models that focus on the invader. In invasion biology terms, these models treat
species establishment, impacts, and control. In modeling terms, they are population
dynamics models that may be extended to include interspecific interactions, or inte-
grated with bioeconomic cost-benefit analyses. Third, we delve into the very rich liter-
ature on invasion-spread modeling, which extends population dynamic models over
one, two, or three spatial dimensions. Finally, we look at models that focus on the
invaded community to explore questions of invasion resistance over space and time.

In each section, we briefly highlight relevant modeling approaches in general
invasion biology and marine ecology. We then provide examples of marine invasion
models that represent current and future directions in this area, and illustrate some
of the contrasting goals of different models (Table 4.2). We end this review by
identifying some promising areas for future mathematical modeling in the study of
marine bioinvasions.

4.2 Invasion Pathway Models

Modeling an invasion pathway allows us to address questions of invader source and
propagule pressure, the associated risk of species establishment, and invasion
prevention (Jerde and Lewis 2007). In marine systems, the dominant invasion pathway
is commercial shipping, with its associated ballast water, sediment, and hull fouling
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Table 4.1 Modeling tradeoffs. Depending on its goals, a mathematical model may be more strategic,
focusing on general insight into a certain kind of process, or more tactical, focusing on specific
forecasting of a particular system. Broadly speaking, a model will tend to fall towards the left or
the right side of these continua simultaneously, although there is room for mixing and matching
approaches. The goal of a model is important to consider when evaluating its effectiveness

Tradeoffs Continua

Goal Insight. . ... .. Forecasting
Approach Strategic . ... ov v Tactical
Biology ADbSIract . ... Realistic
Detail Less oo More
Uncertainty Deterministic ... ...t Stochastic
Analysis Analytical .. ..... .. .. . Numerical
Applicability General.......... ... ... .. i, Specific

communities. Two primary kinds of dynamic models have developed in this area:
those that focus on a particular invasion vector, and those that model spatial patterns
in regional or global species transport pathways.

Ballast-transport dynamics have been investigated using population models to
compare the invasion potential of different species, and to evaluate prevention
methods (e.g., Maclsaac et al. 2002; Wonham et al. 2005a, b). For marine and estu-
arine species, for example, Wonham et al. (2005b) used a simple population growth
model to illustrate how the timing and level of open-ocean exchange can be
optimized to reduce invasion risk for species with different salinity tolerances
(Fig. 4.1). A more detailed population model applied to freshwater zooplankton
resting stages in ballast sediments (Wonham et al. 2005a) could be extended to
marine species as well.

A single invasion pathway rarely operates in isolation, and is typically connected
to a larger spatial network of species transportation. Such networks can be modeled
in a spatially implicit way using gravity models that represent the connections
between pairs of points linked by a given transport pathway. This approach has
been used regionally to model boat traffic and zebra mussel invasions, and globally
to characterize shipping routes with high ballast water discharge (Bossenbroek
et al. 2001; Drake and Lodge 2004; Leung et al. 2006).

In principle, invasion pathway models that predict propagule pressure over space
and time could provide the initial conditions required for the population establish-
ment and spread models treated in the following sections.

4.3 Population Models: Invasion Dynamics

In this section, we treat models that focus on a particular invader and its establish-
ment, impacts, and control. These are all nonspatial models; spatial models, which
use an additional set of mathematical tools, are considered in the next section. We
begin with models of the invader dynamics alone, followed by models of invaders
interacting with other species.
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Fig. 4.1 Predicted effectiveness of three ballast-water exchange strategies. The vertical axis
indicates the final abundance of organisms at the end of a ballast-water voyage, as a proportion of
their initial abundance. The horizontal axis indicates the difference in a species’ daily mortality
rates in a ballast tank before and after exchange. Species with broader salinity tolerances would
be near 0; those with narrower tolerances would be towards either end. Three scenarios are plotted,
showing final abundance given later exchange (dotted line), earlier exchange (dashed line), and no
exchange (solid horizontal line). Vertical lines separate the three regions in which each exchange
strategy minimizes the final organism abundance. Redrawn from Wonham et al. (2005b)

4.3.1 Single-species Models

A dynamic model of a single invading population is generally the central element
of an invasion modeling enterprise. Depending on the goal, such models can
increase in complexity from simple exponential growth to include negative
(intraspecific competition) and positive density dependence (Allee effects).
Likewise, they can increase in detail from representing a homogeneous, to an age-
or stage-structured, to an individual-based population.

In ecology and conservation, single-species models have been applied particu-
larly effectively to population viability analysis (PVA) of threatened and endan-
gered species (Holmes 2004; Morris and Doak 2003), and more recently to PVA of
invasive species (Andersen 2005; Bartell and Nair 2003; McEvoy and Coombs
1999; Parker 2000; Shea and Kelly 1998; Shea and Possingham 2000). Most PVA
work has been done with terrestrial species, but notable marine examples include
cetaceans and turtles (e.g., Burkhart and Slooten 2003; Crowder et al. 1994). In
these instances, single-species models can usefully identify key life stages for man-
agement actions. However, lessons learned from fisheries modeling illustrate the
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limitations of this isolated approach for modeling and managing complex systems
of interacting species, and have led to more detailed multispecies and ecosystem
scale modeling of marine systems (e.g., Butterworth and Plaganyi 2004; Fulton
et al. 2003; Hollowed et al. 2000).

Only a small handful of marine invasion models use nonspatial single-species
approaches alone. Most of these focus on the biological questions of population
establishment and its inverse, invasion control. To investigate establishment at the
genetic scale, Dew et al. (2003) developed an age-structured algorithm to model
the risk of chromosomal reversion and establishment of outplanted triploid Suminoe
oysters Crassostrea ariakensis in the northwest Atlantic. Barry and Levings (2002)
implemented a stage-structured model of the copepod Pseudodiaptomus marinus in
the northeast Pacific, to evaluate the establishment risk of a single population and
of a spatially implicit metapopulation. The life history and component data pre-
sented by Rudnick et al. (2005) for the Chinese mitten crab (Eriocheir sinensis)
could readily be formalized in a similar mathematical model. These models fall at
the tactical end of the spectrum, in that they are focused on detailed predictions in
a particular system.

Invasion control introduces additional elements into single species models.
Ruesink and Collado-Vides (2006) used growth and recruitment data to parameter-
ize a tactical model of the area occupied by the green alga Caulerpa taxifolia in the
Mediterranean. They then numerically evaluated how the timing of control altered
the total occupied area. In a more strategic approach Buhle et al. (2005) constructed
and analyzed a matrix population model of the oyster drill Ocinebrellus inornatus
in the northeast Pacific (Fig. 4.2). They then incorporated the predicted population
growth rate into an economic cost-benefit analysis to determine which life stages
offered more cost-effective control opportunities (Fig. 4.2). An intriguing spatial
extension to these bioeconomic models involves long-term cost-benefit analysis of
managing barrier zones adjacent to the population front (Leung et al. 2002; Sharov
2004; Sharov and Liebhold 1998) — an approach that could be applied to marine
invasions as well.

There are many methods available for attempting invasion control, including
physical, chemical, and biological means. In a single-species model, the control
element can be formulated to represent the removal of a certain number or propor-
tion of individuals. As such, it is analogous to the harvest element in simple fisher-
ies models, and it best represents the effects of physical or chemical control. To
model biological control, with feedback between the invader and the control spe-
cies, takes us into the realm of multispecies models.

4.3.2 Multi-species Models

A number of classical modeling frameworks for species interactions, which have
proved useful in developing ecological theory in general, have also been applied to
understanding invasions. These include Lotka-Volterra competition models,
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Fig. 4.2 Optimal control strategy determined from a bioeconomic model of invasive oyster drills,
Ocinebrellus inornatus. The x-axis shows the ratio of costs of the same proportional reduction in
adult survival and fecundity. The y-axes show the optimal target values for adult per capita sur-
vival (left axis) and fecundity (right axis) for controlling the invader. In this instance, the baseline
adult survival probability is 0.3, and the baseline fecundity is 160 surviving offspring per adult.
When removing adults is much cheaper than removing egg capsules (cost,<<cost), the optimal
control strategy is to remove adults only, reducing survival to ~0.20. When the cost of removing
adults begins to approach that of removing eggs, the optimal strategy becomes removing eggs
only, reducing fecundity to ~140. At intermediate cost /cost, values, the optimal control strategy
is a mixed one of removing both adults and eggs. Arrows indicate empirically estimated values of
cost /cost from different sites. Redrawn based on Buhle et al. (2005), and E. Buhle, personal
communication to MJW

Volterra predation models, Nicholson-Bailey host-parasitoid models, Kermack-
McKendrick epidemiological models, and their extensions and generalizations.
(For an introduction to these models and their application to invasions, see
Shigesada and Kawasaki 1997.)

In their simplest and most strategic formulations, these models remain theo-
retically tractable, and stability analysis can provide general insights into ecologi-
cal invasion processes. Two particular biological questions can readily be
addressed with these models: the ability of a species to invade an equilibrium
population of one or more other species, and the impacts of its invasion on that
equilibrium.

Generally, however, this strategic approach does not suffice to represent detailed
processes of species interactions, or the combined interactions of a group of species
at a community or ecosystem scale. As a result, many multispecies models of spe-
cific invasion systems move away from these classical strategic approaches to more
detailed tactical formulations. Two marine invasion examples illustrate the inter-
play between these approaches.
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Pathogen invasions are increasingly being reported from marine systems (e.g.,
Harvell et al. 1999), but classical epidemiological modeling (Anderson and May
1991; Kermack and McKendrick 1927) has rarely been applied to these diseases.
However, certain long-established epidemiological models, known generally as S-/
or Susceptible-Infectious models, have an impressive history of contributing to the
understanding of infectious disease dynamics and control (Anderson and May
1991; Kermack and McKendrick 1927).

A series of three S-I models of phocine distemper virus (PDV) outbreaks in the
northeast Atlantic illustrate a generally strategic approach (De Koeijer et al. 1998;
Grenfell et al. 1992; Harding et al. 2002, 2003; Heide-Jgrgensen and Hérkonen
1992; Lonergan and Harwood 2003). Admittedly, PDV can perhaps only tangen-
tially be considered a marine invasion, as its transmission is airborne. We mention
it here since it can play a significant role in marine mammal population dynamics,
and it illustrates an important class of models that can be applied to invasive infec-
tious diseases.

These three PDV models illustrate how the same epidemic may be modeled
using very different infection dynamics (mass action vs frequency dependent inci-
dence functions), different treatments of time (continuous vs discrete), and different
treatments of uncertainty (deterministic vs stochastic). One prediction from the first
of these models was that another outbreak would not occur until the seal population
had recovered for at least ten years after the 1988 outbreak (Grenfell et al. 1992).
Indeed, a second outbreak occurred in 2002, prompting further modeling to explore
the potential impact of recurring outbreaks on the population (Harding et al. 2002,
2003; Lonergan and Harwood 2003).

The second example is the invasion of the Black Sea by the comb jelly
Mnemiopsis leidyi, which has been investigated with models that range from the
strategic to the tactical. At the strategic end is a generic nutrient-phytoplankton-
zooplankton (N-P-Z) model developed by Morozov et al. (2005) to investigate the
impacts of adding a top predator to a marine plankton community. Although this
exercise was motivated by the example of Mnemiopsis, its strategic generality
makes it applicable, at least conceptually, to any such invasion.

Knowler (2005) took a somewhat more complex and detailed approach to devel-
oping a bioeconomic model of the impacts of Mnemiopsis on the Black Sea
anchovy fishery. This study combined a Ricker stock-recruitment model of the
anchovy population with a balance model of Mnemiopsis biomass and an economic
cost-benefit model. It then used analytical methods to determine the optimal
anchovy harvest policy in the post-invasion system.

At the tactical end of the spectrum is the mass balance model developed by Gucu
(2002) to investigate factors contributing to the establishment of Mnemiopsis. This
approach used the software package ECOPATH to develop a steady state model of the
Black Sea marine ecosystem before and after the Mnemiopsis invasion. This
detailed model helped visualize the differences in food web structure correlated
with overfishing, eutrophication, and the subsequent comb jelly invasion (Gucu
2002).
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An additional five case studies further highlight the difference in approach
between simpler strategic and more complex tactical approaches to multispecies
models of marine invasions. Hedrick (2001) used a very general algebraic frame-
work to determine the invasion criteria and fitness impacts of transgenes. The
model was developed nominally to consider competition between wild type and
transgenes in coho salmon, for which reason we include it in our treatment of
marine multispecies (or in this case, multigene) invasions, but it could apply
broadly to transgene invasions from genetically modified organisms in any system
(Hedrick 2001).

Also at the genetic level, Hall et al. (2006) developed a model of the population
dynamics and genetics of hybridization between the Atlantic cordgrass Spartina
alterniflora and its native congener, S. foliosa, in the northeast Pacific. Interestingly,
they found that even without a selective advantage, the hybrid increased at the
expense of the native and introduced genotypes (Hall et al. 2006).

To study a competitive interaction in detail, Byers and Goldwasser (2001) mod-
eled the impact of the introduced mudsnail Batillaria attramentaria on a similar
native species in the northeast Pacific (Fig. 4.3). They constructed an individual-
based simulation model of the two snails and their respective resource conversion,
parasitism, and mortality rates. The model was parameterized and validated with
extensive field data, and then used to rank Batillaria’s competitive advantages and
to predict the native snail’s time to extinction (Fig. 4.3).

At an ecosystem scale, Pranovi et al. (2003) developed a complex, numerical
mass balance model of the Manila clam Venerupis (=Tapes) philippinarum in the
Venice lagoon. The clam has become an important commercial species, and is har-
vested with mechanical dredges that disturb the bottom sediments and associated
community. In the so-called Tapes paradox, the clam is more abundant inside than
outside fished areas. The model suggested that these positive feedback effects were
somewhat limited, and predicted the degree to which eliminating the commercial
clam harvest would increase the trophic level, total catch, and market value of the
lagoon’s other artisanal fisheries (Pranovi et al. 2003).

Finally, Frésard and Boncoeur (2006) conducted a cost-benefit analysis of con-
trolling the slipper shell Crepidula fornicata on stocked commercial scallop beds
in the northeast Atlantic. The costs of Crepidula to the fishery are direct, in that it
must be removed from the shells of harvested scallops, and indirect, that it pre-
emptively outcompetes settling scallops. The direct costs were estimated from the
time devoted to scallop removal. In the absence of a Crepidula population dynam-
ics model, and of competition coefficients between Crepidula and the scallops, the
indirect costs were represented simply as a fixed reduction in harvestable area
(Frésard and Boncoeur 2006). Thus, this model explores the impact of an invader
on another species without explicitly having to model the population dynamics of
either.

