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about the center for plant conservation

The Center for Plant Conservation (CPC), founded in 1984 as a national non-
profit organization, is dedicated to establishing and supporting a science-based net-
work of community-based institutions (botanic gardens, arboreta, museums) de-
voted to preventing extinction and achieving recovery for imperiled plants native to
the United States of America. The thirty-six participating institutions secure seed
and living collections off site for conservation, conduct scientific research, work
with land managers to monitor and restore rare species populations in the wild, and
engender public support for conservation through educational outreach. Collec-
tively, CPC conservation officers have worked with nearly 200 reintroductions
throughout the United States in the last 20 years. CPC hosts the CPC International
Reintroduction Registry that is an ongoing resource for conservation practitioners.

Previous works by CPC include The Genetics and Conservation of Rare Plants,
edited by D. A. Falk and K. E. Holsinger (1991), which reviewed genetics and
population biology critical for the management and conservation of endangered
plant species; Restoring Diversity, edited by D. A. Falk, C. I. Millar, and M. Olwell
(1996), which encapsulated the contemporary understanding of reintroductions
from both political and biological contexts, and Ex Situ Plant Conservation, ed-
ited by E. O. Guerrant Jr., K. Havens, and M. Maunder (2004), which explored
the important aspects of seed banking and botanical garden collections as a link to
conserving species in nature. These contributions from the CPC have been influ-
ential resources in conservation science and practice.

Plant Reintroduction in a Changing Climate: Promises and Perils is the fourth
book in the CPC series and updates and extends all previous work. As is true of all
CPC publications, this book and its appendices are intended as a useful resource
for conservation scientists and practitioners.
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What matters is not to know the world but to change it.
—Frantz Fanon

To the next generation of plant conservationists,
especially our children, Mira, Ray, and AJ,

and the new CPC babies, Liam, Jack, and Carys,
born while this book was being written, that they may inherit

a world of diverse rare flora.
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foreword

For scores of species with small and declining populations, human intervention is
usually needed to ensure their survival. We are responsible for the whole planet,
gardeners in effect, and can find sustainability only through continuing, effective
efforts. The Center for Plant Conservation (CPC) and its partners in science and
land management have aggressively promoted conservation of the plants of the
United States for the past quarter century. These efforts have international support
and global appeal. The present volume has been made possible because of CPC
leadership; its appearance is both timely and welcome.

The successful reintroduction of plant species into natural habitats has never
been a simple matter. In their conservation efforts, botanical gardens have long
used this strategy, because it is the most cost effective and long lasting that we have
devised. Even at a basic level, however, reintroduction is chancy because of sto-
chastic events such as fire, flood, and drought; the appearance of invasive species
of plants and animals; the spread of diseases and pests; competition with other
plants; and now climate change.

Global climate change, limit its extent as we may, makes the prospects for spe-
cies survival and successful reintroduction bleaker than we have thought. For ex-
ample, it is projected that more than half of the roughly 2,400 endemic plant spe-
cies of California may be on the way to extinction by the end of the century as
their habitats are wiped out (Loarie et al. 2008). Similar calculations have been
made for other areas, such as habitats at higher, cooler elevations, and coastal spe-
cies subject to sea-level rise (Walther et al. 2002). We need precise models to iden-
tify areas suitable for reintroduction, and we need our best efforts to get it right.
Seedbanks will also be of increasing importance in the future.
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A critical situation arises when suitable habitats are completely eliminated in
the areas to which the plants of concern are restricted. For example, by any of the
accepted models of climate change, all above-timberline habitats in the lower
forty-eight states will be eliminated in the twenty-first century (Grace et al. 2002;
IPCC 2007; Williams et al. 2007). Should we then attempt to establish these
plants further north? What about plants from the cooler parts of the Southern
Hemisphere, or the Arctic? There appears to be nowhere to establish them in the
world of the future. If we introduce plants to areas where they have not grown be-
fore, what will be the consequences? The science and practice of conservation
ecology will need to be refined and developed greatly if we are to make sound de-
cisions in these areas over the decades to come.

No matter what problems we are facing now or will encounter in the future, we
clearly must continue our efforts to understand the factors involved in successful
reintroduction. Although the process remains challenging, often yielding uneven
results, we are making progress by using our best knowledge of ecology, popula-
tion biology, genetics, horticulture, and other relevant fields and by working col-
laboratively. Overall, the present volume makes a particularly valuable contribu-
tion, and one that is sure to be widely appreciated.

Peter H. Raven
Missouri Botanical Garden, St. Louis, Missouri
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Chapter 1

Introduction

Joyce Maschinski and Kristin E. Haskins

In the face of mounting numbers of plant species at risk of extinction (Gilbert
2010), increasing rates of habitat destruction, spreading invasive species, and ef-
fects of climate change (Tilman and Lehman 2001; Walther et al. 2002; Karl and
Trenberth 2003), there is a great need for urgent action to preserve species before
they are extirpated. This book tells a story of the good fight to save and restore
some of the rarest plant species in the world. The story is a complicated but hope-
ful one.

The practice of plant reintroduction is preceded by many other activities. They
include documenting rare species’ current distributions, gathering seeds and
propagules from living plants for ex situ collections, and researching species’ biol-
ogy and threats. In the best circumstances conservation practitioners work in tan-
dem with land managers and the public to restore healthy, wild habitats and pop-
ulations of rare species. But has plant reintroduction worked as a conservation
tool? And how have plant reintroductions contributed to reintroduction science
and practice?

For two decades, responsible agencies have promoted using reintroduction as a
recovery strategy for endangered plant species (e.g., US Fish and Wildlife Service
1999). It is considered an essential worldwide conservation tool, and the efficacy
of this conservation strategy for animals has been reviewed recently (Fischer and
Lindenmayer 2000; Seddon et al. 2007), but such a critical review of plant rein-
troductions had not been done at the time we began writing this volume (but see
Godefroid et al. 2011). A review of plant reintroductions is paramount because
plant management techniques are fundamentally different from those used for an-
imals. Herein we take stock of our progress with reintroduction in an effort to fa-
cilitate the wise decisions needed to preserve future biodiversity.
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As one of the national leaders in plant conservation, the Center for Plant Con-
servation (CPC) and its thirty-six participating institutions are devoted to prevent-
ing extinction and achieving recovery for imperiled plants native to the United
States of America. Working with land managers and the public, CPC conserva-
tion officers actively secure seed and living ex situ collections and monitor, re-
search, and restore rare species populations in the wild. Collectively they have
conducted nearly 200 reintroductions throughout the United States in the last
20 years.

Fifteen years ago, CPC published Restoring Diversity with Island Press (Falk et
al. 1996), which encapsulated the contemporary understanding of plant reintro-
ductions from both political and biological perspectives. It provided a set of guide-
lines intended to help practitioners implement plant reintroductions. Since its
publication, knowledge of the practice of restoring endangered plants has in-
creased exponentially. This volume presents a comprehensive review of reintro-
duction projects and practices, the circumstances of their successes or failures, the
lessons learned, and the potential role for reintroductions in preserving species
threatened by climate change. These findings culminate in a revised set of guide-
lines for best reintroduction practice.

To assess the current status of plant reintroductions worldwide and to gain a
broad sample of reintroduction circumstances, CPC initiated a multipronged ap-
proach: a web-based registry, a symposium, and this volume. The extensive CPC
International Reintroduction Registry, launched in the spring of 2009, aimed to
document published and unpublished reintroductions. In fall 2009, the interna-
tional symposium “Evaluating Plant Reintroductions as a Plant Conservation
Strategy: Two Decades of Evidence” convened in Saint Louis, Missouri. Oral pre-
sentations by plant reintroduction experts formed the basis of this volume. At-
tended by government personnel responsible for implementing the Endangered
Species Act, environmental consultants, academicians, and botanical garden sci-
entists, the symposium served as a focal event to review plant reintroduction prac-
tice and science. Participants provided suggestions for CPC Best Reintroduction
Practice Guidelines and made recommendations for future directions pertaining
to managed relocation (MR). This volume, organized in four parts, represents the
ideas discussed at the symposium, often with passion and commitment but with
good stewardship of biodiversity foremost in mind. It is noteworthy that the con-
tributors to this volume represent professional conservationists with first-hand
reintroduction experience working in government agencies and botanical gardens
around the world.

Part I comprises two reviews of plant reintroductions conducted indepen-
dently. Guerrant (chap. 2) presents a general overview of the database projects re-
ported in the CPC International Reintroduction Registry. He typifies the nature

2 introduction



and attributes of reintroduction projects, which is an essential first step for identi-
fying information gaps. In an independent and rigorous meta-analysis of a differ-
ent set of reintroductions, Dalrymple and colleagues (chap. 3) assess the efficacy
of reintroductions for establishing sustainable populations. Together these pro-
vide a general context for our current knowledge about plant reintroduction sci-
ence and future research needs. Because the results of any analysis will be influ-
enced by the studies sampled, we offer a list of the specific studies used in each
analysis and citations (appendix 2). These studies represent a resource for tech-
niques and practitioners with whom readers are encouraged to correspond for in-
formal discussions and peer review of reintroduction proposals.

Part II presents new insights related to the science and practice of reintroduc-
tion. We purposefully begin this section by outlining the critical role the public
plays in plant conservation. Maschinski and colleagues (chap. 4) document the
mutual benefits of volunteerism and rare plant conservation and give examples of
great programs underway throughout the world. Connecting human populations
to nature is vital for plant conservation.

Reintroduction requires careful planning before execution. Among the factors
that may determine whether a reintroduction will be successful and acceptable to
land managers is careful attention to genetics. Neale (chap. 5) reviews the tenets
of restoration genetics and the limitations and benefits of various genetic tech-
niques, and she describes protocols and future avenues for research. She provides
guidelines for selection of source populations for reintroducing rare plant popula-
tions. Haskins and Pence (chap. 6) review several underused and perhaps under-
appreciated aspects of plant horticulture related to reintroductions, specifically fo-
cusing on tissue culture, roots, and soil microbial mutualists.

One of the most critical factors for reintroduction success emerging from these
reviews is the selection of optimal habitat. Maschinski and colleagues (chap. 7)
review theory that helps explain species’ distributions and give examples of exper-
imental reintroductions that demonstrate how fine- and broad-scale variation in-
fluences population persistence. They recommend approaches for assessing ap-
propriate sites and microhabitat for reintroductions and provide three approaches
for evaluating and prioritizing potential reintroduction sites for any species.

Conserving biodiversity will face new challenges in our changing world. Re-
fining modeling techniques to project accurately where suitable habitat for en-
demic plants will be under future climates, Krause and Pennington (chap. 8)
use geographic information system data linked with distribution modeling algo-
rithms. They address how these tools can be used in decision-making strategies for
conserving species on public lands.

Ecological theory predicts that the greater the number of founding individuals,
the more likely new populations will colonize and establish successfully. But how
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many is enough, and what is the best stage class to use? Addressing these questions
from different perspectives, Knight (chap. 9) examines population viability analy-
sis of natural populations, and Albrecht and Maschinski (chap. 10) analyze rein-
troduced populations from published literature and the CPC International Rein-
troduction Registry.

To declare that reintroductions are a success and have truly created viable pop-
ulations, it is often necessary to compare long-term demography of the reintro-
duced population with that of reference natural populations. For long-lived spe-
cies this requires significant ongoing resources for extended timeframes. Based on
their extensive personal experience with plant reintroductions, Monks and col-
leagues (chap. 11) present an overview of alternative approaches for assessing rein-
troduction success in long-lived plants.

The world’s rarest plant populations require special consideration. Kawelo and
colleagues (chap. 12) provide examples of reintroductions of taxa that have fewer
than fifty individuals and very limited ranges in Hawaii. Their exemplary work on
military land demonstrates the challenges of on-the-ground plant conservation
and the need for ongoing human assistance to remove threats, conserve ex situ
collections, maintain genetic diversity, pollinate, and disperse seeds of these rare
gems.

Conscientious land managers are faced with making critical decisions in a
timely manner about the conservation of species destined for extirpation within
the next century. With the degraded state of some habitats and overdevelopment
of others, the value of introducing stocks of endangered species, which lack vi-
able sites within their historic range, to novel sites outside of range is now being
considered (Maunder 1992), but there are many objections to the idea. In Part
III, Haskins and Keel (chap. 13) review the history and growing debate sur-
rounding the use of managed relocation (MR). As an illustration of the argu-
ments and counterarguments for MR, they present the lively discussions that re-
sulted from the 2009 CPC symposium. They offer criteria for ranking good and
bad MR proposals and suggest that any MR proposal for rare plants include doc-
umentation of and adherence to CPC Best Reintroduction Practice Guidelines
(appendix 1). Reichard and colleagues (chap. 14) address one of the major criti-
cisms of MR: risk of invasion. Using weed risk assessments, they test the inva-
siveness of plants long established within botanical gardens in South Florida and
make recommendations related to MR proposals.

In Part IV, Kennedy and colleagues synthesize findings from this volume and
suggest future directions, including research needs and clarification of the possi-
bilities and cautions for MR (chap. 15). The meta-analyses, symposium discus-
sions, and chapter contributions culminated in the CPC Best Reintroduction Prac-
tice Guidelines (appendix 1). It is our sincere hope that these guidelines will
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improve reintroduction success and improve species recovery while reducing frus-
tration, costs, and labor. We invite our readers to give us feedback.

How to Use This Book

This book is intended to be a resource for students, practitioners, and conserva-
tion scientists. Each of the chapters in the first two parts has a review component,
a body that relates to reintroduction practice, suggestions for future research
needs, and the implications for MR. Each chapter has a conclusions section. The
summary of the whole is presented in the CPC Best Reintroduction Practice
Guidelines. Our goal is to provide a quick reference for practitioners to use when
planning and executing rare plant reintroductions. These guidelines include not
only recommended actions but also checklists of questions to consider that were
influenced by Australian researchers Vallee and colleagues (2004). We have made
an effort to make the presented information accessible regardless of whether En-
glish is the readers’ most familiar language. To this end, we’ve provided a glossary
of terms.
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part i

Review of Plant Reintroductions

“The only source of knowledge is experience.”

—Albert Einstein

Worldwide reintroductions are being used to combat the ongoing and massive loss
of biodiversity (IUCN/SSC Re-introduction Specialist Group 2007). The inten-
tion of reintroduction practice is to establish viable wild populations in their natu-
ral habitats. This section of the book is devoted to taking a look backward so that
forward progress can be made. We can learn lessons in plant reintroduction only
if we take an honest look at what we have already attempted, both the successes
and the failures. Critically reviewing previous reintroductions is a crucial first step
in assessing the role reintroduction plays as a conservation strategy. Part I presents
two such reviews and the insight that has been gained.

Guerrant (chap. 2) summarizes and reviews the kinds of plant reintroductions
that have been conducted primarily by practitioners from the United States of
America and Australia. Guerrant used the web-based CPC International Reintro-
duction Registry, which includes projects with diverse plant taxa representing
many life forms and life histories, conducted in many native habitats. He reviews
reintroductions that were conducted in an experimental context, the hypotheses,
and factors that have been tested.

Dalrymple and colleagues (chap. 3) expanded the geographic range of the plant
reintroductions reviewed to include more studies from Europe and South Africa.
Using peer-reviewed and gray literature, this chapter presents an overview of re-
introductions done for approximately 700 taxa, a subset of which was included in a
metadata analysis. The metadata analysis of 301 attempted reintroductions of 128
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plant taxa generated relative measures of reintroduction success based on propa-
gule survival, population persistence, and next-generation recruitment. They ad-
dress current use of reintroductions, short-term and long-term establishment,
whether ex situ–derived propagule performance differs from that of wild-collected
propagules, whether it is necessary to remove threats before reintroduction at-
tempts, whether species with broad ranges have different establishment success
from species with narrow ranges, whether the number of donor populations used as
source material makes a difference for population persistence, whether introduc-
tions within historic range have different success from those conducted outside the
historic range, and what reasons for failures are reported.

The chapters indicate that plant reintroduction, still a young science, is in-
creasing and perhaps improving, yet there is much to learn. These reviews indi-
cate that practitioners have been addressing primarily population-level questions
related to establishment and persistence of reintroduced populations, as has been
suggested by Armstrong and Seddon (2007). Few metapopulation and ecosystem
studies have been done, limiting our ability to do rigorous statistical evaluation in
some cases. As is true for animal reintroductions, improved documentation is ex-
pected to increase the power of future meta-analyses (Seddon et al. 2007). Impor-
tantly, these reviews identified gaps in some areas of plant reintroduction practice
and paved the way for insights presented in the rest of this volume.

8 review of plant reintroductions



Chapter 2

Characterizing Two Decades of Rare
Plant Reintroductions

Edward O. Guerrant Jr.

There is enormous potential conservation value in the ability to establish new
populations of rare plants. When combined with ex situ source material, reintro-
duction offers valuable and otherwise unavailable conservation options. Indeed,
reintroduction of material stored ex situ has made the difference between extinc-
tion in the wild and continued survival.

It is almost axiomatic to argue that reintroduction projects are best structured
as scientific experiments designed to test specific and explicit hypotheses (e.g.,
Falk et al. 1996; Kaye 2008). The reason for this is perhaps best viewed in the con-
text of Pavlik’s (1996) distinction between biological and project success in re-
introduction projects. Ultimately, biological success, the establishment of self-
sustaining populations, is the primary goal. But not all projects achieve biological
success. Regardless of the biological outcome, however, reintroduction attempts
that are structured as designed experiments have a much greater likelihood of gen-
erating reliable information about what worked, what didn’t, and why, rather than
projects that do only one treatment or do multiple treatments in a haphazard or
undocumented manner.

To be truly successful in the long run, reintroduced populations must neces-
sarily and repeatedly complete their entire life cycle without assistance. Guerrant
postulates that anything that minimizes the extinction risk or that maximizes pop-
ulation growth rate of individuals in the founding population should increase
long-term survival prospects (Guerrant 1996a). It is in this context that much ex-
perimentation by manipulation of environmental factors experienced by the
founding populations can be viewed.

The purpose of this chapter is to present an overview of a substantial sample
of reintroduction projects that were documented in the CPC International
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Reintroduction Registry (CPCIRR; Center for Plant Conservation 2009). The goal
of the registry and database is to assist the conservation community in its ongoing
efforts to advance the science and improve the practice of conservation. The effort
is ongoing, and readers are invited to provide information about additional proj-
ects by accessing the registry on the Center for Plant Conservation website. Any
reported projects can provide additional insights to the practice of reintroduction,
its successes and failures.

Materials and Methods

The CPCIRR is a tremendous resource describing work conducted by many prac-
titioners, mostly in the United States and Australia. The earliest project about
which we have information involves Pediocactus knowltonii (Cactaceae), an en-
dangered cactus that was outplanted as seeds and cuttings in 1985 (Olwell et al.
1987; Cully 1996; Sivinski 2008). Plants first reached sexual maturity in 1997,
with the first successful seedling establishment documented in 2006 (Sivinski
2008). The most recent projects in the registry were planted in 2008.

Albrecht and Maschinski (this volume) used CPCIRR and incorporated addi-
tional studies from the literature in their analyses. Dalrymple and colleagues (this
volume) provide an overview of a similar but independent effort to record and
learn from reintroduction events and include many projects from Europe and
South Africa. (Appendix 2 provides a summary overview of the taxa used in these
chapters, along with references used by each.) We suspect that, taken together,
they constitute a modest sampling of the reintroduction work that has been con-
ducted but has not been reported.

Data described here reflect projects entered into in the CPCIRR, along with
published and gray literature. At the time of writing, approximately two-thirds of
the reintroduction projects had been planted in the past decade, and the other
third had been planted between 10 and 20 years ago, with only three projects
more than 20 years old. (See appendix 2 for details.) The treatment offered here is
largely descriptive and provides an account of the types and attributes of reintro-
ductions that have been done.

Results and Discussion

As of fall 2009, the registry contained information on 145 projects that included at
least basic taxonomic, location, and data source information and a narrative proj-
ect description. The amount of information available about these projects varies
dramatically. Eighty-nine projects included specific information about what treat-
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ments were applied and how they were implemented and reported at least some
monitoring results in addition to a written description. An additional fifty-six proj-
ects had descriptions but generally lacked specific information on individual treat-
ments and therefore were less useful for analysis.

Eighty projects initiated between 1985 and 2008 have shown varying levels of
population establishment (fig. 2.1). The fate in 2009 is known for forty-nine proj-
ects, of which forty-five (almost 92%) were known to be alive in 2009. Only four
are known to have no surviving plants. Note that three of four that failed did so not
long after planting, although the other that failed biologically survived for more
than 15 years. There are an additional thirty-one projects about which some mon-
itoring data are available, but the status in 2009 is not known.

Of the forty-nine projects of known status in 2009, 76% had attained reproduc-
tive adulthood, 33% produced a second generation, and 16% had reproductive
adults in the next generation. With a survival rate of more than 90% (among proj-
ects of known status), it is tempting to declare victory. However, caution is war-
ranted because most projects, even the oldest reported, have only been in the
ground for a short period of time. Furthermore, there may well be an underlying
bias in the data toward successful projects and against failed projects (Pavlik
1996). Valuable information can be gleaned from biologically unsuccessful proj-
ects, which are probably underrepresented in this data set, and we encourage
those with information about such projects to contribute to our growing base of
knowledge about the science and practice of reintroduction.

Phylogeny, Geography, Life Form, and History

Taxonomically, the database comprises information about 107 terminal taxa (i.e.,
species, subspecies, or varieties) distributed among eighty-seven genera, in forty-
nine families, and twenty-five orders (appendix 2). From a phylogenetic perspec-
tive, tracheophytes, or vascular plants, are the most exclusive clade represented,
with Isoetes in the Lycopsida being the most basal taxon. Within tracheophytes
some groups are well represented, whereas others are either poorly represented or
not represented at all. There are no ferns (or so-called fern allies), gymnosperms,
or any of the four most basal groups of angiosperms: Amborellales, Nympheales,
Austrobaileyales, or Magnoliids. The next most exclusive group includes the
monocots and eudicots. Four orders of monocots are represented, though not the
more basal clades.

Some major clades (e.g., ferns, gymnosperms), a basal order of monocots (Alis-
matales), and two orders of eudicots (Vitales, Dipsacales) were not represented
in the CPCIRR or in the analysis by Dalrymple and colleagues (this volume;
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appendix 2). However, note that Sun and colleagues (box 4.2) report a Magnolia
sinica reintroduction in this volume, which was not available for inclusion in this
study.

Of the sixty-five taxa for which information about Raunkiaer plant life forms
was provided, a substantial majority were either phanerophytes (plants with peren-
nating buds or shoot apices borne well above ground, 46%) or chamaephytes
(plants with perennating buds or shoot apices remaining close to but above
ground level, 28%). Most of the remaining taxa were cryptophytes (plants with
buds or shoot apices below ground surface, 14%) or hemicryptophytes (plants
with perennating buds or shoot apices remaining at ground surface, 8%). The re-
maining 5% were therophytes, or annuals, which may survive the unfavorable sea-
son as dormant seeds.

The data set included life history information for eighty-nine taxa, of which
84% are polycarpic (iteroparous) and 16% monocarpic (semelparous). Forty-four
percent of the total were long-lived polycarpic taxa (more than 10 years), another
26% short-lived (less than 10 years), and an additional 15% were of uncertain
longevity.

The central message of this section is that the empirical evidence we have
about reintroductions, though substantial and growing, is limited and not neces-
sarily representative of species, life forms, life histories, or geographic locations.
Nonetheless, there is much to be learned in this initial review of the projects
about which we do have information.

Types of Reintroductions

The types of reintroductions recognized in the registry include traditional widely
accepted methods, such as reintroduction in the narrow sense, augmentation, and
introduction within the historic range, and also methods that are considered to be
more controversial: introduction outside a species’ range and translocation (see
Glossary). Approximately half the projects in the registry involved restoring a spe-
cies to a previously occupied site (reintroduction, 20%) or increasing the size and
genetic diversity of an extant population (augmentation, 30%). The other half of
the projects involved attempts to establish a taxon in new, previously unoccupied
sites (introduction within, 32%, or outside, 8%, the historic range), with 8% in-
volving translocation of naturally occurring plants from one site to another, either
within or outside the range. The remaining 2% could not be placed unambigu-
ously into any one category. As necessary and useful as categorization can be, it
may also create the mistaken impression that the categories are sharply distinct,
without any overlap or gradation between them.

Characterizing Two Decades of Rare Plant Reintroductions 13



Different types of reintroduction address a variety of problems and purposes and
evoke a range of views on their potential conservation value and ethical propriety.
Reintroduction and augmentation have the most straightforward goals and general
acceptance by the conservation community, but even these have their strategic and
ethical dilemmas. The reintroduction of Stephanomeria malheurensis (Asteraceae)
represents the archetypical example of a clearly necessary and appropriate project:
the return of genetic material collected from the single known naturally occurring
population after that species had become extinct in the wild (Brauner 1988; Guer-
rant 1996b). Reintroduction also includes the establishment of a species in a site
from which it has become extirpated, using genetic material from another site (e.g.,
Pseudophoenix sargentii [Arecaceae]; Maschinski and Duquesnel 2007). The
strategic and ethical appropriateness of such a reintroduction depends on the avail-
ability, proximity, ecology, and genetics of source material in relation to the recipi-
ent site (see appendix 1). Using source material from populations with similar ge-
ography, ecology, and genetics is generally preferred over choosing distant and
potentially distinctive stock (box 2.1). The latter situation is exemplified by the
reintroduction of Castilleja levisecta (Scrophulariaceae), which was native to
lowlands of the Willamette Valley in Oregon, north through the Puget Trough of
Washington, with a few island populations in adjacent British Columbia, Canada.
It had become extirpated in the southern half of its historic range. The attempt to
reestablish populations in formerly occupied territory using source stock from the
northern part of the range illustrates the not altogether sharp boundaries between
reintroduction and introduction (Lawrence and Kaye 2009).

An example of a strategically and ethically appropriate use of ex situ material is
an augmentation of a naturally occurring population using source material taken
from the same population, such as Arabis koehleri var. koehleri (Brassicaceae)
(Guerrant and Kaye 2007). However, given that a small number of maternal plants
contributed multiple individuals to the founding population, at least for the first
planting in 2001, it is conceivable that the augmentation may have had the per-
verse effect of reducing the effective population size while increasing the census
population size (Robichaux et al. 1997). Augmentation of naturally occurring pop-
ulations using genetic material from other source populations can be necessary in
some situations. For example, De Mauro (1994) had to use material from another
state to restore fertility to a population of Hymenoxys acaulis (Asteraceae) that had
lost all but one incompatibility allele, in the only Indiana population.

Introduction to previously unoccupied sites within the historic range of a spe-
cies was the most common project type in our sample, representing almost a third
of the total. Strategic and ethical issues revolve around the relation of source ma-
terial to the reintroduction site and the possibility of exchanging genes with any
extant populations in the vicinity (see Neale, this volume).
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Box 2.1. Reintroduction of Ptilimnium nodosum to the Deep River,

North Carolina

Contributed by: Johnny Randall and Mike Kunz
Species Name: Ptilimnium nodosum
Common Name: Harperella
Family: Apiaceae
Reintroduction Initiated: 2006
Location: North Carolina, USA
Length of Monitoring: 2006–ongoing
Factors Tested: Streambed stabilization materials

Ptilimnium nodosum (Harperella) is a federally endangered emergent
aquatic plant with thirteen remaining populations in the eastern United
States—down from twenty-six in 1988—with only one natural occurrence
in North Carolina, on the Tar River. Historically, two other populations
were located along the Deep River in North Carolina, but because of severe
population decline, in 1997 we rescued the eight remaining individuals
from one of these populations for ex situ propagation at the North Carolina
Botanical Garden. The second population went extinct.

The purpose of our project was to create a self-sustaining Harperella pop-
ulation near the historical site on the Deep River, using ex situ–propagated
plants. We designed our reintroduction to test the efficacy of using stream-
bed stabilization treatments (TerraCell® and coconut fabric) in comparison
to planting in natural cobble. We chose these treatments because it is partic-
ularly challenging to establish an emergent aquatic plant that occupies the
uncertain habitat of riverine gravel bars. TerraCell is a plastic-celled sta-
bilization material in which Harperella can be planted, and coconut fabric
is a combination of coconut fibers and fine plastic netting through which
vegetation can be planted. The natural cobble represented a quasi-control
treatment, where Harperella was planted in an unprotected but natural
substrate.

In June 2006, we planted seventy individuals in each of nine experimen-
tal plots, representing three replicates of three treatments, for a total of 630
plants (fig. 2.2). The reintroduction site was approximately 100 meters
downstream of the historical Harperella station within the Triangle Land
Conservancy’s Second Island Preserve in a semipermanent cobble bar.

Of the 630 original plants, 314 survived the first growing season: 139 in
the coconut fabric, 106 in the TerraCell, and 69 in the natural cobble. Note
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Box 2.1. Continued

that two flood events occurred 1 and 2 days after the reintroduction, both
covering the plants with approximately 1 meter of water. Additional plants
were undoubtedly lost to repeated floods over the first growing season and
unexpected herbivory by deer, Canada geese, and muskrats. However, the
results are clear that the coconut fabric stabilization treatment was most ef-
fective over the establishment phase and afterward (fig. 2.3).

In the first growing season, considerable flowering and vegetative repro-
duction occurred. Approximately 800 inflorescences were produced that
contained an estimated 320,000 flowers. Although we did not collect seed
production data, we estimate that more than 600,000 seeds were produced
over the growing season.

Because of Harperella’s vegetative reproduction habit, following individ-
uals in subsequent years was not possible. We therefore established 1-square-
meter permanent plots, subdivided into 100 10-square-centimeter cells, in

Figure 2.2. Planting diagram for Ptilimnium nodosum reintroduction that shows
the positioning of each plot and within-plot treatments with seventy plants in each
plot per treatment (TerraCell®, coconut fabric, and natural cobble).
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Box 2.1. Continued

each treatment and replicate, and scored for Harperella presence or ab-
sence. We noted flowering and fruiting but did not make counts. Our moni-
toring data (2007–2010) show that there has been a general decline in the
permanent plots except for one coconut fabric plot (plot 1), one TerraCell
plot (plot 2), and one control plot (plot 1), where there is a slight increase
(fig. 2.3). It is important to note that we have seen numerous individuals out-
side the permanent plots and in adjacent permanent plots, which shows that
recruitment is occurring and that the appearance of general decline within
the reintroduction site may be in part an artifact of constraining our sam-
pling within plots. Tracking population expansion will entail modifying the
spatial extent of our sampling to determine whether the reintroduction es-
tablished a self-sustaining Harperella population.

The predicted medium- to long-term success of our reintroduction is
based on several factors. Because our Harperella reintroduction occurs in a
semistable cobble bar within the primary Deep River channel, flood scour-
ing and debris deposition will present ongoing threats and opportunities for

Figure 2.3. Frequency of Ptilimnium nodosum per plot and treatment type.
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Perhaps the most difficult types of reintroductions to evaluate strategically and
ethically are translocation and introduction outside a species’ historic range. Al-
though both methods may have appropriate uses, they are controversial because
they can be used in ways that may not advance or could even detract from the con-
servation of the species under consideration. The strategic and ethical challenges
with translocation, which is used here to mean the movement of naturally occur-
ring individual plants from their native site to another location, depend on the rea-
son for doing the translocation. The basic question to ask concerns whether the
translocation is being attempted to save plants from a population that, for unre-
lated and unavoidable reasons, is destined for destruction, or whether the popula-
tion is being moved to facilitate an alternative land use. The former is much eas-
ier to justify than is the latter. An example of the former type is a translocation
done by Brumback and Fyler (1996) in response to imminent habitat destruction
involving the state and federally endangered Isotria medioloides (Orchidaceae), in
which individual plants and a generous amount of accompanying soil were
translocated in 1986. Even though initial emergence the next year was encourag-
ing, long-term monitoring results led the authors to conclude that translocation of
this taxon is not a viable alternative to in situ land management.

The final type of reintroduction considered here is introduction of new popu-
lations outside a species’ historic range (Falk et al. 1996). This has been consid-
ered by many to be outside the range of generally accepted practice, but there are
exceptions where it may be the best if not the only option. Managed relocation
(MR) in response to anticipated global climate change is controversial (Haskins
and Keel, this volume), but climate change is not the only reason for attempting
to establish new populations outside a species’ historic range. For example, Monks
and colleagues (this volume) have introduced at least three species of Proteaceae
(CPCIRR; Banksia anatona, B. brownii, and Grevillea humifusa) outside their his-
toric ranges, in order to find suitable habitat free of the pathogenic agent of
dieback disease, Phytophthora cinnamomi, which has decimated these and many
other taxa in Australia.
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expansion. And because Harperella is an emergent plant, herbivory from
waterfowl, mammals, fish, and turtles is possible. But because Harperella is
an herbaceous perennial with adventitious root growth, is a profligate seed
producer, and can reproduce vegetatively from fragmentation and plantlet
formation, on-site survival and dispersal to other locations is likely.