All the single and multispecies models considered thus far have been nonspatial,
or have treated space implicitly. In the next section, we consider invasion models
that incorporate space explicitly in one, two, or three dimensions.
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Fig. 4.3 Predicted impacts of the non-native mud snail Batillaria attramentaria on the native
mud snail Cerithidea californica, based on a simulation model. a Median predicted years to
extinction of the native snail after initial introduction of the invader at different densities. b
Proportion of simulations that resulted in extinction of the native snail within 90 years. Outcomes
shown for four scenarios: interspecific differences in parasitism and competition as observed in
the field (diamonds), parasitism rates set equal for the two species (squares), competition param-
eters set equal (triangles), and both set equal (circles). In the last case, no median values are shown
for lower invader densities in A because <50% of simulations led to extinction. Redrawn from
Byers and Goldwasser (2001)

4.4 Population Models: Invasion Spread

A substantial proportion of the modeling work on invasions to date has focused on
the rate at which the invader spreads. Marine environments, where the habitat itself
is in motion, provide additional challenges for modeling spatial spread. We will
first present models of a single invader spreading alone, followed by spatial models
that incorporate multispecies interactions.
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4.4.1 Single-species Models

The now-classic Fisher equation for modeling spread was originally developed to
represent the spread of advantageous alleles through a population, and assumed
logistic growth and random movement via diffusion (Fisher 1937). It was later
adapted by Skellam (1951) to model the spread of invasive species, assuming expo-
nential growth and diffusion. Both models lead to the same compact formula for the
rate of spread, expressed in terms of the population’s intrinsic growth rate and its
so-called diffusion coefficient, which can be interpreted as measure of spatial
movement (for details and extensions, see Shigesada and Kawasaki 1997).

The appeal of Fisher’s formula lies not only in its simplicity, but also in the pos-
sibility of validation. Intrinsic growth rates and diffusion coefficients can be esti-
mated from life history tables and mark-recapture studies, allowing spread rate
predictions to be tested against historical data. This validation approach was pio-
neered by Andow et al. (1990) for terrestrial species. Here, Fisher’s diffusion for-
mula generally holds up well, although it tends to underestimate spread for invaders
that exhibit long-distance non-diffusive jumps in space. For model extensions that
incorporate such jumps using integrodifference equations see Kot et al. 1996;
Neubert and Parker 2004; Lewis et al. 2005.

Marine and aquatic habitats differ notably from terrestrial ones in that they
move on a relatively short timescale. Indeed, several recent reviews have high-
lighted the particular challenges of studying and modeling dispersal, particularly
of larvae, in these systems (Kinlan et al. 2005; Kinlan and Hastings 2005; Levin
2006; Lutscher et al. 2005; Shanks et al. 2003; Siegel et al. 2003). These studies
have emphasized the importance of local and regional hydrology and geomor-
phology, as well as larval physiology and behaviour, in influencing organism dis-
persal and spread.

Given the mobile nature of the habitat, we might expect simple diffusion models
to perform poorly for most marine species. Specifically, we would expect them to
underestimate downcurrent and overestimate upcurrent spread rates. Advection-
diffusion models, which incorporate unidirectional current flow as well as diffusive
spread, might be expected to work better. Advection rates would be expected, intui-
tively, to conspire with larval planktonic duration to influence a species spread rate:
the longer an organism is in its planktonic stage, the farther it can spread, so the
faster its invasion can progress.

Although the empirical relationship between larval duration and invasion rate has
proved stubbornly elusive (Fig. 4.4), both reaction-diffusion and advection-diffusion
models have been developed based on larval duration (Grosholz 1996, Kinlan et al.
2005). It is perhaps not surprising that these models have had negligible predictive
power — curiously, though, they have an interesting tendency to overpredict spread
rates for marine invertebrates and underpredict those for marine algae (Grosholz 1996,
Kinlan et al. 2005).

This result leads us to ask what other factors could be at work to influence
marine invasion spread rates. Likely candidates for slowing invasion rates are Allee
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effects and negative interspecific interactions, which are discussed in Sects. 4.4.2
and 4.4.3. Candidates for speeding up invasion rates are human-mediated transport,
models which we discussed in Sect. 4.2, and positive interspecific interactions,
which we mention briefly in Sect. 4.5. It is also important to consider that a species’
spread rate may differ in different directions, and that models may have to be
parameterized carefully to capture and predict this variation (e.g., Krkosek et al.
2007; Lubina and Levin 1988).

Although advection-diffusion models may not predict marine invasion rates very
successfully, they may still provide insight into possible routes of organism trans-
port. In this way, Johnson et al. (2005) used a modified surface advection compo-
nent of the three-dimensional Princeton Ocean Model to hindcast possible sources
of a jellyfish Phyllorhiza punctata bloom in the Mississippi Bight.

Similarly, Parry et al. (2001) modeled the dispersal of the sea star Asterias amu-
rensis larvae, using an existing three-dimensional advection-diffusion model of
Port Phillip Bay, Tasmania. The model predicted an overall Asterias distribution
consistent with observed records, and local-scale incongruities were attributed to
possible differences in predation pressure.

Viard et al. (2006) used a two-dimensional advection-diffusion model of the
English Channel to predict the degree of larval slipper shell (Crepidula fornicata)
exchange between populations. They found no correlation between predicted
larval exchange and the observed genetic distance between populations, indicating
high gene flow among populations.
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Fig. 4.4 Observed spread rates of marine invertebrate invaders as a function of observed plank-
tonic larval duration. Redrawn from Kinlan et al. (2005)
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Using a novel modeling approach, Inglis et al. (2006) combined a particle diffu-
sion model with two different statistical habitat models to predict the distribution
of bivalves Theora lubrica and Musculista senhousia in a New Zealand harbour.
The diffusion component significantly improved the fit and accuracy of the habitat
suitability index model, but only marginally improved the environmental regression
model, and the improvement was more pronounced for Theora than for Musculista
(Inglis et al. 2006).

4.4.2 Allee Effects

One mechanism that is well known to slow observed spread rates in terrestrial sys-
tems is an Allee effect (Hastings 1996). The hallmark of Allee dynamics is positive
density dependence at low population levels. In other words, very small populations
have lower per capita growth rates than slightly larger ones (Allee 1931; Gascoigne
and Lipcius 2004). Demographic Allee effects — known in the fisheries literature as
depensatory mortality — are likely to be particularly relevant at the establishment
stage of a biological invasion.

In marine populations, Allee effects could arise from a wide range of mecha-
nisms, and could be exacerbated or mitigated by the role of currents and eddies in
dispersing or aggregating individuals. Although the empirical evidence for Allee
effects in marine populations remains mostly indirect (Gascoigne and Lipcius
2004; Hutchings and Reynolds 2004), the potential interaction between harvesting
and Allee effects (Gascoigne and Lipcius 2004; Hutchings and Reynolds 2004;
Lundquist and Botsford 2004) suggests that invasion management actions could
exploit Allee thresholds in controlling unwanted invaders.

An Allee effect is considered strong if the per capita growth rate becomes nega-
tive at a small population size, and weak if the growth rate decreases but remains
positive. Mathematical extensions of Fisher’s equation, in which logistic growth is
replaced with Allee dynamics, make two predictions. First, both weak and strong
Allee dynamics give rise to a slower invasion speed than the original model.
Second, when Allee dynamics are strong, the initial colonization of invaders must
exceed a threshold in both density and spatial extent if the invasion is to succeed
(Kot et al. 1996; Lewis and Kareiva 1993; Wang and Kot 2001).

Allee effects have been shown empirically to play a role in the Spartina alterni-
flora invasion of the North American Pacific coast. This Atlantic cordgrass spreads
rapidly across intertidal mudflats, filling in behind the invasion front to create dense
meadows. The fecundity of individual Spartina is orders of magnitude higher for
plants in established meadows than for isolated plants, which are limited by pollen
availability and have reduced seed production. This leads to weak Allee dynamics.
Taylor et al. (2004) developed and parameterized a spatially-explicit stochastic
simulation model and a spatially-implicit deterministic model of this invasion in
Willapa Bay, USA. By running the models with and without the Allee dynamics,
they showed that even though the Allee effect is defined as weak, its effects are
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dramatic, almost halving the predicted spread rates (Fig. 4.5). From simulations,
the Allee dynamics were deduced to confer heightened sensitivity of spread rates
to the level of self-fertilization (Taylor et al. 2004).

Taylor and Hastings (2004) investigated the effectiveness of barrier zones for
controlling the Spartina alterniflora invasion in the same location. They asked
whether it was more efficient to prioritize removal of young, low-density outlier
areas at the edge of an invasion, or older core population meadows. Their results
indicated that S. alterniflora eradication was only possible if control of the faster
growing low-density plants was prioritized. The most effective strategy, however,
which would also require more resources, was to target the older core population
areas as well. This was because, under the Allee dynamics seen in Spartina, elimi-
nating high-density meadows lowered the risk of new propagule production far
more than eliminating the lower-density outlying plants (Fig. 4.5).

Working in the same invasion system, Cuddington and Hastings (2004) devel-
oped a Spartina alterniflora spread model that included positive feedback dynam-
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Fig. 4.5 Modeling analyses of the cordgrass Spartina alterniflora invasion with and without
Allee effects. a Results of a simulation model showing that the empirically-observed Allee effect
slows the rate of Spartina spread. Redrawn from Taylor et al. (2004). b Model results illustrating
that habitat modification by spreading Spartina speeds up its invasion. Redrawn from Cuddington
and Hastings (2004). ¢ Predicted risk (thousands of potentially escaping seeds) associated with
optimal Spartina control strategies, given low, medium, and high annual budgets, for a model with
and without an Allee effect. Risk decreased with increasing budget, and when the Allee effect was
incorporated. d Predicted cost (thousands of USD) for the same model. Allee effects led to
cheaper eradication at a low budget, but more expensive eradication at higher budgets. Redrawn
from Taylor and Hastings (2004)
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ics driven by habitat engineering. As Spartina stands develop, they reduce water
flow, trapping sediments and elevating the substratum into and eventually above the
intertidal zone. In this way, the plant increases its available habitat. The model
linked the area occupied by the invader and the distribution of habitat quality in a
spatially implicit system of ordinary differential equations. The results illustrated
that an engineer may enhance or reduce its own growth and spread rates, depending
on the initial habitat quality distribution and the rate of habitat modification
(Cuddington and Hastings 2004). Although this model is not explicitly spatial, we
introduce it here because the positive feedback process shows intriguing similari-
ties to Allee effects, in both its density dependence and its qualitative impacts on
population spread (Fig. 4.5).

In a more general approach, Drake et al. (2005) developed a reaction-diffusion
model with Allee dynamics to explore the chance of establishment for a range of
planktonic marine organisms released from ballast water. Using this model, they
found that for a given level of invasion risk, the acceptable release volume was far
more sensitive to variation in the intrinsic rate of population growth than to varia-
tion in the strength of the Allee effect.

All the spread models treated so far are process oriented, in that specific terms
represent movement, growth, reproduction, mortality, dispersal, and so forth.
This makes it possible to evaluate the importance of each process in the invasion
outcome. By way of contrast, if one is simply interested in forecasting a particu-
lar invasion, a less mechanistic approach can be used. For example, the goal of
one series of papers was to predict the expansion of the invasive green alga
Caulerpa taxifolia in the Mediterranean Sea (Aussem and Hill 1999, 2000; Hill
et al. 1998).

Initially, a stochastic discrete event simulation model of the algal spread was
developed and integrated with GIS habitat data (Hill et al. 1998). However, this
model proved too computationally intensive to investigate the effects of various
environmental variables, such as bathymetry, substrata and resident species, on the
invader’s spread. Accordingly, the authors developed a neural network metamodel
designed to approximate the original simulation model but be more computation-
ally efficient (Aussem and Hill 1999, 2000).

The neural network was trained by having it form rules connecting input (envi-
ronmental variables) with output patterns (algal spread). The model was then tested
by having it predict a sequence of historical spread independent of the data used to
train the network, and was found to forecast accurately (Aussem and Hill 1999,
2000). Unlike the first and more mechanistic model, the Caulerpa metamodel is
more phenomenological, in that the network rules do not necessarily have a biologi-
cal interpretation. Both Caulerpa models are more tactical than strategic, in that
accurate prediction rather than general insight is the goal.

Single-species spread models can incorporate aspects of the physical environ-
ment, such as advection, and intraspecific dynamics, such as Allee effects. However,
no invader establishes in a vacuum: all interact to a greater or lesser extent with
resident species, and some are targeted for biological control. This brings us to
consider multispecies models of marine invasion spread.
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4.4.3 Multi-species Models

Spatial multispecies models allow interspecific interaction dynamics to play out
while species are dispersing across a domain via diffusion and advection. Many
of the invasion systems studied with these models are extensions of nonspatial
dynamics, derived by simply including diffusion and/or advection terms in the
equations.

Lotka-Volterra competition dynamics have been extended to include random
motion via diffusion, and used to model the spatial spread of one competitor into
another’s territory. The result is a system of nonlinear coupled reaction-diffusion
equations. An early application of this model was to the spread of larger, introduced
grey squirrels into areas occupied by native red squirrels in the United Kingdom
(Okubo et al. 1989). Here a simple and compact formula, similar to that for Fisher’s
equation, was constructed. This formula described the predicted speed at which
grey squirrels spread into, and displaced, the red squirrels, and could be calculated
in terms of relative growth rates, competition coefficients and diffusion coefficients.
Okubo et al. (1989) then measured the rates and coefficients and compared the pre-
dicted and observed spread rates, showing that they correlated closely. With both
advection (unidirectional flow) and diffusion (random motion) included, competi-
tion models have been extended to aquatic systems, where they have been used to
study mechanisms for species coexistence in river ecosystems (Lutscher et al.
2007).

Multispecies predator-prey models that include diffusion can be used to pre-
dict the rate of spread of an invasive predator into a native prey population, or,
alternatively, the rate at which an invasive prey species can facilitate the spread
of a predator that consumes it (Owen and Lewis 2001). This latter scenario has
been analyzed in the context of biocontrol. If an invasive pest (prey) is spreading
into a new environment, will a biocontrol agent (predator) be able to catch up to
it and control its spread? Fagan et al. (2002) showed how to use coupled reaction-
diffusion models to predict the biocontrol species attributes needed to catch up to
the prey and control it effectively. Behind an invasion front, spatial predator-prey
dynamics can become extremely complex and patchy (Sherratt et al. 1997):
examples include the patchy distribution of marine phytoplankton and fish
(Medvinsky et al. 2002) and of virally infected phytoplankton (Malchow et al.
2004).