Source Populations: Number and Relative Location

Of the sixty-six projects for which the number of source populations could be de-
termined, more than three quarters (77%) used only a single source population for
propagules, a practice that has been traditionally supported by reintroduction
guidelines (e.g., Falk et al. 1996; Vallee et al. 2004). The proportions of projects
using two through five source populations were 9%, 6%, 5%, and 2%, respectively.
One other project, involving Arenaria grandiflora (Caryophyllaceae), used seven-
teen source populations (Bottin et al. 2007).

There is not necessarily any single right answer about how many source popu-
lations to use in a reintroduction (see Guerrant 1996a and citations therein). Ar-
guments supporting the use of a single source population revolve around main-
taining the genetic integrity of lineages with coadapted gene complexes or of
specific adaptations to local biotic or abiotic conditions. Conversely, arguments
favoring the use of multiple source stocks are more diverse and may have to do
with either the lack of a suitable single source or the lack of a suitable match be-
tween a single source and potential reintroduction site (see Neale, this volume).

Propagule Types

Given the indeterminate or open growth habit of plants, their modular construc-
tion, and their widespread ability to regenerate whole organisms from various
parts and even tissues, the range of propagule types available for use in reintro-
duction is great. The overwhelming majority of projects used whole plants (shoot
plus roots, 69%) or seeds (embryonic whole plants, 26%), or both whole plants
and seeds (9%). The proportion of projects that used seeds to grow whole plants
for founders plus the number of projects that used seeds as founders directly rep-
resent more than three quarters (78%). Two projects used shoot tissue only in the
form of “cactus pads” (CPCIRR; Consolea corallicola, syn. Opuntia corallicola,
Cactaceae) and one with Rhus michauxii (Anacardiaceae) used wild dug root tis-
sue only (Braham et al. 2006). Given the ability of many vascular plants to pro-
duce either root-borne shoots or shoot-borne roots (Groff and Kaplan 1988), the
range of propagule types useful for reintroduction is great. Except for the use of
whole plants grown from cuttings and in vitro methods used on leaf or other tissue
samples, practitioners may be missing options created by the ability of some plants
to make root-borne shoots or shoot-borne roots.

Founder Stages

Five demographic stages are recognized in the database: seeds, seedlings, juve-
niles, vegetative adults, and reproductive adults. Founding population stage
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distributions are known for sixty-four projects. Of these, 78% used only a single
stage, 17% used individuals of two different stages, 3% used three stages, and only
2% used individuals of four different demographic stages. For projects using only
one stage, the modal demographic stage used was vegetative adults, followed by
seeds, seedlings, juveniles, and reproductive adults. Overall, for projects using one
or more stages, vegetative adults (36%) were again the most common stage used,
followed in order by seedlings (33%), seeds (25%), juveniles (22%), and reproduc-
tive adults (13%).

Founder Population Sizes and Numbers of Attempts

Founding population size is a key variable in determining success of a reintroduc-
tion attempt. All else being equal, larger founding populations stand a greater
chance of survival and growth than do smaller ones (see Albrecht and Maschinski,
this volume). That said, there are practical constraints on how large a founding
population can be, not the least of which is simply the availability of suitable prop-
agules. There is also the potential impact of collection on the sampled popula-
tions to consider (see Menges et al. 2004). The range of founding population sizes
among the eighty-nine projects for which we have information varies greatly, from
a low of three individuals in Pseudophoenix sargentii to a high of more than 4 mil-
lion in Abronia umbellata ssp. breviflora (Nyctaginaceae), with a median value of
190 individuals (fig. 2.4a).

Again, all else being equal, the greater number of outplanting attempts made
per project should increase the probability of at least one being successful. Of the
seventy-two projects for which data are available, 67% consisted of a single out-
planting event, with another 28% comprising either two (15%) or three (13%) out-
plantings (fig. 2.4b). Only one project had more than ten attempts.

Hypotheses and Experimental Results

The database allows an initial assessment to be made of the degree to which re-
introductions are being done as explicit experimental tests of particular hy-
potheses. Of the eighty-nine most data-rich projects in the database, 70% describe
one or more explicit hypotheses tested, for a total of 111 tested hypotheses. In ad-
dition, 84% of the finalized projects list one or more factors that were tested, with-
out describing any hypotheses.

Each of the 111 hypotheses was initially categorized as having to do with ge-
netic (15%), demographic (14%), or environmental factors (70%). Environmen-
tal factors were further subdivided into observational factors (46%), as opposed to
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the environmental factors that were purposefully manipulated by the researcher
(24%).

Response variables can be divided into two large categories: survival versus vari-
ous measures of growth, size, reproductive condition, or health of survivors (see
Monks et al., this volume). By far the most common metric used to evaluate suc-
cess was survival, which was used by 69% of 111 hypotheses tested. Germination
of seeds and initial establishment after planting were also reported as a metric of
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Figure 2.4. Four summary bar graphs of projects and experimental treatments. (a)
Founding population size distribution among eighty-eight experiments; note that the size
class categories are unequal and increase as founding population size increases. (b) Dis-
tribution of number of outplantings per project for seventy-two projects. (c) Numbers of
projects that involved the use of preplanting habitat manipulation for forty-eight projects.
(d) Numbers of projects that involved the use of post-planting habitat manipulation for
sixty-five projects. Black portions of bars indicate the number of times a particular manip-
ulation was used that involved all treatments, and therefore was not an experimental fac-
tor, and hollow portions of bars indicate the number of projects in which a factor was an
experimental variable among treatments in a project. For example, twenty-one projects
engaged in vegetation removal before planting, but in only two of these projects was veg-
etation removal an experimental variable; the remaining nineteen had vegetation re-
moval for all founders.



project success. Because the aboveground parts of many geophytes normally die
back at the end of the growing season, and some species, such as Lilium occidentale
(Liliaceae), can remain dormant for up to four growing seasons (Guerrant, unpub-
lished data), emergence was used in lieu of survival. This is because it is not possi-
ble to distinguish between a dead plant and a living but dormant one without dis-
rupting the habitat or damaging or otherwise affecting the plant. Plants that have
emerged in any given year are clearly survivors, but the status of plants that fail to
emerge is not certain. About a fifth of the hypotheses used some measure of plant
size as a response variable, involving either a simple measure, such as plant height
or crown width, or a more complex measure involving multiple measures such as
an index of volume involving height, width, depth, and canopy density. The re-
maining 10% of the response variable measures were almost equally divided be-
tween those having to do with reproductive success (e.g., seed set, reproduction, re-
cruitment) or a subjective measure of plant health or a measure of herbivory.

Genetic Factors

Seventeen sets of hypotheses and results pertained to genetic factors. Six exam-
ined the effects of breeding history of founder propagules, comparing progeny of
self-pollinated versus outbred individuals or of intentional crosses within or be-
tween sites, or controlled versus open pollination. The potential effects of differ-
ent maternal lines were examined in seven hypotheses, source population effects
were the subject of three, and one hypothesis compared the effects of provenance,
wild collected versus plants propagated off site. One study asked whether greater
genetic diversity improved chances of success in a degraded habitat.

Of the six hypotheses that dealt with breeding history of propagules, four re-
lated to augmentation of Silene douglasii var. oraria (Caryophyllaceae), in which
Kephart (2004) asked whether outbred progeny exhibit higher survival and repro-
duction than inbred or open-pollinated progeny in experimental reintroductions.
She found that progeny of intentionally cross-pollinated flowers had significantly
greater survival, growth in size, and reproductive output than did offspring of
selfed or open-pollinated flowers. In two different attempts with Jacquemontia re-
clinata (Convolvulaceae), Maschinski and colleagues (2005, 2007) found that
survival was greater in progeny of plants crossed with more distant neighbors, and
also in outcrossed versus selfed propagules.

In none of the six experiments that examined the effects of maternal line on
the survival or growth rate of founders was a clear impact documented. Two proj-
ects examined the effects of source population, and although differences were
found, they were significant in only one year. In one study of Silene douglasii var.
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oraria, Kephart (2004) asked whether greater genetic diversity increased the likeli-
hood of successful reintroduction in degraded habitats. She did not detect differ-
ences in survival. Wendelberger and colleagues (2008) asked whether wild or ex
situ source propagules would have greater survival, growth, and reproduction after
translocation of Amorpha herbacea var. crenulata (Fabaceae) to a restored pine
rockland. Wild sources survived better than ex situ stock, but the differences were
not significant.

Potential effects of source population were the subject of three hypotheses in-
volving two taxa. In their introduction of Astragalus bibullatus (Fabaceae), Al-
brecht and McCue (2010) asked whether seedlings derived from different popu-
lation sources differentially affect the demographic vital rates of individuals in the
introduced population. They found no effect of population source, of which there
were three, on transplant survival or transition into reproductive adulthood. To ex-
amine the extent to which source population might affect emergence and growth
rates, Guerrant (2001) used four of the closest known populations for source ma-
terial in an introduction of the endangered Lilium occidentale (Liliaceae). Source
population had an early but transient effect on emergence. No source population
effect on size was found until 3 years after planting. It persisted for 3 years and has
been sporadic thereafter (Guerrant, unpublished data).

Demographic Factors: Propagule Type, Age, and Horticultural History

Thirteen sets of hypotheses concerned founder propagule type, age, or horti-
cultural history. Four of these explicitly compared plants and seeds, with three
having survival as the response variable and one having growth rate of survivors.
In all four cases plants were superior to seeds as founders (see Albrecht and
Maschinski, Dalrymple et al., this volume). Two others compared survival rates
for different sizes or stages of founders, and in both cases larger plants outper-
formed smaller plants. In an introduction of Lilium occidentale, Guerrant (2001)
compared seed that had been stored off site for 1 or 2 years (old seed) with seed
sowed the same season it was produced (new seed). From the second year after
planting, and for more than a decade, new seeds resulted in more plants than old
seed, but the plants derived from old seed were larger than those from new. The
differences have declined over time, and neither is clearly superior to the other
after a decade of growth. In a reintroduction involving Acacia cochlocarpa ssp.
cochlocarpa (Mimosaceae), Monks (CPCIRR) found that 1-year-old seedlings
survived and grew better than 2-year-old seedlings. In two other instances, there
has been insufficient time for results to become manifest. In another study, in-
volving Lambertia orbifolia ssp. orbifolia (Proteaceae), Monks (CPCIRR) found
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that when plants grown from seed were compared with plants grown from cut-
tings, no significant differences were found in either survival or growth rates.

Environmental Factors

Diverse environmental hypotheses focused largely on how various aspects of the
environment might affect success. Naturally occurring factors encompassed a
range from narrowly circumscribed and measurable characteristics, such as light
levels, to complex multidimensional differences. The latter comparisons ranged
from subtle differences in microhabitats to clearly different geographic locations.
Differences in timing, such as year or season of outplanting or propagule col-
lecting, are also included. In addition to hypotheses designed to test naturally
occurring environmental factors, many projects investigated the effects of envi-
ronmental factors that were intentionally manipulated. Hypotheses involving en-
vironmental manipulation generally used a naturally occurring counterpart for
comparison. In contrast to genetic or demographic factors, environmental factors
may not always have a predictable theoretical expectation.

Hypotheses comparing different habitats or microhabitats were the most com-
mon among naturally occurring environmental factors. They ranged from very
specific, measurable differences to more complex and subjective suites of condi-
tions. As an example of the former, Possley and colleagues (2009; box 7.1) exam-
ined the effects of the percentage of photosynthetically active radiation (PAR) at
time of planting of Lantana canescens (Verbenaceae). A more complex factor is
represented by Pipoly and colleagues’ (2006) work with Okenia hypogaea (Nyc-
taginaceae), in which they compared germination and survival on the lee and
windward sides of its foredune habitat along the Florida coast. Seedling establish-
ment, survival, and reproduction were all greater on the lee side of the foredune,
but the particular aspects of those habitats most responsible for the differences
were not determined.

The first reintroduction attempt of the annual plant Stephanomeria mal-
heurensis survived for 16 years but ultimately failed (Parenti and Guerrant 1990;
Currin et al. 2007; Currin and Meinke 2008). In a second attempt, Currin and
colleagues reintroduced it again to the sole known wild site, called the Narrows,
and also introduced it to another nearby location called the Dunes with appar-
ently suitable habitat. Both of these efforts have been successful for the first 2
years. Initial results suggest that both location and year had an effect; the reintro-
duction site had greater success than the introduction site, and the 2008 planting
had initially greater survival and reproduction than the 2007 planting. Recall that
most projects consist of a single outplanting.
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In addition to planting in different years, other studies compared planting in
different seasons. For example, Albrecht and McCue (2010) compared Astragalus
bibulatus (Fabaceae) plants introduced in the spring with those planted in the fall.
Plants introduced in the fall exhibited greater survival and probability of growing
into larger stage classes than did those planted in the spring.

Projects involving environmental factors that were intentionally manipulated
to examine specific hypotheses were half as abundant as those examining natu-
rally occurring environmental factors and about as numerous as those testing ge-
netic and demographic factors combined. Environmental manipulation projects
tested propagation procedures before planting, after planting, or both (fig. 2.4c,
2.4d).

In arid climates, a major factor influencing survival and growth of outplants is
water availability. Monks (CPCIRR) hypothesized that watering plants over the
first summer (November to April) after planting would increase survival and
growth of introduced Grevillea humifusa seedlings. Plant survival was significantly
greater in watered plants, and although surviving plants were not significantly
taller, they did have significantly broader canopy widths. In another study, Monks
(CPCIRR) found that watering seedlings of Acacia cochlocarpa ssp. cochlocarpa
over the first summer after planting did not result in significantly greater survivor-
ship than in plants that did not receive supplemental water.

Similarly, Monks (CPCIRR) hypothesized that adding mulch around Acacia
aprica (Mimosaceae) outplants would increase survival and growth of introduced
seedlings. She found no significant difference between mulched and control
plants for survival or height, but surviving mulched plants had wider crowns than
controls. The implications of such findings are not clear. Mulching is a common
horticultural practice and can have significant benefits with respect to moisture
retention in the soil, which can be very important in increasing establishment
rates. These results are probably best seen as preliminary and not definitive.

Aquatic habitats represent a different extreme. Disturbance frequency and in-
tensity can affect the spatial and temporal suitability of the reintroduction site.
Randall and Kunz present a creative experimental approach designed to tackle a
situation subject to sporadic and very intense disturbance events (box 2.1).

Other studies manipulated environmental factors to investigate the effects of
interspecific interactions on success, including competition, herbivory, and sym-
biosis. The effects of competition have been examined by experimentally remov-
ing potential competitors. Brauner (1988) investigated whether presence or den-
sity of the invasive grass Bromus tectorum affected survival and reproduction of
Stephanomeria malheurensis. He found that Stephanomeria plants in plots with
50% to 100% B. tectorum cover were significantly smaller, slower to bolt and
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flower, and less fecund than the plants established in plots in which B. tectorum
had been manually removed (see also Parenti and Guerrant 1990).

Several studies examined the effects of potential herbivores by erecting cages
or fences around plants, comparing them with controls. In separate projects,
Monks (CPCIRR) compared survival and growth of newly planted Acacia colo-
carpha ssp. colocarpha and A. aprica seedlings that had been either caged or not.
For both taxa, cages increased plant survival and growth.

In an experiment that examined the effects of artificial fertilizer and arbuscular
mycorrhizal fungal inoculum obtained from wild plants on survival of seedlings
outplanted to a novel habitat, Fisher and Jayachandran (2002) found that al-
though survivorship depended on plant size, arbuscular mycorrhizal fungal in-
oculum improved both plant size and survival, and fertilization of seedlings
yielded the highest survival of outplanted material.

The distinction between what constitutes a natural and manipulated site is not
always clear, and several studies illustrate a dilemma that reintroduction practi-
tioners may increasingly have to face. What options are available to us when there
is no available suitable habitat, or suitable habitat needs ongoing maintenance?

Habitat destruction has long been recognized as a serious threat to biodiversity,
and in an attempt to find a suitable home for Lantana canescens (Verbenaceae),
Possley and colleagues (2009; box 7.1) asked whether it could survive and estab-
lish better in more “natural” historic ecotones maintained by mechanical thin-
ning or in discrete restoration areas? Survival of outplants was roughly compara-
ble, but seedling establishment was greater at the restored site.

Roncal and colleagues (in press) examined whether Amorpha herbacea var.
crenulata (Fabaceae) could establish and grow equally well in four microhabitats
along a pineland–glade gradient outside its historic range with suitable habitat.
Overall survival was 77% after 2 years; plants established well in three of four mi-
crohabitats, but growth was greatest in pine rockland, a habitat in which it was not
known to occur historically.

Not Everything Must Be Tested Experimentally

Even though an experimental framework is the most effective way to generate
useful information about how best to conduct reintroductions, not everything
practitioners did or should have done was conducted in an experimental format.
Many projects applied pre-planting or post-planting manipulations to all founders
in an effort to increase success because prior knowledge, experimental data, or
professional opinion indicated a particular action might be effective (fig. 2.4c,
2.4d). For example, existing vegetation was removed before planting in twenty-
one projects, but in only two of those was it an experimental variable. Another
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nineteen projects had vegetation removed for all treatments, presumably to re-
duce interspecific competition, because of either earlier experimentation or sim-
ply a professional judgment that it would increase the probability of biological
success. Only five of forty-four projects (11%) that used pre-planting manipulation
and twelve of sixty-five projects (18%) that applied post-planting care tested the
factors experimentally. Adding water (thirty-three projects) and excluding herbi-
vores (twenty) were the most common post-planting habitat manipulation tech-
niques, yet watering and caging or fencing were experimental variables in only
three and seven projects, respectively.

Reintroduction and Climate Change

Reintroduction can make a substantial and significant difference. But it is expen-
sive and therefore limited largely to the more economically wealthy regions of the
planet, which have the resources necessary to use ex situ plant conservation
(Guerrant et al. 2004b). As plant endangerment increases, so does the need for
more reintroduction projects. But the ability of conservation practitioners to re-
spond to the global needs for reintroduction is a complex function of geography,
demography, politics, and natural and economic wealth (Guerrant et al. 2004b).
The information in this chapter and elsewhere in this volume provides strong evi-
dence in support of the notion that reintroduction, especially in combination with
ex situ conservation, is a tool that can go a long way toward meeting the needs it
was intended to address.

Reintroduction attempts offer an opportunity to incorporate into experimental
designs questions that address climate change issues. Willis and colleagues (2008)
combined flowering time and other phenological data collected originally by
Henry David Thoreau at Walden Pond with more modern records to show that
climate change has apparently led to major changes in phenology of some but not
all taxa. They also compared local survival or extinction of the taxa Thoreau
recorded and found that there are distinct phylogenetic patterns to species loss
that appear to have been driven by climate change. Are there predictable phylo-
genetic patterns related to changes in temperature or rainfall? Are predicted fu-
ture conditions conducive to latitudinal migration? The questions are endless, and
now is the time to begin using reintroductions to answer broader questions than
we have done so far.

Something fundamental has changed over the last couple of decades in our
understanding of the nature of the threats to biodiversity. Habitat destruction and
the resulting permanent fragmentation of suitable habitat, along with the effects
of invasive species, are still with us and will be for the foreseeable future. What is
new is the realization that human beings have changed the composition of the
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global atmosphere. Global climate change is here. The website of the Arbor Day
Foundation (2010) provides a particularly clear graphic that compares the 1990
USDA Plant Hardiness Zone map next to the 2006 revision. Based on minimum
temperatures, approximately half the United States has changed hardiness zone
designation. Most regions have become warmer, but some small areas cooled,
which shows the complexity of predicting the impact of global climate change for
any particular area. Rainfall patterns are likely to change as well. The nature, mag-
nitude, and sheer scale of global change pose a serious challenge to those working
to preserve biodiversity. I suggest that reintroduction, as it is currently being prac-
ticed, is most likely to constitute a focused tool of significant but limited value to a
limited number of taxa. Although reintroduction in some form may be necessary,
it is not likely to be a sufficient or perhaps even a major factor in what are yet to be
clearly articulated and agreed-upon strategies for dealing with the large-scale
community- or ecosystem-level disruptions we can expect to result from global cli-
mate change.

Nevertheless, and given the apparent phylogenetic patterns in species loss doc-
umented by Willis and colleagues (2008), very large-scale reintroduction efforts in
the form of massive reciprocal common garden experiments, across wide latitudi-
nal and elevation gradients, perhaps patterned after the classic series by Clausen
and colleagues (1940), might be extremely valuable for developing an effective
positive response to the impacts of global climate change on biodiversity.

Summary

Reintroduction is a logical culmination of a coherent integrated plant conserva-
tion strategy (e.g., Falk 1990). Reintroduction is a deliberate course of action con-
ceived as a pragmatic response to population declines and high extinction risks
caused by extensive habitat loss, fragmentation, and ecological impacts of invasive
species. And, as this volume shows, reintroduction is a solution that works, at least
in some circumstances and in some cases. The apparent high success rate re-
ported in the CPCIRR notwithstanding, it may well take many decades to deter-
mine whether reintroduced populations show they can survive and successfully
reproduce themselves while maintaining sufficient genetic diversity to enable
them to adapt to changing conditions (Monks and colleagues, this volume). Long-
term monitoring is therefore an essential component of any reintroduction at-
tempt (appendix 1, #37, 38). It took more than a decade for the first reintroduction
attempt of the annual plant Stephanomeria malheurensis to fail biologically.
Plants with other life histories might reasonably fail after even longer periods of
time. Despite over two decades of experience with reintroduction, this represents
a relatively short span of ecological time. Monitoring intensity and frequency can
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perhaps be reduced over time, but for the foreseeable future, all reintroduction at-
tempts are best monitored into the indefinite future. Because our cumulative ex-
perience with reintroductions has covered neither plant groups nor circumstances
in totality, there is still much to be learned from future plant reintroductions.

I thank Kathryn Kennedy, Rick Luhman, Anna Strong, and Maria Bradford for making
this volume possible. Joyce Maschinski and Kris Haskins provided valuable discussion and
feedback. Matthew Albrecht deserves special recognition for his assistance in helping to
make sense of the CPCIRR. Sarah Dalrymple provided a valuable perspective and many
interesting comments. Three anonymous reviewers provided particularly helpful feed-
back on the manuscript.
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Chapter 3

A Meta-Analysis of Threatened Plant
Reintroductions from across the Globe

Sarah E. Dalrymple, Esther Banks, Gavin B. Stewart,

and Andrew S. Pullin

Reintroductions and associated methods have been recommended as techniques
for mitigating or redressing threatened plant species declines for several decades.
Their use continues to increase as an option for overcoming problems associated
with habitat loss, habitat fragmentation, and reproductive isolation (Quinn et al.
1994). However, these approaches have been criticized for the lack of monitoring
and central recording, inappropriateness of the action due to genetic considera-
tions, a lack of demographic knowledge of the donor populations, and inadequate
information on the species’ habitat needs (Pearman and Walker 2004).

In the United Kingdom, the debate over the use of reintroductions has been in-
fluenced by the long history of moving plants from gardens and wild populations
to apparently suitable habitat with mixed success. We are able to identify past rein-
troductions primarily through the efforts of the Botanical Society of the British
Isles (BSBI), who have used their extensive cataloging system to identify these
events and distinguish between naturally occurring populations and deliberate in-
troductions. Some of these events undoubtedly would be classified as reintroduc-
tions in the modern definition of the term (see Glossary), but many more would
be classified as conservation introductions, although they have been undertaken
outside (or before) prescribed conservation programs (e.g., Aster linosyris, He-
lianthemum apennium, and Lobelia urens; BSBI unpublished database). It is
certainly the case that the unregulated use of seed and plant translocations has
confused the debate and provides evidence that reintroductions for conserva-
tion of threatened plants are prone to failure and a waste of resources (Pearman
and Walker 2004). Subsequently, the debate surrounding reintroductions in the
United Kingdom has been informed predominantly by anecdotal evidence from
introductions that lacked any rigorous framework at the point of initiation and

31
, DOI 10.5822/978-1- - - _361091 183nd Practice of Ecological Restoration 2 , © 2012 Island PressThe Science a

J. Maschinsk Plant Reintroduction in a Changing Climate: Promises and Perils,  i, K.E. Haskins (eds.), 



were often monitored only sporadically due to resource restrictions. Indeed, prac-
titioners are still often unaware of guidelines at national and international levels,
and although good networks exist that practically and strategically support work
on threatened plants, there is no requirement to record movements of native spe-
cies except when evaluated against legislative targets for halting species declines.
This information is not readily available even within the conservation commu-
nity; subsequently, many reintroductions are attempted by practitioners working
in isolation without benefiting from the experience of colleagues.

Because of the practical similarities between reintroductions and out-of-range
translocations (i.e., selection of suitable propagules, identifying recipient sites,
and postintervention management and monitoring), the use of reintroductions
has again come under scrutiny, albeit through the lens of managed relocation
(MR) and climate change. With current climatic shifts and nonclimate stressors
showing no signs of abating, we must assume that conservationists will have to
deal with an ever-increasing list of threatened species. For practitioners charged
with halting the decline of rare and threatened species, reintroductions are an op-
tion for meeting management objectives where other options are not available.
However, climate change is expected to reduce the extent of historic ranges that
remain suitable, and increasingly, the options for reintroductions will decrease
while MR will become a more plausible management option for species that are
imminently threatened by climatic shifts.

Here we use reintroduction as an umbrella term for attempts to create popula-
tions at the target taxon’s site of extirpation, at sites identified as being within the
historic range, and sites of perceived suitable habitat that might be outside the his-
toric range. The authors are aware that according to accepted definitions of the
term, the latter effort is normally called conservation introduction or the like. How-
ever, for the purposes of brevity, reintroduction refers to all these interventions un-
less the authors explicitly describe them otherwise. We searched the libraries of
Natural England, Scottish Natural Heritage, the Countryside Council for Wales,
and the Joint Nature Conservancy Council, and the following electronic data-
bases: ISI Web of Knowledge, including ISI Web of Science (Science Citation In-
dex expanded 1945–present) and ISI Proceedings (Science and Technology Pro-
ceedings 1990–present), JSTOR, Index to Theses Online (1970–present), Digital
Dissertations Online, Dogpile Meta-search (Internet search), Google Scholar (In-
ternet search), Copac, Scirus, Scopus, and ConservationEvidence.com. We used
the following search terms: plant* AND re-introduc*, reintroduc*, introduc*,
translocation*, establish*, re-establish*, restor*, reinstat*, regenerat*, or assisted
migration. In addition, we directly contacted practitioners using the IUCN Spe-
cies Survival Commission Reintroduction Specialist Group Members Database
(IUCN 1998b). We included only studies of vascular plants that had undergone a
deliberate reintroduction of individual plants or seeds to sites that were unoccu-
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pied at the time of translocation. We required that studies include data on propa-
gule number and type (seed, juvenile, or adult plant), number of propagules
translocated, and number surviving over a monitoring period described in the
study. We also included whether next-generation recruitment had occurred.

Because of the increased risk of mortality when using seeds, we analyzed rein-
troduction attempts of seeds, juveniles, and adults separately. We used risk ratios
to provide meaningful effect measures, where the larger the risk ratio, the higher
the probability of death of individuals and hence failure of the reintroduction pro-
gram, similar to the methods of Wacholder (1986). To generate pooled estimates
of effect, we used DerSimonian and Laird (1986) random effects meta-analysis.

Formal meta-analysis of time to event outcomes could not be undertaken
using standard techniques because survival curves could not be derived for in-
dividual studies, but time was included as an important covariate using meta-
regression (Higgins and Thompson 2004). We performed all analyses in Stata ver-
sion 11.0 (StataCorp USA 2011).

The need for an evidence-based approach to the use of reintroductions is
timely. Through consultation with UK practitioners, we recognized that a global
review had the potential to describe the extent to which reintroduction had been
used and would facilitate greater practitioner communication, evaluate the suc-
cess of attempted reintroductions, and identify areas of improvement for future
implementation. According to guidelines recommended by the Collaboration for
Environmental Evidence (2009), we systematically reviewed literature associated
with reintroductions between August 2006 and October 2009. Peer-reviewed liter-
ature, gray literature, and information directly from plant conservation practition-
ers provided evidence for the intended or attempted reintroduction of 708 taxa
from across the world. We define intended to mean the reintroductions for which
there is evidence that a reintroduction program has been initiated but not yet im-
plemented. For example, where documentation describes the preparatory stages
of a reintroduction program (e.g., reported ex situ cultivation intended for out-
planting in the wild but did not report on the outplanting itself) we have included
the example in our data set. This is useful because it provides an overview of rein-
troduction activity. This chapter summarizes the current use of reintroductions,
their geographic and taxonomic scope, the main threats that prompt the use of
reintroductions, and the target taxa’s conservation status. This summary is fol-
lowed by a review of results from a meta-analysis of a subset of studies identified
from the search process.

Current Use of Reintroductions: What, Why, Where, and How?

Reintroductions have been planned or attempted in thirty-two countries, with
the earliest record from 1955 (BSBI unpublished). However, botanists have been
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outplanting individuals of rare plants in suitable habitat (but not necessarily
within the historic range) since 1783, according to BSBI records. The 708 taxa
that form the foci of proposed or implemented reintroductions are representatives
of 124 families (appendix 2). Asteraceae is the most numerous (ninety-one taxa),
followed by Orchidaceae (fifty-four taxa) and Rosaceae (thirty-two taxa). The tar-
get taxa were further categorized by level of endemism, type of threat, and level of
conservation protection in order to characterize the impetus and justification for
using reintroduction techniques.

Reintroductions are often regarded as being a technique for rare species man-
agement, but the data set used in this analysis (677 taxa) indicates that reintroduc-
tions may be undertaken even when the species is widespread (table 3.1). Unsur-
prisingly, many target taxa do have narrow ranges (271 taxa when “local” and
“site” endemics are combined) and therefore qualify for conservation protection
because of their limited distribution. Perhaps more surprising, 118 taxa have (or at
least had) distributions that spread across continental scales and another 119 have
been recorded as occurring in more than one continent. It is assumed that the
taxa with formerly widespread distributions are subject to reintroduction projects
because they are in decline in part of their range and may have been lost entirely
from a significant number of sites at a regional scale. This assumption is supported
by the fact that the majority of taxa are identified as needing conservation protec-
tion at national levels (440 taxa, although evidence for the presence or absence of
national conservation protection could be found for only 498 taxa). Reintroduc-
tions are being used as a way of meeting national objectives for species protection
and are not limited to preventing species-level extinctions. In fact, 618 taxa have
not been evaluated for inclusion in the IUCN Red List, and although there is no
legislative obligation to complete threat assessments for the IUCN, this can be
taken to indicate that international priorities rarely provide the impetus for initiat-
ing reintroduction projects.

The majority of taxa included in reintroduction projects are associated with
habitats that fall within temperate broadleaf forest biomes according to the United
Nations Educational, Scientific and Cultural Organization (UNESCO; Udvardy
1975) major biome type classification. We suggest that this is more indicative of
where reintroductions are considered to be a conservation option for well-funded
practitioners but does not indicate where extinctions of threatened plants are most
imminent. Certainly, reintroductions are most commonly carried out by practi-
tioners in Europe (twenty-one countries; 354 reintroductions), followed by the
United States (228) and Australia (61). Three biomes account for 77.7% of taxa
subject to reintroduction projects: temperate broadleaf forest, mixed island sys-
tems, and evergreen sclerophyllous forest, scrub, or woodland (table 3.1). In
our data set, only thirty-nine taxa were foci of reintroduction programs in South
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America (thirty-eight of which were in response to a single reservoir creation proj-
ect in Brazil) and twelve taxa in Asia, and reintroductions of two taxa have been
documented in Africa.

The identification of threats that contribute, at least in part, to the decline of
taxa in our sample reveals that agricultural intensification threatens 186 taxa,
grazing threatens 161, competition from invasive plant species threatens 136 taxa,
and urban or industrial development threatens 130 taxa (table 3.1). Threats were
identified in the literature (including online sources such as the IUCN Red List)
for 525 taxa, of which 62% were associated with more than one threat. It is note-
worthy that climate change is infrequently mentioned as a threat to the survival of
taxa identified for reintroduction programs even though it may exacerbate other
threats. It is expected that given the prominence of this issue in the scientific liter-
ature and emergence of stronger climate signals over time that may reveal climate
changes on a local scale, the threat from climate change will probably be empha-
sized more strongly in future threatened plant conservation literature.

Practitioners did not always report locality details that would enable us to char-
acterize the type of reintroduction. For the majority of taxa in this data set, the in-
formation available was insufficient to describe reliably whether practitioners in-
tended to undertake projects to restore extirpated populations or whether
populations were intended to be created within the historic range or outside
known range boundaries. Similarly, for the majority of taxa it was not possible to
distinguish when reintroductions could also be classed as augmentations.

How Successful Are Reintroductions?

The data set was reduced to 128 taxa, which are represented as 304 attempts to
create populations, because information on key variables needed for the analysis
was not available. From this point onward, analyses treat each venture to reintro-
duce a taxon to a site and create a population at that locality as an individual re-
introduction attempt.

To be included in the meta-analysis, a study must have reported propagule sur-
vival (where each reintroduction event constitutes an attempt to establish a popu-
lation) and additionally may have reported attaining the life cycle’s reproductive
stages and achieving in situ recruitment of an offspring generation. Propagule sur-
vival is based on reported numbers of individuals surviving after a time period
specified by the study authors. Because this is often reported as population size, it
can be a number greater than one when the population is increasing and may
include the number of outplanted propagules and their progeny. Proportional
propagule survival and progeny recruitment must therefore be aggregated into a
combined measure referred to as “population size expressed as a percentage of
propagule input.” This measure of population size therefore can provide an indi-
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cator of population growth or decline. Population survival is taken to mean that at
least one of the reintroduced propagules, or their offspring, are still extant. The
latter two measures (reproductive maturity and in situ recruitment) required only
that either mature reproductive state or recruitment of at least one individual per
attempted reintroduction was reported. The presence of flowering or fruiting bod-
ies denoted reproductive maturity. Recruitment of an offspring generation in-
cluded individuals resulting from vegetative and sexual reproduction. Although
these are coarse measures of success, they were identified as being key outcomes
with which to evaluate reintroductions (table 3.2).

Seed-based reintroductions used the highest mean number of propagules
(5,640 ± 2,007) and had the lowest mean propagule survival at only 5% (averaged
across all 47 attempts) compared to juvenile or adult plant reintroductions (ap-
pendix 1, #16). Seeds carry an inherent risk of mortality and are expected to per-
form worst when measured in this way. However, despite this very low propagule
survival and low population survival, a much higher proportion of attempts using
seed reached reproductive maturity (49%) and produced an offspring generation
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table 3.2

Summary statistics describing key parameters used to assess effectiveness of reintroductions.

Seeds Juveniles Adults
Summary Parameters n = 47 n = 134 n = 115

Mean monitoring period (months) 34.34 ± 7.930 41.16 ± 3.66 36.89 ± 4.23
Monitoring period range from

point of reintroduction (months) 3–384 1–120 2.5–384
Mean number of surveys (range in

parentheses) 1.38 (1–4) 1.38 (1–5) 2.23 (1–12)
Mean number of propagules 5,640.62 ± 2,007.51 157.30 ± 30.85 111.17 ± 21.55
Mean percentage propagule

survival 4.6% ± 1.4% 65.0% ± 4.7% 998.5% ± 730.7%
Number of attempts to reintroduce

annuals 25 2 3
Number of attempts to reintroduce

biennials 0 0 3
Number of attempts to reintroduce

perennials 22 132 109
Percentage of unsuccessful attempts

(extinct at last survey) 36.1% 9.0% 15.7%
Percentage of “successful” attempts

(extant at last survey) 63.8% 91.0% 84.3%
Percentage achieved reproductive

maturity 48.9% 18.7% 34.8%
Percentage of attempts where off-

spring recruited 46.8% 5.2% 20.9%

The n value is the number of attempts, categorized by propagule type (seeds, juvenile or adult plants). Means are shown ±1
standard error.



(47%) than projects using whole plants. This result is explained partly by the high
proportion of annuals that are introduced to a site as seed. If the practitioner has
selected favorable microsite conditions that allow persistence for just a few
months, there is a high probability that the resulting plants can reach reproductive
maturity and set seed, leading to recruitment of an offspring generation in the fol-
lowing year. Of the attempts using seed that resulted in recruitment of offspring,
only two were attempts to reintroduce perennials; all others were annual species.

Juvenile plants, defined as those not yet achieving reproductive maturity, in-
cluded propagules described by the study authors as seedlings, saplings, and in
some cases cuttings (depending on the part of the plant). The mean number of ju-
venile propagules used (157.3 ± 30.9) was much lower than that of seed-based
reintroductions. However, this reflects both the greater resource requirement to
produce juvenile plants through propagation and the lowered expected risk of
mortality in individuals that have developed beyond a seed. Propagules of juvenile
plants do indeed have a very promising survival of 65%, implying that they over-
come much of the mortality experienced by seeds. The juvenile-based projects
also had the lowest population mortality (9%) while achieving the longest mean
monitoring periods. However, monitoring was still only 41 months, and it is not
possible to say whether this encouraging survival rate would continue if monitor-
ing data were available over longer timescales. The short monitoring times are a
probable explanation for why reproductive measures are so low. Only 18.7% of
the 134 attempts resulted in individuals producing flowers or fruits, and 5%
showed in situ recruitment.

Adult plants used for reintroductions have the lowest mean number of propa-
gules per reintroduction attempt (111.2 ± 21.6) and the highest mean propagule
survival, which increased by several orders of magnitude. However, this measure
of reintroduction success was strongly influenced by attempts to reintroduce Al-
drovanda vesiculosa, a vegetatively spreading aquatic species that in one extreme
case was able to increase from 60 propagules to 50,000 in 6 years (Adamec and
Lev 1999; Adamec 2005). If that species is removed from the data set, propagule
survival decreased to 85% ± 24%; although this is still higher survival than was
recorded for other propagule types, the standard error value indicates that a great
deal of variance exists in this data set. Within reported timescales, reintroductions
using adult propagules have a high population survival rate; 84% of attempts are
still extant at the last survey. Reintroductions initiated with adult propagules at-
tained reproductive maturity and recruited offspring in 34.8% and 20.9% of at-
tempts, respectively. Although this is low and might suggest that many attempts do
not result in the creation of self-sustaining populations, these are higher than the
equivalent figures for juvenile propagules, suggesting that within the short
timescales reported by study authors, adult plants are further along in reproduc-
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tive development, leading to a higher proportion recruiting into the next gen-
eration. Again, the monitoring period reported before publication was quite short,
approximately 3 years on average. Despite the propagules being outplanted at
a developmental stage, which should ensure reproductive maturity, the actual
time needed for acclimation to new conditions and the length of reproductive cy-
cle typical for each taxon will ultimately affect how soon recruitment can be
achieved. Therefore, we hope that the proportions of attempts achieving repro-
ductive maturity and progeny recruitment might increase if reintroductions were
reported after longer monitoring timescales. If this were not the case, it could be
taken that habitat selection was not good enough to ensure continued propagule
health and subsequent recruitment, but because this lies in the realm of specula-
tion, this indicator of success will have to be interpreted in future reviews.

Population Survival over Time

Efforts to determine reintroduction success are influenced by whether the popu-
lation was extant, was extinct, or had an unknown fate at time of last survey. We ex-
amined reintroductions based on their installation date and time of last survey
(fig. 3.1). In addition to demonstrating that attempts to reintroduce threatened
plants have been undertaken largely in the last 10 years, we showed that the status
of most attempts was unknown because we were unable to update the outcomes
since the authors published their studies. This information was more useful than
showing population survival at last survey alone (table 3.2), acting as a warning
that using published results without follow-up surveys should be done with cau-
tion; they cannot convey whether reintroductions are a reliable tool for mitigating
plant declines because timescales for publication are normally much shorter than
the lifespan of the species of interest.

Unsurprisingly, after 6 months since outplanting most attempts were still ex-
tant (301 attempts; fig. 3.1). However, a small proportion (41 attempts) are classed
as unknown because the last survey was undertaken within 6 months. Many of
these studies focused on in vitro propagation methods and reported the success of
outplanting only as a final stage of their project. Projects more than 10 years in du-
ration tended to be few and have a higher proportion of project success classified
as unknown, probably because of a lack of monitoring. An important threshold is
crossed at the transition between 5 and 10 years: At 5 years since reintroduction,
46 attempts are still extant and 26 have gone extinct, whereas at 10 years only 20
are extant and 30 are recorded as being extinct. It could be argued that at some
point between 5 and 10 years, reintroductions go from being a successful inter-
vention to an unsuccessful intervention, assuming that we use only population ex-
istence as our measure of success. The small size of the final bar showing the
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outcome of attempted reintroduction at 25 years reflects the fact that very few
reintroductions were initiated more than 25 years ago. At this point the number of
extant and extinct attempts is equal, but there are only four in each category. Be-
cause small sample size and large variation limited our ability to make conclu-
sive statements on the effectiveness of reintroductions, we applied further meta-
analyses to explore possible explanations for heterogeneity in the data.

How Do Ex Situ–Derived Propagules Compare with Wild Propagules
in Reintroduction Attempts?

The involvement of ex situ institutions such as botanical gardens, seedbanks, and
horticultural nurseries has long been a feature of many reintroductions, whereby
seeds or whole plants are propagated before being outplanted into recipient sites.
There are potential problems with this approach because of possible genetic bot-
tlenecks or genetic drift in populations held in cultivation for several generations
(Neale, this volume). There may also be problems with outplanting technique
(Guerrant, Haskins and Pence, this volume). Finally, risks are posed to the recipi-
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Figure 3.1. Survivorship of attempted reintroductions in relation to years since propa-
gules were transplanted to site (initial n = 301). White bars represent failed attempts (all
transplants and any resulting progeny dead), striped bars represent extant attempts, and
cross-hatched bars represent attempts of unknown fate. Decreasing total number of at-
tempts reflects how many attempts were undertaken in each time period preceding
analysis in 2009.



ent community if pests or pathogens are introduced along with the propagules
(e.g., in the cultivation substrate; Haskins and Pence, this volume).

We analyzed the pooled risk ratios of subgroupings of reintroduction attempts
classified by seeds, juveniles, and adults and (1) whether the attempt had involved
direct translocation of seeds or whole plants from wild populations or (2) whether
the propagules had been sourced from ex situ institutions. No relationship existed
between propagule mortality of wild-sourced as opposed to ex situ–sourced prop-
agules, indicating that if ex situ techniques confer risk, it is not detected in propa-
gule survival within the reported timescales. However, there were indications that
wild-sourced propagules may achieve higher recruitment levels (fig. 3.2), but with
the caveat that there are very small sample sizes for some subgroups. These find-
ings must be treated within the context of rare plant conservation; when practi-
tioners are faced with protecting a threatened plant species, it is imperative that
wild populations are not harmed. Ex situ conservation institutions offer facili-
ties for bulking up seed of rare plants and cultivating juvenile or adult plant
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Figure 3.2. Percentage of attempts showing evidence of recruitment of progeny in situ
(gray bars) or no evidence of recruitment (black bars) from propagules sourced from ei-
ther wild populations or ex situ sources. Percentages used for purposes of comparison.
Note the very small sample sizes for some categories.



propagules in order to improve each individual’s chances of survival. Subse-
quently, we are not advocating the abandonment of ex situ approaches but instead
recommend that practitioners follow guidelines for good practice set out by Guer-
rant and colleagues (2004b) and appendix 1.

If We Remove the Cause of Decline, Does This Improve Propagule Survival?

Subgroup analyses were undertaken to investigate whether heterogeneity can be
explained by the presence or absence of the cause of the target taxon’s decline.
The analysis of reintroductions using seeds indicated that risk ratios are lower and
therefore reintroduction success is higher where the cause of decline is no longer
present. However, there is a large overlap of confidence intervals (RRthreat absent =
1.911, CI.95 = 1.867, 1.955; RRthreat present = 1.937, CI.95 = 1.906, 1.968). There is
significant heterogeneity within the former subgroup, but not the latter (χ2 =
298.50, df = 38, p < 0.001, I2 87.3%). The former includes thirty-nine reintroduc-
tion attempts where the cause of decline was removed before outplanting; the lat-
ter includes only eight attempts where the original cause of decline was still acting
at the site. The low level of heterogeneity may simply be due to the small numbers
of attempts and the fact that five of the eight were from the same study. For re-
introduction attempts using juvenile and adult propagules, there was similar im-
balance of attempts where the cause of decline was removed and those where it
was not. This fact undermines the analysis, but it is still noteworthy that the sub-
groups did not separate. If the cause of decline has not been removed, it might be
expected that the type of threat might be difficult to control (e.g., the effects of cli-
mate change, disease, or air pollution would be difficult to exclude from a local-
ity). However, attempts where the study authors admitted that the cause of decline
was still a potential problem included quite localized threats such as grazing,
competition from invasive plants, exploitation, and urban or industrial develop-
ment. This suggests that the recommendations of many reintroduction guidelines
to remove the cause of decline (e.g., Falk et al. 1996; IUCN 1998a) have not made
a discernible difference to propagule survival. Although we might expect that fail-
ure to remove the cause of decline would jeopardize the reintroduction, this
analysis cannot confirm our hypothesis, and alternative explanations for failure
must be sought.

Are Species with Broader Habitat Tolerances Easier to Reintroduce?

Levels of endemism explained some variation in the survival of juvenile propa-
gules, with regional endemics (i.e., those with subcontinental distributions) expe-
riencing higher mortality than local endemics (fig. 3.3). This did not conform to
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expectations and apparently has no biological significance because endemism
was used as a range size indicator. We expected that species with very narrow
ranges might have specific habitat needs, making it more difficult to select suit-
able sites for reintroduction. However, regional endemics were associated with
higher mortality than the narrow endemics, indicating that assumptions of
broader habitat tolerances making for simpler reintroduction site selection may
be ill founded. As practitioners, we might assume that more widely distributed
species could tolerate more variable conditions, but the results from the meta-
analysis suggest that we may have overlooked key factors related to low success
rates in reintroduction projects.

Does It Matter How Many Populations Are Used as Propagule Donors?

The number of donor populations (i.e., the wild populations that were the source
for propagules) was included in the subgroup analysis to test whether using single
or multiple populations is better in a reintroduction context. Using a single donor
population has advantages, because threatened plant species often persist in iso-
lated habitat fragments and become adapted to those specific conditions. If the
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Figure 3.3. Pooled risk ratios (central vertical line in each box) and 95% confidence in-
tervals for each attempted reintroduction using juvenile plants as propagules in sub-
groups categorized by level of endemicity. Numbers of attempts in each subgroup varied
widely (global n = 8, continental n = 10, regional n = 4, national n = 16, local n = 94).



reintroduction site is thought to be ecologically similar to the donor site, it is pru-
dent to avoid disrupting coevolved and adaptive traits (Stockwell et al. 2003). Mul-
tiple donor populations may offer benefits in some situations for the very reason
that they may be detrimental in others; propagules from multiple populations
would be expected to have much higher pooled genetic diversity, and in situations
where the reintroduction site was very heterogeneous or suspected to be slightly
different from the conditions at the donor sites, greater genetic diversity would
maximize survival (Neale, this volume).

Of the 134 attempts to reintroduce threatened species using juvenile plants, we
could reliably classify only 66 attempts according to whether single-donor or
multiple-donor populations were used. This is in part because very few authors de-
scribed where the original material was sourced, if the propagules for reintroduc-
tion were raised in ex situ facilities. Meta-analysis of the risk ratios of the two sub-
groups showed that using multiple donor populations led to higher survival (RR =
0.253, CI.95 = 0.129, 0.498), whereas relying on propagules from only one popu-
lation had higher mortality (RR = 0.472, CI.95 = 0.323, 0.691). However, given
that the confidence intervals overlapped between these subgroups and no signifi-
cant relationship with pooled risk ratios was discerned for seed- or adult plant–
based attempts, we cannot conclusively make any recommendations that practi-
tioners use single or multiple donors. Instead, it highlights the need for more re-
search into (1) appropriate strategies for reintroduction accounting for ecological
similarity of donor and reintroduction sites, (2) reproductive biology of the species
of concern, and (3) isolation and subsequent genetic divergence of existing wild
populations (and potential for inbreeding or outbreeding depression when mixing
propagules from different donors).

Are Reintroductions within the Historic Range More Successful Than
Introductions outside Range Boundaries?

We predicted that attempts to establish a population at a site outside the historic
range would incur higher propagule mortality, because the habitat was more
likely to be unsuitable. Instead, projects that used sites outside a species’ historic
range had a remarkably low risk ratio (RR = 0.177, CI.95 = 0.053, 0.588, n = 7)
compared with reintroductions to sites confirmed as supporting previously extant
populations or those within the species’ historic range, which showed very similar
propagule survival (RRpreviously extant sites = 0.827, CI.95 = 0.646, 1.059, n = 23; RR
sites within historic range = 0.665, CI.95 = = 0.578, 0.763, n = 99). It should be empha-
sized that the confidence intervals of all subgroups overlapped, and the number of
attempts in each subgroup was, again, very unbalanced. Many more studies de-
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tailing attempts to move a species outside its historic range would be needed to
test adequately whether this intervention is more successful than reintroductions
within range.

How Do Reintroduction Practitioners Explain Failures?

In cases where attempted reintroductions resulted in very few or no surviving in-
dividuals, many authors offered explanations for the failure of their projects. Al-
though these are often speculative, the insight gained from practitioners with ex-
perience working with different species and in different situations was a valuable
component of amassing an evidence base on which to inform future use of a tech-
nique. Speculation can easily be translated into hypotheses, therefore, offering
suggestions for productive research opportunities. If these hypotheses were tested
rigorously (see Kennedy et al., this volume) and disseminated effectively, the re-
introduction community could make major advances in filling the knowledge
gaps that are still so evident.

According to practitioner accounts, reintroductions often failed because of un-
favorable habitat conditions despite using conditions associated with extant, wild
populations to select the recipient site. Specifically, causes such as drought, par-
ticularly in the first few years after outplanting (Jusaitis 2005; Batty et al. 2006b);
inappropriate disturbance regimes, including too much and not enough distur-
bance (Drayton and Primack 2000; Leonard 2006a, 2006b; Maschinski and Dus-
quenel 2007); and unsuitable substrate texture (Fiedler and Laven 1996) have
been cited. In some studies where authors deliberately included marginal habitat
types, these were unsurprisingly shown to be less suitable for introduced propa-
gules (Arnold et al. 2005; Jusaitis 2005). Competition from invasive plant species
confounded several reintroduction attempts (e.g., Jusaitis 2005; comparison of es-
tablishment of propagules in weeded and nonweeded plots); in one case this was
because nonnative weeds responded more positively to post-outplanting manage-
ment than the target species (Mehrhoff 1996).

Other reported common causes for failure were linked to the species’ develop-
mental and reproductive biology, including propagules being outplanted at too
early a stage in their development (Ruth Aguraiuja, personal communication;
Batty et al. 2006b). In some cases the authors admitted that too few propagules
had been introduced to overcome demographic and environmental stochasticity,
leading to loss of all individuals (Dalrymple and Broome 2010). In other studies
the transplanted individuals survived the duration of the reported monitoring pe-
riod, but pollen limitation of flowering adults was cited as the reason for an ab-
sence of subsequent recruitment (Drayton and Primack 2000).
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Preparing for Reintroductions under a Climate Change Scenario

Reintroduction practitioners must accept that for many species of conservation
concern, remaining suitable habitat within the historic range may have changed
in inapparent ways. This is due to the ecological lag in response to drivers causing
habitat degradation. This means that reintroduction attempts are destined to fail-
ure unless the drivers have been identified and reconciled. MR is often criticized
for being too costly in time and resources to assess wild population status and suit-
ability of recipient sites in detail, and too risky given the inherent uncertainty in
range shift predictions. However, we argue that current environmental change
(resulting from pollution, climate, and land use changes) undermines any notion
that historic range can be upheld as some sort of gold standard for reintroductions.
This change means that the detail of research and monitoring, which is quite
rightly thought to be appropriate for MR, must also be adopted for reintroduction
attempts. We recognize that the distinction between true reintroductions (i.e.,
those to sites of extirpated populations) and MR to sites close to the target taxon’s
range (or within the extent of occurrence but to a site with no historic record of
occupation) is increasingly artificial as we continue to alter our environment. Of
course, there are many questions associated with the use of MR, including the tar-
get organism’s invasiveness in a novel habitat (see Reichard et al., this volume)
and how to reliably choose recipient sites based on future climate extrapolations
(see Krause and Pennington, Maschinski et al. [chap. 7], this volume). However,
we propose that the two techniques are separated only by historical definition, and
as our review has begun to demonstrate, there is little ecological justification for
using reintroductions throughout a species’ historic range while ignoring the po-
tential of close-range MR to mitigate against threatened plant declines.

Summary

This review highlights many aspects of reintroduction practice that require fur-
ther research to inform the future use of the technique. We have been unable to
state conclusively that the parameters commonly identified as being critical to
reintroduction success actually made a difference to the longevity of reintroduced
populations. However, although the absence of evidence of an effect is not the
same as evidence of absence, these findings can direct us to areas that warrant at-
tention in the future. For reasons that are expanded upon later, we strongly rec-
ommend that practitioners undertake (1) improved evaluation of wild population
demographics to identify regions of decline and growth; (2) surveys that attempt to
discern the specific causes of declines in wild populations; (3) surveys that identify
conditions supporting population growth at candidate recipient sites; and (4)
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more detailed monitoring for more than 10 years after propagule reintroduction
(appendix 1, #22, 23, 36, 40).

Disseminating detailed information about reintroductions and the consequent
opportunities for experiential learning across the practitioner community might
be facilitated by the existence of a single cataloging system. The Center for Plant
Conservation has already initiated such a database: the CPC International Re-
introduction Registry (Center for Plant Conservation 2009). We strongly recom-
mend that practitioners contribute their reintroduction experiences, whether they
are successful or unsuccessful, to this project. We encourage practitioners to real-
ize the value of their data beyond any single project requirements and to publish
their results in a national or international database. Although there are reasons to
report results only to contracting agencies, sharing information in a database will
make it easier to identify practitioners and conduct a review such as this in the fu-
ture (appendix 1, #43).

Although we acknowledge that a limitation of this review is the lack of causal-
ity that can be attributed to the tested parameters, the one parameter that showed
clear subgroup separation was the endemism or taxa range size of juvenile plants
reintroduced to sites. As discussed earlier, this was counter to our expectations;
species with larger range sizes had higher mortality than endemic species. This
suggests that species that were once widespread but have declined in part of their
range are being reintroduced to habitat that is not currently suitable. In effect,
taxa with apparently broad habitat needs at species level may be lulling practi-
tioners into a false sense of security with regard to site selection for reintroduction.
In addition, the fact that introductions to sites outside the species’ historic range
are not generating high risk ratios suggests that our conventional notions of put-
ting species back into their “core” habitat might be misguided.

Most recipient reintroduction sites are selected based on habitat surveys using
fairly coarse indicators, such as community type. We hypothesize that as a com-
munity of practitioners, we have not successfully identified critical parameters de-
scribing the target taxon’s niche. In addition, environmental change may alter key
parameters in the intervening period between population extirpation and reintro-
duction and may be a key factor explaining propagule mortality or failure to re-
cruit progeny in recipient sites (see Maschinski et al. [chap. 7], this volume).

Essentially, practitioners must take very great care to identify what specific
factors determine the target species’ decline; this must be more than just identify-
ing the main threats (appendix 1, #2). For example, many species are cited as
undergoing a decline due to agricultural intensification, but the actual under-
lying mechanism causing the decline is not always known. The species may be
intolerant to shading from species that have positively responded to increased nu-
trient availability. Alternatively, the application of herbicides may have extirpated
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populations. In another example, Dalrymple and Broome (2010) relied on “com-
munity matching” to select recipient sites for Melampyrum sylvaticum, but they
did not adequately address the potential for recent climate change. Introducing
this species to sites at the warmer and drier margin of its UK range despite evi-
dence that wild populations are moisture dependent resulted in failed reintroduc-
tions (Dalrymple et al. 2008). Myriad other examples could be given, but the key
message we would like to communicate is that if the mechanism of decline has
not been accurately discerned or has not been properly incorporated into reintro-
duction plans, there is little chance of selecting locations where the species can be
restored or introduced successfully. Using the extant wild populations as indica-
tors of habitat suitability is the most obvious way to achieve this (Maschinski et al.
[chap. 7], this volume), but being sure to select habitat attributes where popula-
tions are growing, rather than declining, is essential (Knight, this volume). Admit-
tedly, acquiring these data is time and resource intensive, but the failure of rein-
troduction attempts bears costs, which are difficult to defend and may potentially
damage the conservation community as a whole.

Because of the short timescales of reintroductions reported in the conservation
literature, it was not possible for us to describe decisively the efficacy of reintro-
ductions here. However, there is little doubt that there is a great deal of room for
improvement and that without a move toward more rigorous investigation and
evaluation of reintroductions, we cannot expect to protect threatened species ade-
quately or to learn how to defend biodiversity from increasing anthropogenic
threat in the future.

This work was supported by the British Ecological Society (Ecology Into Policy Grant
no. 921/1146) and benefited from unpublished data supplied by the Botanical Society of
the British Isles.
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part ii

Reintroduction Science and Practice

“All things are difficult before they are easy.”

—Thomas Fuller

The tools available to conservation practitioners are improving, multiplying, and
becoming more practical. This section addresses common tools and overlooked
tools that are used in plant reintroductions and provides examples of how they are
used for conserving some of the world’s rarest plant species. As reintroduction
practice increases, so do the opportunities for testing ecological and restoration
theory, for improving methods, and ultimately for increasing our chances to re-
cover endangered species.

All practitioners know that plant reintroductions require the help of many
hands, as well as political and financial support. Integral to the preparation, im-
plementation, care, and social acceptance of reintroductions is public support.
Chapter 4 reveals the important role volunteers play in plant reintroductions and
rare species recovery. Public participation is a conduit for rare plant education
and conservation advocacy. Without these, none of the work described in this sec-
tion could be sustained.

Plant reintroduction efforts have benefited from attention to plant reintroduc-
tion science. Chapters 5 through 12 are presented as components to consider
while planning a reintroduction. Throughout the chapters, important findings are
linked to specific recommendations in the CPC Best Reintroduction Practice
Guidelines (appendix 1). The chapters represent diverse topics demonstrating
multidisciplinary collaborations, which will play an increasingly important role in
this growing field.
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Chapters 5 and 6 examine propagule selection and handling. Chapter 5 ad-
dresses genetic considerations when collecting or choosing propagules for reintro-
duction projects. Chapter 6 reviews acclimatization of propagules from laboratory
to greenhouse or from greenhouse to field, focusing on soil preparation and sym-
biotic microbes.

Site selection for reintroduced populations is critical to reintroduction suc-
cess. Chapter 7 provides theory behind and tools for selecting optimal sites in
which to reintroduce rare plants, and chapter 8 uses species distribution modeling
and geographic information system software to predict current and future sites for
reintroduction.

Once optimal sites are selected, the number of propagules and the most ap-
propriate life stage of the propagule must be chosen for reintroduction. Chapter 9
examines the use of population viability analysis from natural populations to de-
termine numbers and life stage of the species to introduce. Based on literature and
the CPC International Reintroduction Registry, chapter 10 evaluates the evidence
that founding population size and stage of plants with different life histories influ-
ence the establishment and demography of reintroduced populations.

Some of the most difficult cases associated with rare plant reintroduction are
species that are long-lived and species with fewer than fifty individuals remaining
in the wild. Because long-lived plants often have slow maturation and lifespans
greater than funding cycles or tenures of individual researchers, Monks and col-
leagues (chap. 11) develop unique criteria for determining the success of long-
lived species reintroductions using illustrations from long-lived Australian species.
Chapter 12 looks at another set of extreme reintroduction cases: species that have
few living individuals. Although many of the rare Hawaiian species face dire
threats, Kawelo and colleagues give examples that highlight how science and best
practice are preventing extinction.

52 reintroduction science and practice



Chapter 4

The Critical Role of the Public: Plant
Conservation through Volunteer and

Community Outreach Projects

Joyce Maschinski, Samuel J. Wright, and Caroline Lewis

Universally, plant conservation practitioners know that it would be impossible to
accomplish effective long-term species recovery without broad public support. Be-
cause more than 20% of plant species are estimated to be threatened with extinc-
tion worldwide (IUCN Species Survival Commission 2004; Gilbert 2010; Pennisi
2010), the task of conserving species and habitats is too large for the few existing
professional practitioners to accomplish alone. The public actively supports plant
conservation through participation as volunteers, through financial contributions
to programs, and by influencing community and government actions related to
rare species and habitat protection. The ever-increasing need to preserve species
requires more public involvement daily. In this chapter we examine the impact of
volunteerism on rare plant recovery. We provide quantitative evidence that public
participation has reduced extinction risk of rare species. Furthermore, we provide
examples of programs that have successfully engaged the public in plant conser-
vation activities.

According to Parker (2008), meaningful community participation should be
viewed as one of the primary outputs of any reintroduction effort. An important
first step for building public support for plant conservation is to raise awareness of
community opportunities and call attention to the plight of rare species and their
habitats. This is followed by a phase of retaining commitment to the cause that
can finally lead to permanent changes in public attitudes and choices made about
the environment. The long-term welfare of reintroduced rare populations may de-
pend on stewardship of human communities adjacent to reintroduction sites.

Sociologists and psychologists have shown that caring for nature promotes
human well-being (Clayton and Myers 2009). Among the psychological bene-
fits gained from being in nature are recovery from mental fatigue (cognitive
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restoration), opportunity for reflection, a sense of identity, and emotional attach-
ment (Fuller et al. 2007). Volunteers have reported that conservation activi-
ties give them a richer quality of life, a sense of being in an alternate reality from
their work or school lives (Bell et al. 2008) that are often overly structured, time-
deficient, urban, electronic, and sedentary (Miller 2005; Lewis 2009).

Active participation also imparts social and intellectual benefits. Group activi-
ties with like-minded people tend to create a synergistic circumstance for learn-
ing; group members can learn from leaders and from one another while socializ-
ing and supporting a cause (Bell et al. 2008). At times when work is difficult or
conditions are unpleasant, being in a group can make a daunting task palatable
and increase opportunities for fun exchange (J. Maschinski, personal observa-
tion). Cooperation within groups can lead to committed activism (Olli et al.
2001). Establishing a personal connection with a natural area or a species while
working with plants can promote advocacy for the conservation of species and
their environments (Schultz 2000; Williams and Cary 2002; Primack 2006). For-
tunately, people willingly participate in activities that they believe matter (Hines
et al. 1987) and hunger for an opportunity to become part of a solution to join the
good fight.

Personal, social, environmental, and spiritual aspects of involvement synergis-
tically and simultaneously connect people to nature. Furthermore, experiences in
nature have long-term impacts on human values, actions, and decisions. Fortu-
nately, this is truly a mutualism, as rare species and their habitats also benefit (fig.
4.1).

Measurable Conservation Gains: Public Contributions to Endangered
Species Recovery

From the plant’s perspective, what are the benefits of volunteer contributions? Are
volunteer efforts truly reducing extinction risk of rare species? We addressed these
questions using information from our own reintroduction research with five en-
dangered species (Maschinski and Wright 2006; Wendelberger et al. 2008; Poss-
ley et al. 2009; Maschinski et al. 2010; table 4.1). To examine how volunteers af-
fect the status of the endangered species, we compared the total number of wild
populations and individuals for each species with the numbers of new popula-
tions, new plants, and seedlings in the volunteer-established reintroduced popula-
tions. In addition, we documented the numbers of volunteers who participated in
the reintroductions, including the immediate preparation for each reintroduction,
their total hours of effort, and the total number of organizations that participated.
All our target species have few populations and few individuals in the wild, so re-
introduction was a critical next step for species recovery. Four species have had
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multiple reintroductions into multiple sites over several years. The exception is
Tephrosia angustissima var. corallicola, which had two experimental reintroduc-
tions done at a single location on the same day. Collectively, the reintroductions
in this example have doubled the total populations and increased numbers of ex-
tant individuals 4.6-fold while engaging 466 volunteers from eighteen organiza-
tions in 2006 hours of activities (table 4.1). All but one of the species has had doc-
umented next-generation recruitment. Thus, the reintroductions that were made
possible by volunteer assistance are benefiting the endangered species in several
measurable ways.

The Australian Trust for Conservation Volunteers reported in 2010 that teams
of volunteers planted more than 1 million trees for habitat and land restoration,
collected more than 907 metric tons of native seed for revegetation and reforesta-
tion projects, built and restored more than 300 kilometers of walking tracks and
boardwalks, installed more than 80 kilometers of conservation fencing to protect
vulnerable areas, and completed 500 wildlife surveys to assist with threatened spe-
cies management.