As with the models considered above, most of the marine invasion systems stud-
ied with spatial models are extensions of nonspatial models we have already con-
sidered, including those for phocine distemper virus (PDV), Mnemiopsis leidyi, and
Caulerpa taxifolia. Additional models treat the effects of increased filter feeding by
the introduced annelid Sabella spallenzani, and the indirect effects of non-native
farmed Atlantic salmon, Salmo salar.

The spatial spread of the 1998 PDV outbreak was modeled by Swinton et al.
(1998), using an S-/ type model distributed across a patchy network of seal sub-
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populations. The authors found that the persistence of the epidemic depended on
the number of patches when the patches were weakly coupled, and on the size of
the patches when they were tightly coupled. They concluded that the 1988 outbreak
died out because smaller, tightly coupled seal subpopulations could not sustain the
infection (Swinton et al. 1998).

Three multispecies extensions of Mnemiopsis population modeling take a very
different approach, coupling complex bioenergetic and hydrodynamic models to
study the comb jelly invasion dynamics (Berdnikov et al. 1999; Oguz et al. 2001;
Volovik et al. 1995). The goal of these models was to capture the observed pelagic
foodweb dynamics before, during, and after the Mnemiopsis invasion. These tacti-
cal models, implemented as complex algorithms, are amenable to numerical but not
analytical study. The models were assessed by qualitatively comparing their predic-
tions to empirical data.

In a multispecies extension of Caulerpa spread models, Coquillard et al.
(2000) focused on the potential reduction of the alga by the grazing gastropod
Elysia subornata. In general, when biocontrol agents are introduced, a first objec-
tive is to optimize the release strategy to maximize the establishment of the agent
(Shea and Possingham 2000). Another is to reduce the target species significantly
by affecting vulnerable life-history stages (Shea and Kelly 1998). For a spreading
invader, a third objective is to choose a control agent that will spread as quickly
as the invader itself (Fagan et al. 2002). In the Caulerpa-Elysia model, all three
objectives were analyzed by combining laboratory data and a spatially-explicit
age-structured algorithmic model of the gastropod’s growth to determine the
optimal size, time, age, and number of releases for effective algal control
(Coquillard et al. 2000).

Murray and Parslow (1999) developed a detailed bioenergetic and hydrody-
namic model of Port Philip Bay, Australia. The model was used to consider the
impacts of a number of environmental changes including nutrient loading and spe-
cies invasions. As an example, the authors evaluated the potential impacts of the
introduced annelid Sabella spallenzani by simulating an increase in filter-feeder
biomass in the bay.

Finally, even without establishing in the wild, a non-native species can affect the
community into which it is placed. For example, non-native farmed salmon, Salmo
salar, serve as resident year-round hosts of parasitic sea lice in British Columbia
estuaries (KrkosSek et al. 2005). A spatially explicit model of sea lice population
growth on juvenile salmon migrating past fish farms showed that farm hosts greatly
amplified the natural infection levels and therefore juvenile salmon mortality (Fig.
4.6) (Krkosek et al. 2005, 2006).

In the previous two sections, we have looked at models that focus on an
invading species and its establishment, spread, impacts, and control. The next
section treats invasions from the community perspective, and examines models
that focus on the dynamics of invasion success in different communities over
space and time.
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Fig. 4.6 Impacts of non-native farmed salmon, Salmo salar, on native host-parasite dynamics. a
Observed (points) and predicted (lines) number of sea lice per native juvenile pink salmon along
a coastal British Columbia migration route. Sea lice life stages are early juveniles (circles, dotted
line), late juveniles (squares, dashed line), and adults (diamonds, solid line). b Planktonic distribu-
tion of sea lice early juveniles inferred from model. Horizontal dashed line is natural background
lice level. Solid black lines are first generation (/eft) and second generation (right) lice originating
from farm. Thick gray line is total early juvenile abundance in the plankton. Vertical dotted lines
indicate farm location. Redrawn from Krkosek et al. (2005)
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4.5 Community Invasibility Models

Spatial and temporal questions of community invasibility can be read, generally,
under the longer-running ecological discussion of the connection between species
diversity and community stability, both variously defined (e.g., Drake 1990; Post
and Pimm 1983). In the invasion literature, this area has developed primarily as a
discussion of community diversity and resistance to invasion — which can also be
framed as a community’s ability to repel or accommodate an invader, or as the
likely success of an invader. The question of resilience in the face of invasion —
which can also be framed as the scale of an invader’s impact — has generally been
treated separately in empirical work, but often simultaneously in modeling work.

Empirical studies, primarily in terrestrial plant communities, have led to a number of
related conceptual models of the relationships among species richness, resource availabil-
ity, disturbance, and invasibility (for recent reviews, see Davies et al. 2005; Richardson
and Pysek 2006; Shea and Chesson 2002; Stachowicz and Byrnes 2006). Most of the
abstract mathematical models exploring these relationships have focused on single-trophic
level competitive interactions (Byers and Noonburg 2003; Case 1990, 1991; Hewitt and
Huxel 2002; Melbourne et al. 2007; Mitchell et al. 2006; Rouget and Richardson 2003;
Tilman 2004) and neutral dynamics (Fridley et al. 2004; Herben et al. 2004).

In marine systems, these questions have been investigated in a combined empirical and
modeling study focused on competitive interactions in a marine fouling community
(Dunstan and Johnson 2005, 2006). A spatially explicit individual-based model was
parameterized with field data on growth, recruitment, and competitive interactions among
13 species in Tasmania, of which at least 3 were non-native (Hewitt et al. 2004).
Community invasibility was defined in terms of species recruitment, whether native or
non-native. The authors found that the relationship between species richness and invasibil-
ity was strongly mediated by the size of the patch being invaded. Larger patches had a
more stable community composition over time, leading to less free space, and therefore
lower recruitment and higher invasion resistance (Dunstan and Johnson 2006).

Compared to invasion resistance, comparatively few models have addressed the
question of resilience, i.e., a community’s response to invasion. Analytical excep-
tions are the patterns of resident species extinction reported for some community
assembly models (Case 1990, 1991), and the biotic homogenization models devel-
oped in the context of freshwater fish invasions (Olden and Poff 2004).

In a marine case study, Castillo et al. (2000) constructed and analyzed a series of
guild models of a soft-bottom invertebrate assemblage in the northeast Pacific. They
found that for most of the models, the net feedback strength of the intertaxon interac-
tion matrix was low, indicating that these systems would be expected neither to move
away from nor to return to an equilibrium following a perturbation. The authors
therefore suggested that this community was particularly able to accommodate the
addition of invaders without experiencing species losses (Castillo et al. 2000).

One result that has emerged from both empirical and modeling approaches is the
importance of spatial scale and invasion scenario in detecting and interpreting pat-
terns of invasion resistance (Byers and Noonburg 2003; Hewitt and Huxel 2002).
Since these empirical and theoretical approaches have so far primarily addressed
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single trophic level and competitive interactions, it would be interesting to evaluate
them, along with the related question of resilience, in the more complete context of
a multi-trophic system.

Temporal patterns in the accumulation of invaders were initially highlighted by
the striking marine example of San Francisco Bay (Cohen and Carlton 1998).
Subsequent empirical and conceptual work connected this trend to the ideas of
biotic resistance resulting from negative interactions, and invasional meltdown
resulting from positive interactions (Ricciardi 2001; Simberloff and Von Holle
1999). Recent modeling has shown, however, that the observed pattern of accelera-
tion in invasion numbers can be accounted for without any necessary increase in
invasion rate or invasibility (Fig. 4.7) (Costello and Solow 2003; Solow and
Costello 2004; Wonham and Pachepsky 2006). When null models reproduce
observed patterns, it does not mean that other processes are not occurring. Rather,
null models illustrate the patterns that would be expected in the absence of those
processes, giving us a benchmark against which to compare empirical data.

4.6 Summary and Future Directions

The incorporation of modeling into the study of marine biological invasions is rela-
tively recent, and holds exciting promise. In the sections above, we have touched
on the range of existing marine invasion models. In this section, we briefly consider
three areas that seem especially rich for future development.

4.6.1 Formalizing Conceptual Models Mathematically

The study of invasions has been characterized by an independent development of
concepts and mechanisms that can, in many cases, be aligned with more general
ecological concepts (e.g., Shea and Chesson 2002; Tilman 2004). On a broad scale,
key invasion concepts of propagule pressure, species invasiveness, and community
invasibility have largely been treated separately from each other in invasion biol-
ogy. (For recent broad reviews, see Davies et al. 2005; Hails and Morley 2005;
Melbourne et al. 2007; Mitchell et al. 2006; Richardson and Pysek 2006; Rouget
and Richardson 2003; Shea and Chesson 2002; Stachowicz and Byrnes 2006;
Tilman 2004.)

Recent invasion models, focused primarily on terrestrial plant systems, have
offered general mathematical frameworks that begin to unite these concepts:
Rouget and Richardson (2003) combined propagule pressure with environmental
factors, Tilman (2004) connected success to resource competition, Mitchell et al.
(2006) combined the effects of both abiotic and biotic factors, and Melbourne et al.
(2007) examined the effects of a heterogeneous environment on the outcome of
competition. More generally, ecological modeling that couples species dispersal
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Fig. 4.7 Three different models capture the shape of the cumulative number of surviving invaders
introduced into San Francisco Bay since the mid-1800s (solid jagged line). Predictions from a
model incorporating introduction rate and discovery probability, for an increasing (dashed curve)
and constant (dotted curve) introduction rate redrawn from Solow and Costello (2004). Predictions
from a model incorporating introduction rate and survival probability, given constant introduction
rate and constant survival probability (solid curve) redrawn from Wonham and Pachepsky
(2006)

and species coexistence may be brought to bear on the problem of invasions (e.g.,
Fox and Srivastava 2006; He et al. 2005; MacArthur and Wilson 1967).

Mechanistic hypotheses toward explaining these general concepts include the
influence on species establishment of propagule abundance, frequency, and quality,
the influence on invasiveness of inherent traits, minimum residence time, enemy
release, evolution of increased competitive ability, long distance dispersal, phenotypic
plasticity, genetic drift, inbreeding, and hybridization for species invasiveness, and
the influence on community invasibility of resource availability, disturbance, diver-
sity, mutualisms, competition, predation, indirect interactions, spatial and temporal
heterogeneity, and niche opportunities.

As invasion concepts are synthesized with each other and with classical ecology,
they become increasingly amenable to formalization and testing through mathemat-
ical modeling. General ecological modeling that connects dispersal to species
coexistence could also be brought to bear on the specific problem of invasions. For
example, the nature and significance of propagule pressure (Colautti et al. 2006)
has parallels in recruitment limitation and source-sink dynamics (e.g., Connolly
etal. 2001; Levins 1969, 1970), which recent conceptual and mathematical
syntheses can help explore (e.g., Amarasekare and Nisbet 2001; Hanski and
Gaggiotti 2004; Holyoak et al. 2005). Patterns of invasion resistance and invasional
meltdown (Elton 1958; Simberloff and Von Holle 1999) may be driven in part by
the underlying processes of facilitation and inhibition first synthesized in classical
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succession dynamics (Connell and Slatyer 1977). Recent modeling has scratched at
the surface of these concepts and provides a framework that could be developed to
explore these connections more explicitly (Costello and Solow 2003; Solow and
Costello 2004; Wonham and Pachepsky 2006). It would be very interesting to
explore the parallels between the notion of fluctuating resource availability (Davis
et al. 2000), and the conceptual and mathematical formulations of the intermediate
disturbance hypothesis (Connell 1978; Roxburgh et al. 2004).

A growing area of mathematical modeling in marine systems treats the design
and impacts of marine protected areas (e.g., Gerber et al. 2003; Guichard et al.
2004). In so doing, it considers the problems of species dispersal and persistence,
and connects to more general ecological and mathematical theories of minimum
viable populations, habitat fragmentation, minimum available suitable habitat, and
critical domain size (e.g., Pachepsky et al. 2005; With 2004), all of which apply
also to invasion establishment and control. Other models that have provided insight
into predicting marine population and community dynamics (e.g., Crowder et al.
1994; Wootton 2004) would be similarly informative in studying marine invasions.
The considerable modeling tools developed in fisheries biology concerning harvest
management (e.g., Kritzer and Sale 2004; Rose and Cowan 2003) could provide
further insight into marine invasion control strategies.

4.6.2 Coupling Dynamical and Statistical Models

We have focused here on dynamical mathematical models, but there is a further
wealth of statistical modeling of invasion patterns and processes. A number of
examples concerning invasion transport and establishment illustrate ways in which
these two modeling approaches could be coupled.

Statistical invasion risk analysis is extensively developed in the terrestrial realm,
where it informs the International Plant Protection Convention, the international
Agreement on the Application of Sanitary and Phytosanitary Measures, and numer-
ous other international, national and regional policies regarding intentional and
inadvertent imports and releases (Drake and Lodge 2006; Hayes 2003; Holt et al.
2006; Powell 2004; Wilson and Anton 2006). In marine systems (see also Chap. 20,
Campbell), statistical risk analysis has been applied to organism transport in and on
commercial and recreational vessels (Floerl et al. 2005, Hayes 2002a, b), and more
generally to the accumulation of molluscan invaders, both terrestrial and marine, in
the US (Levine and D’Antonio 2003). Any of these statistical frameworks could
incorporate the kind of dynamic population modeling described in Sect. 2.
Hayes (1998) outlines how this dual approach might be developed; the conceptual
framework developed by Landis (2003) for green crab Carcinus maenas risk
assessment would be amenable to this kind of mathematical formalization.

Statistical models of morphological and genetic population data (e.g., Bolton
and Graham 2004; Daguin and Borsa 2000; Geller et al. 1997) and invader traits
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(e.g., Kolar and Lodge 2002; Reichard and Hamilton 1997; Rejmanek and
Richardson 1996) could also be coupled to dispersal models (e.g., Bossenbroek
et al. 2001) to identify invasion sources. Recent developments in modeling invasion
dynamics as stochastic processes (e.g. Drake and Lodge 2006; Jerde and Lewis
2007; Perrings 2005; Tilman 2004) also hold considerable promise for connecting
to statistical analyses and their explicit treatment of uncertainty and variance.

A widely used statistical tool in species range predictions is environmental niche
modeling. This approach has developed primarily in the context of predicting climate
change impacts in terrestrial systems; there are a few examples of its use in fore-
casting invasions or describing their impacts (Herborg et al. 2007; Inglis et al. 2006;
Peterson 2003; Peterson and Vieglais 2001; Vincent et al. 2006). The coupling of
environmental niche modeling to population dynamics models (e.g., Akcakaya
2001; Akcakaya et al. 1995, 2004; Gutierrez et al. 2005), and hydrodynamic dispersal
models (Inglis et al. 2006), holds promise for incorporating spatial variation in
population dynamics and invasion speeds (e.g., Tobin et al. 2007).