It is important to note that large and small contributions make a difference.
Small organizations collecting grams of seed and restoring meters can take pride

The Critical Role of the Public 55

Figure 4.1. Short- and long-term impacts of public involvement in plant conservation
from the plants perspective and the human perspective. Although this is displayed in a
linear format, the aspects operate as a web. Examples of personal, social, environmental,
and spiritual benefits to humans are noted in the text.
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in their contributions just as well as larger organizations. One person at a time, the
synergistic effort is benefiting us all and the rare plants in our care.

Outreach Programs for Children and Teachers

Reconnecting people with nature should begin with our children (Kahn 2002;
Lewis 2009) because they are the stewards of the future. Programs for children are
intended to inspire, engage, build confidence, develop critical thinking skills, in-
still the importance of biodiversity and conservation, and foster the recognition
that individuals do make a difference. Alumni of such programs report that they
were strongly influenced and motivated to make changes in their personal lives
(Lewis 2009). This is the route to becoming informed, compassionate citizens.

The Fairchild Challenge, a competitive, interdisciplinary environmental edu-
cation outreach program for middle and high school students, is influencing stu-
dents and their community (Lewis 2009; table 4.2). Comprised of multidiscipli-
nary competitions with an environmental emphasis, this free annual program
open to all schools in the Greater Miami area in Florida is designed to promote
engagement in environmental issues for students with diverse interests, abilities,
talents, and backgrounds. In 2009, more than 55,000 students and 1,800 teachers
from 100 schools participated. Using environmental themes, students composed
rap songs, created postcards (box 4.1), wrote letters, helped restore habitat,
planted endangered species, and created native plant gardens in their schoolyards.
Students who helped reintroduce an endangered species had an opportunity to
participate directly in species recovery and will be able to revisit the restoration
site in the future, perhaps with their grandchildren. Reintroductions and gardens
have given students an opportunity to gain real experience in ecology, habitat res-
toration, and conservation, while their teachers have had opportunities to incor-
porate garden practices in math and science curricula. Student and teacher en-
thusiasm has been powerful.

Several projects provide close supervision and training by professional conser-
vation scientists followed by place-based service learning using reintroduction and
restoration activities over the course of several weeks or months. For example, in
Corvallis, Oregon, researchers at the Institute for Applied Ecology (IAE) work
with local schools to enlist student participation in Restoration and Reintroduc-
tion Education. Meeting weekly with an IAE conservation biologist throughout
the school year, students learn to germinate seeds of rare species and cultivate
them in their school greenhouses. Students participate in outplanting the rare
species into an appropriate site near the school after a reintroduction and educa-
tional plan that has been customized to site and species characteristics, student
abilities, and teacher needs (Cramer 2008). Similar programs exist for restoring
native plant communities (table 4.2).
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Box 4.1. Future Stewards

Contributed by: Samuel J. Wright and Caroline Lewis

In 2008 Fairchild Challenge featured the option “Postcard Design Contest
and Political Action,” in which middle school students created postcards
that brought attention to wildlife living in South Florida’s pine rocklands
and wrote a short letter to a county commissioner asking him to help con-
serve pine rockland areas. The winning entry is shown in figure 4.2. This
collaboration between Fairchild’s education and research departments
helps conservation programs.

Dear Commissioner Gimenez,

My name is Madison Bec and I am writing to encourage you to conserve
the Pine Rockland areas. I would like for you to encourage the conservation
of the Saw Palmetto in the Pine Rocklands. The Saw Palmetto has been
around for ages. It was a food for the Native Americans and it is used for
medication for various illnesses. The Saw Palmetto is a significant part of the
environment. Without it, the food chain of the eco-system would be missing
an important link. I am enrolled at South Miami K–8 Center and study
Computer Art Technology (C@T) in the secondary school magnet. As part

Figure 4.2. Example of Fairchild Challenge Competition Winning Design for a
pine rockland postcard and letter to a commissioner encouraging the protection of
this globally endangered ecosystem.
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Roots and Shoots, a program of the Jane Goodall Institute, is a powerful,
youth-driven, global network of more than 8,000 groups in almost 100 countries.
Youth of all ages are taking action to improve our world through service learning
projects that promote care and concern for animals, the environment, and the hu-
man community. For example, in Tanzania, Roots and Shoots Youth Leadership
Councils is creating five new tree nurseries for Rebirth the Earth: Trees for To-
morrow, a project to restore trees in communities (table 4.2).

As important as hands-on activities are, there is also a need to provide support
to teachers who want to incorporate conservation themes into curricula. A great
example of such support is that given by the State Botanical Garden of Georgia,
whose research, conservation, and education staff developed the Endangered
Plants Stewardship Network. This program centered on plants, threatened habi-
tats, and conservation biology provides training and materials to K–12 teachers.
Documented links to state education standards allows these materials to be used
easily in the classroom.

There are also opportunities for students to explore on their own via the Inter-
net. A Botanists in Training Program for kids only, developed by the Canadian
Botanical Conservation Network, explains biodiversity, conservation, and the
wonders of botany to a virtual audience of children. Participants are given sugges-
tions on conservation actions they may take.

Programs with Specialized Training

Throughout the world many opportunities exist for group volunteer activities in
support of plant conservation. Among the most successful are those that have de-
voted paid personnel to coordinate, motivate, and train volunteers. Specialized
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of the Fairchild Challenge, I have created a postcard about the Saw Pal-
metto that I would like to share with you. I made this postcard using Photo-
shop and Printshop Programs. Learning about the environment while using
my artistic vision makes learning fun!

Please take a minute to write back to me and tell me what you think.

Sincerely,

Madison Bec, South Miami K8



training for plant identification and scientific protocols for monitoring and record-
ing observations enhances the education of the participants and increases the
value and accuracy of their data, which in turn expands the conservation impact
(e.g., Budding Botanists; table 4.2). Training programs led by organization profes-
sionals involve large institutional commitments of staff time and funds, and there-
fore many have investigated and made recommendations to increase volunteer re-
tention. These include asking for signed commitments, providing opportunities
for group social networking and guidance by a professional, giving personal recog-
nition, acknowledging contributions, and demonstrating that the contributions
are valued and effective (Martinez and McMullin 2004; Bell et al. 2008; Lewis
2009). Grades or prizes may motivate initial participation (Lewis 2009), but more
subtle internal factors permeate, indoctrinate, and solidify the experiences that
may lead to changed behavior. There is no substitute for enthusiastic individuals
and close personal interactions to increase volunteer commitment and retention
(Bell et al. 2008).

Regionally organized umbrella groups are effective means to accomplish plant
conservation goals in alignment with the “Think globally, act locally,” philosophy.
Established in 1998, the New England Wild Flower Society Plant Conservation
Volunteers program has been revered and emulated as an effective conservation
strategy (table 4.2). Amateur field botanists are recruited and trained to perform
vital plant conservation work throughout New England. Each volunteer receives
training in plant identification, monitoring protocols, and recordkeeping, plus op-
tional participation in special classes, field trips, and symposia. Volunteers moni-
tor rare plants, manage habitats, survey and control invasive species, and conduct
general botanical surveys. They provide invaluable data to state heritage programs
and plant conservation professionals and advocate for native plants region-wide.
Education, networking, and a yearly evaluation process ensure the reliability of
volunteer work and participant enjoyment. Similar programs operate in the Pa-
cific Northwest (e.g., the Washington Rare Plant Care and Conservation Pro-
gram), the Rocky Mountains (e.g., Partners for Colorado Native Plants and Rare
Plant Monitoring Stewards), and southeast regions of the United States (e.g.,
Georgia Plant Conservation Alliance and Botanical Guardians), where volunteers
participate in diverse activities from demographic monitoring to relocating “lost”
populations of rare plants. Participatory monitoring networks have arisen around
the world (Bell et al. 2008; Evans and Guariguata 2008). Amateur naturalists help
assess the abundance, distribution, and conservation status of species and their
habitats (Danielsen et al. 2005). Informing participants how their data are used or
linking the activity to a conservation goal helps to retain volunteers in these pro-
grams (Bell et al. 2008).
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For research or monitoring programs that include volunteers, a critical con-
cern is the quality of the information gathered. In an analysis of the quality of
mammalian monitoring data collected by 155 volunteers, Newman et al. (2003)
found that the reliability and accuracy of the data were directly related to the tech-
nical difficulty of gathering it, the amount of time devoted to specialized training
with a professional, and the physical fitness of the volunteer. Clear, unambiguous
protocols also help improve the accuracy and reliability of data collected by vol-
unteers (Foster-Smith and Evans 2003).

Some volunteer groups concentrate efforts on preserves. A particularly success-
ful program, Victorian Environment Friends Network, is a network of 278 groups
of volunteers working with management authorities in natural areas throughout
Victoria, Australia. Groups are independent and autonomous, but they all provide
support for parks, reserves, or species of interest, assist with special projects, gather
kindred spirits, foster public awareness of the reserve or species, and support ef-
fective management of native flora and fauna. After training, they participate in
community-based monitoring of threatened species, weed mapping, fixed-point
photography and faunal monitoring, sampling water quality, and ecological
burns, all of which assist park rangers with ongoing management (Cooke 2008).
Similar efforts are under way at San Cristobal Biological Reserve in the Galápagos
Islands.

Examples of Restoration Programs

Habitat restoration must often begin with invasive species removal followed by na-
tive species planting. With little training, volunteers of all ages can learn to iden-
tify and remove most invasive species, especially if a single species is targeted for a
session. Children taught to identify invasive weeds will continue pulling them
along trails and roadsides as they grow to be teenagers and young adults (Maschin-
ski, personal observation).

Having locally adapted seed available for restoration requires coordinated ef-
forts for species selection, collecting at the appropriate season, and seed process-
ing and storage. Native seed collection is a fine activity for volunteers of all ages
and is a critical activity in preparing for climate change (Vitt et al. 2010). Addi-
tionally, the action of bringing the public out into the field to make wild collec-
tions rebuilds the connection between nature and people.

Groups may participate in multiple activities to accomplish plant conservation
objectives. Broad habitat restoration often requires operating at large scales;
groups such as the Australian Trust for Conservation Volunteers and Greening
Australia (Cochrane 2004), Volunteer South America, and Wildlands Restoration
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Volunteers, Channel Islands Restoration (table 4.2) have helped collect native
seed for propagation and restoration of native vegetation. Sometimes this entails
building fences to exclude herbivores. Other restoration activities may have the
goal of supporting animal populations, such as the Back to Natives Restoration
Project, which reinstates native food plants for native arthropods in protected
areas (table 4.2).

Connecting fragmented natural areas has been endorsed as a proactive strategy
for ameliorating the impacts of climate change. To increase the area and diversity
of globally endangered pine rocklands in South Florida, the Fairchild Tropical
Botanic Garden’s Connect to Protect Network is creating corridors and stepping-
stones between isolated pine rockland remnants (table 4.2). County land man-
agers, schools, private landowners, and businesses have joined the effort to reduce
extinction risk of pine rockland rare endemic species by removing invasive species
or restoring natives into lands that once were pine rocklands. Within the first 3
years of the program, forty-three parcels were restored with native species. Partici-
pants helped collect more than 170,000 seeds of eighty-three pine rockland spe-
cies to use for native plantings along public trails and roadways. Private land-
owners are fostering rare species by establishing experimental populations into
their own pine rocklands. Through the Fairchild Challenge students from local
schools have repeatedly participated in Connect to Protect Network activities over
the past 5 years (fig. 4.2).

An even more ambitious and broader scale project to connect rare ecosystems
is Gondwana Link, which has the goal of linking 1,000 kilometers between the
Stirling Range and Fitzgerald Rivers national parks in Western Australia, a biodi-
versity hotspot with more than 2,500 species at risk of extinction (table 4.2). With
guidance of the indigenous Noongar people and financial and logistical support
from Bush Heritage Australia, Greening Australia, the Wilderness Society, The
Nature Conservancy, Fitzgerald Biosphere Group, Friends of the Fitzgerald River
National Park, and Green Skills, properties have been successfully purchased or
protected with covenants. Large (70- to 250-hectare) restoration projects in dry
woodlands and wet forests have shown some initial promise.

Outreach Programs for Private Landowners

An important public constituency to reach for effective plant conservation is pri-
vate landowners. At times, soliciting private landowner support for plant conserva-
tion requires gently coaxing a relationship of mutual trust and respect (Curnow et
al. 2008). Reluctant landowners may have fears about perceived legal constraints
of having rare species growing on their property or may think that the only good
plant is one that can be eaten by livestock (Janssen and Williamson 1996). With
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Box 4.2. Population Reinforcing Program for Magnolia sinica, a

Critically Endangered Endemic Tree in Southeast Yunnan

Province, China

Contributed by: Weibang Sun, Yuan Zhou, Xiaoya Li, Huabin Yang,
and Pengyun Tao

Species Name: Magnolia sinica (Y.W. Law) Noot. & Figlar (2004). Ba-
sionym: Manglietiastrum sinicum Y.W. Law (1979); Manglietia sinica
(Law) B.L. Chen & Noot. (1993); Pachylarnax sinica (Y.W. Law)
N.H. Xia & C.Y. Wu, comb. nov. (2007 in Flora of China)

Common Name: Huagaimu
Family: Magnoliaceae
Augmentation Initiated: 2007–2008
Location: Experiment sections of the Xiaoqiaogou National Natural Re-

serve (near the wild population), Southeast Yunnan Province, China
Length of Monitoring: 2007–2009
Saplings: Propagated from seeds collected from the extant individuals in

Southeast Yunnan Province, China
International, Federal, and State Status or Ranking: Critically endan-

gered (IUCN); Grade I for National Protection of China

Species Description and Conservation Concern

Magnolia sinica was first proposed as a Chinese endemic monotypic genus
species of Manglietiastrum sinicum by Professor Liu Yu-Hu in 1979 (Wu et
al. 2007). Its taxonomy has been investigated and revised several times
(Chen and Nooteboom 1993; Figlar and Nooteboom 2004; Wu et al. 2007).
Although Magnolia sinica has been commonly recognized in Western
countries, most Chinese botanists prefer its status as Manglietiastrum
sinicum and common name Huagamu.

Magnolia sinica has attractive, fragrant flowers, a beautiful crown with
deep green, shiny leaves, and attractive bark, and it is an ideal landscaping
tree (fig. 4.3). Straight trunks, silky-textured wood, high resistance to rotting,
and strong insecticidal properties of the species make it useful as timber.
With only ten individuals in the wild, it was listed for Category I national
protection in China (Grade I). Recent field investigations confirmed ten
plants scattered in the broadleaf forest in the Xichou and Maguan areas of
Southeast Yunnan Province, China. All individuals are big trees (mean
height 31 meters, basal diameter 61 centimeters, and crown size ~173
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Box 4.2. Continued

square meters). No seedlings or saplings were found surrounding the investi-
gated trees or in their natural habitat, indicating that the species has diffi-
culty regenerating naturally. Its poor natural regeneration may be due to
habitat destruction, low fruit production, difficulty of seed germination, and
seed overcollection.

Goals of Population Augmentation and Progress: Urgently needed ex
situ and in situ conservation actions have been undertaken by Kunming
Botanic Garden and other organizations. Some 6,000 seedlings and saplings
have been raised from seeds collected from extant individuals. In July 2007,
a multidisciplinary working team of Flora and Fauna International China,
Kunming Botanic Garden, and the local forestry bureau and nature reserve
in Wenshan planned a strategic program to introduce the species to historic
locations and develop practical restoration methods for threatened magno-
lias. This was the first attempt to follow IUCN Species Survival Commission
reintroduction guidelines (IUCN 1998a) for endangered tree species in
China. Based on field surveys, two augmentation sites within the historic

Figure 4.3. (a) A big Magnolia sinica in the wild and (b) a small tree growing at
Kunming Botanic Garden.
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Box 4.2. Continued

range were selected. Before planting, Sun held a workshop to train twenty
local people and discuss problems. To facilitate communication and to be-
friend locals, Sun made an effort to follow local customs, drink local bever-
ages, and eat local cuisine. These local people were trained to weed, water,
collect data, and plant the trees.

In November 2007 and July 2008, 400 saplings were hauled up a moun-
tain, planted, mapped, and measured (fig. 4.4). Local participants were paid
a stipend by the government to monitor and patrol plantings. Public educa-
tion about the importance of the program followed the outplanting event.
By March 2008, 89% and 92% of transplants survived at two sites and had ex-
cellent growth.

A 26-year-old M. sinica (more than 8 meters tall) growing at Kunming
Botanic Garden has not yet flowered (fig. 4.3b), so it certainly is too early to
predict the future fate of these individuals. The excellent implementation of
the program and establishment of the multidisciplinary working team has
great significance for rescuing critically endangered M. sinica and can pro-
vide an effective model or guidelines for reintroducing other critically en-
dangered trees in China.

Figure 4.4. Tagged 2-year-old Magnolia sinica sapling returned to natural habitat.
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personal attention, dedicated time to visit and listen, patience, compassion, hon-
esty, and follow-through, private landowner skepticism can be overcome (Janssen
and Williamson 1996).

In Western Australia, the Woodland Watch/Healthy Ecosystems Project is
helping landholders, communities, and local government authorities protect pri-
ority threatened ecosystems (including eucalypt woodlands) on private and non-
state-managed lands (table 4.2). Enthusiastic extension officers discuss the natural
values of bushland with landowners one on one. Gaining permission to conduct
floral surveys and providing reports to landowners enables extension officers to dis-
cuss the value of the land, its biodiversity, and its habitat value for fauna while pro-
viding technical advice about land management. Financial support for fencing
bushland for protection from herbivores has improved project success (Curnow et
al. 2008), as has voluntary land management agreements. More than 150 land-
owners are participating in this partnership with regional Natural Resource Man-
agement and World Wildlife Fund Australia. These efforts are helping to protect
rare flora and fauna.

Practical Implications for Traditional Restoration Work

To promote a collective consciousness for plant conservation, plant conservation
work with volunteer groups and engaged citizens is effective. Restoration work is
labor intensive at every stage and is often underfunded at both state and federal
levels. Although the work involved differs by target species, people of all ages with
minimal training can usually assist with many tasks, including removing invasive
species, collecting seed, and planting. With specialized training, important demo-
graphic monitoring can be accomplished.

Without support from the public, much of the ongoing plant conservation
work throughout the world could not be accomplished. The need for conserva-
tion is far outstripping the capacity of professionals to complete the work. Profes-
sionals who manage a great deal of territory or many species may find that they
can accomplish much more by training and supervising a volunteer workforce.
Careful cultivation of volunteers can lead to long-lasting relationships. Although
private citizens may begin their participation in a conservation project as volun-
teers, this role often expands to include the role of financial donor.

In return for their participation in conservation activities, the public has much
to gain. While contributing to restoring biodiversity, volunteers may also achieve
personal satisfaction, meet like-minded people, learn new skills from trained pro-
fessionals, and discover that the implications of their work expand beyond one
moment or one species to benefit the world community.
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Preparing for Climate Change

In our rapidly changing world with an exponentially growing human population,
even widespread species are becoming threatened by habitat destruction, overex-
ploitation, pollution, invasive alien species, and climate change (Secretariat of
the Convention on Biological Diversity 2010). The greatest legacy of public in-
volvement is a realization that human action is the underlying cause of climate
change, that biodiversity loss is linked to these drivers, and that personal changes
in behavior will be needed to change the current trajectory.

Citizen cooperation and endorsement will be essential for any translocations
or managed relocations of species outside their historic range (Parker 2008). Par-
ticularly for communities adjacent to relocation sites, there is a need for discus-
sion, rather than one-sided or hierarchical explanations from land managers to
citizens (Parker 2008). With open communication and public involvement, trans-
locations can have logistical, financial, and political success.

Summary

Clearly it takes a village to accomplish conservation goals, and without public in-
volvement plant conservation will not succeed. With the help of the public, rare
species can benefit and their extinction risk can be reduced. Conservation organi-
zations engage citizens of all ages to engender caring for the planet and its spe-
cies. Focusing human energy on solutions creates healthier people and healthier
ecosystems.

We are grateful to Arlene Ferris, Sandy Schoenfeldt, and Stephanie Bott for their ex-
pertise, cordiality, and finesse for coordinating the Fairchild volunteer program and to our
volunteers, who have made our work possible and enjoyable.
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Chapter 5

Genetic Considerations in Rare Plant
Reintroduction: Practical Applications

(or How Are We Doing?)

Jennifer Ramp Neale

The importance of considering genetic variation in conservation of rare plants is
well understood (Falk and Holsinger 1991; Hamrick and Godt 1996; Rieseberg
and Swensen 1996). In addition, the importance of considering genetic diversity
in plant reintroduction has been well argued (Fenster and Dudash 1994; Mistretta
1994; Havens 1998; Falk et al. 2001, 2006; Hufford and Mazer 2003). As a result,
various guidelines for collecting propagules (primarily seed) for reintroduction
based on genetic theory have been put forth (Knapp and Rice 1994; Center for
Plant Conservation 1996; McKay et al. 2005). Here I review the tenets of restora-
tion genetics before discussing the means of measuring genetic diversity in species
slated for reintroduction. Current collection guidelines for reintroduction and ex-
amples of empirical studies that have measured genetic variation before, during,
and after reintroduction are presented and evaluated. Lastly, further arguments
for the inclusion of genetic data in reintroduction practice are presented, with a
brief discussion of the issue of managed relocation and how genetic data may in-
form the future of plant reintroduction in a changing climate.

Genetic guidelines for plant reintroductions suggest collecting locally and not
mixing population sources in outplanting if possible (Knapp and Rice 1994;
Krauss and Koch 2004; Sanders and McGraw 2005). It appears that in practice
these guidelines have been generally followed, but are such strict guidelines really
necessary (Wilkinson 2001; Broadhurst et al. 2008)? Empirical studies evaluating
levels and patterns of genetic diversity of reintroduced species remain few (but see
Smulders et al. 2000; Ramp et al. 2006; Fant et al. 2008; Liu et al. 2008 for excep-
tions), making the evaluation of guidelines for appropriate reintroduction source
material difficult.
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Incorporating genetic data (or theory) in reintroduction of rare species has
been well covered in other sources and will not be covered in detail here (Fenster
and Dudash 1994; Hufford and Mazer 2003; Falk et al. 2006). Genetic diversity in
reintroductions should be considered in an evolutionary context because genetic
diversity provides the basis for adaptation to changing environments and can pre-
vent, or lessen, the effects of inbreeding depression or other genetic consequences
of small population size (Ellstrand and Elam 1993; Newman and Pilson 1997;
Reed and Frankham 2003). When establishing new populations, we determine a
population’s evolutionary potential (ability to adapt) by choosing the founding
propagules (or individuals) that will be outplanted. By considering genetic diver-
sity of founding propagules, we can mimic diversity seen in natural populations.
Conversely, when populations are degraded and suffering from inbreeding or out-
breeding depression, we can establish populations with greater diversity than the
natural populations to provide greater evolutionary potential. Inbreeding depres-
sion, a reduction in the vigor and fitness of offspring, is caused by the breeding of
closely related individuals, whereas outbreeding depression similarly results in re-
duced vigor and fitness but as a result of distantly related individuals interbreeding
(see Glossary). Both inbreeding and outbreeding depression are well known as
detrimental and counteracting forces acting within populations (Hufford and
Mazer 2003; Edmands 2007) that can be especially detrimental in small popula-
tions such as those established through reintroduction efforts (Barrett and Kohn
1991; Ellstrand and Elam 1993; but see Bouzat 2010). Without carefully consid-
ering propagule source in reintroduction, we may be inadvertently establishing
populations that are less fit as a result of inbreeding or outbreeding depression.
Therefore, understanding levels and patterns of genetic diversity in both source
and reintroduced populations is vital to establishing populations with high levels
of fitness and the greatest chance of long-term success.

Methods for Assessing Genetic Diversity

Ideally, population genetic diversity and distribution would be well understood
before reintroduction of any species. However, this is not always feasible. Measur-
ing genetic diversity and distribution of the focal species before establishing a new
population is ideal, yet we often work with what is available from data on life his-
tory traits and genetic data from closely related species. Several means of measur-
ing genetic diversity exist, ranging from protein-level analyses (isozyme variation),
to neutral DNA markers (amplified fragment length polymorphism [AFLPs],
inter–simple sequence repeats [ISSRs], random amplified polymorphic DNA
[RAPDs], microsatellites), to sequencing of coding genes (a fairly new practice), to
quantitative trait analyses (common garden and reciprocal transplant studies)
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(table 5.1). Different genetic metrics for analyzing diversity within and between
populations include measures of genetic diversity (Nei’s or Shannon’s), measures
of differentiation between populations (Wright’s F statistics, analysis of molecular
variance), and Bayesian estimates (see Hartl 2000; Frankham et al. 2002 for gen-
eral overview of genetic metrics).

The most widely used molecular markers typically measure “neutral” genetic
variation, or genetic variation in noncoding regions of the genome. This means
that the adaptive significance of the measured variation is not known. Despite not
being able to measure directly the adaptive effects of neutral genetic diversity, sev-
eral studies have shown strong positive correlations between fitness and genetic di-
versity (Fischer et al. 2003; Reed and Frankham 2003; Dostálek et al. 2010). Posi-
tive correlations have also been demonstrated between community diversity and
genetic diversity (Reusch et al. 2005; Crutsinger et al. 2006; Johnson et al. 2006).
Markers that measure neutral genetic variation have become more accessible to
researchers in recent years and offer the benefits of providing data quickly, inex-
pensively, and with minimal invasive sampling. For example, in plants data can be
acquired from a few leaves or flower heads (see Wolfe and Liston 1998; and Falk
et al. 2006 for reviews). Although many restoration practitioners may not have di-
rect access to genetic facilities, advances in genetic technologies have made it eas-
ier to find collaborators with genetic expertise, such as Genetic Identification Sys-
tems in California, the Nevada Genomics Center, and Genewiz (see URLs for
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table 5.1

Summary of genetic methods used to analyze population genetic diversity.

Quantitative
AFLP, ISSR, Microsatellite, Traits

Feature Allozymes RAPD SNP (Garden Studies)

Source of marker Protein Genomic DNA Genomic DNA Morphology,
information (anonymous) (anonymous) physiology

Dominance Codominant Dominant Codominant Variable
Transferability

between species High High Variable High
Type of Molecular Molecular Genotype Phenotype

information phenotype phenotype
Ease of Moderate Moderate Technically Logistically

development difficult difficult
Time and expense Substantial time, Moderate time, Substantial time, Substantial

moderately low to moder- expensive time, mod-
expensive ately expensive erate to

expensive

Modified with permission from Falk et al. (2006). AFLP = amplified fragment length polymorphism, ISSR = inter–simple se-
quence repeats, RAPD = random amplified polymorphic DNA, SNP = single nucleotide polymorphism.



these companies at the end of the chapter). Thus, although the adaptive signifi-
cance of neutral genetic markers is not always known, they can provide broad data
sets on fitness potential.

In the absence of genetic data, using information on species life history traits to
inform seed collection methods for reintroductions is valuable. For example, col-
lections of an obligate outcrossing species should be made more thoroughly
within a population and between populations than collections for a species that is
an obligate selfer or reproduces primarily via clonal reproduction, where fewer
collections could be made from each population. Several reviews have examined
the effects of life history traits including habit (annual versus perennial) and
breeding system (self-compatible versus self-incompatible) on levels and patterns
of population genetic diversity (Hamrick and Godt 1996; Nybom and Bartish
2000; Nybom 2004). Incorporating life history data (e.g., germination needs) for
the target or other species with similar life history traits can prove invaluable (Pri-
mack 1996; Broadhurst et al. 2008). Following a set of guidelines for conducting a
reintroduction will help ensure that the reintroduced population has the highest
possible chance of success (Falk et al. 1996; Guerrant et al. 2004; appendix 1, this
volume).

In addition to using life history data to inform the choice of source materials
for reintroduction, quantitative studies (e.g., common garden and reciprocal
transplant) can be invaluable (Hufford and Mazer 2003; Hereford 2009). Quanti-
tative traits (viability, fecundity) that are measured through common garden or re-
ciprocal transplant studies often provide great insight into locally adapted traits
within and between populations (Raabová et al. 2007; Hereford 2009). Local
adaptation, where local genotypes are better adapted to their local environment
than are foreign genotypes, has been widely demonstrated in plants (McKay et al.
2001; Becker et al. 2006; Hereford 2009). Local adaptation is not always directly
correlated with geographic distance, and ecology and climate are also key factors
influencing adaptation (Raabová et al. 2007; Hereford 2009). Knowing whether
species are locally adapted is essential for guiding reintroductions, because locally
adapted species will probably perform poorly in novel environments.

Sampling Guidelines

Over the last two decades, many guidelines for seed collection have been set forth
in order to assist practitioners in choosing source locations for seed conservation
collections (e.g., no more than 10% of the seed from 10% of the flowering indi-
viduals, one seed from each of fifty individuals; Center for Plant Conservation
1991; Lawrence et al. 1995a, 1995b; Guerrant et al. 2004a) and reintroductions
(e.g., collect from nearby populations, do not mix sources; Knapp and Rice 1994;
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Linhart 1995; Center for Plant Conservation 1996; Jones and Johnson 1998). In
addition to these broad recommendations, many authors provide guidelines for
restoration collections based on species-specific studies (Millar and Libby 1989;
Sanders and McGraw 2005; Sinclair and Hobbs 2009). It is important to note that
collection goals will vary between projects, and protocols will vary with differing
conservation and reintroduction goals. For instance, collections made for reintro-
duction in a known location will differ from collections held in long-term ex situ
collections intended to serve as source material for future reintroduction projects
at unknown locations. In addition, the number of individual propagules collected
will vary with end goals. If the end goal is simply to conserve the genetic diversity
of a species, then collection protocols will require far fewer seeds than those for es-
tablishing a new population that contains genetic representation for the species
(Center for Plant Conservation 1991; Brown and Marshall 1995; Lawrence et al.
1995a, 1995b; Falk et al. 2006; Lockwood et al. 2007). However, simply main-
taining genetic diversity in a few seeds in a freezer does not equate to conserving
the species, so collections should always aim to conserve diversity and numbers
sufficient to reestablish populations. The general recommendation for reintro-
duction projects is to use local seed, collected from a similar habitat, keeping nat-
ural levels of gene flow in mind (reviewed in Rogers and Montalvo 2004; Schaal
and Leverich 2004; McKay et al. 2005).

Given the broad recommendations typically presented in guidelines, can we
assess whether certain propagule collection guidelines or seeding techniques have
measurable effects on the genetic diversity of reintroduced populations? How of-
ten are particular guidelines followed in practice, and how often are genetic con-
siderations explicitly considered in reintroductions? Answering these questions
has proven incredibly difficult because few reintroduction projects have examined
genetic diversity directly (see exceptions later in this chapter). Despite the exis-
tence of guidelines for maintenance of genetic diversity and integrity for more
than 20 years, it was difficult to find empirical investigations into their genetic im-
pacts. Here studies with considerations of genetic diversity in current reintroduc-
tion practice are presented.

Examples Involving Nursery or Stock Analyses

Reintroduction efforts, particularly those at large scales, are often conducted with
commercially provided, nursery-increased seeds or plants. Few studies have di-
rectly examined genetic diversity in stock or nursery propagules to be used for res-
toration. A growing number of studies suggest that reintroduction success is
greater for whole plants than for seeds (Albrecht and Maschinski, Dalrymple et
al., this volume), and therefore it is important to consider the effect of nursery
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cultivation on the genetic diversity of a species (Menges et al. 2004; McKay et al.
2005). Given that fitness in greenhouse or nursery conditions differs from that
seen in the field, using individuals reared in a nursery may produce individuals
that will grow well but may not be able to withstand natural conditions (Primack
1996; Raabová et al. 2007). In addition, the source of nursery or stock propagules
plays a large role in the amount of genetic diversity available for restoration.

Fant and colleagues (2008) examined genetic diversity in natural, reintro-
duced, and stock propagules of the threatened American beachgrass (Ammophila
breviligulata Fern. [Poaceae]) in the Great Lakes region of the United States of
America. This perennial species initiates dune formation along lakeshores. It is
primarily an outcrossing species that is largely self-incompatible but also repro-
duces clonally through rhizome development. Because of its importance in dune
stabilization, it is widely used for restoration throughout the Great Lakes region.
Fant and colleagues (2008) measured ISSR diversity within and between well-
established populations, newly arisen populations, reintroduced populations, and
nursery stock to examine the genetic diversity of the population types. They found
that whereas the native populations held high diversity, the two commercial culti-
vars (nursery stocks) lacked diversity across the three primers used in this study
(Fant et al. 2008). In addition, reintroduced populations derived from the com-
mercial cultivars all had the same genotype, and the diversity in the reintroduced
populations differed from that found in nearby local populations. The reper-
cussions of low diversity are not yet known, but presumably the populations at
the reintroduced sites will be less likely to adapt to future change. Furthermore,
the reintroduced populations may interbreed with nearby natural populations,
thereby increasing the risk of outbreeding depression in those natural popula-
tions. Here the examination of genetic diversity in natural, stock, and reintro-
duced populations revealed that the reintroductions are not mimicking the natu-
ral populations, and supplementing stock with additional genetic variation may
be warranted.

In Japan, microsatellite and chloroplast DNA data were used to identify possi-
ble source populations for twenty-nine cultivated stocks of the rare Japanese
sakurasoh (Primula sieboldii E. Morren [Primulaceae]) (Honjo et al. 2008). Sam-
ples taken from cultivated stocks maintained in personal gardens, botanic gar-
dens, and agricultural research centers were compared with natural populations.
For most stocks, a presumed original population (or location) was known. In some
cases, the stocks had been rescued before population destruction. All known local
populations (within 30 kilometers of presumed origins) were sampled for compar-
ison. Assignment test methodology was applied to the microsatellite data to deter-
mine which local populations were the purported origins of the cultivated stock
individuals. Eleven of the stocks were assigned to populations near the source
area, indicating that they were closely related to those populations and could be
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used for restoration in the area. The remaining stocks were assigned either to
other local populations or to natural populations that do not exist. This indicated
that the assumed origin was incorrect or that the genetic diversity captured in the
stock populations differed from those in the sampled natural populations. In addi-
tion, diversity was detected in stock populations, which was not detected in natu-
ral populations. Stock population genetic diversity could then be used as a future
source of diversity if natural populations were deemed inadequate for restoration.

Genetic variation of four species was compared across natural, nursery, and re-
stored prairie habitat at Kankakee Sands in Indiana (Dolan et al. 2008). Under the
recommendations of Millar and Libby (1989), seed for restoration was collected
from natural remnant populations located within 80 kilometers of reintroduction
sites and was sown in an on-site nursery. To maximize the genetic diversity cap-
tured, seeds were collected from many plants of varying size across the remnants,
with some collections occurring over multiple years. Reintroduced populations
were seeded with both seed obtained from nursery plants and seed collected di-
rectly from remnant populations. Four species (Asclepias incarnata L. [Asclepi-
adaceae], Baptisia leucantha Torr. & Gray [Fabaceae], Coreopsis tripteris L.
[Asteraceae], and Zizia aurea L. [Apiaceae]) were chosen for allozyme analysis to
compare diversity levels across remnant, nursery, and restored populations. De-
spite decreased allelic diversity for three of the species from remnant to nursery to
restored populations, reintroduced sites contained 88.9% of the alleles detected in
the remnant populations. The majority of the variation lost was that of alleles pres-
ent at a frequency of 1% or less, whereas approximately 90% of the alleles present
in remnants at a frequency greater than 1% were retained in the nursery and re-
stored populations. Overall, the restoration techniques applied at Kankakee Sands
capture the majority of variation present in the remnant populations and could be
applied in other prairie restorations.

Each of these studies examined genetic diversity in a nursery or stock popula-
tion as well as source populations. In studies where multiple sources fed into the
nursery (Dolan et al. 2008) or where multiple cultivated populations existed
(Honjo et al. 2008), genetic diversity was maintained and would provide sufficient
diversity for future restorations. In the case where a commercial stock was sampled
and used for restoration, no genetic diversity was detected, indicating a discrep-
ancy between the natural and stock populations, which could have led to a loss of
fitness in the restored populations or susceptibility to environmental change over
time.

Pre-Reintroduction Analyses

Most conservation genetic studies could be considered evaluations of genetic
diversity before reintroduction. Results from these studies should be applied to
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reintroduction programs, but the frequency with which these results are actually
used to inform reintroduction is unknown. However, in several published exam-
ples genetic data directly informed reintroduction of a rare species.

Many reintroduction projects of rare species result from field observations and
studies. The eastern four-nerved daisy (Tetraneuris herbacea Greene [Asteraceae];
Hymenoxys acaulis var. glabra) is a federally listed species limited to the Great
Lakes region of the United States and Canada. Ten years of pollinator observa-
tions coupled with 6 years of hand pollinations did not produce any viable seed in
members of one remnant Illinois population. The lack of viable seed led to an in-
vestigation of the breeding system with the aim of establishing recovery criteria for
the species (DeMauro 1993). Common garden studies revealed that the species
has a sporophytic self-incompatibility system and that reproduction was inhibited
by a lack of compatible mating types within the remnant individuals. In light of
this genetic knowledge, recovery goals for the species were established. To in-
crease outcrossing potential for individuals, researchers conducted reintroduc-
tions with individuals from multiple populations to increase the likelihood of cap-
turing different mating types (DeMauro 1994). Additionally, the provenance of
transplanted individuals was identified, and transplant locations were chosen
carefully to maximize the potential for outcrossing. Reproductive success was evi-
dent in all reintroduced populations in the years immediately after restoration.
Here, genetic data directly guided the reintroduction and recovery of a rare
species.

In the Australian Zieria prostrata Armstrong (Rutaceae), genetic data informed
a planned reintroduction (Hogbin and Peakall 1999). The endangered plant has
only four known populations along the eastern coast of Australia. Individuals from
the four populations and outplantings of a fifth “rescued” population were sam-
pled for levels and patterns of genetic diversity to inform collections for additional
plantings at the fifth population. RAPD data indicated a large divergence between
populations and disclosed that the individuals of the fifth population were proba-
bly collected from one of the other known populations. When interviews and fur-
ther investigation failed to confirm the occurrence of this fifth population, the re-
searchers negated the existence of the fifth population. Because of the results of
the genetic study, additional planned reintroductions at the fifth population were
abandoned and conservation efforts focused on the four confirmed populations.

RAPD data guided efforts to restore the federally endangered beach cluster-
vine (Jacquemontia reclinata House [Convolvulaceae]) in Florida (Thornton et
al. 2008). Samples collected from eight of the ten known populations across the
species range represented approximately 20% of all known individuals. A genetic
analysis indicated that one population, located inland from the coast and found in
a different habitat than the remaining populations, was highly divergent from the
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other seven populations sampled. The analysis suggested that two genetically dis-
tinct groups are represented within the species and that they should remain dis-
tinct in future reintroductions. Introductions carried out after the RAPD study
maintained the two groups, and initial analyses indicate that the introduced indi-
viduals are persisting and reproducing.

Ideally, land managers and conservation practitioners will have genetic data
(molecular or quantitative) before conducting a reintroduction. The aforemen-
tioned examples provide case studies where genetic data greatly informed, altered,
or directed management actions based on the results.

Post-Reintroduction Analyses

In recent years, several published studies have examined genetic diversity after a
reintroduction has occurred. These studies specifically examined levels and pat-
terns in reintroduced populations as compared with natural or source popula-
tions. Knowledge of the source populations of reintroduction propagules allows
examination of the seeding and planting protocols over time.

Population genetic diversity levels of reintroduced and natural populations of
eelgrass (Zostera marina L. [Zosteraceae]) were examined through allozyme
analysis (Williams and Davis 1996; Williams and Orth 1998). The two studies
found disparate results where restored (transplanted) seagrass beds in California
showed lower diversity than natural beds. Alternatively, comparable levels of ge-
netic diversity were found in restored and natural bed types in the Chesapeake
Bay region. Three hypotheses may explain the differences in diversity levels: (1)
The transplantation process affected diversity levels, (2) initial diversity levels were
lower in the source areas providing transplants in California than those in the
Chesapeake Bay region, and (3) inputs from sexual reproduction may be greater
in the Chesapeake Bay transplants (Williams and Davis 1996; Williams and Orth
1998). Transplants in the Chesapeake Bay region were from multiple sources over
multiple years as well as additional seed inputs (Williams and Orth 1998). In con-
trast, transplants in California were from the closest natural population, which
was often disturbed by dredging and thus may have exhibited lower genetic diver-
sity (Williams and Davis 1996). Thus, in the reintroduction of eelgrass popula-
tions, frequent transplants from multiple locations and sources (vegetative and
seed inputs) resulted in restored populations with higher levels of diversity than
when transplants were taken from disturbed natural populations.

Seeding protocols used to establish several reintroduced populations of the ver-
nal pool annual Contra Costa goldfields (Lasthenia conjugens Greene [Aster-
aceae]) at Travis Air Force Base, California successfully captured the genetic di-
versity of the source populations (Ramp et al. 2006). Ten seeds collected from
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each of ten source pools were placed into each reintroduced pool for a total of 100
seeds. Genetic analyses using ISSR markers were conducted in three consecutive
years following reintroduction to determine whether and how genetic diversity
changed over time. In each year sampled, the majority of the genetic diversity was
distributed within pools (89%), with no significant differences between popula-
tion types detected over time. For this annual, self-incompatible species, the seed-
ing protocol successfully captured and distributed the genetic diversity present at
the site and has been recommended for additional reintroductions of the species.

Post-restoration analysis of reintroduced and natural populations of the Chi-
nese Cyclobalanopsis myrsinaefolia (Blume.) Oersted (Fagaceae) indicated low
levels of diversity in the reintroduced populations of this long-lived tree (Liu et al.
2008). Seeds for reintroduction were collected within a 10-square-kilometer area,
germinated in a greenhouse, and outplanted into two areas. Genetic samples were
compared from the donor population, the two reintroduction sites, and two addi-
tional sites using microsatellite analysis. The reintroduced populations showed
lower levels of genetic diversity on three of the four parameters measured. In addi-
tion, the seed source for the restoration efforts had a lower level of diversity than
other natural populations, so it was not the best choice as the source for restora-
tion. Although seeds were collected haphazardly across a large area, they did not
successfully capture the diversity present in the donor population. Future seed
collection efforts should take these results into consideration, and collections
should be made from populations with higher levels of diversity or from multiple
populations.

Smulders and colleagues (2000) examined post-reintroduction levels of ge-
netic diversity in two prairie species (Cirsium dissectum L. [Asteraceae] and Suc-
cisa pratensis [Dipsacaceae]). They found that although reintroduced populations
had less diversity than their remnant source population, the diversity levels of the
two populations as a whole were not significantly different. Gustafson and col-
leagues (2002) examined diversity levels in remnant and reintroduced popula-
tions of the purple prairie clover (Dalea purpurea Vent. [Fabaceae]). Their results
indicated that reintroduced sites established from seed within 80 kilometers main-
tained diversity and displayed greater allozyme diversity than individual remnant
populations, possibly because of multiple sources for the reintroductions. Gustaf-
son and colleagues (2002) also provided empirical evidence that using seeds from
multiple sources reduced the chance that founder effects will decrease diversity in
restored populations.

Whereas several studies have detected lower genetic diversity in reintroduced
populations (Friar et al. 2000; Li et al. 2005), additional studies have found com-
parable levels of genetic diversity in restored and natural populations (McGlaugh-
lin et al. 2002; Gustafson et al. 2004b; Travis and Sheridan 2006). Results submit-
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ted to the CPC International Reintroduction Registry (Center for Plant Conserva-
tion 2009) that considered genetic source of reintroductions showed few effects of
source on reintroduction success (although no submitted study explicitly mea-
sured genetic diversity [E. O. Guerrant, personal communication]).

Evaluation of Seeding Techniques

The post-reintroduction studies described earlier demonstrate that using multiple
sources for reintroduction results in higher levels of diversity in reintroduced pop-
ulations than when reintroduction occurs from a single source (see table 5.2 for a
summary of studies). Another finding from these studies is that the greater the
number of seeds or plants used to initiate a population, the greater the chance that
unfit individuals will be outcompeted by more fit individuals in the population,
thus reducing the risk that outbreeding depression will have a negative impact on
the population (Schaal and Leverich 2004). Despite the results illustrated here,
whether or not local seeds are best to use for reintroductions has yet to be resolved
because researchers have generally followed the recommended guidelines of us-
ing local seed from a single source. An exception is Kephart (2004), who demon-
strated that reintroduced populations originating from outbred progeny showed
significantly greater survival and reproduction than inbred progeny. This body of
literature argues for the inclusion of propagules from many locations or those that
are definitively outbred as compared with inbred individuals.

Selecting the appropriate propagule type is a critical step in all reintroduction
projects. Evidence has shown that reintroductions conducted with individuals
rather than seeds are more successful, at least in the short term (Albrecht and
Maschinski, Dalrymple et al., this volume). However, individuals produced in the
greenhouse and seeds derived from “seed increasing trials” in the nursery experi-
ence different selection pressures than they would face in a natural setting (Jones
and Johnson 1998; Menges et al. 2004; McKay et al. 2005). Reintroductions con-
ducted with individuals rather than seeds should be done with careful attention to
diversifying source location so as to start with a genetically diverse population that
may be more adaptable to changing environmental conditions (Gustafson et al.
2004a). Reintroductions conducted with high numbers of propagules and those
conducted over multiple years have been more likely to result in success (van An-
del 1998; Kirchner et al. 2006; Collinge and Ray 2009).

Practical Implications for Traditional Reintroduction Work

Evaluation of the few published studies examining genetic diversity in reintro-
duced populations as compared with natural populations provided contrasting
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results, probably because of the low number of published studies. Given the vari-
ety of techniques used to collect propagules and conduct outplantings in these
reintroductions, it is difficult to determine whether one practice is better than an-
other, which precludes any definitive recommendations for future reintroduction
efforts. A combination of measured genetic data from existing populations, infor-
mation on life history traits, and ecology of the species should be considered in
any reintroduction program.

The studies reviewed here also indicate that seeding from multiple sources and
over multiple years should accomplish the capture of genetic diversity present
within the species and lead to a high chance of success for the reintroduced pop-
ulation. This suggestion is supported by a recent review of plant reintroductions
by Godefroid and colleagues (2011). This evaluation is in contrast to the generally
presented guidelines of local seed collection without population mixing, further-
ing the argument for more study into post-reintroduction success per Wilkinson
(2001) and Broadhurst and colleagues (2008). No matter which propagule collec-
tion (local versus broad) and outplanting techniques (seed versus nursery-grown
plants) are applied, detailed documentation of every step of the process should be
kept and all reintroductions should be established as scientific experiments. Addi-
tionally, more studies are needed that examine fitness directly and follow potential
phenotypic shifts in the newly established populations. Through in-depth exami-
nations, we will gain greater knowledge of how to establish populations with the
greatest chance of success.

Areas of Need and Research Opportunities

The phenomenon of outbreeding depression in species with restricted ranges
lacks empirical research that is sorely needed to identify risks. Because outbreed-
ing depression has been documented primarily at a large scale (generally more
than 200 kilometers) (see Waser and Price 1994 for an exception; Pelabon et al.
2005; Becker et al. 2006), this phenomenon may not be a serious threat to rare
species reintroductions. Although local adaptation can occur across small spatial
scales (Linhart and Grant 1996), it seems that the risk of inbreeding depression
may be more serious for some of these rare species than the risk of outbreeding de-
pression. Studies such as Kephart’s (2004) and Pinto-Torres and Koptur’s (2009)
that show outbred individuals to be more fit than inbred individuals, and the sug-
gestion that most sexually reproducing plants should be able to tolerate a small re-
duction in fitness, indicate that inbreeding and outbreeding depression may have
minimal impact on reintroduced populations of rare species (Schaal and Leverich
2005). However, more empirical research on these phenomena in rare species is
needed. Explicit testing of seed collection guidelines also needs to be conducted
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to test whether using local seed is always the best default protocol or whether col-
lecting seed from diverse habitats is more likely to lead to successful reintroduc-
tion. A review of published literature indicates that collections from more dis-
parate populations may not adversely affect genetic diversity in reintroduced
populations. One thing to consider is that our rarest plants generally have highly
reduced ranges, a few square miles or less (Kawelo et al., this volume), so collec-
tions across the species range, specifically along the periphery or unique habitats,
might prove vital for capturing the genetic diversity in the species. In order to ex-
amine these issues rigorously, all reintroductions must be established as experi-
ments with testable hypotheses (McKay et al. 2005; Bottin et al. 2007). Improved
collaborations between conservation practitioners and researchers will help en-
sure that reintroductions are set up in a way that will immediately address some of
these questions. Lastly, we need to publish reintroduction successes and failures
in the scientific literature. Even though many reintroductions are not designed as
experiments, the observations resulting from these projects can still be highly
valuable learning devices. Publishing these projects will greatly increase our gen-
eral knowledge about rare species reintroductions. If nothing else, increasing
communication between practitioners and researchers and gaining a better un-
derstanding of what occurs in practice versus in theory will advance the conserva-
tion of many rare species (Young et al. 2005; Smith et al. 2007).

Prospects and Cautions for Appropriate Use of Managed Relocation

As the global climate changes, organisms will be forced to adapt or shift ranges or
face extinction as selective pressures increase (Rice and Emery 2003; Jump and
Peñuelas 2005; Kramer and Havens 2009). As discussed earlier, genetic variation
is a critical component of an organism’s ability to adapt to changing environ-
ments. If the climate changes faster than most species are able to adapt (Etterson
and Shaw 2001) or reasonably disperse (Primack and Miao 1992), then land man-
agers will be faced with fewer options to conserve the native species found on their
lands. One tool gaining attention in recent years is that of managed relocation
(Haskins and Keel, this volume). Managed relocation involves moving individuals
to facilitate or mimic a natural range expansion for a species (Hoegh-Guldberg et
al. 2008). Genetic issues to be considered in managed relocation are generally the
same as those considered in reintroducing a population. Practitioners will want to
establish populations with high levels of genetic diversity to maximize their adap-
tive potential. High levels of diversity will also defend against potential genetic pit-
falls of small populations such as founder effects and inbreeding depression.
Reusch and colleagues (2005) found that communities with higher levels of ge-
netic diversity showed greater recovery from climatic extremes (temperature) than
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communities with less diversity. Depending on distance from the nearest natural
population, if interbreeding with natural populations seems likely, the possibility
of inbreeding and outbreeding depression should be considered. However, al-
though local seeds are most commonly recommended for reintroductions, seeds
from diverse habitats and the periphery of the species’ range may provide genetic
variation, which affords new populations greater adaptive potential (Lesica and
Allendorf 1999; Broadhurst et al. 2008). As in conducting reintroductions within
a species’ range, consideration of life history traits (Kramer and Havens 2009) and
microevolutionary processes including genetic drift and selection (Rice and
Emery 2003) should be considered along with habitat suitability in any managed
relocation.

Summary

For rare plants, genetic diversity is essential for reintroduction success and offers
the greatest chance of long-term survival. When considered with other ecological
and biological features such as breeding system, habitat, and symbiotic relation-
ships (pollinators, seed dispersers, and microbial mutualists), genetic data can add
an additional layer of knowledge to a practitioner’s toolbox. Practitioners should
aim to obtain genetic data ahead of reintroduction activity, if warranted (appendix
1). Studies on single-population propagule collections are more numerous than
studies using multiple propagule collection sites. Remaining unbiased is impor-
tant because our rarest species may benefit from more diverse propagule collec-
tion. Collecting from multiple local sources and seeding over multiple years may
lead to greater success than when single sources and single years are used for re-
introductions. When local adaptation is assumed or anticipated, reciprocal trans-
plants or common garden studies can inform seed collection strategies for reintro-
ductions. Considering reintroduction as a study of evolutionary processes beyond
simple levels and patterns of genetic variation will also continue to broaden
the lessons learned from ongoing work (Latta 2008). Above all, reintroductions
should be conducted as experiments with close collaboration between researchers
and practitioners when possible (Schaal and Leverich 2005; Young et al. 2005;
Bottin et al. 2007).

Genetic Facilities

Genetic Identification Systems: http://www.genetic-id-services.com/
The Nevada Genomics Center: http://www.ag.unr.edu/genomics/
Genewiz: http://www.genewiz.com/
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Chapter 6

Transitioning Plants to New Environments:
Beneficial Applications of Soil Microbes

Kristin E. Haskins and Valerie Pence

An important goal of ex situ conservation and conservation science is to reintro-
duce rare plants to nature. A crucial step, which often begins in the laboratory or
greenhouse, is the preparation of propagules. Whether you are using in vitro (tis-
sue culture) or seed germination techniques, a major hurdle in propagule pro-
duction is overcoming issues with acclimatization. Generally speaking, acclimati-
zation is the process of adapting propagules to new environments. The use of in
vitro techniques is gaining popularity for some of the rarest plant species (Fay
1992), but the development of cuticles, stomata, and photosynthetic functions are
maladapted to the soil environment when grown in this manner. Acclimatization
aims to facilitate those transitions, but the process has been plagued with high
mortality rates (Kapoor et al. 2008). These high rates of failure occur whether
plant material is moved from culture containers to soil (Pospíšilová et al. 1999) or
from greenhouse to field (Estrada-Luna et al. 2000).

The primary goal of this chapter is to elucidate the challenges associated with
acclimatizing tissue-cultured and greenhouse-grown propagules. We review the
current knowledge of soil microbe–root interactions for conservation purposes
(table 6.1) and emphasize the use of microbes in acclimatization. We highlight a
case study of a rare lupine (Fabaceae) that examines a new tissue culture tech-
nique. Finally, we discuss different applications of these methods, suggest critical
areas for future research, and provide prospects and cautions for these methods in
managed relocation.

Aboveground plant tissues experience changes during in vitro and ex situ prop-
agation that create challenges for acclimatization, and although these will be ad-
dressed, the bulk of this chapter focuses on belowground plant tissues. Root systems
anchor plants to the soil, provide a means for water and nutrient absorption, and
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host many important soil microbial mutualists; thus, it is clear that roots are impor-
tant. The paucity of attention in the literature regarding the care and treatment of
rare plant roots before reintroduction was revealing. The exception to this finding
is the work that has been done in the family Orchidaceae; here you find a long his-
tory of integrating soil microbes with propagating techniques (Dixon et al. 2003
and references therein). New and improved methods focusing on minimizing ac-
climatization-induced mortality are needed to ensure reintroduction success.

The Challenge of Acclimatization

Plant propagules prepared ex situ for restoration projects are, by definition, not
fully adapted to their natural habitat. Whether they are produced through the
germination of seeds, by cuttings, or through in vitro propagation, the conditions
in which they are produced are generally less stressful than those in the wild.
Such plants need a period of acclimatization, during which they can adapt to
ambient conditions (appendix 1, #21). This period of transition allows the plant
to develop natural physiological and morphological traits for dealing with envi-
ronmental stress, traits that often do not develop fully under the conditions used
for propagation.

Plants produced in vitro generally exhibit the most extreme deviation from nat-
ural conditions and pose the greatest challenge to the acclimatization process. Tis-
sue culture propagation takes place in containers that create a highly humid envi-
ronment, reducing the need for mechanisms and structures in the plant tissues
that aid in retaining water. Tissue culture media generally contain sugar, which
reduces the need for photosynthesis. Thus, when plants are removed from cul-
ture, they often cannot survive ambient conditions without treatments, before or
after transfer, that can stimulate the development of normal water-retaining tis-
sues and photosynthetic function.

Survival through acclimatization is correlated with normalizing several mor-
phological and physiological traits related to transpiration and photosynthesis. In
vitro–grown plants often exhibit abnormal stomatal frequency, morphology, and
function, with excess, rounded, and nonfunctional stomata (Preece and West
2006; Khan et al. 2009) or cuticles with reduced thickness or abnormal composi-
tion (Brutti et al. 2002; Louro et al. 2003). In addition, leaf parenchyma may not
form normally (Apostolo et al. 2005), and normal photosynthetic activity may not
become established in vitro (Fila et al. 2006). These factors may be significant not
only between species but also between genotypes of a given species (Aracama et
al. 2008).

Treatments that have contributed to successful acclimatization center on de-
creasing humidity, increasing CO2, or decreasing sugar levels in cultures and
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Box 6.1. Exploring Factors in the Acclimatization of Scrub Lupine

Seedlings Grown In Vitro

Contributed by: Cheryl Peterson and Pilar Maul
Species Name: Lupinus aridorum
Common Name(s): Scrub lupine, McFarlin’s lupine
Family: Fabaceae
Legal Status: US, endangered; Florida, endangered
Location: Scrub habitat on the Winter Haven Ridge in Polk County and

the Mt. Dora Ridge in Orange County, central Florida

Scrub lupine is a short-lived perennial with pink pea flowers and silvery sim-
ple leaves lacking stipules. The well-drained sandy soils of central Florida’s
ridges support endemic scrub species such as scrub lupine and are ideal for
orange groves and development, so very little habitat remains. In 1990, forty
populations were documented; these declined to nineteen in 1998 and only
eight by 2007. Most of the remaining sites have few plants, are on private
property, and are highly threatened by development. Germplasm collection
is vital for preserving this species, yet transplantation has been mostly un-
successful and vegetative propagation not possible. Because few seeds are
produced in the wild, efforts have turned to tissue culture micropropagation
for germplasm preservation.

Successful micropropagation protocols have been developed by the
Cincinnati Zoo and Botanical Garden’s Center for Conservation and Re-
search of Endangered Wildlife. However, transitioning the plants into pot-
ted conditions has met with limited success. This “hardening off” step is typ-
ically stressful for plants as they adjust to the presence of pathogens and
lower humidity, obtain nutrients from different types of substrate, and de-
velop a protective waxy leaf cuticle.

Mortality during acclimatization has been much higher for scrub lupine
than for other scrub species acclimatized by Bok Tower Gardens, with few
plants surviving past 6 months, possibly because of its sensitivity to any form
of root disturbance. Transferring plants into pots requires that all traces of
the agar medium be removed from the roots in order to prevent microorgan-
ism infection, and some breakage or disturbance of the root system is un-
avoidable. To eliminate the need for mechanical agar removal from the
roots and to minimize root disturbance, scientists at St. Thomas University
have developed a liquid culture system for this species.

Methods and Findings

In a preliminary study, we germinated sterilized seeds in half-strength
Murashige and Skoog (MS) (Murashige and Skoog 1962) medium on either
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Box 6.1. Continued

0.8% agar or on bridges made from Whatman® No. 1 filter paper suspended
over liquid media (fig. 6.1). The two culture systems produced plants that
were similar in leaf number, growth rate, and height. However, root mor-
phology was distinctly different: multibranched roots formed over liquid me-
dia, whereas agar cultures developed one main root with a small number of
thin lateral roots.

Using 103 plants grown in liquid media composed of either half-strength
MS salts or half-strength MS salts supplemented with +0.5 mg/L benzyl-
aminopurine (BAP), we tested the effect of this plant growth regulator on
plant architecture. After 3 months, we transferred plants into peat pots con-
taining a 1:1 mixture of native, nonsterilized, dried and sifted sand (col-
lected from the site of a wild scrub lupine population) and either Fafard™
professional nursery soil, Miracle-Gro® Seed Starting potting mix, or coco-
fiber. We placed plants into trays covered with plastic protective domes and
maintained them in one of three conditions: a “winter” growth chamber
(21°C day, 10°C night, 13 hours light), a “summer” growth chamber (27°C
day, 18°C night, 16 hours light), or a greenhouse under 50% shade. We wa-
tered them with filtered rainwater, gradually reducing soil moisture levels
and removing domes after 6 months.

In all treatments, 44% of plants survived after 6 months and 20.4% after
12 months (the highest we have obtained to date for this species). Plants had

Figure 6.1. In vitro seedlings on filter paper over liquid media (left) and on solid
agar (right).
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Box 6.1. Continued

highest survival (fig. 6.2) in media without BAP, when grown using seed
starter mix in “winter” conditions. Surviving plants appeared healthy and had
grown noticeably (fig. 6.3). Low soil moisture and black spot disease caused
mortality. The results of this trial suggest that liquid cultures can be success-
ful for in vitro growth and subsequent acclimatization of scrub lupine.

Figure 6.2. Percentage survival with benzylaminopurine (BAP) in the liquid me-
dia and no-BAP controls; cocofiber (C), commercial soil mix (F), or seed starter
mix (SS); and “winter” conditions (W), “summer” conditions (S), or greenhouse
conditions (G).

Figure 6.3. Plant grown without BAP and acclimatized using seed starter mix in
“summer” conditions (a) after removal from test tube and (b) 12 months after
transfer.
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increasing stress tolerance of tissues. Humidity levels in tissue culture containers
are generally close to 100%. Thus, before plants are transferred to soil, increasing
stress tolerance can be accomplished through air exchange or treatments with
growth regulators or related substances (Lee and Kim 2009; Mills et al. 2009;
Pospíšilová et al. 2009). Alternatively, plants can be transferred to soil and main-
tained at high humidity initially, before gradually decreasing relative humidity
(Gilly et al. 1997). Increasing CO2 levels has also been effective for increasing sur-
vival (Siano et al. 2007), and often this is done in combination with decreasing or
eliminating sucrose in the medium (Shim et al. 2003) or with increasing light in-
tensity (Batagin et al. 2009). Photoautotrophic cultures have been shown to have
higher acclimatization survival than heterotrophic or even mixotrophic cultures
(Siano et al. 2007). Whereas in vitro–propagated plants may need more acclima-
tization, similar approaches have been taken with plants propagated or grafted ex
vitro (Fordham et al. 2001; Nobuoka et al. 2005).

Failure of micropropagated plants to survive is often attributed to poor root de-
velopment (Wang et al. 1993), which deprives the developing plant of strong
structural support and nutrient acquisition capability. Because beneficial soil mi-
crobes have been shown to promote strong root systems and functioning (Smith
and Read 1997), it is logical that these organisms be used to improve acclimatiza-
tion methods for tissue-cultured plants. Mycorrhizal fungi have been established
as a necessary component for in vitro culturing of orchids since the early 1970s
(Warcup 1971, 1973). Similarly, Padilla and colleagues (2006) showed that inoc-
ulating micropropagated lucumo plants with either mycorrhizal fungal inoculum
or with a soil bacterial wash significantly increased plant growth 4 months after ex
vitro transfer to soil. Mycorrhizal fungi and soilborne bacteria are two large and di-
verse taxonomic groups, members of which can provide numerous benefits to rare
plant propagation techniques.

Mycorrhizal Fungi

The beneficial attributes of mycorrhizal fungi to plant growth and survivorship
have been known for well over 100 years (Frank 1894), and their use in field ap-
plications has been ongoing since at least the early twentieth century (Kessell
1927; Anonymous 1931). Currently, research investigating the use of important
soil microbes to improve plant growth, plant production, and outplanting success
is being done in the fields of agriculture (crops and forest products) and horticul-
ture. Conservation practitioners are increasingly using soil microbes to propagate
and restore rare species (table 6.1) but still lag behind the progress made by horti-
culturists (see Kapoor et al. 2008 for a reference list).

Of the seven recognized types of mycorrhizal fungi (Smith and Read
1997), three will be considered here: arbuscular mycorrhizal fungi (AMF),
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ectomycorrhizal fungi (EMF), and orchid mycorrhizal fungi (OMF). Generally,
in all mycorrhizal relationships the host plant provides the fungus with a food
source, and the fungal partner provides the host plant with increased nutrient and
water uptake. Recent studies have revealed even more benefits to hosts of fungal
partners, including protection from shoot and root herbivores (Rabin and Pacovsky
1985; Jones and Last 1991; Gange and West 1993), resistance to root pathogens
(Kapoor et al. 2008), drought resistance (Allen and Allen 1986), improved photo-
synthetic efficiency (Augé 2001), and increased survivorship (Allen 1991).

Mycorrhizal relationships extend far beyond flowering plant taxa, with which
most people are familiar, to include gymnosperms (e.g., conifers and cycads),
pteridophytes (e.g., spore-bearing ferns and horsetails), and some gametophytes
(e.g., mosses) (Smith and Read 1997). Arbuscular mycorrhizal relationships are
formed by a number of plant species, including most of our crop species and many
rare species. AMF associate primarily with herbaceous species, but associations
with woody plants have been described (Smith and Read 1997). Thus, most of our
crop species and horticultural varieties use AMF. A vast body of research has
firmly established that AMF can benefit plant growth (table 6.1).

Woody plant species typically form associations with EMF, with a few excep-
tions that dually colonize with AMF and EMF (e.g., members of the Fagaceae
and Salicaceae). Research in the use of EMF to improve plant survivorship and
production is also substantial and has been pioneered by the forestry industry.
There are more than five thousand recognized species of EMF (Allen 1991), but
our collective knowledge of their distribution, life histories, common plant associ-
ates, and function as mutualists in terms of plant establishment, survival, and
growth (Cairney 1999) is still very limited.