4.6.3 Integrating Modeling and Empirical Work

Empirical and mathematical tools provide different kinds of insights into biological
invasions. To a certain extent, their independent development can be profitable, but
an interactive approach that incorporates both may generate the most understanding
and predictive power.

Empirical and mathematical analysis complement and prompt each other in a
number of ways. A model may generate a prediction that can be tested in the field,
or a field study may generate a result that can be explored mathematically. Extensive
empirical data — both observational and experimental — are required to parameterize
and validate a model; models can help to synthesize empirical results across
systems and scales. In some cases, modeling and empirical work can be combined
in a single study, providing greater insight into local dynamics (e.g., Dunstan and
Johnson 2005, 2006; Krkosek et al. 2005, 2006). In other cases, modeling may
evolve in light of growing field data (e.g. Harding et al. 2002, 2003; Lonergan and
Harwood 2003), or the synthesis of data may evolve with continued modeling
(e.g., Byers and Noonburg 2003; Davies et al. 2005; Fridley et al. 2004). Neither
the data nor the equations are an endpoint: it is the iteration between them that leads
to evolution in understanding.

Many of the invasion hypotheses mentioned in Sect. 5.2 have arisen primarily
from empirical observation, experimentation, and statistical analysis. Their current
and future mathematical analysis holds exciting promise, and will in turn generate
new ideas that can be examined again empirically. Marine systems provide addi-
tional challenges for both empirical and modeling work, and incorporating their
unique elements is essential to a general understanding of marine invasions in par-
ticular, and invasion biology in general.
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Appendix

For an introduction to the philosophy and practice of mathematical modeling in
ecological systems, we find the texts by Case (1999), Haefner (1996), and Kot
(2001) particularly helpful. Morris and Doak (2003) give a very accessible entree
into population modeling, and the edited volume of Ferson and Burgman (2003)
illustrates statistical and dynamical modeling case studies in conservation biology.
For specific focus on likelihood methods applied to model selection, we recom-
mend Burnham and Anderson (1998) and Hilborn and Mangel (1997). For a the
mechanics of practical model building and analysis, including thoroughly worked
computer exercises, Donovan and Weldon (2001a, b) provide ecology and conser-
vation spreadsheet exercises in Microsoft Excel®, Roughgarden (1998) provides
ecological examples and code in Matlab®, and Ruth and Lindholm (2002) investi-
gate marine conservation problems using Stella®.
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Chapter 5
Characterizing Vectors of Marine Invasion

Dan Minchin, Stephan Gollasch, Andrew N. Cohen, Chad L. Hewitt,
and Sergej Olenin

5.1 Introduction

The arrival of an invasive species in a new region is the culmination of a set of rela-
tively discrete steps, including the invader’s initial association with a transport vector,
its tolerance of environmental conditions encountered during transit, and its survival
upon entering its new ecosystem (Ruiz and Carlton 2003). In the chapters that follow,
a number of issues related to this process are presented. Chapter 6, Hewitt et al.,
discusses shipping, the most important of the marine invasion pathways. Chapter 7,
Johnston et al., discusses the role of propagule pressure, how the quantity and quality
of invader propagules determine invasion success. Chapter 8, Miller and Ruiz,
follows with a framework for considering the distinct roles of source region, vector,
and recipient region in assessing invasion success or failure within species pools. In
addition, several vectors are discussed in relation to specific species and locales in the
Geographic Perspectives section, which includes some assessments of temporal shifts
in trading patterns (e.g. Chap. 24, Hayden et al.; Chap. 28, Fofonoff et al.). The
importance of pathways, vectors, and modelling human activities is discussed in
previous sections (Chap. 2, Carlton; Chap. 4, Wonham and Lewis).

5.2 Primary vs Secondary Introductions

A non-native organism arriving in a new location directly from its native region is
called a primary introduction, while its subsequent spread from the founding site is
considered to be a secondary introduction. This spread may occur through a com-
bination of natural dispersal and human-associated transport mechanisms. As an
introduced species expands its new range, further opportunities to spread by addi-
tional vectors may present themselves. Identifying how a species arrived, however,
is not always possible (see Chap. 2, Carlton). On occasion, the arrival of an invader
may result from a series of different vectors acting in a relay to convey that species
(Minchin 2007).
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5.3 Principal Vectors of Marine Invasion

5.3.1 Shipping

Ships may transport non-native species both on the outer surface of the hull and
inside the ship in solid or water ballast. Seaweeds, sponges, mussels, barnacles and
other ‘fouling’ species can attach directly to ships’ hulls, while mobile species may
be present among them. These organisms may be carried over great distances
(Minchin and Gollasch 2003). Surprisingly, small amounts of fouling growth on a
ship’s hull can increase drag and raise fuel consumption. Wooden-hulled ships,
common during earlier periods and still in use in some regions today, can be colo-
nized and extensively damaged by wood-boring marine organisms, primarily ship-
worms and certain isopod and amphipod species. These wood-borers have been
carried to many parts of the world, resulting in broad geographic distributions.
Ships load ballast on-board to adjust buoyancy, provide stability and enhance
maneuverability. Solid materials, including rocks and sand, were once used as bal-
last, laboriously packed into vessels by hand. Many ballast stones were stored for
re-use in shore-side heaps where they could be accessed at different stages of the
tide. Several species are believed to have traveled with solid ballast, either attached
directly to ballast stones or otherwise loaded by the ballasting process, and survived
transport in damp ballast holds. In addition to marine organisms, several species of
plants (probably travelling as seeds) and insects are believed to have been introduced
with solid ballast (Lindroth 1957). Starting around 1880, ships began to use water
instead of solid ballast. This switch, which was largely complete by 1930, was aided
by the construction of steel ships and the development of efficient engines for pump-
ing water. The transport of ballast water provides opportunities for the spread of
thousands of species (Carlton and Geller 1993), ranging from viruses to fishes
(Gollasch et al. 2002). In addition, sediments that accumulate in the bottom of bal-
last tanks provide a refuge for infaunal species. As ships are an essential part of
world trade, responsible for >90% of all cargo by weight, they will continue to pro-
vide many opportunities for the global redistribution of species (Minchin 2006).

5.3.2 Canals

A canal can enable the transfer of organisms between different biogeographical
regions either via shipping or by the organisms themselves passing through the
canal (Gollasch et al. 2006). Some canals have salinity or temperature barriers that
may suppress the transfer of organisms. Many marine species have extended their
ranges from the Red Sea to the Mediterranean Sea through the Suez Canals (see
Chap. 31, Rilov and Galil). Fewer have migrated in either direction between the
Caribbean and the eastern Pacific through the Panama Canals, where vessels and
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organisms must pass through fresh water (Cohen 2006). Some species with broad
salinity tolerance limits have spread through in land waterways from the caspian
and Black Seas and survived in brockish water environments of the northwestern
european seas (Olenin 2002)

5.3.3 Aquaculture

Non-native species of fish, invertebrates and seaweeds are cultivated in many parts of
the world. Species selected and imported for culture are normally hardy, because they
need to survive confinement and exposure to a wide range of environmental condi-
tions. Many aquaculture species are grown right out in the environment; others are
intentionally released (ocean ranching); species held in cages, pens or ponds may
regularly escape; their larvae, and their cultivated foods, may be released in dis-
charges; and transportation accidents and other events will result in the release of
others (Minchin 2007). Escaped or released aquaculture species can impact local spe-
cies through competitive or other interactions, and by interbreeding with native stocks
(Naylor et al. 2005). In addition, these aquaculture species may bring with them
associated biota, including pests, parasites and diseases, which can also become
established in the wild. Some of these will be previously unknown, and will only be
recognized after they are introduced into new regions with aquaculture stock and their
impacts on naive (previously unexposed) native host species become obvious (e.g.
Kuris and Culver 1999; see also Chap. 2, Carlton). The economics of aquaculture
operations often requires that cultured species be confined at high densities, and this
may make them subject to frequent infestations. Escapees from pens and cages and
stock movements may then spread these infestations widely. Even the release or out-
planting of native aquaculture species to meet restoration goals may introduce non-
native pathogens or parasites if the native species have been reared in the same
facilities as infected host species, have been cross-contaminated through exposure to
the same equipment, or have been returned from stocking experiments abroad (e.g.
Engstrom 2001; Cohen 2002). The spread of associated non-native diseases, parasites
and other organisms with the global transport of young oysters has been particularly
notable (e.g., Ruesink et al. 2005; Chap. 23, Griffiths; Chap. 31, Rilov and Galil).

5.3.4 Fisheries

Fisheries development projects have introduced fishes, crustaceans and molluscs to
boreal, temperate and tropical seas with the aim of establishing new populations.
Some of these intentionally established populations have had unintended and harm-
ful consequences for native species and habitats, including (again) the introduction
of parasites and diseases (Minchin 2007; Chap. 32, Seo and Lee). In some cases,
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fisheries projects have introduced undesirable species that were misidentified as the
target species. In addition, there is a substantial global trade in live baitfish, bait-
worms and other bait organisms that have the possibility (along with other organ-
isms transported with them) of becoming established following release. Even
non-living fisheries products (fresh or frozen) may carry pathogens, including
viruses; these could be released into the wild if their dead hosts are used as bait or
chum, released in drainage from fish processing plants.

5.3.5 Ornamental Species and Live Seafood

Aquarium species and live foods for human consumption are regularly imported
through international airports and distributed to specialty shops, food markets or
restaurants (e.g. Chapman et al. 2003). The subsequent release of these organisms,
either intentionally or accidentally, can lead to their establishment. For example, the
establishment of Pacific lionfish, Pterois volitans, on the east coast of North
America (Whitfield et al. 2002), and of the green alga, Caulerpa taxifolia, in the
Mediterranean Sea and southern California (Jousson et al. 2000; Chap. 31, Rilov
and Galil), apparently resulted from releases from public or private aquaria.

5.3.6 Marine Leisure and Tourism

Small craft vary in design, speed and behaviour (Minchin et al. 2006), and this can
influence the degree of fouling accumulating on hulls. Small craft can provide a
significant mechanism for species dispersal within or between continents, including
overland dispersal by trailered vessels. Other sporting activities, including fishing,
diving, sailing, wind-surfing, and jet skiing, may involve the transfer of equipment,
watercraft, or water contaminated with non-native species. Certain circumstances,
including seasonal migrations of watercraft, may increase the potential for trans-
porting organisms. Private craft offered for sale have a high probability of being
transferred; very often these will lie at moorings or berths for some time before
their sale and during this period can accumulate a large amount of fouling. Some
specialized vessels act as ‘floating dry-dock transporters,” where several watercraft,
normally cruisers, ‘swim’ into the dock before it is dried out and are then carried
across oceans and so may release biota to the area where these craft disembark.

5.3.7 Research and Education

Releases from research and academic institutions can occur from the escape, dis-
carding or mercy release of experimental organisms, or from the discharge of
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organisms in flow-through seawater systems. They can also result from intentional
plantings or releases of organisms for experimental purposes. For example, the
invasion of the New Zealand mangrove, Avicennia marina, in a salt marsh in San
Diego, California, occurred via the intentional planting of the species for physio-
logical research (Callaway and Zedler 2004).

5.3.8 Habitat Restoration and Management

Plantings of non-native marine and estuarine angiosperms, such as cordgrasses in
tidal marshes, have been undertaken to stabilize sediments, to prevent bank erosion,
or to restore or ‘improve’ habitats (e.g., Daehler and Strong 1996). These have
sometimes resulted in non-native plant populations that were subsequently deemed
undesirable and became the target of costly and sometimes unsuccessful control
efforts (see Chap. 17, Grosholz and Ruiz; Chap. 21, Hacker and Dethier). Recently,
the transfer of oyster shell between bays for native oyster restoration projects in
California has been assessed as a potential vector for introducing non-native species
(Cohen and Zabin, in press).

5.4 Vector Management

It may prove difficult or impossible to eliminate or contain many introduced marine
species, even if found soon after arrival. Consequently, preventing the arrival of
harmful species, including controlling their transport with trade in advance of their
inoculation, must be seen as the main objective for invasions management. With
expanding international trade and greater opportunities for individuals to travel
there are increased opportunities to spread non-native species. While management
issues are treated more fully in Chap. 6, we highlight some management issues
related to vectors here.

While some countries have legal requirements controlling the entry of live prod-
ucts such as fish and shellfish, there are usually few controls on imports of bait
organisms, aquarium species or aquatic plants, and the implementation and enforce-
ment of the regulations that do exist is often of limited scope and effectiveness.
Also, unapproved movements of stock for angling or aquaculture purposes continue
to take place. Greater public awareness and the full implementation of Codes of
Practice, such as the ICES Code of Practice (ICES 2005), should reduce the risks
from imported consignments. This code provides a practical risk-assessment
approach for species involved in regular trade (see also Chap. 19, Hewitt et al.;
Chap. 20, Campbell).

Although not developed specifically to control the spread of invasive species,
there is a large body of work on the control of biofouling (e.g. Costlow and Tipper
1984). The most effective anti-fouling applications used organotins, which were in
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general use in paints from the 1970s to 2003. Since then, their use has been
restricted because of serious impacts on a wide range of biota in and outside port
areas. Though there are several less-effective alternatives in use or development,
such as copper-based paints and non-toxic coatings, the loss of organotin paints
makes controlling the transport of organisms in hull fouling even more challenging.
It may help to focus on higher-risk circumstances, such as vessels that remain ber-
thed, moored or anchored in one place for an extended period and accumulate a
large amount of fouling, and are then moved over a long distance, as in the case of
de-commissioned craft.

In concept, the management of organisms carried in ballast water and ballast
sediments poses fewer challenges, as the organisms are isolated from the environ-
ment and can be manipulated and treated with greater freedom. At present, some
jurisdictions require exchanges of port-loaded water for oceanic water at times
when ships pass over deep water. This exchange is intended to purge the coastal
species contained in the ballast water. If properly done, many of the organisms are
extirpated in this way, though some, such as those associated with ballast sedi-
ments, may be little affected. Regulatory monitoring of high-seas ballast exchange
is, however, difficult and very limited. Also, ballast exchanges are not always
achievable on long distance routes, cannot reasonably be undertaken on short voy-
ages, and may be unsafe during bad weather. Alternately, there are several treat-
ment techniques at different stages of research and testing which may be effectively
employed to remove organisms from or sterilize ballast water. The State of
California has adopted regulations that would greatly limit the concentration of live
organisms that could be discharged in ballast water after 2009-2016, which would
necessitate the use of these treatment techniques. An International Maritime
Organization Convention, if ratified and implemented, will impose discharge limits
that are similar in form but not as strong.