Some of the rarest plant species in the world are orchids (Dixon et al. 2003).
Orchid species form very unique relationships with mycorrhizal fungi of the form-
genus Rhizoctonia. Orchid seeds are dustlike, enabling them to travel far but not
to survive for long without assistance from fungal symbionts. Many orchid species
are highly dependent on OMF at some point in their life, often starting at the seed
stage (Rasmussen 1995). Practitioners have been using this relationship to im-
prove seed germination and propagation in the laboratory and greenhouse with
great success. Symbiotically generated seedlings are more vigorous and exhibit
higher survival rates when transferred from in vitro conditions to soil (Ramsay and
Dixon 2003; Batty et al. 2006b). Orchid mycorrhizas represent an extreme exam-
ple of mycorrhizal dependency.

Other Beneficial Fungi

In 1998, a new fungal species was described, Piriformospora indica (Verma et al.
1998). This species was accidentally discovered in association with AMF spores in
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the rhizosphere of desert-dwelling plants in India (Verma et al. 1998). Now known
to be a root endophyte in the division Basidiomycota (a fungal taxon that hosts
many EMF species), P. indica is showing great promise as a beneficial plant sym-
biont (Verma et al. 1998; Varma et al. 1999). This species, unlike members of the
Glomeromycota (the fungal taxon that hosts most AMF species), is easy to culti-
vate and exhibits strong growth-promoting properties with tobacco, parsley,
poplar, and more (Varma et al. 1999). Because this species was discovered in an
arid environment and is probably drought adapted, it may have significant poten-
tial to benefit plants whose environment is becoming warmer and drier due to cli-
mate change.

Named for their physical appearance, dark septate endophytes (DSEs) are
members of the fungal division Ascomycota, which also hosts many EMF spe-
cies of fungi, and are being examined as beneficial plant symbionts (Jumppo-
nen 2001). These fungi do not form mycorrhizas, but like mycorrhizas they
are incredibly widespread across plant taxa and geography (Jumpponen and
Trappe 1998). The fungal taxa that comprise DSEs have an advantage in that
they are easy to cultivate relative to AMF and thus hold potential for large-scale
production. However, as with mycorrhizal fungal species, the nature of the part-
nership exists along a continuum from highly beneficial to parasitic (Johnson et
al. 1997) and varies with host species and applied fungal species. Research in
DSE application will probably yield important contributions to horticulture
practices.

Root Nodule–Forming Bacteria in Legumes

The legume family (Fabaceae) consists of about eighteen thousand species (Pol-
hill and Raven 1981), and 12% of these species are listed as endangered according
to the IUCN Red List (IUCN 2010). One key morphological characteristic of this
family is the formation of nodules on the root systems that house nitrogen-fixing
bacteria. The bacterial member of the symbiosis (Rhizobium, Azorhizobium,
Sinorhizobium, Bradyrhizobium, and Mesorhizobium) is a member of the family
Rhizobiaceae (Crespi and Gálvez 2000). Sequestering nitrogen is an important
advantage for plants, particularly in nitrogen-limited environments.

Root nodulation is controlled by a set of bacterial nod genes that produce Nod
factors (Long 1996) that act as signals to specific hosts to initiate nodulation. De-
termining and characterizing the presence of nod genes enables researchers to
identify species of rhizobia to ensure appropriate host–bacteria pairing. It should
be noted that bacterial symbionts of fewer than 10% of the 750 legume genera
have been fully characterized despite more than a hundred years of study (Moulin
et al. 2001), and thus the potential for discovering more efficient rhizobial part-
ners for rare species is wide open.
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Root Nodule–Forming Bacteria in Nonlegumes

A diverse group of nonleguminous plants can also form root nodules for nitrogen-
fixing bacteria. The bacteria in these associations are Actinomycetes (e.g.,
Frankia), and therefore their host plants are called actinorhizal plants, of which
there are approximately twenty-five genera and 220 species (Wall 2000). Acti-
norhizal plants are ecologically important because they are often pioneer species
that can live in marginal habitats. The symbioses of Frankia and actinorhizal
plants have similar structures and outcomes to rhizobia–legume symbioses, yet
our knowledge of how they form lags behind their better-studied counterparts,
probably because of difficulties associated with extracting Frankia from some
plant roots and culturing these bacteria ex situ (Wall 2000). Although Frankia can
occur as free-living bacteria in the soil, whether or not they can benefit plants
through nitrogen fixation in this state is unknown (Wall 2000).

Plant Growth–Promoting Rhizobacteria

Certain free-living soil bacteria can improve plant growth through different mech-
anisms. Azospirillum is the genus of plant growth–promoting rhizobacteria
(PGPR) that is best characterized. Other free-living diazotrophs (organisms that
do not need fixed nitrogen to grow) repeatedly detected in association with plant
roots include Acetobacter diazotrophicus, Herbaspirillum seropedicae, Azoarcus
spp., and Azotobacter (Steenhoudt and Vanderleyden 2000). Bowen and Theo-
dorou (1979) have suggested that soilborne bacteria associated with the mycorrhi-
zosphere of plants enhance mycorrhizal colonization; these bacteria have hence
become known as mycorrhiza helper bacteria (MHB). This relationship is generic
in that many species of bacteria perform similar functional roles with all types of
mycorrhizas, including AMF and EMF (see Frey-Klett et al. 2007 for a review).
Like mycorrhizal fungi, MHB also exhibit variation along a continuum in their
beneficial effects (Johnson et al. 1997) depending on the partner species (Garbaye
and Duponnois 1992).

Cyanobacteria are photoautotrophs, many of which can also fix atmospheric
nitrogen, like the rhizobial bacteria mentioned earlier. The cyanobacterial sym-
bionts of which we are most knowledgeable are found in the order Nostocales
(Anabaena, Nostoc, Calothrix, Scytonema) and form associations with fungi.
These associations are better known as lichens. Additionally, this group of nitro-
gen-fixing cyanobacteria form beneficial associations with four major groups of
plants: (1) spore-producing, nonvascular bryophytes; (2) spore-producing, vascu-
larized ferns; (3) cycads (gymnosperms); and (4) members of the genus Gunnera
(herbaceous angiosperm; Rai 1990). Studies on the relationship between Nostoc
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species and Anthoceros punctatus, a hornwort, are revealing the importance of
these relationships for host plant nitrogen acquisition (Meeks 1998). Symbiotic
Nostoc species typically release 40–95% of their fixed nitrogen as ammonium to
their plant partners (Meeks 1998), which provides a huge advantage to plant
species, possibly including endangered edaphic endemics growing in nitrogen-
limited habitats.

Combinations of Soil Microbes

Studies focusing on single-microbe inoculations are numerous (Cairney 1999;
Cavallazzi et al. 2007). However, many plant species are known to form dual col-
onizations; for example, legumes are typically mycorrhizal with AMF and are also
colonized by nodule-forming bacteria. In these cases symbiont co-presence may
be crucial to plant performance. Asai (1944) found that some legumes do not
form root nodules unless they are already mycorrhizal. Furthermore, by alleviat-
ing phosphorus stress, mycorrhizal fungi can indirectly improve the nitrogen sta-
tus of a legume by affecting the root nodule bacteria (Hayman 1986).

A few researchers have begun investigating the merits of inoculation with mul-
tiple soil microbes and are exploring the effects of these combinations on plant
emergence, survivorship, and growth. For example, Requena and colleagues
(1997) explored the effects of AMF, Rhizobium, and PGPR in different combina-
tions on Anthyllis cytisoides, a woody legume. The results from the microbial ad-
dition treatments varied depending on the other microbial soil inhabitants pres-
ent. By propagating their target plant in both sterile and nonsterile soil, they were
able to track how the microbial treatments differed upon outplanting. Second, in-
oculating with strains of Rhizobium that naturally occur in the reintroduction site
can improve treatment efficacy in environments with varied levels of phosphorus
and moisture (Paau 1989; Requena et al. 1997). Third, plant performance out-
comes depend on the specific combination of soil microbes selected (Requena et
al. 1997). Selection of species and strains native to the reintroduction site some-
times resulted in better plant performance; additionally, problems with introduc-
ing foreign microbes were avoided.

Application of Soil Microbes in the Laboratory

In vitro propagation can be used to produce rare plants for reintroductions and is
particularly useful when species produce few or no seeds or are reduced to very
low numbers. In vitro plant materials must be maintained under sterile conditions
to prevent pathogen growth, and therefore introducing whole soil inoculum to
provide symbionts to growing plantlets is not feasible. Augmenting potting soil
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with the microbial inoculum at the time of transfer is much more feasible and has
met with success (Morte et al. 1996). However, co-culturing plants and isolated
microorganisms in vitro is increasingly being explored.

During in vitro culture, the nutrients in plant tissue culture media can re-
place the nutrients that would be supplied in nature by beneficial microorgan-
isms. This method has long been used for seed germination in orchids, a group
known to have mycorrhizal associations in the wild. However, orchid propagation
is routinely done aseptically, in vitro (Butcher and Marlowe 1989), and when the
propagated orchids are acclimatized, it is assumed that they must reestablish a my-
corrhizal relationship. In some cases, adding fungi has aided successful acclimati-
zation (Gutiarrez-Miceli et al. 2008), but techniques have also been developed for
symbiotic germination of orchid seeds, in which an appropriate fungus and seeds
are co-cultured (Beardmore and Pegg 1981). Although this method requires isola-
tion of the fungus and different culturing procedures, it has been shown that sym-
biotic seedling growth is often more robust than that of seedlings germinated with-
out a symbiont (Huynh et al. 2002).

Many species are naturally associated with beneficial microorganisms, which
can improve growth of micropropagated plants when growing in vitro or during
acclimatization. The benefits of mycorrhizal fungi for survival and growth of ac-
climatized plants have been demonstrated with temperate and tropical fruit trees,
forest trees, and several other species (e.g., Dolcet-Sanjuan et al. 1996; Estrada-
Luna and Davies 2003; Khade and Rodrigues 2008). Co-culture with fungi has
improved rooting and growth in vitro (Grange et al. 1997; Martins et al. 1997),
and a mixture of fungi and bacteria can also be beneficial (Rodriguez-Romero et
al. 2005). Although the methods for co-culturing are somewhat different from
those of traditional plant tissue culture, the potential for improving growth and the
ability of plants to survive acclimatization open the door to broadening the useful-
ness of in vitro methods for propagating endangered plants for successful reintro-
duction projects.

Application of Soil Microbes in the Greenhouse

Beneficial microbes have been applied in greenhouse propagation for years
(Schwartz et al. 2006) with great results, particularly in the agriculture and horti-
culture industries. Sources of inoculum range from field-collected soil to self-
cultured inoculants to mass-produced commercial sources. There are pros and
cons associated with each of these inoculum sources.

Field soil is clearly the least expensive source of microbial inoculum and can
provide an entire suite of microbes: mycorrhizal fungi, root nodule–forming bac-
teria, and plant growth–promoting bacteria, which may be beneficial to plant sur-
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vivorship and growth. Kartsonas and Papafotiou (2007) used native whole soil to
improve survivorship and growth significantly during greenhouse acclimatization
of Quercus euboica propagules, a rare oak from Greece. In native whole soil, oak
propagule survival ranged from 79% to 93%, as compared to 21–36% for propa-
gules grown in a compost–perlite mixture (Kartsonas and Papafotiou 2007). In
some cases, however, a field soil inoculum can also contain sources of pathogens
(Packer and Clay 2000) and other undesirable propagules (e.g., spores or weed
seeds), which would be detrimental to introduce into the greenhouse.

Studies on plant–soil feedback systems have significant implications for under-
standing plant performance, species distributions, community structure, and eco-
system functioning (Bever 1994; Kardol et al. 2007). Home soils can host many
native pathogens, and high pathogen loads could override the merits of beneficial
microbe populations. For example, Packer and Clay (2000) found that an accu-
mulation of a pathogen (Pythium spp.) underneath Prunus serotina trees led to
greater mortality when juveniles were grown in soil collected from under the
trees. However, if that soil was sterilized, then lower mortality occurred. Results of
other studies have corroborated these findings (Nijjer et al. 2007; Brenes-Arguedas
et al. 2008). On the other hand, home soils can also offer a suite of preadapted
beneficial microbes. This may be particularly important for edaphic endemic taxa
(Taylor and Levy 2002). A number of studies support the home soil advantage
(Montalvo and Ellstrand 2000; Grøndahl and Ehlers 2008).

One of the big questions with using inoculants is whether the applied inocu-
lum actually ends up in the root systems of the target plants once they are out-
planted. An early study of EMF inoculum on Pinus species tried to follow pure
species inoculum treatments from the culture container into the greenhouse and
out into the field (Riffle and Tinus 1982). Using reisolation and culturing tech-
niques, the researchers were able to detect their original EMF inoculum based on
morphological culture traits after 2 years in the field in some cases. After 2 years in
the field, other presumably native EMF root tips were also observed in addition to
the inoculum but were not identified (Riffle and Tinus 1982). Since the early
1980s, modern molecular analyses, such as restriction fragment-length polymor-
phism and DNA sequencing, have helped confirm the transfer of inoculum from
culture to host plant (Redecker 2000; Dickie and FitzJohn 2007; Mummey and
Rillig 2007). These tools provide a strong boost to our confidence that providing
ex situ–propagated plants with an inoculum source before outplanting is effective
and beneficial.

Some practitioners have chosen an intermediate technique between whole soil
application and purchased inoculum. They have selected, isolated, and cultured
known or hypothesized inoculum species from the target plant’s rhizosphere.
Growing your own inoculum requires an additional skill set and more time and
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resources, which can be costly, but should greatly reduce the probability of intro-
ducing pathogens.

More than thirty companies worldwide are producing mycorrhizal fungal in-
oculum, and these products go by various brand names, but they are generally
marketed as growth promoters (Gianinazzi and Vosatka 2004). Mycorrhizal fun-
gal inoculum products typically consist of one to a few fungal species, and they
may also contain certain PGPR species. One drawback to using purchased inocu-
lum is the expense, but more important is the reduced diversity of microbes to
which your plants will be exposed. Most fungal mixes are based on a few species
that are known to be excellent colonizers, thus indicating their potential aggres-
sive nature. The aggressive behavior of these mycorrhizal fungal species makes
them good early colonizers but can also make them good competitors for native
fungi. This is something to keep in mind.

Methods for Applying Microbes in the Greenhouse

Once inoculum has been acquired, application to the target plants is quite sim-
ple. Rosbrook (1990) examined three ways of introducing Frankia to Casuarina
seedlings using dried, ground root nodules. Acquiring Frankia nodules involved
collecting fresh nodules, surface sterilizing, air-drying for 24 hours, and grinding.
Three application treatments ensued: (1) watering a slurry of Frankia, suspended
in a 1% sucrose solution, onto potting soil; (2) applying Frankia slurry directly to
the root zone using a syringe; and (3) adding dried, ground nodules to potting soil.
All treatments achieved nodulation, but syringe-inoculated plants nodulated
faster and the plants grew bigger.

Applying AMF and EMF is also simple. AMF inoculum is generally acquired
in the form of spores (see the International Culture Collection of Vesicular Ar-
buscular Mycorrhizal Fungi [INVAM] website at the end of this chapter). Spores
can be added to soil as slurry. EMF inoculum can be from fungal spores collected
from the mushroom fruit body or from colonized plant root tips. Both of these in-
ocula can be directly added to potting soil. When using whole soil as an inoculum
source, a ratio of one part whole soil to four parts potting soil is generally suffi-
cient. Because inoculum potential varies, it is recommended that inoculum levels
be assayed before use. Usage instructions are generally provided with purchased
inoculum.

Unlike mycorrhizal fungi, PGPR are more difficult to acquire. Products con-
taining PGPR may be commercially available (e.g., Plant Growth Activator; Or-
ganica, Norristown, Pennsylvania). However, native bacterial washes can be made
from native whole soil. Blending about 25 grams of soil in about 400 milliliters of
water, then filtering through Whatman® No. 1 filter paper will effectively remove
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mycorrhizal spores and inoculum while retaining the bacterial community. This
wash can be directly applied to potting soil.

Methods for Applying Microbes in the Field

The application of beneficial soil microbes in crop species has been well re-
searched for more than 35 years (Okon and Labandera-Gonzalez 1994). In 1981,
Hall and Kelson developed a technique for dispersing AMF fungi in a pellet form
that could be spread like a solid fertilizer. Soil pellets are infused with AMF in-
oculum and can even be attached to seeds using gum arabic before dispersal
(Kapoor et al. 2008). This application method has the potential to cover large
areas, but the longevity of viable AMF inoculum in the soil once dispersed is still
unknown.

Far fewer studies have tracked the fate of rare plants and their beneficial mi-
crobes after introduction to the field, but one study on sea oats (Uniola panicu-
lata) showed improved growth of AMF-inoculated plants up to 19 months after
outplanting (Sylvia 1989). Alterations that may have occurred in the microbial
community of these plants are unknown, but several scenarios could occur. At one
extreme, populations of greenhouse-introduced microbes may explode, poten-
tially becoming invasive. Second, the introduced and native microbes could co-
exist. And third, the introduced microbes could disappear or become drastically
reduced by competition from local soil microbes in a swamping effect; there is
more evidence for this outcome (Weinbaum et al. 1996).

Practical Implications for Traditional Restoration Work

The least expensive and probably the most appropriate source of microbes will be
via whole soil collection at the propagule source site or from the recipient site.
Whole soil will typically contain the full complement of beneficial microbes (my-
corrhizal fungi, root nodule–forming bacteria, PGPR), but may also include some
pathogens. Before collection, acquire permits. When acquiring the sample, col-
lect from the top 20–30 centimeters of soil, where the majority of microbes that
are beneficial to a seed or seedling will be found.

If whole soil collection is not an option, then beneficial microbes can be cul-
tured or purchased. For example, INVAM offers a large selection of different AMF
species and online instructions for culturing fungi. A detailed explanation of
OMF extraction for culturing purposes is available in Dixon and colleagues’
(2003) pivotal work on orchid conservation. It is essential to know the types of
beneficial relationships formed between the plant species to be reintroduced and
soil microbes as well as the identity of those microbes. If such information is not
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available or cannot be found in the literature, information from closely related
species may be used. Although the microbe species may differ, the type of rela-
tionship (e.g., ectomycorrhizal vs. arbuscular mycorrhizal) is often consistent
within genera.

Areas of Need and Research Opportunities

This chapter reveals only a portion of the primary literature covering the topic of
beneficial soil microbes, but what is already apparent is the need for additional re-
search. Most important, a clear understanding of the fate of inoculated microbes
once they are outplanted in the wild is needed. Some have tried tracking inocu-
lum after outplanting, but these monitoring efforts have generally been very short
(Riffle and Tinus 1982). Short-term results suggest that inoculum is usually over-
taken by microbes already present in the outplanting environment (Weinbaum
et al. 1996). Often, ex situ plants provided with inoculum outperformed plants
without inoculum, providing an advantage upon outplanting (Weinbaum et al.
1996). More conclusive research on the longevity of microbial inoculum would
also help allay fears about microbes “escaping” and becoming invasive species
themselves.

One of the goals of this chapter has been to develop awareness of beneficial soil
microbes. A promising area of research is in examining different microbial combi-
nations to determine which mixes will maximize the beneficial effects. For exam-
ple, Jäderlund and colleagues (2008) examined different combinations of two spe-
cies of PGPR (Pseudomonas fluorescens SBW25 and Paenibacillus brasilensis
PB177), two AMF species (Glomus mosseae and G. intraradices), and one patho-
genic fungus (Microdochium nivale) on growth of winter wheat (Triticum aestivum
cultivar Tarso). In a greenhouse trial they found that different combinations of
PGPR and AMF either enhanced the growth of wheat in the presence of the
pathogen or had no effect on wheat growth. These findings support the need to ex-
amine fully the choice of microbes that are used and how they interact to promote
plant performance.

Developing new tools for rare plant work will be imperative for conservation
progress. Brundrett and colleagues (2003) made advances in work with orchids by
developing “baiting” techniques for OMF to use in situ (Rasmussen and Whig-
ham 1993) and ex situ. These techniques can be used to help determine OMF
availability in potential recipient soils. Similarly, Batty and colleagues (2006b) de-
veloped a new protocol to improve the acclimatization success of orchid seedling
transfer from axenic cultures to soil. Furthermore, the horticulture and agricul-
ture industries have been working for centuries to learn how to grow large, healthy
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plants for retail and reforestation. Rather than reinventing the wheel, conserva-
tion practitioners may be able to use some of that knowledge base to develop tech-
niques and tools that will apply to rare species.

Prospects and Cautions for Appropriate Use of Managed Relocation

Managed relocation of rare plants is controversial; while one hand is full of hope,
the other is full of doubt. An important consideration for managed relocation in-
volves the ability to prove that population declines are caused by climate change
factors (McLaughlin et al. 2002). Macel and colleagues (2007) used a reciprocal
transplant experiment to separate soil factors from climate and seed origin to elu-
cidate mechanisms of plant adaptation. Two very important findings emerged.
First, different plant functional groups (e.g., grass vs. legume) responded very dif-
ferently, suggesting that not all plant species can be analyzed in a similar manner.
Second, climate factors, not soil or genetics, significantly affected measures of fe-
cundity for the grass species studied, Holcus lanatus. Despite the extensive cost in
time and resources to conduct reciprocal transplant experiments, more are
needed to help determine whether managed relocations are warranted.

Moving soil around, as required by reciprocal transplants, introduces other
concerns about managed relocation. The unintentional introduction of soil
pathogens and the release of novel microbes into foreign environments are two
strong reasons to doubt managed relocation as a safe practice. However, moving
soil microbes as inoculum is currently happening and has been happening for
quite some time. A review of EMF introductions traced the first recorded EMF
introduction back to 1839 and reported more than 770 introductions from more
than 190 publications (Vellinga et al. 2009). These findings beg the question of
why we are not more concerned about this practice when we know that the intro-
duction of novel plant species can have detrimental effects on recipient commu-
nities (see Reichard et al., this volume).

Interest is growing in the role of soil microbes in invasion ecology (see reviews
by Schwartz et al. 2006; Desprez-Loustau et al. 2007; Vellinga et al. 2009). Al-
though the benefits of soil microbes in acclimatization and horticultural practices
are well supported, researchers and practitioners alike should still proceed with
caution when conducting introductions. Schwartz and colleagues (2006) do an
excellent job of outlining and supporting three recommendations when consider-
ing the application of mycorrhizal fungal inoculum: (1) Determine whether in-
oculum addition is necessary, because adequate microbe sources may be available
at the recipient site; (2) use local soil microbe sources whenever possible; and (3)
if nonlocal sources of inoculum are used, attempt to select microbes that do not
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exhibit invasive characteristics. These recommendations can easily be extended
to include all beneficial soil microbes.

Summary

For a long time, the soil environment was frequently ignored during plant reintro-
duction planning and practice, to the point where soil environments could de-
serve the title “The Last Frontier.” Reasons for this are becoming less abundant,
but the fact remains that working with soils and plant roots is difficult. Collecting
soil near rare plants is disruptive, and examining the actual roots of rare plants is
often destructive. Because not every conservation biologist has the expertise to
identify, quantify, and culture the microbes of interest, appropriate collaborations
are advised. However, once soil microbes have been used for acclimatization im-
provement, then tracking the fate of the applied microbes at the reintroduction
site becomes another challenge. Molecular genetic tools are typically needed to
identify inoculum species precisely, and these are currently too expensive for most
reintroduction trials. Obstacles such as these may be more easily overcome by col-
laborating with appropriate experts.

The available research describing how soil microbes can be applied to improve
rare plant propagules’ acclimatization to soil is growing (see table 6.1). Not only
are the traditional mycorrhizal fungi and root nodule–forming bacteria being ap-
plied to rare plant propagation, acclimatization, and outplanting, but use of the
lesser-known PGPR is growing also (Steenhoudt and Vanderleyden 2000; Adese-
moye et al. 2008). The soil microbes mentioned in this chapter can provide a suite
of benefits, including increased water and nutrient uptake, nitrogen fixation, re-
sistance to herbivores, heavy metal and salt tolerance, pathogen resistance, and
improved competitive abilities. The effort needed to achieve these benefits exists
on a continuum from minimal effort, such as applying a pinch of native whole soil
to rare plant seedlings, to maximum effort, such as identifying, culturing, and de-
signing multispecies inoculum mixes. As with any conservation practice, using
soil microbes for reintroduction purposes comes with a list of concerns such as
cost-effectiveness, invasibility, and phytosanitation, and these must be considered.
However, depending on the case, the potential benefits could outweigh the po-
tential risks. Advancing our knowledge of beneficial soil microbe ecology and ap-
plication is bringing us one step closer to ensuring reintroduction success.

Online Resources

AMF inoculum source and mycorrhizal techniques: http://invam.caf.wvu.edu
/index.html
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AMF and EMF inoculum source: http://www.fungi.com/index.html
Rhizobia inoculum source: http://www.emdcropbioscience.com/homepage

.cfm
PGPR inoculum source: http://homeharvest.com/beneficialmicroorganisms

.htm
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Chapter 7

Optimal Locations for Plant Reintroductions in
a Changing World

Joyce Maschinski, Donald A. Falk, Samuel J. Wright,

Jennifer Possley, Julissa Roncal,

and Kristie S. Wendelberger

Of all conservation strategies currently practiced throughout the world, reintro-
ductions require the most sophisticated understanding of species biology and
ecology (Falk et al. 1996). Whether augmenting existing populations, reintroduc-
ing within a species’ known range, or introducing to a location outside the known
range, finding optimal sites for long-term survival, growth, reproduction, and es-
tablishment of new populations is often “not as self-evident as it might otherwise
seem” (Fiedler and Laven 1996, p. 157). Identifying appropriate habitat is essen-
tial to establish sustainable populations in existing or new locations, and yet for
many species of conservation concern habitat needs are unknown. This uncer-
tainty takes on even more importance in the context of contemporary and pro-
jected near-term changes in landscape and regional climate (Giorgi and Fran-
cisco 2000; Millar et al. 2007).

Many factors operating across a range of spatial and temporal scales influence
where plants can successfully establish and persist. At geographic scales, distribu-
tions are constrained broadly by physiological tolerances, dominant ecosystem
processes, and the distribution of suitable biomes (Lambers et al. 1998; Antonelli
et al. 2009). Climate, land form, and geology drive species distributions (MacAr-
thur 1972; Woodward 1987). At the scale of populations, fine-scale processes be-
come more important, including gap dynamics, interspecific interactions, avail-
ability of symbionts, and environmental heterogeneity. Between the biome and
population scales lies the mesoscale realm of landscapes and ecoprovinces
(10–104 square kilometers), within which shifts in species distributions can hap-
pen over 10–1,000 years when constraints of dispersal and episodic climate or spe-
cies interactions are altered (Ohmann and Spies 1998; Huston 1999; McKenzie
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et al. 2010). Climate-driven adaptation is most active at mesoscale (Cornwell and
Grubb 2003; Parmesan 2006).

To improve the success of establishing rare plant populations, it is essential to
understand the factors and processes that govern where species grow. In this chap-
ter we review some theories related to species’ distributions, their conservation ap-
plications, and relevance to plant reintroductions. We propose a process-oriented
perspective that emphasizes population growth and the factors that influence it as
an indicator of reintroduction success. We then provide examples of experimental
introductions that demonstrate how fine- and broad-scale environmental variation
influences population persistence.

Reviewing practical implications of these findings, we recommend a recipient
site assessment, statistical techniques, and experiments for determining appropri-
ate potential sites for reintroductions. These can be extended to consideration of
managed relocation (MR) outside a species’ current range, where niche theory in-
dicates that suitable habitats may exist (Colwell and Rangel 2009). Because cur-
rent conditions may differ from those in which the species evolved and may un-
dergo dramatic change, the implications of these approaches are significant for
understanding where on a landscape reintroductions can succeed and how to
maintain biological diversity in a rapidly changing world.

Factors Influencing Distributions of Plant Species

Niche theory is central to our understanding of species’ distributions and provides
the basis for predicting where to find suitable habitat for rare plant reintroduc-
tions. Because niche was historically defined differently by different authors and is
currently used interchangeably (Soberon 2007), we provide some historical con-
text here. Grinnell (1917) defined the niche as the range of environmental condi-
tions needed for a species to carry out its life history, and Elton (1927) articulated
the niche concept as the status of a species in its community that includes biotic
and resource–consumer dynamics. These early niche concepts are linked to par-
ticular places (Colwell and Rangel 2009). Hutchinson (1957) described a niche
concept that is a species or population attribute. For an environment with n prop-
erties that define potential habitat attributes, the Hutchinsonian fundamental
niche can be conceptualized as the n-dimensional hypervolume. Mathematically
it can be described in n-dimensional space along n axes corresponding to environ-
mental variables that permit a species’ population growth rate to be positive indef-
initely. The realized niche Hutchinson (1957) described as the hypervolume re-
maining after competitive exclusion, but other authors modified this definition.

The Hutchinsonian niche is not equivalent to a species’ range (fig. 7.1). Ob-
served geographic distributions of species do not necessarily overlap entirely with
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their fundamental niches. The discrepancies between distribution and funda-
mental niche space arise from dispersal limitations, interspecific interactions, the
possibility that a portion of niche space is unexpressed in the physical environ-
ment (Jackson and Overpeck 2000; Colwell and Rangell 2009), and the stipula-
tion in the definition of Hutchinsonian niche space that the conditions must per-
mit populations to persist indefinitely (i.e., have population growth rates, or λ ≥ 1).
For species occupying habitat types that are inherently patchy, such as freshwater
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Figure 7.1. An illustration of the relationship between the geographic or physical space
(latitude 30°N–32°N, with landmass shaded gray), the theoretical fundamental niche
space (denoted by grid rectangle), and the realized niche, denoted by vertical hatch lines
where conditions support stable or positive population growth, or λ ≥ 1 (Hutchinson
1957), and denoted by speckled area where conditions do not sustain populations, or
λ < 1 (Pulliam 2000). White areas indicate the possible geographic range related to mea-
sures of fundamental niche attributes. Extant populations with λ ≥ 1 are indicated by
black dots, and extant populations with negative growth λ < 1 are indicated by gray dots.
Unoccupied but suitable patches are indicated by wave-patterned dots. At Time 1, there
are only three sustainable populations of this rare species. Two populations with negative
growth rates occur outside geographic areas correlated with the fundamental niche
space. There are three suitable but unoccupied habitats in geographic areas correlated
with the fundamental niche space. At Time 2, climate change (or other conditions)
caused the size of geographic areas correlated with the fundamental niche space to
shrink and shift northward. Remaining populations of the species are few; two exist out-
side geographic areas correlated with the fundamental niche space, and one colonized a
new favorable patch and has positive population growth. The shape and size of the theo-
retical fundamental niche and realized niches at Time 2 are unpredictable at Time 1
because there may be adaptation or genetic drift, or they may be conserved and
unchanged.



wetlands, edaphic anomalies, and mountaintops, dispersal is commonly limited
across patches (Pulliam 2000). Suitable habitats with fundamental niche attri-
butes may exist into which a species has never been able to migrate and colonize.
Alternatively, competitive interactions (Case and Gilpin 1974) or predation pres-
sure (Louda 1982; Dangremond et al. 2010) may limit a species’ ability to colo-
nize and maintain positive λ indefinitely. Suitable patches corresponding to envi-
ronmental or resource niche values may exist but may be unoccupied or may
occur outside the existing geographic range (fig. 7.1).

The fact that many populations exist in areas where they do not have positive
or sustainable growth rates is explained in part by the additional concepts of
source–sink theory, metapopulation theory, and dispersal limitation (Pulliam
2000). Source–sink theory posits that within a species’ range there are source pop-
ulations, where local reproduction exceeds mortality, and sink populations, where
mortality exceeds reproduction (Pulliam 1988). Sink populations may arise from
site-specific conditions leading to λ < 1 and are not sustainable unless they regu-
larly receive propagules or immigration from a source population (Brown and
Kodric-Brown 1977). Metapopulation theory incorporates colonization and extir-
pation of populations in space and time (Hanski 1999).

Population growth rates integrate multiple factors of species ecology, including
reproductive effort and success, individual survivorship and growth, and biotic in-
teractions (Knight, Monks et al., this volume) and are site-specific (Pulliam 2000).
Thus, population growth rates provide a fundamental index for the dynamic con-
dition of a population, whether naturally occurring or introduced, at a given site
for a given time. Any local condition outside a species’ niche space may limit pop-
ulation growth. A species’ response to changes in local conditions could be ex-
tinction, adaptation, or emigration (Davis and Shaw 2001). If adaptation occurs,
then there would be a subsequent change in the fundamental and realized niche,
but it is not guaranteed that a species will be able to adapt to changes in the phys-
ical world, especially if conditions change rapidly (fig. 7.1).