The nature of primary and secondary introductions of many marine species is
still poorly known, and an improved understanding would facilitate the develop-
ment of more effective management approaches. Enough is known, however, to
conclude that the main management emphasis should be placed on preventing pri-
mary introductions, since once a species has arrived and become established it is
difficult and often impossible to control. Thoughtful regulations, if implemented
and enforced effectively, will reduce the frequency of primary introductions, while
monitoring for the arrival of species will in some cases enable early control of an
invasion. Further developments in the growth of trade, including the expansion of
the European Union and the continued development of bilateral and local trade
agreements, are likely to result in further spread of marine species. However, rapid
dissemination of information as an early warning instrument and greater public
awareness may support management actions that could reduce this spread.
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Chapter 6
The Vessel as a Vector — Biofouling,
Ballast Water and Sediments

Chad L. Hewitt, Stephan Gollasch, and Dan Minchin

6.1 Introduction

Human-mediated marine bioinvasions have altered the way we view the marine
environment — virtually all regions of the global oceans have experienced the intro-
duction of marine species (e.g., Carlton 1979; Coles et al. 1999; Cranfield et al.
1998; Cohen and Carlton 1998; Hewitt et al. 1999, 2004; Orensanz et al. 2002;
Leppikoski et al. 2002; Lewis et al. 2003; Castilla et al. 2005; Wolff 2005; Gollasch
and Nehring 2006; Minchin 2006), placing marine and coastal resources under
increased threat. Humans have almost certainly transported marine species since
early attempts to voyage by sea. These ancient transport vectors were slow, and for
the most part restricted to small spatial scales. The beginning of significant explora-
tion and subsequent expansion by Europeans (post 1500 AD) has resulted in the
transport of many thousands of species across all world oceans (Crosby 1986;
diCastri 1989; Carlton 2001).

The transport of species by human vectors was recognized by early workers
(Ostenfeld 1908; Elton 1958), but it is only in the last few decades that significant
progress on identifying patterns and processes has been made (e.g., Carlton 1985,
1996, 2001; Ruiz et al. 2000; Hewitt et al. 2004; Castilla et al. 2005; Minchin
2006). Numerous transport vectors have been identified and described (Carlton
2001; Chap. 5, Minchin et al.); however the majority of species appear to have been
associated with vessel movements, either as exploratory, military, commercial or
recreational vessels (e.g., Carlton 1985, 2001; Cohen and Carlton 1998; Hewitt
et al. 1999; Gollasch et al. 2002, Minchin and Gollasch 2003).

The ship as a transport vector is comprised of several sub-vectors. These include
(1) the hull and other ‘niche’ areas, such as the propeller, rudder, on exposed sur-
faces of water piping, seachests, and thruster tunnels, where accumulations of
growths of organisms develop (typically known as hull fouling), (2) the boring of
organisms into the structure of the vessel (primarily limited to wooden hulled
vessels), and (3) the uptake of organisms in association with wet or dry ballast
(Carlton 1985, 1996; Ruiz et al. 2000). Several of these ship sub-vectors are no
longer active. Hull boring for example, virtually ceased to exist with the use of steel
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as the primary ship-building material in merchant and naval vessels. However,
many pleasure boats and fishing craft are still constructed of wood (Nagabhushanam
and Sarojini 1997). Similarly, dry-ballast made up of sand, gravel and rock taken
from littoral environments was replaced with water as ballast beginning in the late
1800s and had become phased out by 1950.

None of these sub-vectors is species-specific, and each is likely to transport entire
assemblages of species. Each may also facilitate the transport of a differing suite of
species with different physiological and ecological characteristics (see Table 6.1).
Biofouling primarily transports species that have attached sedentary or sessile, ben-
thic habits, or species associated with these communities (e.g., living in, between or
on other organisms) (Minchin and Gollasch 2003). In contrast, ballast water trans-
ports species associated with the plankton either as holo-plankton (species that have
their whole life-cycle in the water column), mero-plankton (species with a portion
of their life-cycle in the water column), or tycho-plankton (species accidentally
swept into the water column), and often include pelagic species. It is difficult to
establish a firm link between an already established introduced species and the vec-
tor (or sub-vector) by which it arrived in the new location (Minchin 2007).
Nevertheless, attempts at assigning linkages to sub-vectors based on life history
modes, timing of invasions, and association between location of incursion and sub-
vectors have been deduced by reasoned argument (e.g., Hewitt et al. 1999, 2004, in
press; Fofonoff et al. 2003; Ruiz et al. 2000).

Table 6.1 Some comparative aspects of ballast water and associated sediments, and hull
fouling

Ballast water

Item and sediments Hull fouling
Amount ship ballast ca 3-10km? per year In 1982: 75,000 merchant
volume/hull surface area (Gollasch 2002b) vessels have 110 million m?
(Olesen 1982)
Management physical/ Ballast purges/ Antifouling agents/paints
chemical exchange at sea

In water hull cleaning

Flocculation of sediments Dry docking/extended periods
out of water

Salinity changes

Filtration Fresh/salt water immersion
Irradiation

Centrifuge

Evolving chemical and
physical treatments

Relief Baffles, platforms, Smooth surfaces, some projec-
supports, ledges tions and cavities (sea chests,
and tanks walls thruster tunnels)

(continued)
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Table 6.1 (continued)
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Ballast water

Item and sediments Hull fouling
Temperature Few sudden changes Fluctuations of temperature
except during mid-ocean rapid and directly matching
or port ballast exchanges external environment during
voyage
Salinity Potential pulses of salinity Salinity highly variable accord-
associated with ballast ing to shipping routes and
exchanges ports. Some species such as
oysters can seal their shells
for some days and avoid
being exposed to changed
salinity
Turbidity Highly variable Highly variable
Periods of turbidity Periods of turbidity depend-
depending on ballast water ing on port conditions (e.g.,
uptake, port conditions water depth, tug and dredge
(e.g., water depth, tug operations, tidal range, estua-
and dredge operations, rine port) and sea state
tidal range) and sea state
Sedimentation Accumulation on tank Very little except within highly
floors and on ledges fouled communities or hull
pockets such as sea-chests
Turbulence Variable, according tank Extreme to moderate,
position, often according to weather
little flow conditions and ships speed
Light Little or no light Variable light, bright to shaded

Gas exchange

Uptake of organisms

Biota

Taxonomic range (refer to
table of described taxa)

Communities

Life history characteristic

Interactions with ambient
communities

May be limited locally

Only at specific times
of ballasting

Mainly free living: mero-,
holo- and tycho-planktonic
organisms (Gollasch 2002a)

Viruses, micro-organisms,
plants (largely planktonic
and resting stages) and ani-
mals (Porifera to Teleosts)
(Gollasch 2002a)

Generally simple except
in sediments

Predation, scavenging,
deposit feeding,
dormant/resting stages

Restricted

Continuous

At any time, most likely when
in port — associated with port
residency time

Mainly benthic Sessile, seden-
tary and some mobile species
present (Gollasch 2002b)

Viruses, micro-organisms, plants
(all stages of single and
multi-cellular plants) and
animals (Porifera to Teleosts)
(Gollasch 2002b)

Development of complex com-
munities possible

Predation, herbivory,
scavenging, filter/
suspension feeding

Constant

(continued)
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Item

Ballast water
and sediments

Hull fouling

Excreta, exuvae,
decaying remains

Availability of ‘food’

Sexual reproduction

Asexual reproduction

Spawning/Sporulation

Larval development

Only following ballast
water release

Retained

Restricted to organisms in
ballast tank — live food
declining according to
voyage duration (detritus
increasing during voyage),
no or low levels of
photosynthesis; potential
to feed at all times

Micro-organisms and some
Crustacea (copepods)

Bacteria, protozoa, and
diatoms (production of
resting stages)

Not known

Larvae known in ballast tanks

May be subject to predation and
grazing, exposed to infesta-
tions, pollutants particularly
when anchored or berthed

Generally lost, except barnacles
and serpulids/spirorbids,
some molluscs

Food in ambient water vari-
able (oceanic —low, coastal/
estuarine — high), growth of
‘fouling’” community con-
tinuous, high to low levels
of photosynthesis according
to location on hull; feeding
except at times during voy-
ages or when physiologically
challenged

Most invertebrate phyla and
algae

Some Anthozoa and planarians

Many invertebrate and algal taxa
— direct evidence for some
molluscs, serpulids and bryo-
zoa. May leave behind devel-
oping embryos in ports

Only brooded larvae

In this chapter we evaluate biofouling of the exposed surfaces and ballast water

as sub-vectors of vessels by examining similarities and differences. We do not
intend to undertake a comprehensive evaluation, but provide an indication of sub-
vector activity and association with species together with the potential implications
for management.

6.2 Biofouling

Much research has been focused on understanding the mechanisms of attachment
and subsequent impacts on vessel performance of biological growth on the
immersed hull surfaces of a vessel (e.g., Gollasch 2002a). It is now recognized that
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the drag generated by low levels of biofouling impair a vessel’s efficiency, when
measured as tonnage of fuel required to maintain speed. This has led to significant
efforts to improve cost-effective anti-fouling methods that reduce biofouling
growths during the operational periods between dry-dockings.

Early anti-fouling methods included tar mixed with horsehair, copper cladding
affixed to the vessel hull, flat-headed nails to cover a wooden hull, the use of
steel, paints with biologically active compounds using copper and later tri-butyl
tin (TBT). Anti-fouling paints have proven extremely effective, particularly those
based on organotins (see Minchin 2006). The advent and subsequent proliferation
of TBT paints from the 1970s onwards, however, resulted in significant impacts
to marine communities adjacent to ports, marinas and in busy shipping lanes.
Impacts occur at very low concentrations, as these organotins also act as endo-
crine disrupters, causing sexual deformities in a variety of invertebrate species
(see review by Fent, 1996). Concern over the impacts of TBT has resulted an
internationally agreed-upon ban on the use of TBT under the International
Convention on the Control of Harmful Anti-Fouling Systems on Ships of the
International Maritime Organization (IMO), the United Nations body which deals
with shipping (AFS 2001). This has involved the discontinuation of the applica-
tion of organotin based anti-fouling paints since 2003. Port areas have generally
shown declines of leached organotins since then, leading to improvements in
water quality that may subsequently lead to port regions becoming more invasible
(Nehring 2001). For example, it was assumed that the improved water quality has
enabled a re-expansion of the zebra mussels in the port of Hamburg, Germany, in
the River Elbe (Gollasch 2001).

Biofouling has typically been considered to be of historic significance (Carlton
2001) as many vessels will have been lost at sea during naval engagements and
storms and will have spent long durations in port without the advantages of modern
hull fouling controls. In contrast, today there are fast turn around times in ports and
the use of efficient anti-fouling paints that reduce the opportunities for settlement.
The increased speed of modern vessels en route will result in much of the attached
biota becoming detached (see Minchin 2006). Yet even recently dry-docked and
painted vessels can have significant biofouling. These can be observed in untreated
areas where the ship is supported on blocks during dry dock and where paint cannot
be applied, on slow service vessels such as barges where high quality paints are not
used, and, where such vessels or structures are seldom dry-docked (e.g., Coutts
1999; Gollasch 2002a).

A calculation of the total wetted surface area, the permanently submerged hull
surface even when the vessel is only partly loaded, for the active fleet in 1982 of
75,000 merchant ships was ~110 million m? (Olesen 1982). This will certainly be
much greater today. In Germany alone, Bettelhduser and Ulrich (1993) calculated
that 290 vessels had a submerged hull surface area of 2.9 million m?. These areas
are largely anti-fouled, however Coutts (1999) estimated that up to 20% of the total
wetted surface area of some vessels are untreated dry docking support strips.
Similarly, Lenz et al. (2000) found that approximately 14% of the vessel’s wetted
surface area was fouled, despite the general usage of TBT as an antifoulant used at
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that time. The findings of Lenz et al. (2000) may have been affected by the age of
antifouling paint on the vessels investigated. Nevertheless, it is highly probable that
biofouling today, on account of implementation of the AFS Convention to phase
out all organotins in ship antifoulants by 2008, is greater.

The situation for non-merchant vessels is likely to be much less positive.
Whereas merchant vessels have a strong economic incentive to maintain their ves-
sel hulls free of fouling, slow moving vessels such as oil platforms, oceanic barges,
tugs, dredges, fishing vessels, and recreational craft, do not. In addition, many
slow-moving vessels also have long port tenancies and are idle for significant
periods of time, during which extensive fouling communities can accumulate. For
example, recreational vessels offered for sale can remain idle and in-water for long
durations. Once sold, these vessels are commonly transported to new locations by
water or over-land without any attempt at cleaning.

Slow moving vessels have been implicated in a number of biofouling associated
introductions. One fishing vessel, the Yefim Gorbenko was examined by researchers
in New Zealand following its operation for several months in the New Zealand
Exclusive Economic Zone (EEZ). The extent of biofouling on the vessel caused
operational difficulties and was brought to dry-dock where it was found to have an
accumulation of over 96 tonnes (wet weight) of biological material (Hay and
Dodgshun 1997).

Leisure craft have not, until recently, been considered as significant contributors
to the transport of species, however it would appear these are important in spread-
ing some marine algae and invertebrates (Minchin et al. 2006; Hewitt et al., 2007).
The incursion and successful eradication of the black striped mussel, Mytilopsis
sallei, in Darwin, Northern Territory, Australia in 1999 was almost certainly associ-
ated with a recreational cruising yacht (Bax 1999; Willan et al. 2000). Similarly, the
introduction of several ascidian species, such as a form of Didemnum (Fig. 6.1), and
several tubeworms (Fig. 6.2), continue to spread worldwide (Zibrowius 1994; Cinar
2006; Valentine et al. 2007) and are thought to be spread by recreational craft
(Minchin 2006).

Currently there are few easy detection or treatment methods available to
biosecurity managers. High densities of biofouling can be readily observed from
the surface, or by using in-water diver or remote camera inspections. Such moni-
toring requires the establishment of additional inspection regimes at ports of
entry (Hewitt et al. 2004). In addition, once a vessel with significant fouling has
been detected, options for management are limited. The vessel can be fined and/
or sent on with directions to clean the hull prior to future re-entry; or directed to
a dry-docking or hoisting facility should this be readily available. In case organ-
isms are removed from the hull and other areas in dry-dock, measures should be
taken to prevent their disposal into the water unless appropriately treated.
Research efforts are currently underway to develop in-water cleaning methods
that safely remove organisms from a vessel and vacuum or filter any dislodged
material from the water column (B. Gould, Biosecurity New Zealand, personal
communication).



Fig. 6.1 A didemnid tunicate fouling a hull of a recreational vessel in Ireland, 2005 (credit:
D. Minchin)

Fig. 6.2 Ficopomatus enigmatica, an Indo-Pacific tubeworm, on a recreational vessel hull in
Ireland, 2005 (credit: D. Minchin)
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6.3 Ballast Water and Sediments

Ships’ ballast water is taken on board and held within specialized tanks to maintain
the trim and stability of ships, specifically when unladen. These tanks can be cargo
holds temporarily used for holding ballast water; however the majority are purpose-
built, complex structures designed to provide structural support for the ship. The
tanks are typically distributed in different regions of a ship and are subjected to
varying environmental conditions. For example, the forepeak tank, situated at the
ship’s bow, provides the most agitated conditions in poor weather, whereas those
farther aft are not subjected to the same degree of disturbance. Almost all tanks
used for holding ballast water accumulate sediments, the amount varying according
to the ports vessels visit. Estuarine ports often have highly turbid water and any
disturbance of the sea-bed can lead to plumes of sediment that may inadvertently
be taken aboard (Fig. 6.3). These plumes may also contain biota, some of which
may be in a resting state and could remain in this way, even in apparently unsuitable
conditions for some months. Accumulations of sediments can become sufficient to
support an infaunal community (e.g., Gollasch 2002a). These sediments are most
usually silts and muds and carry a wide range of microbiota to fine web-like
growths of slime-moulds (Hiilsmann and Galil 2002) and more advanced metazoa
(e.g., Gollasch 2002a; Gollasch et al. 2002).

Ostenfeld (1908) suggested that the use of water as ballast could form a trans-
port mechanism for species transfers. Soon after, further evidence of ballast-water
introductions took place with the first European appearance of the Chinese-mitten
crab to the Aller River in Germany in ~1912 (Marquard 1926; Peters 1933). This
concern has subsequently been confirmed with the identification of hundreds of
species in the ballast tank environment (e.g., Carlton 1985; Carlton and Geller
1993; Gollasch et al. 2002). The uptake of water as ballast typically occurs in a port
environment while the ship is at berth. As a consequence, any organism present in
the water column either as a permanent member (holo-plankton and demersal spe-
cies), or temporary member (mero- and tycho-plankton) will be entrained during
ballast water uptake and subsequently transported with the vessel (e.g., Carlton and
Geller 1993). Organisms from virtually all the major taxonomic and trophic groups
have been detected in ballast water or in its accumulated sediments (Williams et al.
1988; Carlton and Geller 1993; Gollasch et al. 2002).

The dark conditions within tanks are unfavourable for photosynthesising plant
stages and for those species that are dependant on sight for feeding, their numbers
decline rapidly soon after ballasting. Other organisms also decline over time. Rarely
have any accounts of species increasing their abundance been noted, as in the case
of an harpacticoid copepod increasing its numbers in ballast tanks during a voyage,
most likely due to reproduction during the voyage (Gollasch et al. 2000). The
remains of those organisms that expire may become consumed by scavengers or are
broken down by bacteria and fungi. Recent studies have shown that the micro-
organisms that occur in ballast water are an important component of the ballast tank
community, some of which can cause human diseases (Drake et al. 2001).
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Fig. 6.3 Sediment disturbance in port due to vessel movement (credit: S. Gollasch)

Ballast water as a transport vector has attained the awareness of both the public
and policy makers throughout the world. As discussed in Chap. 19, Hewitt et al.,
significant efforts at international, regional and national levels have been focused
on developing appropriate management options for ballast water mediated intro-
ductions. Similar to biofouling, the IMO developed a Convention on ballast water
management (BWM 2005; Gollasch et al. 2007; Chap. 19, Hewitt et al.). Existing
methods include the exchange of coastal ballast water for open oceanic water while
in transit. This ballast water exchange (BWE) may act to reduce the likelihood of
species transport in some instances, but these activities may not dislodge any sedi-
ments that have accumulated. In addition, the practice of BWE may be both imprac-
tical and unsafe in specific locations and sea states and incorrect procedures have
led to serious events at sea. At best BWE can only reduce the numbers of biota
transferred by this process and is more effective if the properties of the exchanged
water are different, such as in the case of fresh or brackish water being exchanged
for oceanic water (Gollasch et al. 2007). For this reason, BWE can only be consid-
ered as a part-effective and temporary measure. In the meantime, technologies
using varying treatment methods are being developed (e.g., Taylor et al. 2002).
Unfortunately, many of these treatments take a long time and are only possible to
use during long voyages and are not possible to use over short distance routes.
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6.4 Discussion

Evaluations of various world regions indicates that shipping has been considered
to be responsible for the majority of marine bioinvasions (e.g. Carlton 1985, 1996,
2001; Cohen and Carlton 1998; Cranfield et al. 1998; Hewitt et al. 1999, 2004;
Ruiz et al. 2000; Gollasch 2002a; Leppikoski et al. 2002; Fofonoff et al. 2003).
The levels of certainty associated with assigning a specific vector to an invasion
vary, in part, because few invasions are witnessed and are detected at some point
following their arrival. This leads to attempts to assign responsibility to a vector
as a consequence of evaluating life history characteristics, timing of arrival in rela-
tion to active vectors, and proximity to active vectors according to current use.
Indeed, it appears that numerous species have the opportunity to be transported by
either as biofouling or in ballast water (Hewitt et al. 1999, 2004; Minchin 2006)
(Fig. 6.4).

Ruiz et al. (2000) considered that this ability to be transported at multiple stages
of a life cycle might contribute to the invasion success by increasing inoculation
pressure. The frequency of transmission along specific routes may also enhance the
likelihood of successful establishment because of an increased opportunity of arriv-
ing at an optimal period for growth and reproduction. When considering the large
amount of water carried worldwide, and the routes that many individual vessels
undertake, it is perhaps of little surprise that organisms are carried to new regions.
In addition, the extensively fouled surfaces of ships allow for the development of
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Fig. 6.4 An evaluation of historic marine bioinvasions according to five primary transport
mechanisms: biofouling, ballast water, mariculture, semi-dry ballast and intentional: white — New
Zealand (based on Cranfield et al. 1998); light grey — Port Phillip Bay (Hewitt et al. 1999, 2004);
dark grey —North Sea (Jensen and Knudsen 2005; Wolff 2005; Gollasch and Nehring 2006;
Minchin et al., in prep, Gollasch and Kerckhof, in prep); black — San Francisco Bay (Cohen and
Carlton 1995); stippled areas represent species that can be both biofouling and ballast water
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fouled species and all vessels also will have spread their compliment. While the
great majority of routes for trade are now in general use, some new routes linking
previously unconnected regions will undoubtedly be established as global trade
increases. For example, a seasonal route is likely to evolve between the north
Atlantic and north Pacific Oceans with the contraction of the Arctic ice-sheet as a
consequence of global climate change.

It is of interest to managers whether biofouling or ballast water (and sediments)
pose the greatest risk in distributing invasive species in the future (see Chap. 19,
Hewitt et al. and Chap. 20, Campbell). With limited environmental management
budgets and increasing pressures on the use of public funds, there is a need to target
the most cost-effective and appropriate research and management activities that
reduce the risks of costly invasions (Hewitt et al. 2004). In a recent analysis of
incursions to Australia, New Zealand and the North Sea between 1995 and 2002,
Australia had recorded 17 new incursions (Fig. 6.5A), New Zealand had recorded
18 incursions (Fig. 6.5B) and 20 new species were found in the North Sea (Fig.
6.5C). The Australian incursions could be divided into 13 biofouling alone (based
on species’ life history characteristics and locations of arrival), 2 to either biofoul-
ing or ballast water and 2 to others from non-ship vectors. In contrast, the New
Zealand incursions included nine attributed to biofouling, three to ballast water, five
to either biofouling or ballast water, and one to non-ship associated methods.
Fifteen species reached the North Sea region with shipping (six with ballast water,
six with biofouling and three in either biofouling or ballast water) and five with
non-shipping vectors. In these studies it was assumed that all invasions were identi-
fied and that the appropriate vectors were correctly identified.

It is clear that both biofouling and ballast water are currently active and impor-
tant vectors for the transport of marine species and will continue to spread species.
Both vectors have special circumstances allowing for their transport according to
the life-history stages and tolerances of biota. From a management perspective,
these two sub-vectors associated with vessels require different regulatory frame-
works and management responses, suggesting that further research into the relative
risks of biofouling introductions vs ballast water introductions is needed to inform
policy development better. Further, additional vector management options need to
be developed to provide a suite of tools for appropriate management action.
Examples include development of in-water hull cleaning devices for merchant and
recreational vessels that will act in such a way that the removed biomass does not
propagate and infect new regions; non-toxic antifouling paints to replace the
current suite of organitin based paints; and ballast water treatment technologies to
reduce invasion risk without increasing release of biologically active compounds in
nearshore and coastal waters.

Additional work is needed on the transmission of parasites and diseases associ-
ated with biofouling species and in ballast water. These organisms are likely to
create risks to aquaculture operations within and adjacent to ports and marinas.
A number of commercially farmed molluscs or closely related species are found on
the hulls of ships and capable of surviving long journeys (Minchin and Gollasch
2003). While these species are likely to have been transported and introduced to
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new regions, it is equally likely that parasites and pathogens were transported
within these organisms. The further transport of these molluscs either through
intentional stock transfers or with commercial or recreational vessel movements to
new port regions may also lead to the further transfer of parasites and pathogens.
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Chapter 7
The Role of Propagule Pressure in Invasion
Success

Emma L. Johnston, Richard F. Piola, and Graeme F. Clark

7.1 Introduction

One of the core goals of invasion biology is the identification of factors that
increase the risk of establishment success of non-native species. Historically,
marine invasions have been investigated through observational studies and surveys
(Cohen and Carlton 1998; Ruiz et al. 2000). These have guided ecologists towards
the processes most relevant to invasion, but researchers are becoming increasingly
aware of the limitations of observational studies alone. It is clear that different
factors may influence invasion success at different stages of the invasion process
(Kolar and Lodge 2001) and a major challenge is to quantify the relative impor-
tance of these factors. Understanding the intricacies of invasion dynamics requires
a rigorous approach, in which potentially important factors can be controlled,
manipulated and tested (Ruiz et al. 2000). Particularly strong calls have been made
for the inclusion of propagule pressure or invader supply into our models, experi-
ments and surveys, and this chapter reviews recent progress in elucidating the role
of propagule pressure on invasion success in marine ecosystems.

7.2 Propagule Pressure

Propagule pressure describes a measure of the number of individuals released into
an area to which they are not indigenous (Carlton 1996). In marine systems this can
be the release of mature adult organisms but also, and perhaps more commonly, the
release of early life-history stages such as larvae. Propagule pressure may be
increased either through an increased number of arrival events (e.g. increased fre-
quency of ship arrival) or an increased intensity of exposure during any one event
(increased abundance of organisms released into the recipient water body from any
one vector). Propagule pressure differs from settlement or recruitment because it
represents the potential for introduction rather than a realized introduction.
Propagules may be released but never join local populations. For example, millions
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of non-native larvae may be released into an area (high propagule pressure), but
most might die before settling out from the pelagic larval phase (settlement) or
surviving to reproductive age (recruitment to the adult population).

Propagule pressure is well recognized as an important factor that may influence
the success of species invasions (Lonsdale 1999; Ruiz et al. 2000; Puth and Post
2005; Drake and Lodge 2006). In part this may be because the basic relationship is
rather intuitive: increasing propagule pressure should lead to an increased probabil-
ity of invasion success (Leung et al. 2004). Recent models that incorporate prop-
agule pressure are also proving to be more successful at explaining current
distributions (Rouget and Richardson 2003). However, despite the profusion of
models highlighting the theoretical importance of propagule pressure, there remain
relatively few experimental studies that have measured or manipulated propagule
pressure. Where studies have been conducted they report a clear positive effect of
propagule pressure on invasion success in a range of taxa, including freshwater fish
and invertebrates, beetles, birds, mice, voles and ungulates (Lockwood et al. 2005).
What is perhaps surprising is the paucity of studies examining the role of propagule
pressure on invasion in marine systems, relative to other habitats (Fig. 7.1).

The study of propagule pressure in invasion biology has many similarities to
research in “supply-side ecology”, which has long fascinated marine ecologists.
Recent focus in this area has provided us with strong evidence for the stochastic,
non-equilibrial and “open” nature of many marine systems (Underwood and
Keough 2001). In such systems there are few circumstances in which propagule
pressure would not influence population dynamics, even if the effects were difficult
to detect (Caley et al. 1996). Any study of supply-side ecology may therefore shed
some light on the invasibility of marine communities; however, very few explicitly
claim to study invasion this way (Verling et al. 2005). The results of a literature
search spanning the last decade of research in marine systems shows that the
number of studies relating to supply-side ecology (including larval biology) out-
numbers the number of supply-side invasion biology studies by forty to one (Fig.
7.1). However, attention to this issue appears to be increasing (Fig. 7.2).

The strong likelihood of propagule pressure effects in marine systems is com-
plemented by an enormous applied interest in this area, particularly since it may be
one of the few economically viable management options for the control and preven-
tion of marine invasions. If the risk of invasion success can be modeled using basic
information on vector types, arrival rates, pre- and post-border survival, fecundity
and Allee effects, then we may have some success in developing much needed inva-
sion risk assessment and management plans (Drake and Lodge 2006). Ground-
truthing such models with successful experimental manipulations would then
provide a strong theoretical framework with which to predict invasions, and help us
to curb the increasingly rapid homogenization of the world’s marine biota.

Here we review recent research on supply-side invasion in marine systems and
identify productive avenues for future research. We start by describing studies that
aim to explain invasion success through the characterization of certain biological
characteristics of an invader, such as propagule resilience or propagule production.
We then discuss how surveys can contribute to our understanding of supply-side
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Fig. 7.1 Comparison of the number of studies of supply side ecology, invasion biology and
supply side invasion ecology in all habitats vs marine systems. We conducted the literature search
using the Web of Science for studies published between 1995 and 2007. Supply-side ecology
papers were searched for using the terms larv®, propagule, supply-side ecology, supply side ecol-
ogy, supply-side, supply side, bottom-up, and bottom". Invasion biology studies were searched for
using the terms invas®, invad’, exotic, alien, nonnative, non-native, nonindigenous, and non-
indigenous. We also combined these search terms in order to compare the number of studies of
supply-side ecology, invasion biology and supply-side invasion biology in terrestrial and marine
systems. Bars represent the unrefined number of studies that were found in each search (see Figs.
7.2 and 7.3 for further analysis of the marine supply-side invasion biology studies)

invasion ecology. These studies include adult distribution and vector surveys, as
well as investigations of population genetics. Finally we discuss studies that include
manipulated invasive propagules in order to gauge community invasibility.