Geographic Scale

On broad scales (e.g., ecoregions and biomes), plant distributions are correlated
strongly with physiological tolerances to the abiotic template, including climate,
soils, geology, hydrologic, and biogeochemical cycles. For example, cold toler-
ance, temperature optima for photosynthesis, and drought tolerance can influ-
ence where a species can persist (Woodward 1987). Climatic factors, such as an-
nual precipitation and mean temperatures of the coldest and warmest months,
have been combined with non–time varying factors, including major soil groups,
and incorporated into models of climate envelopes to predict where species may
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be able to grow under future climate scenarios (Krause and Pennington, this vol-
ume). Contemporary distribution models use two approaches: (1) correlations be-
tween environmental variables and observed species distributions or (2) relation-
ships between the functional ecology of the species and the environment (Morin
and Lechowicz 2008).

To describe unambiguously the niche attributes operating at the scale of geo-
graphic range, Silvertown and colleagues (2006) suggested using the term γ-niche,
following the Whittaker (1975) classification of species diversity. At this scale, spe-
cies traits (γ-traits) influencing physiological tolerance are predicted to be evolu-
tionarily conservative (Silvertown et al. 2006) and set the limits on species distri-
butions (Morin et al. 2007). For example, a γ-trait such as frost tolerance could
predict the ecoregion where a species can occur. Because defining a species’ fun-
damental niche using actual occurrence data is very likely to underestimate niche
space, experiments are often necessary to test γ-traits, especially for life stages in-
volving seeds (e.g., Baskin and Baskin 1998). For example, seed germination trials
done for some subtropical grasses indicated frost tolerance, an unexpected γ-trait
considering their geographic distribution (Maschinski et al. 2009). Unfortunately,
such data are generally unavailable for many rare species.

The proximal climatic controls on plant distributions are often linked to
modalities in the climate system that operate over large scales of space and time.
For example, in much of North America the El Niño Southern Oscillation
(ENSO), Atlantic Multidecadal Oscillation (AMO), Pacific Decadal Oscillation
(PDO), and other global circulatory processes in the ocean–atmosphere system
contribute to changes in the frequency and intensity of storm events and seasonal
precipitation (Beckage et al. 2003). These processes operate on a range of time-
scales, with temporal variance concentrated in interannual (ENSO) (Li and Ka-
fatos 2000) to multidecadal (PDO, AMO) periods (MacDonald and Case 2005).
Climate variation on these timescales plays a major role in the distribution of spe-
cies and biomes by influencing temperature regimes, available moisture, and dis-
turbance frequency and intensity. On long timescales (103–105 years) climate
variation governs the global distribution of biomes, within which most species-
level distribution processes occur.

Landscape Scales

At landscape levels or β-niche scales (Silvertown et al. 2006), plant communities
are maintained by dynamic processes that can result in multiple stable states
(Hobbs and Norton 1996; Suding and Gross 2006). These processes include
abiotic filters (e.g., climate, substrate, and structure), biotic filters (e.g., competi-
tion, predation, mutualisms, parasitism, trophic interactions, dispersal, succession,
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disturbance, and site history), and socioeconomic filters (Hobbs and Norton 2004).
For example, invasions of native or exotic species can result in species replacement,
changes in nutrient cycling, and changes in community composition and structure
(Suding and Gross 2006).

Across many terrestrial ecosystems, succession and disturbance are fundamen-
tal processes that shape plant communities (White and Jentsch 2004; Turner
2010). The residence time of any species in a particular place is related to its phys-
iological tolerance, individual growth rate, and ability to extract resources in low
and high densities (Tilman 2004). Disturbance processes often open space, alter-
ing competitive dynamics and redistributing light energy, nutrients, and carbon
(McKenzie et al. 2010). Disturbance frequency, seasonality, magnitude, spatial
extent, and synergisms (interactions and feedbacks) will influence how plants es-
tablish, persist, and disperse in any landscape (White and Jentsch 2004) and how
the ecosystem will recover after the event (Holling 1996).

Anthropogenic activities also directly and indirectly influence species distribu-
tions. Altered ecosystem processes modify periodicity, frequency, and intensities of
disturbances. For example, fires and insect outbreaks have modified the global dis-
tribution of major plant communities at the landscape scale (Bond and Keeley
2005).

Population and Patch Scales

At finer scales of population persistence and patch occupancy, or α-niche (Whit-
taker 1975; Silvertown et al. 2006), a different suite of factors influences where
species occur. Fine-scale abiotic factors, including soil chemistry and nutrients,
are particularly important determinants of patch occupancy. Local topography in-
fluences physical variables, such as solar radiation, soil water retention, and tem-
perature regimes that in turn affect where plants will be able to colonize and per-
sist. Biotic interactions with competitors (Keddy 2001), mutualists (Haskins and
Pence, this volume), and herbivores (Maron and Crone 2006) also significantly
constrain where a plant species will persist.

Conditions needed for early life stages may be different from those needed for
later life stages. Germination, establishment, and early growth are the most critical
phases of plant life history for regeneration, and these are influenced greatly by mi-
croenvironment (Grubb 1977; Veblen 1992; Wendelberger and Maschinski 2009)
and the preexisting established species in the colonization microsite (Tilman
2004). Harper (1977) described this microenvironment as the safe site for germina-
tion, and Grubb (1977) subsequently identified the regeneration niche, which in-
cludes all the requirements for successful replacement of one generation with the
next. These requirements are adequate seed production of the maternal plant, abil-

114 reintroduction science and practice



ity to disperse to a suitable microsite, seed germination, seedling establishment,
and development to maturation. Heterogeneity in environmental conditions (e.g.,
light, litter, and soil moisture) can influence seed and seedling survival on scales
less than 1 square meter (Molofsky and Augspurger 1992; Wendelberger and
Maschinski 2009).

Periodic disturbance creates spatial and temporal heterogeneity or patch dy-
namics that allow coexistence among species that might otherwise be driven to
competitive exclusion in stable environments (Pickett 1980). To regenerate suc-
cessfully, some species need large-scale disturbance, such as wildfires, landslides,
or blowdowns, whereas others with good dispersal and rapid colonization ability
can use small-scale gaps of less than 250 square meters (Veblen 1992). Gap dy-
namics and time since disturbance also influence resource availability spatially
and temporally (Tilman 1988); without disturbance, gap-dependent species
would be driven to extinction (Pickett 1980).

Microsite variation can influence the strength of biotic interactions. For exam-
ple, Cercocarpus ledifolius seeds have significantly greater predation in open mi-
crosites than in microsites with shrub cover. Predation levels coupled with sec-
ondary seed dispersal resulted in a structured spatial arrangement of seeds across
microsites in northeastern Utah (Russell and Schupp 1998). Mutualisms are also
influenced by microsite conditions. In the Sierra Nevada of northeastern Spain,
where sunny open areas tend to have high temperatures in comparison to shaded
areas, nurse shrubs increased evergreen and deciduous seedling growth and sur-
vival, particularly at low altitudes (Gomez-Aparicio et al. 2004).

Long-term demographic studies indicate that microsite variation can influence
population growth and persistence (e.g., Kephart and Paladino 1997; Renison et
al. 2005; see boxes 7.1 and 7.2). When short-term studies (2–3 years) have not
found significant correlations between microhabitat parameters and survival (e.g.,
Baraloto and Goldberg 2004; Akasaka and Tsuyuzaki 2005), it may be a conse-
quence of the short duration of the studies and the length of time needed to wit-
ness demographic effects. Alternatively, it is possible that out of the boundless
possible factors influencing patch occupancy, the key microsite factor was not
measured. Evidence from reintroductions indicates that it often takes many years
to detect change in population demography (Maschinski 2006; Dalrymple et al.,
Albrecht and Maschinski, Monks et al., this volume); therefore, identifying opti-
mal habitat also may require long-term studies (appendix 1, #22, #35, #38).

Conservation Applications of Niche Theory

A wealth of research and new theory has emerged from the original niche theories
described earlier. Although much of it is beyond the scope of this chapter, within
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the past two decades niche theory has been invoked as a tool for conservation pur-
poses. Here we briefly examine a few key uses of niche theory with particular rele-
vance to rare plant reintroductions.

Using Niche Models to Improve Rare Species Surveys

Rare species are often difficult to detect using a strictly random sampling protocol.
To increase efficiency and cost-effectiveness of surveys for rare species, Guisan
and colleagues (2006) recommended using a niche-based model with stratified
random sampling. The technique requires first fitting a model of climatic and
topographic predictors (e.g., rock or soil type and vegetation type) onto a geo-
graphic information system map and then randomly selecting from areas with at
least one patch with high habitat suitability (defined by the presence of predic-
tors) as a starting point to search for rare species. Using this procedure, the re-
searchers increased efficiency 1.8- to 4-fold; they detected more new occurrences
of target rare species in less time.

Are Rare Species Rare Because Their Habitats Are Rare?

In his stochastic niche theory, Tilman (2004) suggested that within a community,
common species are found in the most common habitat, whereas rare species,
that is, those with low abundance and small range sizes (Gaston 1994), would be
found in the rarest habitats or microsites within communities. Although this idea
has theoretical support, broad empirical support is still needed. Alternatively, rare
species may maintain positive population growth rates (λ) over a narrower range
of values along one or more niche axes, in contrast to more common species.
Coupled with the previously described sampling strategy (Guisan et al. 2006),
these ideas provide a caution related to rare plant reintroductions. Suitable habi-
tat for a rare species will not be randomly distributed and probably will not be
common in any location; therefore, using an entirely random experimental de-
sign to place rare propagules in a reintroduction site is inefficient and doomed to
have low success. We recommend using a stratified random sampling method
within suitable microhabitat that has been determined by niche characteristics
(appendix 1, #22).

Modeling Historic and Future Distributions

The niche concept forms the theoretical basis of species distribution models to
predict future distributions (Colwell and Rangell 2009) and can be applied to lo-
cating and evaluating suitable reintroduction sites (Martinez-Meyer et al. 2006).
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The fundamental niche can be approximated using species occurrence data,
broad-scale climate or environmental data (e.g., Krause and Pennington, this vol-
ume), or field measurements taken where the species occurs (Collins and Good
1987). However, to define the realized niche adequately for each species requires
experimentation, where interspecific interactions with environment can ensue
(Soberon 2007), and in situ demographic analysis to confirm positive growth rates
(Knight, this volume). Thus, broad categorizations of potential habitat may be de-
veloped from models, but actual outplantings will be needed to test the realized
niche.

Practical Implications for Traditional Restoration Work

Because species have particular characteristics that allow them to occupy and per-
sist in certain environments, both broad- and fine-scale environmental qualities
must be considered when a reintroduction site is selected. Matching the environ-
mental attributes at a potential reintroduction site to the species’ niche require-
ments will help promote long-term population persistence (appendix 1, #22). Al-
though it is not always easy to identify and quantify the critical environmental
factors driving observed patterns of plant stage distributions (Baraloto and Gold-
berg 2004), it is still an essential first step for assessing reintroduction sites. Poten-
tially suitable habitats may be identified based on apparent environmental factors,
but a species’ long-term persistence will be verified only after in situ trials where
biotic interactions operate and where population growth rates can be estimated
over multiple generations.

In the past 20 years a growing number of reintroduction studies have used ex-
periments to test aspects of niche on successful establishment, survival, and repro-
duction of reintroduced species (Guerrant, Dalrymple et al., this volume). Of the
200 studies in the CPC International Reintroduction Registry (CPC 2009) that
conducted experimental tests comparing factors influencing reintroduction suc-
cess, 11% tested microsites, 13% tested broad-scale multiple sites, 6% tested abi-
otic aspects of niche space (e.g., light, soil, aspect, water table level), 7% tested bi-
otic factors (e.g., competition, herbivory, weeds), and 1% tested an ecosystem
process (burning). Several have shown that reintroduced plant performance and
population growth depend on microsite (see boxes 7.1 and 7.2).

We recommend evaluating potential reintroduction sites using three different
approaches. The first is a recipient site assessment, which is a criterion-ranking
system that can be used to evaluate either single or multiple potential reintroduc-
tion sites (Wright and Thornton 2003; table 7.1). We recommend ranking factors
influencing the species’ ability to persist at a site related to logistics or ease of im-
plementation, quality of habitat, and management. Because the percentage of
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table 7.1

Recipient site assessment based on ranking criteria related to logistics, habitat quality, and
management.

Date: Observers:
Site: Description:
Criteria for prioritizing potential restoration site

3 2 1 Score

Category 1: Logistics, implementation, management
A) Status of relationship with landowner

and management None Some Good
B) Commitment level of agency to protect

introduced population None Some Good
C) Willingness of agency to manage habitat

for target species None Some Good
D) Site preparation, threats removed No Partially Completely
E) Amount of public access or susceptibility

to human disturbance High Medium Low
F) Accessibility for planting logistics and fu-

ture monitoring Poor Fair Good
G) Water source present No Yes

Category 1 Total

Category 2: Habitat characteristics
A) Percentage of associated species common

with extant sites 0– 40% 41–70% 71–100%
B) Quantity and diversity of aggressive inva-

sive plant species High Medium Low
C) Current and future impact of invasives High Medium Low
D) Size of potential reintroduction area Small Medium Large
E) Quality of adjacent habitat Poor Fair Good
F) Quantity of good-quality habitat adjacent

to reintroduction site None Some Abundant
G) Soil texture similar to extant sites No Partial Yes
H) Soil nutrients similar to extant sites No Partial Yes
I) Canopy cover optimal for target species No Partial Yes
J) Hydrology similar to extant sites No Partial Yes
K) Topography similar to extant sites No Partial Yes
L) Target species presence at site Never Historic Current
M) Special needs of target species present No Partial Yes
N) Mutualists present No Some Yes
O) Herbivores present Yes Some No
P) Ecosystem processes functional No Partial Yes
Q) Number of potential translocation areas

in site 1 2 >3
R) Proximity to existing wild populations >10 km 5–10 km <5 km
S) Natural disturbance regime Excessively Moderate Normal

high or low



associated species common with extant populations, soil texture, soil nutrients,
canopy cover, and so on may be easily quantified, we advise using quantitative
data to determine the rank whenever possible. Categorical data are subjectively
determined by the practitioner. Single sites achieving a total score of 27 are ideal
reintroduction sites, but sites with total scores of 27–54 can be considered suitable
recipient sites. However, any criterion scoring 3 should signal caution because it
may limit reintroduction success. In some cases, it will be possible to improve the
rank of this criterion before proceeding with the reintroduction. For example, ne-
gotiations may improve the commitment of the agency to protect the reintroduc-
tion. If multiple sites are being compared, the site with the lowest total score and
without any criterion with a score of 3 should be considered as the best suitable re-
cipient site. Wright and others used this process to identify thirteen potential re-
introduction sites of thirty-two evaluated along the eastern coast of Florida for en-
dangered Jacquemontia reclinata (Wright and Thornton 2003; Maschinski and
Wright 2006) and two potential reintroduction sites in the Florida Keys for en-
dangered Pilosocereus robinii (Goodman et al. 2007). In the case of J. reclinata,
eleven reintroductions persist in the new locations properly identified by this as-
sessment (table 4.1), and P. robinii reintroductions are in planning stages.

Many of the factors in the recipient site assessment are based on the assump-
tion that similarity to extant populations is the best option for successful establish-
ment of a reintroduced population. There are two important caveats to this as-
sumption. First, climate change, novel disturbance regimes, and other disruptions
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table 7.1

Continued

Date: Observers:
Site: Description:
Criteria for prioritizing potential restoration site

3 2 1 Score

*
Category 2 Total

All Criteria Total

*Additional habitat feature of interest for this species (e.g., seasonal flooding, salinity level, nurse
plants present)

Notes:
For evaluating a single site: Add total scores. 27 is a perfect score.
Total scores of 27 to 54 are acceptable reintroduction sites.
Any criterion with score of 3 should be improved before moving forward.
For choosing between multiple sites: The best site has the lowest total score and no single crite-

rion scoring 3.

The assessment can be used to score a single site or to prioritize multiple sites.



of ecosystem processes may shift the spatial footprint of suitable habitat (fig. 7.2).
Second, some rare species exist solely in habitat fragments that no longer support
positive or stable population growth, nor do they allow dispersal to new habitat as
conditions change. In such cases, using occupied habitat as the reference condi-
tion for planning a reintroduction may fail to capture the optimal conditions for a
species’ positive population growth. For this reason, known historic range may not
necessarily be the best basis for assessing optimal habitats for successful reintro-
duction. For example, Maschinski and Duquesnel (2007) found that Pseudo-
phoenix sargentii was successfully reintroduced to only one of the two known his-
toric US sites. Absence from a historic site may mean that the site is no longer
suitable for the species.

Clearly, the more that is known about a species’ ecology, the better the chance
of reintroduction success. Ideally, quantitative in situ assessment of a target spe-
cies’ niche attributes is recommended. Although many practitioners may use a
“gestalt” impression of the target species’ growing requirements, measurements of
key abiotic and biotic factors, as well as multiyear estimates of λ, can help bracket
the range of conditions that allow persistence of the species. These conditions can
then be used to compare or prioritize potential reintroduction sites.

Our second recommendation is to use a quantitative assessment to identify
suitable recipient patches at a fine scale. Several assessments using different statis-
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Figure 7.2. Time sequence depicting change of spatial location of a reintroduced popu-
lation planted in an ecotone in response to a directional process, such as sea-level rise or
temperature shift. At Time 1, a reintroduced population (black area) is planted into an
ecotone between Habitat A and B. At Time 2, the process has shifted the boundary mar-
gin of the ecotone. At Time 3, the reintroduced population is left as a hollow polygon in
inappropriate habitat. To persist, it would have to migrate eastward to new ecotone spa-
tial boundaries. Succession or a disturbance event can also change boundaries over
shorter timescales.



tical approaches are available. Structural equation models (Iriondo et al. 2003),
generalized logit models (Gomez-Aparicio et al. 2005), general linear models
(Batllori et al. 2009), and principal component analysis combined with discrimi-
nant function analysis (Collins and Good 1987) have been used to elucidate im-
portant microsite factors related to plant reproduction, growth, seedling emer-
gence, or abundance in natural wild populations. These, in turn, can be applied
to selecting suitable recipient patches for reintroductions. For example, Wright
(2003b) assessed soil chemical and community attributes associated with occu-
pied patches of the endangered J. reclinata. Occupied J. reclinata patches had low
salt concentrations and high graminoid and herbaceous diversity (Wright 2003b).
These attributes indicated preferred placement of reintroduced plants on the
landward side of foredunes, where they are buffered from salt spray (Wright
2003a; Maschinski and Wright 2006).

Experimental reintroductions can also be used to increase the probability of se-
lecting suitable microsites for subsequent introductions, so our third recommen-
dation supports previous authors, who suggested that reintroductions be con-
ducted as experiments as a fine-scale assessment (Falk et al. 1996; appendix 1, #7).
Essentially, reintroductions are bioassays (Maschinski et al. 2003; Maschinski and
Wright 2006; Roncal et al. in press): Test plantings can reveal which microhabitat
conditions are optimal for individual growth and survival as well as long-term pop-
ulation growth (see box 7.1). Even if the quantitative characters defining the re-
generation niche are unknown, it is important that reintroduction sites provide a
variety of microsites to meet requirements of all life stages of a species (appendix 1,
#22 and #26).

Understanding a target species’ tolerance for competition and disturbance can
help inform spatial and temporal placement of any reintroduction. Evaluating the
landscape from the perspective of topography, ecosystem dynamics, and patterns
of possible restoration trajectories will help determine the locations with greatest
likelihood of sustaining a reintroduced population (Larkin et al. 2006; Suding and
Gross 2006). Dispersal pathways are an especially critical consideration; where
suitable habitat is anthropogenically fragmented, the restoration strategy is more
likely to require some degree of MR. Where species niche and landscape patterns
and processes coincide will determine the potential domain for successful reintro-
duction.

Prospects and Cautions for Appropriate Use of MR

In landscapes that are rapidly changing through development or climate change,
habitat options for rare species are often greatly diminished. Many rare species are
left to occupy fragments of habitat that may not represent optimal habitat (i.e.,
where they do not have positive growth rates). This is especially true in landscapes
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Box 7.1. Determining Optimal Reintroduction Habitat for a Species

Struggling in Degraded Wild Habitat

Contributed by: Jennifer Possley and Joyce Maschinski
Species Name: Lantana canescens
Common Name(s): Hammock shrubverbena
Family: Verbenaceae
Reintroductions Initiated: 2005
Location: Ecotone between pine rockland and rockland hammock in

south Florida
Length of Monitoring: 2005–2009
Factors Tested: Modified habitat versus intact ecotone
Federal or State Status or IUCN Ranking: Florida endangered, G4

Species Description and Conservation Concern

In fragmented, fire-suppressed landscapes, optimal habitat for disturbance-
dependent species may no longer exist. Lantana canescens Kunth (Verbe-
naceae) is a sprawling woody shrub native to South and Central America
and the West Indies (Gann et al. 2002) that needs high light and low com-
petition for growth. At the northern limits of its global range, L. canescens
currently grows in one small south Florida park and in three southern coun-
ties of Texas. Two Florida populations disappeared this decade because of
habitat degradation from hardwood and weedy species invasion and fire sup-
pression. The single remaining wild population in Florida is growing in frag-
mented habitat with dysfunctional ecosystem processes (fig. 7.3a). The seri-

Figure 7.3. Depiction of Lantana canescens (denoted by black shapes) wild popu-
lation habitat in south Florida. L. canescens grows in the ecotone between rock-
land hammock and pine rockland habitat and has been critically reduced. (Top)
Rockland hammock plants have invaded the ecotone, and adjacent pine rockland
habitat has been developed into a paved road, leaving little ecotone and little space
for population expansion. (Bottom) In a functional ecosystem, L. canescens would
exist within ecotone boundaries fluctuating between rockland hammock species
succession and fire. To maintain an ecotone without fire would require ongoing
management to thin encroaching hardwood species.
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Box 7.1. Continued

ous population decline from sixty-six plants in 2004 to forty plants in 2006
spurred our action to increase the numbers of sites and individuals in the
wild. Because the extant population was not growing in optimal habitat
(wild population λ < 1), we tested the survival and persistence of popula-
tions reintroduced into two historic ecotones maintained by mechanical
thinning and one modified habitat. The modified habitat was human al-
tered. Once pine rockland forest, in the 1940s the site was converted to a
lime grove, subsequently abandoned, invaded with 90% nonnative, invasive
plants, and restored to a nonanalog community after invasive removal.

Reintroduction Methods and Findings

In 2005, we reintroduced L. canescens into three locations: Two locations
were historic ecotones adjacent to rockland hammock but where substrate
was similar to the existing wild population site (fig. 7.3a), and one was a
modified habitat located distant from rockland hammock. After 18 months,
69% of transplants survived in the modified habitat and 65% and 84% in two
historic ecotone sites. The modified habitat had significantly higher photo-
synthetically active radiation (PAR) (75%) than the historic ecotones (25–
39%). Correspondingly, by 2007, 267 seedlings recruited into the modified
habitat, whereas only 8 emerged at both historic ecotone sites. Seedling es-
tablishment was associated with higher PAR at the modified habitat than in
the historic ecotone.

Ideal habitat for L. canescens would include fire balancing succession
(fig. 7.3b) to maintain an ecotone with high light and low competition.

Figure 7.4. Comparative population trajectories in reintroduction sites (a) sepa-
rated from rockland hammock versus (b) adjacent to rockland hammock. Higher
light conditions account for higher recruitment in (a).
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that have been subjected to anthropogenic change or that face fundamental mod-
ification driven by climate change. Thus, one might ask, “Where can plants go
when their habitats are gone?” and “How will they reach new suitable habitat
without assistance?”

Managed relocation into suitable unoccupied habitat across short distances
from existing populations is a potentially useful conservation strategy. Following
the same procedures outlined earlier for assessing suitable habitat, several studies
provide evidence that rare species can persist when placed into suitable habitat
outside their known range (Maschinski and Wright 2006; Wendelberger et al.
2008; Marsico and Hellmann 2009; Roncal et al. in press) or in modified habitat
(see box 7.1; Possley et al. 2009). Experimental tests indicated that plant establish-
ment or failure differed at fine scale (less than 10 square meters), yet the environ-
mental factors measured did not always predict outcome (Roncal et al. in press).
In addition, what was once appropriate habitat historically may not exist today, es-
pecially for species adapted to postdisturbance open habitats.

Using three Lomatium species, including one rare species, L. dissectum, Mar-
sico and Hellmann (2009) tested whether short-distance (less than 25 kilometers)
northern relocations outside the current range would be possible. Although the
rare L. dissectum had lower germination and lower reemergence than the com-
mon species, all three species had equal or better survivorship in outside-range
undisturbed treatment plots than they had in within-range plots. Climate of the
outside-range plots had recently changed, but conditions were within the species’
100-year climate envelopes. The authors concluded that dispersal limitation is
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Box 7.1. Continued

Restoring fire could reduce woody species and maintain sunny conditions
for the ecotone species, but if this is not possible, continued hardwood thin-
ning would be needed to maintain structure and vegetation suitable for L.
canescens (fig. 7.3b). When L. canescens was restored to a location physi-
cally distant from rockland hammock, the succession trajectory slowed,
overall population sustainability increased (fig. 7.4), and maintenance costs
decreased (Possley et al. 2009).

Lessons Learned

Historic habitat may not always be suitable to sustain rare populations.
If ecosystem processes are disrupted in wild habitat, modified habitat

may prove to be a viable alternative for sustaining rare populations.



Box 7.2. What Is the Optimal Microsite for Growth, Establishment,

and Persistence of Tephrosia angustissima var. corallicola?

Contributed by: Kristie S. Wendelberger and Joyce Maschinski
Species Name: Tephrosia angustissima var. corallicola
Common Name(s): Coral hoary pea
Family: Fabaceae
Reintroductions Initiated: 2003
Location: Pine rocklands of south Florida
Length of Monitoring: 2003–2009
Factors Tested: Microhabitat preference
Federal or State Status or IUCN Ranking: Florida endangered, G1 T1
Topic: What is the optimal microsite for species growth, establishment,

and persistence?

Species Description and Conservation Concern

The Florida endangered Tephrosia angustissima var. corallicola is a pros-
trate, sprawling pine rockland forb in the Fabaceae family. Although herbar-
ium specimens documented T. angustissima var. corallicola from pine rock-
lands throughout the Miami Rock Ridge from 1877 to 1927, today it is
known only from a single location in the United States and eight popula-
tions of unknown size in Cuba (Beyra Matos 1998). The single US location
is an agricultural field that was rock plowed and is currently mowed regu-
larly. Neither herbarium specimens nor the reference extant site provided
information on microhabitat (realized niche) requirements.

Reintroduction Methods and Findings

In June 2003, we experimentally introduced genetic clones of plants propa-
gated from stem cuttings at Fairchild Tropical Botanic Garden into three
different pine rockland microhabitats: fifty-seven plants into sunny habitat
(Serenoa), twenty-seven plants into shady habitat (pine), and fifty-seven
plants into disturbed habitat along the edge of the pine rockland (firebreak).
Some plants had mature fruits at the time of transplant. We planted into lo-
cations where rebar penetrated the soil at least 20 centimeters, and we wa-
tered holes before and after planting. We watered every 3 days for 2 months,
then occasionally for 3 months.

Tephrosia survival and persistence varied between microhabitats and life
history stages. From fall 2003 through fall 2006, the greatest percentage
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Box 7.2. Continued

adult survival occurred in the pine habitat; by 2009 only a single adult
survived in firebreak habitat. Three months after transplanting, seedlings
emerged. Greatest seedling recruitment occurred in the firebreak (2,067
seedlings), followed by pine (498 seedlings) and Serenoa (435 seedlings; fig.
7.5). Microsite significantly influenced maturation rate, survival, and popu-
lation growth rate. By September 2009, recruited seedlings had become re-
productive: fifty-nine in the Serenoa, ten in firebreak, and one in pine habi-
tats. Seedling survival significantly differed across microhabitats (χ2 = 179,
p < .001); seedlings had the highest chance of surviving to 2,000 days in the
Serenoa (2%), but only 1% chance of surviving in the pine and no chance of
surviving for 2,000 days in firebreak. Although there was low overall seedling
survival in all microsites over 6 years, seedlings that germinated in the
Serenoa had the greatest probability of surviving to reproductive age. Thus,
although transplants established and seedlings recruited into all habitats,
Serenoa habitat was the only one to have positive population growth (λ > 1)
to F2 generation within 2 years after installation (Maschinski et al. 2006).

Lessons Learned

Provide heterogeneity in reintroduction sites to capture optimal condi-
tions for different life stages.

Microsite significantly influenced vital rates of different life stages and
species persistence at the site.

Figure 7.5. Numbers of Tephrosia angustissima var. corallicola growing in three
microhabitat types from introduction in 2003 to 2009.
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constraining current ranges of these species and could be overcome with human
assistance.

The success of MR will be possible only if species are placed into habitats that
encompass their niche space. It is unlikely that MR will be successful (in the sense
of achieving ecological persistence) into habitat that is fundamentally unsuitable,
where unsuitable indicates a significant mismatch with the species’ niche space
(Matyas and Yeatman 1992). As many traits are retained over evolutionary time
(Ackerly 2003), broad geographic-scale MR would probably be outside the
γ-niche space and thus unsuccessful.

As is advised for traditional reintroductions, MRs should be done as experiments
and should be considered only if suitable recipient habitat is available. Each at-
tempt can help define optimal habitat, factors limiting population persistence, and
health of ecosystem processes. If we are to safeguard plant species against extinc-
tion from pervasive land conversion, climate change, and sea-level rise into the
next century, an integrated strategy will be necessary combining ex situ and in situ
conservation with introducing species to suitable protected locations outside their
current or historic range (Falk 1990). What remains to be seen is whether there will
be suitable habitat available anywhere for some of the rarest species.

Areas of Need and Research Opportunities

Can environment be manipulated to improve persistence of rare species popula-
tions? Is it possible to create microhabitat conditions that will favor positive popu-
lation growth of rare species?

Most restoration ecologists agree that in situ conservation is the preferred con-
servation strategy whenever possible. For extant rare populations with negative
population growth (λ < 1), conserving the species may entail finding ways to im-
prove in situ population growth. For example, removing invasive species from rare
plant habitats may increase λ. If done experimentally, invasive removal treat-
ments coupled with measures of population dynamics could give insight into the
ability to manage habitat to improve persistence of rare species (Pulliam 2000).
Experimental manipulations are relevant and can inform future plant reintroduc-
tions, because creating or locating optimal microsites can be enhanced with this
knowledge.

What Are the Best Ways to Define a Species’ Habitat Needs Considering the
Shifting Template of Climate Change?

Because of anthropogenic activities and their effects on future climate scenarios,
optimal habitat conditions for plant species persistence may change in latitude
and elevation (Thomson and Parker 2008). Experiments to determine whether
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species can withstand predicted temperature and precipitation change will shed
light on physiological tolerance and the feasibility of natural migration or MR of
endangered species. Future optimal locations will depend on the environmental
factor that limits the range of a species, and therefore future studies should aim at
revealing this factor first.

In addition, individual species are expected to react to these sweeping environ-
mental changes in unique ways, potentially disassembling contemporary biotic
communities while novel communities assemble (Temperton et al. 2004). Studies
exploring contemporary mutualistic interactions of rare species with their pollina-
tors, dispersers, soil symbionts, and microbial communities could help us under-
stand the dynamics of these relationships. Experimental manipulations to exam-
ine the effects of predicted climatic shifts (e.g., increased rainfall, temperature,
CO2 levels) on coadapted species may provide insights about how these associa-
tions and habitat needs may change in the future.