7.3 The Resilience of Propagules

Life history traits of individual taxa, attributes of source and recipient environ-
ments, and characteristics of transport vectors all contribute to determine which
species become invaders (see Chap. 6, Hewitt et al.; Chap. 8, Miller and Ruiz;
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Fig. 7.2 Frequency of propagule studies by year for the last decade. Data was extracted from the
literature search described in Fig. 7.1. A total of 187 abstracts were assessed and studies that were
not about marine supply-side invasion biology were removed from the analysis. The remainder
(109 studies) were categorized according to year of publication

Chap. 10, Smith; Chap. 12, Olyarnik et al.). They influence how invaders are trans-
ported, how many individuals survive transportation to be released (i.e. propagule
pressure), and their eventual establishment success (Floerl and Inglis 2005;
Wonham et al. 2005). Increased chance of invasion success should be associated
with a high probability of being transported alive to a new region. Invasive prop-
agules must therefore be entrained by vectors and able to survive distinct environ-
ments throughout the invasion process. These include the specific vector environment
(i.e. the conditions experience during transportation), and the conditions of a specific
recipient region(s) (for a detailed explanation see Chap. 8, Miller and Ruiz). Many
common vectors that transport non-indigenous marine species present extremely
stressful environments, and exert strong selective pressures on both target and non-
target organisms. Organisms transported by ballast water for example, risk exposure
to high concentrations of harmful metals, biocides and hypoxic conditions (Jelmert
and Van Leeuwen 2000; Tamburri et al. 2002; Jones et al. 2006). Similarly, fouling
organisms transported on the hulls of vessels are exposed to a range of chemical (Valkirs
et al. 2003; Schiff et al. 2004; Srinivasan and Swain 2007) and physical stressors.
The tolerance and life-history characteristics of larval and adult organisms entrained
and transported under such hostile conditions may have a strong bearing on the
propagule pressure they exert within recipient environments, and hence their inva-
sive potential.

Adaptivity and tolerance to a range of biotic and abiotic stressors are important
determinants of a species potential to colonize a new environment. Propagules at
the larval stage are usually less resilient than adults (Connor 1972; Calabrese
et al. 1973) and physical parameters such as temperature and salinity may strongly
influence the survival of juvenile invaders. Determining the biological characteristics
and environmental tolerances of larval stages of invasive species has been the sub-
ject of only a handful of recent studies (Fig. 7.3). These studies generally show that
the larvae of successful invaders display wide tolerance to environmental condi-
tions. Larvae of the extremely successful invasive marine crab Carcinus maenas are
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Fig. 7.3 Comparison of topics investigated in marine studies of supply-side invasion biology.
Results of the search conducted in Fig. 7.1. were further categorised by organism and subject matter.
A total of 187 abstracts were assessed and studies that were not marine or primarily about invasion
biology were removed from the analysis. The remainder (109 studies) were categorized according
to whether they were about (i) larval or adult invader characteristics (ii) surveys of existing invader
distributions, (iii) studies of invader impacts and studies of invader propagule supply

able to survive and mature in salinities as low as 26 ppt (Bravo et al. 2007) and tempera-
tures between 10 and 22.5 °C (deRivera et al. 2007), likely contributing to the
continued spread of this invader along the North American coastline. Similarly,
larvae of the invasive gastropod Rapana venosa from Chesapeake Bay have
demonstrated prolonged tolerance to salinity levels as low as 7 ppt, facilitating its
dispersal along large stretches of west coast United States (Mann and Harding 2003).
Miller et al. (2007) determined that tolerance to low salinity conditions was one of
the three most important attributes driving successful molluscan invasions in San
Francisco Bay, along with developmental mode and population abundance.
Phenotypic plasticity (Chap. 10, Smith) has even been demonstrated in the eggs and
larvae of the grapsid crab Chasmagnathus granulate, allowing it to rapidly accli-
mate (and switch between) wide ranges of salinities (Charmantier et al. 2002).
While C. granulata is not currently recognized as an invasive species, it is easy to
envisage how such a trait may be an advantage to propagules of an introduced
species across a wide range of environments.

Propagules of some invasive species even display significant tolerance to biocides
and toxicants designed to prevent their dispersal. Toxic chemicals from homes, industry
and agriculture are regularly released into bays and estuaries. Similar suites of toxicants
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are also used to try to prevent the recruitment and transport of marine organisms onto
ship hulls, and a marine plant or animal that is capable of settling and surviving on these
toxic paints may be transported around the globe (Hewitt et al. 1999). Copper and zinc
are common constituents of antifouling paints used to prevent the spread of species on
vessel and boat hulls. Field experiments examining recruitment to antifouling coated
surfaces have demonstrated that larvae of the invasive bryozoan Watersipora sub-
torquata not only actively recruit and grow upon copper-treated surfaces, but facilitate
the recruitment of other invasive species that use them as a refugia from the toxicant
(Floerl et al. 2004). Laboratory studies of W. subtorquata and other invasive bryozoan
larvae (including Schizoporella errata and Bugula neritina) show them to have copper
tolerances up to five times greater than maximal levels observed under real-world con-
ditions (Piola and Johnston 2006a).

The resilient nature of invasive propagules may be essential to their invasion suc-
cess by not only increasing survival through the transportation process but also within
the recipient environment. An example to highlight how the interplay between prop-
agule traits, vector characteristics, and environmental conditions can influence invasion
success is the relationship between pollution and invasion in marine systems. By their
presence on antifouled surfaces some sessile invertebrates and algae clearly display a
degree of resistance to certain contaminants, which could then become a desirable trait
if the organism is transported to an environment containing the same (or similar) toxi-
cants (e.g. a polluted harbor). This process of entrainment, resistance, transport and
introduction may be even more successful if source and recipient environments experi-
ence similar levels of pollution. Invasive bryozoans display a high tolerance to the
toxic heavy metal copper (Floerl et al. 2004; Piola and Johnston 2006b) and they are
capable of developing and losing this tolerance depending on environmental condi-
tions (Piola and Johnston 2006b). It is now clear that copper tolerance does confer a
competitive advantage on some non-indigenous marine invertebrates (Dafforn et al.
2008; Piola and Johnston 2008; Crooks, unpublished data). We predict that this will
also be the case for some organisms that are transported in ballast water, where the
environment is likely to differ in many parameters, particularly salinity, temperature,
dissolved oxygen and turbidity. Further research on the resilience of transported prop-
agules to vector and recipient environments will help characterize the risk of transport
of a range of marine invertebrates. Risk analysis frameworks that are based on biologi-
cal characteristics of the invasive propagules must be interpreted with caution, how-
ever, since marine invasive species may also display rapid adaptation and/or evolution
to new conditions (Sax et al. 2007).

7.4 Producing Propagules

Invasive species can also possess adult-stage characteristics that enhance their prop-
agule supply and promote invasive success. Timing of reproductive maturity and
numbers of propagules produced (fecundity) are two factors that often set successful
invaders apart from competing native taxa. The rapa whelk Rapana venosa exhibits
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life history traits such as early reproductive maturity and annual production of large
numbers of propagules (up to ~3600 embryos), which contribute to its success as an
invader (Harding et al. 2007). Similarly, individuals of the round goby Neogobius
melanostomus that have invaded brackish water habitats have been shown to invest
more resources into reproduction and have higher fecundity than individuals of the
same species living in marine habitats (Corkum et al. 2004). Through strong dispersal
abilities and rapid adaptation (~3 years), they can readily become dominant in new
environments. Analogous traits and high dispersal potential are also observed in the
ubiquitous green mussel Perna viridis (Rajagopal et al. 2006) and the varnish clam
Nuttallia obscurata, a recent invader to the NE Pacific ocean (Dudas and Dower
2006). Non-indigenous species with high propagule output often out-recruit native
species and come to dominate local populations. For example, the introduced barna-
cles Elminius modestus (Watson et al. 2005) and Chthamalus proteus (Zabin et al.
2007) display high propagule production, high levels of recruitment back to parent
populations, and, in the case of C. proteus, short larval development time — all of
which enhance their dominance of invaded habitats.

Variable modes of propagule production and dispersal may also influence a spe-
cies’ invasion potential. By studying historical and modern day range limits of
Californian marine bivalves, Roy et al. (2001, 2002) argue that bivalve invasions
were generally driven by large bodied species/individuals, perhaps partly due to the
fact that small bodied molluscs tend to brood their larvae resulting in reduced larval
dispersal. In a previously undescribed gastropod in Hawaii, evidence of long-term
sperm storage and extremely competent larvae at the time of hatching suggests a
high potential for invasion in this species, as a single individual transported to a new
region has the ability to fertilize and disperse propagules which have a high chance
of survival (Strathmann and Strathmann 2006). The timing of propagule production
may also influence invader success. By examining long term recruitment data,
Stachowicz and Byrnes (2006) argue that the non-indigenous colonial ascidian
Botrylloides violaceus increases recruitment success by spawning during periods of
otherwise low recruitment. This effectively represents exploitation of a previously
unoccupied ecological niche and points towards the importance of the timing of
propagule supply in explaining invasion success (see Clark and Johnston 2005 for
an experimental test of the timing of propagule arrival).

7.5 Inferring Propagule Supply from Current Distributions

Surveys of species distributions are a first and necessary step in identifying new
species invasions. Although observational studies are inherently limited in their
ability to determine causality, they can provide a basis for inference and give
direction towards processes of interest. Surveys have proven instrumental in
detecting the range expansion or initial occurrence of non-native species (e.g.,
Carriglio et al. 2004; Chap. 3, Lonhart). In isolation, these results can appear
disparate, but growing syntheses of data from a wide range of locations has
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revealed some telling large-scale patterns (Ruiz et al. 2000; Chap.33, Preisler
et al.). These generally show invasions to be most prevalent in anthropogenic
environments such as ports and harbors, suggesting that invasion patterns are
closely linked with the supply of invasive propagules through human-mediated
inoculation vectors such as shipping (Ruiz et al. 2000). Long-term survey studies
are also able to document the extreme degradation of environments by exotic spe-
cies, such as has occurred in San Francisco Bay (Cohen and Carlton 1998) and
Waitemata Harbour (Hayward et al. 1997).

A major shortcoming of observational studies, however, is their inability to sepa-
rate effects of propagule supply from the invasibility of recipient communities
(Lonsdale 1999). Unless there is a history of deliberate recorded introduction, then
we can know little about the propagule pressure associated with introductions that
failed to establish. Recent studies suggest that ports and harbours are threatened not
only because of increased inoculation, but also because anthropogenic stresses
compromise their ability to resist invasion. Such mechanisms are very difficult to
ascertain with surveys alone, but could explain why some have detected significant
invasion rates at sites distant from major transport hubs. Cohen et al. (2005), for
example, found no significant difference in the numbers and proportion of intro-
duced species at a series of disturbed estuarine sites with and without ports.

There are, however, sampling strategies that may increase our powers of infer-
ence. Studies that quantify recruitment as well as the incumbent communities can
sometimes differentiate the importance of propagule supply vs competitive proc-
esses. Herbert et al. (2007) monitored the range expansion of intertidal barnacles on
the English coast at the same time as recruitment patterns. They found that the dis-
tribution of populations was closely related to recruitment events, and inferred that
the range limits would only be maintained given an ongoing supply of propagules.
Surveys that aim to test hypotheses in addition to distributional patterns have also
proved informative. This approach can reveal the small scale habitat preferences of
invaders, such as Codium fragile, which tends to colonise and grow better on the
sheltered sections of artificial structures compared to exposed sections (Bulleri et al.
2006). Importantly, the ability of surveys to identify relevant processes can often be
scale dependent. Small-scale surveys infer the invasion history at particular sites
(e.g. Marzano et al. 2003), but large scale, multi-factor surveys can show regional
patterns of range, dispersal and habitat preference (Gust and Inglis 2006). Adding
manipulative components to surveys can also help disentangle supply from survival.
By including a manipulative component to an otherwise survey-based study, Piola
and Johnston (2008) were able to show that some invasive species were competi-
tively advantaged over natives in polluted conditions, suggesting that propagule
pressure is not wholly responsible for the invasion of urban estuaries.

Molecular studies are a promising new tool to complement surveys and shed
more light on supply-side invasion ecology. Several recent studies have used
molecular information to attempt to reconstruct invasion pathways and infer at
least something regarding the frequency or spatial extent of source populations.
Current models would suggest that low levels of genetic variation will decrease
the chance of population establishment, and Alee effects may be crucial to predicting
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invasion success (Drake and Lodge 2006). If true, then multiple inoculations
separated in time and space, are likely to increase invasion success. Roman and
Darling (2007) contend that low genetic diversity of invaders is usually over-
come by multiple inoculations and thus founder effects are also generally
overcome. We found six studies in the past decade (Fig. 7.3) that suggest that
invader populations were genetically diverse and likely to result from multiple
introductions (Dupont et al. 2003; Martel et al. 2004; Shefer et al. 2004; Zardus
and Hadfield 2005; Roman 2006; Viard et al. 2006), and three that found evi-
dence of low genetic diversity and strong founder effects, inferring restricted
propagule supply (Patti and Gambi 2001; Mackie et al. 2006; Zardi et al. 2007).
None were able to pinpoint explicitly source populations or the likely number
of propagule arrivals.

Molecular studies of existing invasive populations tell us only about successful
introductions that are currently at relatively large population sizes. Extrapolation of
these population dynamics to the initial establishment is difficult (Leung et al.
2004) and there is a need to assess the genetic variability of transported individuals.
Studies of the population genetics of organisms sampled from ballast water or hull
fouling communities could be compared to that in the native and introduced ranges
to illuminate the role of increased/decreased genetic variability in establishment
success. Such studies will become increasingly feasible with the development of
more sophisticated gene probes and similar detection technologies (e.g. Deagle et al.
2003; Gunasekera et al. 2005).

7.6 Vectors and Propagule Supply

Successful marine invasions are likely to be very difficult to reverse (Chap. 18,
Hewitt et al.). While new management tools for the post-border control of inva-
sives continue to be developed, preventing the transport of propagules through
pre-border vector management remains the best option for controlling successful
invasions. Of 109 recent papers we reviewed on invasion and propagule supply in
marine systems (Fig. 7.3), approximately ten surveyed or discussed potential
vectors. It is clear that propagule supply is therefore measured relatively rarely in
marine environments, probably because of the difficulty in gaining access to
commercial ships. Of the studies that did discuss vectors, half were relevant to
marine invasions by ballast water organisms and half were relevant to fouling
organisms. None related to invasions via the aquarium trade, fishing or aquacul-
ture, which are other well recognized but less prevalent invasion vectors (Ruiz et
al. 2000; Chap. 5, Minchin et al.). Ballast water studies either examined actual
ballast water (Chu et al. 1997; Dickman and Zhang 1999; Verling et al. 2005),
ballast sediment (Duggan et al. 2006; Radziejewska et al. 2006), or tested ballast
management options such as irradiation and mid-ocean ballast exchange (Waite
et al. 2003; Wonham et al. 2005). Fouling studies identified organisms likely to
be transported on plastics (Barnes et al. 2004), antifouled surfaces (Floerl et al.
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2004, 2005) and even the full-scale reproduction of early ship voyages (Carlton
and Hodder 1995). In regions such as Australia, North America and Hawalii, it is
estimated that between 55% and 85% of recorded marine NIS are fouling organ-
isms introduced via fouling on vessel hulls or other floating structures (Wasson
et al. 2001; Eldredge and Carlton 2002; Hewitt 2002), yet hull fouling remains
largely unregulated in most countries (Gollasch 2002). Poor vessel maintenance,
previously overlooked areas of ship hulls (e.g. sea-chest gratings), and even boat
harbor design have all been shown to contribute to the increasing number of NIS
propagules entering new regions and the frequency of their arrival (Floerl and
Inglis 2003; Coutts and Taylor 2004; Floerl and Inglis 2005; Coutts and Dodgshun
2007; Chap. 6, Hewitt et al.).

In order to assess the risk of each transport vector, some measure of propagule
pressure is necessary. Where direct measurements are difficult or costly (as
described above) surrogates for propagule pressure are used. In terrestrial plant
systems simple surrogates such as the number of visitors to nature reserves
(Lonsdale 1999), or amount of trade (Thuiller et al. 2005) have been used. Drake
and Lodge (2004) provide a useful model for assessing the risks of vector transfer
of invasive propagules in ballast water. They constructed a ship transportation
model and linked it to existing hotspots of marine invaders. They argue that reduc-
ing the average probability of an individual ship visit causing an invasion would be
a more effective control measure than eliminating key ports that are significant epi-
centers of invasive propagule spread. Using proxies (such as shipping activity) for
propagule pressure must be done with caution, however, since the number, diversity
and quality of transported propagules will vary with factors such as vessel type and
trip duration (Verling et al. 2005). Moreover, interregional transport may be possible
without the obvious vectors such as commercial shipping (Wasson et al. 2001).
There remains a clear paucity of studies of invasion vectors for marine systems rel-
ative to terrestrial ones (Verling et al. 2005), with particular need to survey actual
large commercial vessels traveling rapidly and frequently across the globe (e.g. Coutts
et al. 2006).

7.7 Manipulating Propagule Supply

Increasing the supply of invasive propagules is considered highly likely to increase
invasion success, but the relative importance of this factor compared to others is not
well understood. General discussions of invasion biology consistently emphasize
the value of independently manipulating both the supply of invaders and the recipient
community or environment in order to test the relative importance of each (e.g.
Lonsdale 1999; Naeem et al. 2000). Manipulating two interacting components
(i.e. invader and community) also permits interesting cross-factorial experiment
designs. Propagules can be manipulated in regards to density, frequency, or the
timing of inoculation relative to a disturbance, and crossed with any community
treatment of interest. In particular, density and frequency are critical variables in
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supply-driven systems (Puth and Post 2005), and, if understood, should be consid-
ered in management plans for transport vectors such as shipping (Ruiz et al. 2000).
Here, we describe an array of methods developed to experimentally manipulate
invader propagules and their environment in marine systems. Terrestrial ecologists
have enjoyed similar techniques for many decades, but marine examples have been
less forthcoming due to the logistical difficulties of working with propagules in a
fluid environment. Some of the techniques we describe have only been developed
in recent years, and their potential applications are largely untapped. The suitabil-
ity of each method will depend on the type of community, the invader, and the
specific question being asked, but this summary aims to categorize and contextual-
ize techniques so that marine ecologists may readily consider the range of tools at
their disposal.

7.7.1 Manipulating Propagule at the Larval Stage

The most comprehensive tests of invasibility simulate invasion from the time prop-
agules enter a recipient environment. Most marine organisms disperse in a plank-
tonic life-history phase, and tests of propagule pressure for these species should
ideally begin with the arrival of larvae or spores in the water column. This is akin
to the seed-addition experiments conducted with terrestrial plants (e.g. Tilman
1997), which, although the most common form of invasion test in the terrestrial
domain, have few marine analogies.

Over the past five years, however, several studies have developed novel meth-
ods of propagule manipulation. By injecting newly spawned larvae of the invasive
bryozoan Bugula neritina into containers housing replicate sessile invertebrate
assemblages (Fig. 7.4), Clark and Johnston (2005) were able to manipulate larval
supply and community properties independently. They tested various hypotheses
about effects of disturbance relative to a known pulse of propagules, and found
that recruitment was largely explained by disturbance mediating resource availa-
bility. There are several advantages in using this technique compared to manipu-
lating adult densities. It provides a more realistic test of invasion, since potential
invaders are subject to biotic and abiotic filters at both the larval and adult life-
history stages. Predation of larvae by incumbents, for example, may represent a
significant component of invasion resistance in sessile invertebrates (Holloway
and Keough 2002), but would be overlooked if we were only to consider invaders
as adults. Additionally, many invertebrate larvae are known to exhibit active lar-
val choice (Keough and Downes 1982), so allowing larvae to display small-scale
habitat preference (as opposed to direct transplantation) increases their chance of
survival and provides a more realistic invasion scenario. Controlled larval dosing
has now been achieved with six species of bryozoa (Piola and Johnston, unpub-
lished data), and is likely to be possible with many organisms that disperse in a
larval phase.
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Fig. 7.4 Larval dosing technique developed by Clark and Johnston (2005). Recently spawned
bryozoan larvae were drawn into a syringe and injected into a closed 2L plastic container. The
container housed an experimental assemblage, and had mesh sides to allow water exchange. The
bottom of the container was removed after 48 h, by which time most larvae had settled, so assem-
blages could experience natural environmental conditions

Valentine and Johnson (2003, 2005) took a different approach and enhanced
the density of spores of the invasive algae Undaria pinnatifida by hanging mesh
bags containing fertile sporophylls over experimental plots. The algae were
replaced periodically to maintain a regular source of propagules. While this
method didn’t strictly control or quantify propagule supply, the authors were
able to enhance supply over a relatively large area (16 m?), which would have
been impractical had they attempted to control supply precisely. Another study
packaged seeds of marine grasses into biodegradable bags and buried them in
the substrate (Dethier and Hacker 2005). When the bags degraded the seeds were
sown, and they discovered that invasion patterns were more influenced by habitat
quality than species interactions.
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7.7.2 Manipulating Adult Invaders

Ecologists can ask different questions about an invader by manipulating established
adults of the species. These studies typically look at growth of the invader under
particular biotic and abiotic conditions, and/or impacts of the invader on the resi-
dent community (see Sect. 7.4). Such experiments may be the only manipulative
option for organisms whose larvae are difficult or impossible to obtain. They are
particularly relevant to the study of supply-side invasion biology in cases where
invaders are likely to be transported as adults. This is possible for mobile hitch-
hikers such as crustaceans, echinoderms and fish that may be transported in vessel
cavities, or sessile species capable of regenerating from transported fragments
(e.g. seaweeds and sponges). These studies generally aim to manipulate the densi-
ties of the invader population above natural levels, and generally use methods such
as transplantation including caging.

Transplants are when species are relocated and assembled in a new environment,
and are often used to manipulate densities of both the invader and native species.
The methods used for relocation depend on the type of organism and the creativity
of the researcher, but examples for sessile species include translocating panels with
communities attached (Osman and Whitlatch 2004), gluing mussels onto panels
(Stachowicz et al. 2002), and encouraging organisms to attach vegetatively to new
substrates (Agius 2007). Vegetative attachment is a useful tool that gives the
researcher much control over initial community composition. Rubber bands have
been used to secure colonial ascidians (Aguis 2007) and sponges (Johnston and
Clark 2007) to substrates while they attach, usually over a period of one to two
weeks. Another technique for sessile species is to secure fragments onto a panel by
stretching a hair-net over the surface (Fig. 7.5), which achieved a 50-90% survival
rate in fragments of four encrusting bryozoan species (Piola and Johnston, unpub-
lished data). Other methods include placing solitary ascidians inside cylinders in
the field (Castilla et al. 2004), and manipulating densities of kelp and algae by
attaching them to rope (Levin et al. 2002). Such studies test invasibility by how well
a transplanted species survives and grows in a new location (e.g. Ruesink 2007) but
may overestimate the success of any one propagule that would usually have arrived
in the larval phase.

Many of the higher profile marine invaders are mobile organisms, particularly
predators such as seastars and crabs. The mobility of these invaders adds several
levels of difficulty to the already challenging task of manipulating the abundance of
any marine invader. Several researchers have successfully manipulated mobile species
usually by caging them within small patches of the marine environment or by tethering
them to a patch. DeRivera et al. (2005) tethered the invasive green crab Carcinus
maenas at 64 sites in 8 different bays on the eastern coast of North America. Each
crab was fitted with a flexible steel halter and leash which was then attached to a lead
weight. Biotic resistance in the form of predation by the native crab Callincetes
sapidus was found to be a significant limiting factor on the abundance and geographic
range of this species. Another recent study sheds much light on supply-side invasion
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Fig. 7.5 Using hairnets to add non-indigenous species of sessile invertebrates. Fragments of four
species of encrusting bryozoans were secured to a Perspex panel with a hairnet. After 45 days the
colonies had vegetatively attached and grown to occupy most of the panel

ecology by manipulating recipient community diversity and the density of adult
invaders of the porcelain crab (Hollebone and Hay 2007). The study added adult por-
celain crabs to field-mesocosms and monitored larval recruitment of the invader
through time. They found that the initial biotic resistance of diverse native assem-
blages was overwhelmed by increasing propagule pressure of invaders.

7.8 Conclusions

In this chapter we have discussed the role of propagule pressure in bioinvasions,
and described recent attempts to manipulate propagule pressure in the marine envi-
ronment. Research in terrestrial and freshwater systems indicates a clear positive
relationship between propagule pressure and invasion success. Experimental work
in marine systems suggests that the success of individual propagules will be
enhanced by disturbance and increasing resource availability. Many of the recent
marine studies represent significant advances in our knowledge of the invasion
process, and have implications for the management and prevention of marine pest
incursions. Nonetheless, our understanding of effects of variation in propagule
pressure remains limited, and we now need to explore the processes in more detail.
For example, are community properties that confer invasion resistance only impor-
tant until propagule supply reaches a critical threshold? Over what range of com-
munity types and inoculation events is the relationship between supply and invasion
linear, and when and how does it diverge? Further studies that manipulate invader
densities from the very initial propagule stage are likely to provide us with even
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greater comprehension. We now echo the call of Ruiz and Carlton (2003) for more
complex studies of propagule pressure that examine frequency, intensity, genetic
and geographic variability of propagule arrival.

In caution, any test of invasibility that relocates an invasive species must be
careful not to contribute to the range expansion of that organism. Most studies do
this by deploying only one sex or only juveniles of sexually reproducing animals.
For organisms that can reproduce asexually (e.g. the green alga Caulerpa taxifolia)
it is probably only safe to manipulate invader densities in areas where the species
is already known to occur. This may limit the ability to fully assess invader
impacts but it does not negate the usefulness of experimental studies of invasion.
With marine invasion frequency increasing rapidly, there has never been a more
pressing time for us to think creatively about invasion biology, and to keep our
feet a little wet.
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Chapter 8

Differentiating Successful and Failed Invaders:
Species Pools and the Importance of Defining
Vector, Source and Recipient Regions

A. Whitman Miller and Gregory M. Ruiz

8.1 Introduction

Attempts to understand the dynamics of biological invasions continue to abound in
aquatic and terrestrial ecosystems. Identifying the biological attributes of successful
invaders, or what makes a good invader, are among the most tantalizing questions
still to be answered, especially in marine ecosystems. Numerous studies across a
range of taxonomic groups have examined species’ characteristics to determine
whether certain species level factors strongly differentiate successful from failed
invaders (see Rejmédnek and Richardson 1996; Williamson and Fitter 1996;
Reichard and Hamilton 1997; Miller 2000; Kolar and Lodge 2002; Prinzing et al.
2002; Cassey et al. 2004a,b; Miller et al. 2007). At the heart of these analyses is the
comparison of successful and failed species pools, which are defined in various
ways with specific consequences for the inferences that can result.

When trying to understand the effects of species characteristics on invasion
outcome, most studies compare physiological tolerances, life history characteris-
tics, and behavior of successful and failed invaders. Although it is certainly valid to
compare any two groups to understand differences in their respective attributes,
only a subset of such comparisons can answer questions about the invasion process.
More specifically, invasions have a specific context and result from interactions
among source regions, recipient regions, and transfer mechanisms (vectors). Thus,
comparing invaders from one source region to non-invaders from a different source
region may tell us little about attributes of successful invaders, because the latter
group may not share the same opportunities for transfer and invasion, thereby intro-
ducing additional variables and confounding interpretation.

In this chapter we examine the role of source region, vector, and recipient region
in evaluating successful vs unsuccessful invasions. First, we provide a general
framework for identifying introduced species assemblages according to their
vectors and sources. Second, we provide a conceptual model to illustrate explicitly
the effects of controlling for vector, source region, and recipient region when
comparing successful and failed invaders. Third, we review approaches used in
some previous analyses to identify biological characteristics of successful invaders,
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including multiple taxonomic groups and ecosystems. Throughout, our intention is
to highlight the potential effects of specific types of comparisons on conclusions
about invaders’ attributes.

In this chapter, we consider a successful invasion to be the establishment of a self-
sustaining population in a non-native region, regardless of abundance, geographic
range, or impact. Thus, species are considered successful invaders, independent of
any degree or classification of invasiveness (Prinzing et al. 2002, but see Richardson
et al. 2000).

8.2 Identifying the Roles of Source Region, Recipient
Region and Vector

Biological invasions result from multiple vectors and geographic sources. In addi-
tion to natural range extensions, recipient regions receive species from one or more
regions via multiple human-mediated mechanisms, operating either simultaneously
or at different times. For any given recipient region, the diversity of species trans-
fers (i.e., the species richness of inoculants) and genetic diversity can be increased
by drawing from (1) more than one source region, (2) more than one vector, and
(3) more than one time period. For simplicity, we exclude the temporal dimension
from further discussion in this paper and examine the implications of different
sources and vectors on the analysis of invasion patterns.

For a single recipient region, inoculant diversity clearly results from the
combined (summed) contributions across multiple source regions and vectors. In a
simple framework, Fig. 8.1a illustrates how source regions and vectors yield
unique, component species assemblages (pools) for delivery to a single recipient
region. Thus, the species pool delivered from the first vector (V,) and source region
(S,) will differ from that delivered by either V| operating from other source regions
(Sm,n) or another vector (Vy5) in the same source region (S, ). For example, species
that were transferred to San Francisco Bay in ships’ ballast water from Japan differ
from those that arrived in ballast from China, and both differ from species that
arrived on outer hulls of vessels or with live seafood (e.g., oysters) from Japan.
Certainly there may be some overlap in species composit