Summary

Niche theory provides a foundation for understanding species’ distributions at
geographic, landscape, population, and patch scales. Several important conserva-
tion applications of niche theory are relevant to plant reintroductions: using niche
models to refine surveys of rare species, heightening awareness of the degree of
rarity of the species’ habitat, modeling historic and future distributions, and defin-
ing suitable habitats and microsites for reintroductions. In the past 20 years, a
number of reintroductions reported in the CPC International Reintroduction Reg-
istry confirm that microsite properties are especially critical for long-term persis-
tence (i.e., nonnegative population growth rate) of plant reintroductions. Using a
recipient site assessment along with quantitative analysis of occupied patches and
experiments can help define suitable habitat for reintroductions. Because micro-
habitat strongly dictates success or failure of establishment and population
growth, and because historic conditions where species were supported may no
longer exist, we recommend that experimental approaches be used in reintroduc-
tions where more than one microhabitat is used as a trial. This is especially true in
dynamic ecosystems that present unpredictable conditions associated with perva-
sive impacts of climate change, altered disturbance regimes, land cover change,
and invasive species. Broad-scale plant distribution models that account only for
physiological tolerance may overestimate potential future distributions of species
if they do not incorporate microhabitat concerns, dispersal pathways, biotic limi-
tations, and the availability of reliably protected natural areas. Population growth
rates can be used as a barometer of reintroduction success across taxa and over
ecologically realistic periods of time.
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Chapter 8

Strategic Decisions in Conservation: Using
Species Distribution Modeling to Match

Ecological Requirements to Available Habitat

Crystal Krause and Deana Pennington

Identifying a species’ geographic range is the first step in understanding whether
the range is changing or being disturbed, fragmented, or modified by some other
process. A species’ range is constrained in part by specific environmental limiting
factors that collectively define the environmental space of the species or its habi-
tat needs. Other factors, such as dispersal and interspecific competition, further
constrain a species’ geographic distribution. However, environmental space cre-
ates a primary restriction on a species’ current geographic distribution that is eas-
ily measured and analyzed. Understanding environmental conditions, how those
conditions interact across geographic space, and how the spatial distribution of
those conditions may change through time can be informative for making conser-
vation decisions. This chapter addresses the following questions: (1) What envi-
ronmental conditions make up suitable habitat for endemic species of the Col-
orado Plateau? (2) Where do those conditions currently exist on the landscape?
(3) Will those conditions persist in the future?

There are many ways to identify a species’ geographic range, from drawing cir-
cles on a map to intensive modeling procedures. Species distribution models
(SDMs) are one approach to identifying suitable habitat and are widely regarded
as the best available tools for producing species-specific information necessary for
conservation planning (Hannah 2003). The results of SDMs have been used for
conservation planning in many different ways, including (1) to guide field surveys
to accelerate detection of unknown distributional areas and undiscovered species,
(2) to project potential impacts of climate change, and (3) to predict species inva-
sions (Peterson et al. 2003; Thomas et al. 2004; Bartel and Sexton 2009). Results
have also been used for selecting reserves and guiding reintroductions of endan-
gered species (Pearce and Lindenmayer 1998; Guisan and Thuiller 2005).
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Over the last two decades, several multivariate techniques have been devel-
oped to predict species’ distributions. These techniques were first built from pres-
ence and absence data. More recently, the need for presence-only models has be-
come popular because of the enormous amounts of presence-only data becoming
available through museum collections, herbaria, and other institutions providing
online databases (Graham et al. 2004). These presence-only distribution models
integrate a wide range of environmental data to project potential habitat for a spe-
cies based on known occurrences and locations of specific habitat conditions
(Phillips et al. 2009).

The biodiversity informatics community has invested substantially in shared
repositories of species’ occurrence data over the past decade and has developed
numerous algorithms for SDMs, including genetic algorithms (Genetic Algo-
rithm for Rule Set Production [GARP]), maximum entropy algorithms (Maxent),
and neural networks. These algorithms generate models based on the species’ lo-
cations and various environmental conditions. Each model is assessed for accu-
racy by measuring its performance on a set of reserved species locations (test data)
that were not used to build the model. Once accurate models are developed, they
can be projected onto past, current, and modeled future landscapes by substitut-
ing appropriate data. In the case of future landscapes, modeled climate change
data are substituted for present-day climate data used to formulate the model. In
addition to internal model evaluation, model output can be validated by compar-
ison with expected outcomes based on other validated sources. Outcomes may
then be used to inform conservation management decisions.

Among the conservation management decisions public land managers face is
the prospect of losing biodiversity on public lands as a consequence of climate
change. Through working groups, many federal agencies are addressing the topic
of managed relocation (MR) as a potential tool to reduce the negative effects of
climate change on biodiversity (see Glossary; Haskins and Keel, this volume).
Along with traditional conservation strategies, some major land management
units on the Colorado Plateau and in the western United States have developed
policies that consider MR. For example, one policy allows MR if it is consistent
with multiple-use objectives and the species is desirable, ecologically sound, and
noninvasive (Camacho 2010). Another policy allows MR in wilderness areas only
if it is consistent with preserving wilderness character and natural conditions (Ca-
macho 2010).

Extensive protocols must be followed for an MR program to be approved. Iden-
tifying suitable habitat is part of this process and is critical for the species’ success
(Maschinski et al. [chap. 7], this volume). Although not all habitat components
that are necessary for a species to survive can be relocated, many conditions can
be identified with appropriate modeling. Understanding where suitable habitat

132 reintroduction science and practice



currently occurs and where it might occur in the future can help land managers
identify areas for MR.

In this study we conducted an SDM for twenty endangered or threatened plant
species endemic to the Colorado Plateau (fig. 8.1) and used each species’ output
to understand the species’ environmental space, the current habitat occupancy
across geographic space, and potential changes in habitat occupancy due to spa-
tial migration of environmental space linked to future climate change. We also
identified areas of future habitat outside the species’ current range for possible
MR locations in addition to areas with constant suitable habitat (i.e., habitat that
is suitable from present day to future time periods). Using current species’ occur-
rence data, we identified relevant geologic and climatic conditions that provide
suitable habitat for each species, henceforth called relevant environmental space.
Our goals were (1) to identify environmental space needs for each species, (2) to
define which environmental variables were most limiting to each species, (3)
to examine model predictions of suitable habitat for current and future climate
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Figure 8.1. Federal land of the Colorado Plateau, Bureau of Indian Affairs (BIA), Bu-
reau of Land Management (BLM), US Forest Service (USFS), National Park Service
(NPS), and others, including the Department of Defense, Bureau of Reclamation, and
Department of Energy.



conditions, and (4) to measure potential habitat loss. We used potential habitat
loss to assess the vulnerability of Colorado Plateau endemic species to risk of ex-
tinction due to climate change.

Study Area: Colorado Plateau

The Colorado Plateau ecoregion supports one of the highest levels of endemism
in the United States; it ranks in the top three ecoregions on the North American
continent for the total number of endemics in all taxonomic groups (Ricketts et al.
1999). The Colorado Plateau contains 373,128 square kilometers of land, of
which 276,577 square kilometers (74%) is federally managed (fig. 8.1). Public
land managers of the Colorado Plateau have a pivotal role in protecting species
and ecosystems.

Species of Interest

Our study focused on threatened and endangered plants endemic to the Colorado
Plateau. Thirty-four federally listed plants are endemic to the Colorado Plateau.
Many of these plants are rare, with few individuals and few populations. We ex-
cluded species with occurrence points for fewer than ten populations from our
models because prior studies have demonstrated that using fewer than ten popu-
lations will not be meaningful without extensive habitat requirement data and de-
fined climate envelope constraints (Stockwell and Peterson 2002). For this study
we modeled twenty taxa that met these guidelines.

The selected taxa include seven succulent perennials (Pediocactus bradyi, Pe-
diocactus despainii, Pediocactus peeblesianus var. fickeiseniae, Pediocactus wink-
leri, Sclerocactus glaucus, Sclerocactus mesae-verdae, Sclerocactus wrightiae),
twelve perennial herbs (Astragalus humillimus, Carex specuicola, Cycladenia hu-
milis var. jonesii, Erigeron maguirei, Erigeron rhizomatus, Gilia caespitosa, Glau-
cocarpum suffrutescens, Lesquerella congesta, Packera franciscana, Physaria obcor-
data, Schoenocrambe argillacea, Townsendia aprica), and one perennial subshrub
(Eriogonum pelinophilum). All taxa are listed as endangered or threatened with
the US Fish and Wildlife Service.

Model Input Data: Predictor Variables

Our study area comprised federal land on the Colorado Plateau. All data are rep-
resented in a geographic information system (GIS) grid. A grid structure divides
an image (map) into rows and columns of even size. Each point of data in a grid
is known as a pixel or data cell. Each pixel contains location and other data
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according to the map information. For example, a map of temperature contains
data of temperature at each grid pixel. For each grid cell of 1 square kilometer in
the study area (fig. 8.1), we calculated values for twenty predictor variables, nine-
teen climatic and one geologic (table 8.1). We selected these variables because
they are biologically meaningful to plants (Parolo et al. 2008). We did not incor-
porate other commonly used predictor variables such as topography because ele-
vation is highly correlated with temperature and precipitation patterns. Although
slope angle regulates soil wetness and erosion, the geologic data used instead pro-
vide much more detailed information.

We used the US Geological Survey preliminary integrated geologic map data-
bases for the geologic layer. The database uses state geologic maps. We prepared
the database maps using project standards for structure, fields, attribution, and
data dictionaries so that each state map could be collated with those of other
states. The geologic information consists of a unit link (this creates a unique iden-
tifier for every geologic unit), unit name, unit description, unit age, rock type (one
is the dominant lithology of the unit, rock type, and two is the second most abun-
dant lithology), province, and stratigraphic unit information (Ludington et al.
2007; Stoeser et al. 2007).

Worldclim, a 30–arc second global climate data model (http://www.worldclim
.org), provided nineteen climatic variables that are thought to be biologically im-
portant (table 8.1). Derived from monthly averages of temperature and precipita-
tion, these data are measured at weather stations from a large number of global,
regional, national, and local sources (Hijmans et al. 2005). The Shuttle Radar To-
pography Mission (SRTM) elevation database provided elevation data (Hijmans
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table 8.1

Environmental predictor variables used in species distribution modeling.

BIO1 = Annual mean temperature (°C) BIO11 = Mean temperature of coldest quarter
(°C)

BIO2 = Mean diurnal temperature range (°C) BIO12 = Annual precipitation (mm)
BIO3 = Isothermality (°C) BIO13 = Precipitation of wettest month (mm)
BIO4 = Temperature seasonality (°C) BIO14 = Precipitation of driest month (mm)
BIO5 = Maximum temperature of warmest

month (°C) BIO15 = Precipitation seasonality (mm)
BIO6 = Minimum temperature of coldest

month (°C) BIO16 = Precipitation of wettest quarter (mm)
BIO7 = Temperature annual range (°C) BIO17 = Precipitation of driest quarter (mm)
BIO8 = Mean temperature of wettest quarter BIO18 = Precipitation of warmest quarter

(°C) (mm)
BIO9 = Mean temperature of driest quarter (°C) BIO19 = Precipitation of coldest quarter (mm)
BIO10 = Mean temperature of warmest quarter Geology = Landform description categorical

(°C) units



et al. 2005). These data are interpolated using the thin-plate smoothing spline al-
gorithm implemented in ANUSPLIN software (Hijmans et al. 2005). Latitude,
longitude, and elevation were the independent variables used for cross-validation
(Hijmans et al. 2005). We transformed monthly data into the nineteen biocli-
matic variables. We tested predictor variables for correlation (see supplementary
tables 8.S1–8.S3).

The Intergovernmental Panel on Climate Change (IPCC) database provided
future climate data (Nakicenovic et al. 2000). We modeled four representative
scenarios and three different climate models (BCCR, CSIRO, and NIES) at three
time steps. The three selected models originated from different modeling centers
to represent a range of future conditions: Bjerknes Centre for Climate Research
(BCCR) is from the University of Bergen, Norway; CSIRO is from Australia’s
Commonwealth Scientific and Industrial Research Organization; and NIES is
from Climate Risk Assessment Research Section of the Center for Global Envi-
ronmental Research, National Institute for Environmental Studies, Japan.

For each modeling center, we chose and compared four scenarios related to
future economic and environmental conditions provided by the IPCC Special
Report on Emissions Scenarios; these have the abbreviations SRA1B, SRB1,
SRA2, and 1PTO2X (BCCR 2005, 2006a, 2006b; Collier 2005a, 2005b, 2005c;
Nozawa 2005a, 2005b, 2005c, 2005d, 2005e). The key assumptions for SRA1B are
a future world of very rapid economic growth, low population growth, and rapid
introduction of new and more efficient technology. Major underlying themes are
economic and cultural convergence and capacity building, with a substantial re-
duction in regional differences in per capita income. In this world, people pursue
personal wealth rather than environmental quality. Key assumptions of scenario
SRB1 are a convergent world with the same global population as in the A1 sce-
nario but with rapid changes in economic structures toward a service and infor-
mation economy, with reductions in material intensity, and the introduction of
clean and resource-efficient technologies. Key assumptions for SRA2 are a very
heterogeneous world. The underlying theme is that of strengthening regional cul-
tural identities, with an emphasis on family values and local traditions, high pop-
ulation growth, and less concern for rapid economic development. The 1PTO2X
scenario is an experiment run with greenhouse gases increasing from preindus-
trial levels at a rate of 1% per year until the concentration has doubled and held
constant thereafter.

The future climate scenarios we studied all show an increase in mean annual
temperature; nearly all scenarios also predict a drier future. The NIES SRA2
2070–2099 scenario is the warmest, with mean annual temperature increasing by
6°C. The NIES SRA1B 2070–2099 scenario is the driest scenario, with a decrease
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in annual precipitation of 90 millimeters, and the BCCR SRB1 scenario is the
wettest, with an increase in precipitation of 26 millimeters. For each model and
scenario, we used minimum temperature, maximum temperature, mean temper-
ature, and precipitation and transformed them into bioclimatic variables to match
the Worldclim data (see supplementary tables for detailed information about
each model and scenario).

It is standard practice to average climate simulation data into 30-year incre-
ments to remove year-to-year variation, yielding a “current” projection that is the
average of 1960–1990 and future projections in 30-year increments beginning in
2010 (e.g., 2010–2039, 2040–2069, and 2070–2099). The modeled “current” pro-
jection is validated against observed climate data for the period of 1960–1990,
which has been assimilated globally for all of the modeled climate parameters.
General climate models (GCMs) typically have coarse spatial resolution (on the
order of 300 square kilometers depending on the GCM). In order to generate
finer spatial resolution projections needed for SDM, each future 30-year period is
compared to the modeled current prediction, and a change value (anomaly) is
calculated. The anomaly value is then added to the much finer spatial resolution
(1 kilometer) observed climate data to generate high–spatial resolution future cli-
mate projections that are calibrated to the observation data (see Wilby et al. 2004
for details).

Model Input Data: Species Occurrence Points

Species location points are from Natural Heritage Programs of the four corner
states and the Navajo Nation, regional herbaria, Bureau of Land Management
(BLM), and National Park Service parks. We requested information from each of
these institutions as point data with latitude and longitude, date of collection, and
a general location description. We checked all points for quality by visual analysis
in GIS. If a point was outside the plateau boundary, it was automatically removed.
If a point was an outlier of other points, we used the general location description
to cross-check the latitude and longitude. We used the date the species was col-
lected or sampled to match up species location points with the same timeframe of
the current-day climate variables. If the point date was before 1950 or after 2000,
we omitted the points from the analysis. We eliminated points collected after 2000
because those populations may already be influenced by current-day climate
change and may not coincide with climate variables, whereas points with a col-
lection date before 1950 may represent extinct populations. We did not remove
points with duplicate latitude and longitude because these locations provided an
emphasis on suitable habitat needs.
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Species Distribution Modeling

In this study we used Maxent as the modeling technique (Phillips et al. 2006).
Maxent estimates a target probability distribution by finding the probability distri-
bution of maximum entropy. Entropy is a measure of the uncertainty associated
with a random variable, and maximum entropy ranges from the point that is clos-
est to uniform to the point that is the most widespread (Phillips et al. 2006). The
higher the entropy, the more choices or less constrained a model is. The con-
straints used in Maxent are the values of the environmental variables compared
with the average environmental values from existing sites where species occur.
The probability distribution produced is subjected to these constraints, and no un-
found constraint is placed on the distribution (Phillips et al. 2006). The distribu-
tion then “agrees with everything we know but carefully avoids assuming anything
we do not know” (Phillips et al. 2006, p. 236). An important reason for choosing
Maxent was that it allowed us to use “presence-only” species data and continuous
and categorical environmental variables. In addition, Maxent has been shown to
perform better than other algorithms for modeling distributions with limited data
points (Elith et al. 2006; Pearson et al. 2007).

For each species, we built a distribution model with the twenty predictor vari-
ables and projected models onto the four representative scenarios and three dif-
ferent climate models (BCCR, CSIRO, and NIES) at three time steps. After
model completion, we applied a threshold value to each output grid to transform
the data from a logistic output to a binary output. The threshold selected was
equal training sensitivity and specificity. The application of the model influenced
the threshold choice, because we were interested in identifying suitable habitat
across the study area boundary, so low thresholds were sufficient. If our focus were
to identify areas for reintroduction or another costly investment, a higher thresh-
old may be needed. For a more complete review of threshold selection, see Liu
and colleagues (2005).

Model Evaluation

It is important to use more than one test metric for performance testing because
each metric quantifies a different aspect of the models’ predictive strength (Elith
and Graham 2009). We evaluated the models and verified that they performed
better than random using two evaluation methods. The first was a threshold-
dependent binomial test based on omission and predicted area. It uses the extrin-
sic omission rate (i.e., the fraction of test points that fall into pixels not predicted
suitable) and the proportional predicted area (i.e., the fraction of all pixels that are
predicted as suitable) (Phillips et al. 2006).
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The second evaluation method is a threshold-independent receiver operating
characteristic (ROC) analysis that characterizes model performance at all possi-
ble thresholds by a single number: the area under the curve (AUC) (Phillips et al.
2006). Traditionally, researchers used the ROC curve to evaluate the accuracy of
the model and each variable’s predictive power (Hanley and McNeil 1982). The
ROC curve represents the relationship between the percentage of presences cor-
rectly predicted (sensitivity) and one minus the percentage of the absences cor-
rectly predicted (specificity). The AUC measures the ability of the model to clas-
sify correctly a species as present or absent. AUC values can be interpreted as the
probability that a site with the species present will have a higher predicted value
than a site with the species absent when both are drawn at random. We modified
the AUC to accommodate presence-only data by using presence versus random,
rather than presence versus absence comparisons. Although using AUC test statis-
tics has received criticism in recent years (Lobo et al. 2008), it is still viewed as an
important metric for evaluating predictive performance (Elith and Graham
2009). Following Araujo and Guisan (2006), a rough guide for classifying the
model accuracy is 0.5–0.6 = insufficient, 0.6–0.7 = poor, 0.7–0.8 = average,
0.8–0.9 = good, and 0.9–1.0 = excellent.

Sample Analysis

We used a sample analysis to identify the environmental limiting factors that
collectively define the environmental space or habitat needs of each species.
The sample analysis GIS function, located within the Spatial Analyst Tools of
ArcMap 9.3, creates a table that shows the values of cells from a raster or set
of rasters for defined location points (ESRI 2009). We used sample analysis to
compare the environmental space identified from known point locations and
current climate and geology with the modeled potential distributions. The sam-
ple analysis generated specific values from the predictor variables at each oc-
currence point. This provided a range of observed values for each predictor vari-
able for each species and defined the species’ environmental space. We com-
pared the values and defined environmental space generated from the sam-
ple analysis with the response curves and environmental space identified by
Maxent.

For the sample analysis, we considered a variable to be a good predictor of en-
vironmental space if the current and potential distribution ranges of variables
were within 10 millimeters for precipitation, within 1°C for temperature, and lim-
ited to one geology layer. We compared these variables with the top five predictor
variables from the Maxent distribution model.
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Figure 8.2. Variable importance for (a) sample analysis and (b) species distribution
modeling (SDM). The top five predictor variables with corresponding number of impor-
tance are indicated, with 1 = highest importance.

(a)

(b)



Extinction Risk

We calculated extinction risk for each species. We compared the percentage of
habitat (or pixels) lost at each time step to initial suitable habitat. We categorized
species’ extinction threat using a modified version of the IUCN Red List threat cat-
egories (IUCN Species Survival Commission 2004). We calculated the habitat loss
with no dispersal using the extent of the Colorado Plateau, and we calculated habi-
tat loss with full dispersal using the western United States extent. We categorized a
species as extinct if it had projected habitat loss of 100%, critically endangered if
projected habitat loss was more than 80%, endangered if projected habitat loss was
more than 50%, vulnerable if projected habitat loss was more than 30%, and stable
if habitat loss was less than 30% or there was a gain in potential habitat. We calcu-
lated risk totals by adding total species for each scenario. We created ensemble
maps by overlaying all species and identifying areas where multiple species find
suitable habitat under current and extreme scenarios.

Dispersal Analysis

In addition, we applied two types of dispersal assumptions to the species distribu-
tion modeling: no dispersal and full dispersal. The no-dispersal assumption pre-
vents movement between pixels from the present to the future. Therefore, pixels
were identified as suitable in the future only if they were identified as suitable
habitat in the present-day Colorado Plateau. The full dispersal assumption al-
lowed suitable habitat to be located anywhere in the western United States.

Model Results

Model predictive performance varied between the species and two test metrics.
AUC scores varied between species; all were considered very good or excellent
(table 8.2). Sclerocactus wrightiae had the lowest training and test AUCs of 0.8952
and 0.8555, respectively, which rank as “good,” and all other species had AUC
scores of 0.9 and above, which rank “excellent.” The current potential distribution
varies in range size from the smallest, 741 square kilometers (Erigonum peli-
nophilum), to the largest, 67,105 square kilometers (Erigeron rhizomatus). The
threshold-dependent test metric identified that nearly all model omission rates
were less than 1% (see supplementary tables).

Environmental Space and Variable Importance

The sample analysis identified isothermality (mean diurnal temperature range di-
vided by the annual temperature range) and precipitation of the driest month as
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important variables for nineteen of the twenty species (fig. 8.2a). Isothermality is a
quantification of how large the day-to-night temperature oscillation is in compari-
son to the summer-to-winter oscillation. A value of 100 would represent a site
where the diurnal temperature range is equal to the annual temperature range. A
value of 50 would indicate a location where the diurnal temperature range is half
of the annual temperature range. Geology and precipitation seasonality were also
considered important for more than half of the species. Maxent provides a vari-
able importance ranking for how environmental variables were used to build each
model. This ranking identified mean temperature of the driest quarter as the
strongest predictor variable for the greatest number of species (eighteen of twenty;
fig. 8.2b). Isothermality and geology were also strong predictors for more than half
the plants.

Isothermality and geology are important variables for predicting endemism on
the Colorado Plateau according to the comparison of SDMs and sample analyses.
The unique geologic patterns of the plateau correspond with the high number of
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table 8.2

Model performance ranked by area under the curve (AUC) values for training and testing each
species distribution model and the number of location points used for each species.

Training Test AUC AUC
Points Points Training Test

Astragalus humillimus 13 5 0.9930 0.9870
Carex specuicola 77 31 0.9830 0.9880
Cycladenia humilis var. jonesii 26 9 0.9840 0.9750
Erigeron maguirei 21 8 0.9956 0.9987
Erigeron rhizomatus 24 9 0.9910 0.9210
Eriogonum pelinophilum 38 15 0.9997 0.9995
Gilia caespitosa 24 9 0.9998 0.9998
Glaucocarpum suffrutescens 46 19 0.9994 0.9964
Lesquerella congesta 49 21 0.9997 0.9996
Packera franciscana 10 4 0.9993 1
Pediocactus bradyi 29 12 0.9972 0.9791
Pediocactus despainii 17 7 0.9963 0.9931
Pediocactus peeblesianus var. fickeiseniae 40 17 0.9928 0.9866
Pediocactus winkleri 10 4 0.9966 0.9975
Physaria obcordata 35 14 0.9940 0.9988
Schoenocrambe argillacea 57 24 0.9999 0.9996
Sclerocactus glaucus 188 80 0.9987 0.9963
Sclerocactus mesae-verdae 54 23 0.9969 0.9935
Schlerocactus wrightiae 81 34 0.8952 0.8555
Townsendia aprica 51 21 0.9964 0.9925



according to the map information. For example, a map of temperature contains
data of temperature at each grid pixel. For each grid cell of 1 square kilometer in
the study area (fig. 8.1), we calculated values for twenty predictor variables, nine-
teen climatic and one geologic (table 8.1). We selected these variables because
they are biologically meaningful to plants (Parolo et al. 2008). We did not incor-
porate other commonly used predictor variables such as topography because ele-
vation is highly correlated with temperature and precipitation patterns. Although
slope angle regulates soil wetness and erosion, the geologic data used instead pro-
vide much more detailed information.

We used the US Geological Survey preliminary integrated geologic map data-
bases for the geologic layer. The database uses state geologic maps. We prepared
the database maps using project standards for structure, fields, attribution, and
data dictionaries so that each state map could be collated with those of other
states. The geologic information consists of a unit link (this creates a unique iden-
tifier for every geologic unit), unit name, unit description, unit age, rock type (one
is the dominant lithology of the unit, rock type, and two is the second most abun-
dant lithology), province, and stratigraphic unit information (Ludington et al.
2007; Stoeser et al. 2007).

Worldclim, a 30–arc second global climate data model (http://www.worldclim
.org), provided nineteen climatic variables that are thought to be biologically im-
portant (table 8.1). Derived from monthly averages of temperature and precipita-
tion, these data are measured at weather stations from a large number of global,
regional, national, and local sources (Hijmans et al. 2005). The Shuttle Radar To-
pography Mission (SRTM) elevation database provided elevation data (Hijmans
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table 8.1

Environmental predictor variables used in species distribution modeling.

BIO1 = Annual mean temperature (°C) BIO11 = Mean temperature of coldest quarter
(°C)

BIO2 = Mean diurnal temperature range (°C) BIO12 = Annual precipitation (mm)
BIO3 = Isothermality (°C) BIO13 = Precipitation of wettest month (mm)
BIO4 = Temperature seasonality (°C) BIO14 = Precipitation of driest month (mm)
BIO5 = Maximum temperature of warmest

month (°C) BIO15 = Precipitation seasonality (mm)
BIO6 = Minimum temperature of coldest

month (°C) BIO16 = Precipitation of wettest quarter (mm)
BIO7 = Temperature annual range (°C) BIO17 = Precipitation of driest quarter (mm)
BIO8 = Mean temperature of wettest quarter BIO18 = Precipitation of warmest quarter

(°C) (mm)
BIO9 = Mean temperature of driest quarter (°C) BIO19 = Precipitation of coldest quarter (mm)
BIO10 = Mean temperature of warmest quarter Geology = Landform description categorical

(°C) units



Figure 8.3. Percentage of the initial habitat that is lost at each time step for (a) the
warmest (NIES SRA2), (b) driest (NIES SRA1B), and (c) wettest (BCCR SRB1) climate
change scenarios, where species have no dispersal ability.

(a)

(b)

(c)



eight that gain habitat. The wettest (BCCR SRB1) predicted no species in the ex-
tinct category, two critically endangered, four endangered, three vulnerable, one
stable, and ten that gain habitat. Glaucocarpum suffrutescens, P. despainii, P.
winkerlii, and T. aprica were categorized as extinct for the driest and warmest
scenarios.

Areas of Change

Ensemble maps of all species for the three extreme scenarios show a concentra-
tion of suitable habitat in the northwestern portion of the plateau under the no-
dispersal assumption (NIES SRA2 shown in fig. 8.5). This area has suitable habi-
tat for six species: C. humilis var. jonesii, E. maguirei, P. bradyi, P. winkleri, S.
wrightiae, and T. aprica. Land management of this area is through Capital Reef
National Park, Mount Ellen–Blue Hills BLM Wilderness Area, and the BLM.

Full dispersal ensemble maps have a concentration of suitable habitat in the
area northwest of the plateau and farther north in Utah. The area outside the
plateau has a concentration of six species: E. maguirei, G. suffrutescens, P. wink-
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Figure 8.4. Extinction risk under no dispersal and full dispersal for the warmest (NIES
SRA2), driest (NIES SRA1B), and wettest (BCCR SRB1) climate change scenarios
through time.



leri, S. argillacea, S. wrightiae, and T. aprica. The BLM provides land manage-
ment in this area.

Discussion

Threatened and endangered plants of the Colorado Plateau are already vulnera-
ble due to habitat loss, fragmentation, and invasive species. Climate change may
put these species at even higher extinction risk. By understanding a species’ envi-
ronmental space, we may be able to begin protecting important future habitats.
The Colorado Plateau is uniquely located between the Rocky Mountains to the
east and the Great Basin desert from the west—two opposing moisture trajecto-
ries—which provides for an ecosystem that could be among the most sensitive to
past and future drivers of climate change (Schwinning et al. 2008). Climate
change projections for the Colorado Plateau vary between models, but a consen-
sus of twenty-two downscaled models predicts annual temperatures to exceed the
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Figure 8.5. Ensemble maps of suitable habitat for all plants for the NIES SRA2 climate
change scenario under no dispersal in current day, 2010–2039, 2040–2069, and
2070–2099 time steps.



1950–1999 range of variability by the 2030s (Garfin et al. 2007). Annual precipi-
tation in the southern region of the Colorado Plateau may decrease by 6% by the
end of the century, with spring precipitation declining by 11–45% in the twenty-
first century (Garfin et al. 2007). However, increases in summer monsoon rain
patterns are predicted across the plateau. This predicted variability in precipi-
tation may be especially important to rare plants on the plateau because
winter–spring recharge of soil moisture is important for all plants (Ehleringer et
al. 1991). For the Colorado Plateau, soil moisture recharge results primarily from
winter precipitation, whereas summer precipitation recharges only the uppermost
layers of soil (Fernandez and Caldwell 1975). Related to these changes are higher
summer temperatures, which may limit moisture intake and were also significant
factors in the models. Lin and colleagues (1996) found evidence of niche differ-
entiation among plants with respect to soil moisture use in arid and semiarid
woodland ecosystems.

In addition to geology, the narrow range of isothermality and precipitation of
driest month for the majority of species suggest that these variables are controlling
factors for the geographic distribution of many of these threatened plants. Isother-
mality may play an important role with a changing climate because increased
nighttime temperatures may accelerate carbon loss through increased respiration
rates (Alward et al. 1999) and may decrease temperature sensitivity (Luo et al.
2001; Atkin and Tjoelker 2003). Importance rankings from the sample analysis
and models matched some species with geology and isothermality. For the major-
ity of species, minimum temperature was a controlling factor, and maximum tem-
perature was less influential for suitable habitat predictions. A majority of climate
change models predict a warmer future. This may be less influential on these Col-
orado Plateau plants, because maximum temperatures may not be constraining
their distributions.

Practical Implications for Traditional Restoration Work

Preparing conservation strategies requires that we can predict when a plant might
lose a majority of its suitable habitat. For the three extreme scenarios, the majority
of habitat was lost in the first time step (2010–2039). The ensemble maps predict
areas where suitable habitat might persist into the future. These areas should have
higher conservation value not only for the species that can naturally disperse but
also for conservation and relocation efforts. It is important to note that these tem-
porally stable areas identified in the ensemble maps are not currently on pro-
tected lands. These findings may provide conservation planners better guidance
for identifying places where endangered plants may find suitable habitat in the
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future and where future protected areas could provide the most protection for the
most species.

Areas of Need and Research Opportunities

SDMs provide tools to better understand a species’ environmental space and
characteristics of the species’ niche. Although many models can incorporate
dispersal mechanics, competition, and many other biotic factors that control spe-
cies’ distribution, continued research on how best to model these factors is needed
and will help predict climate change impacts.

Prospects and Cautions for Appropriate Use of MR

For the species we studied and for many other endangered plants, the extent to
which distributions are limited by suitable habitat or by barriers to movement and
stochastic processes is not well understood (Wiser et al. 1998). This issue can be
seen with some of the plants modeled under the full dispersal assumption; with
dispersal limitations and other biotic restraints removed, the models identify suit-
able habitat outside their current range. Yet it is unlikely that these plants will be
able to disperse to new areas without human assistance. Whether these areas can
be used in the future for reintroduction remains to be tested.

What makes this study unique among distribution applications is that we
tracked habitat through time to identify areas where a species might be able to
move with the changing climate. For many of the species studied, the no-dispersal
assumption is the closest to reality. These species will not be able to disperse out-
side a 1-square-kilometer grid cell. The ability to move across the landscape is im-
portant for many of these species if they are to persist in the future. For many en-
dangered plants of the plateau, dispersal greater than 1 kilometer is unlikely. A
review of the species literature and biology revealed that eight of the twenty plants
have no dispersal ability outside a 1-square-kilometer pixel.

The other twelve plants probably have some dispersal ability with assistance
from seed dispersers. Areas along riparian corridors for hanging garden species
may also allow longer dispersal. However, we examined neither of these dispersal
mechanisms in this study. None of the plants have dispersal abilities that resemble
the full-dispersal model. A more realistic, intermediate assumption between the
extremes of no dispersal and full dispersal may provide a better understanding of
how species might be able to disperse to suitable habitat in the future. The full-dis-
persal model allowed us to identify suitable habitat available for MR. It is clear
from our findings that MR may become the only viable option for endangered
Colorado Plateau plants to persist in the future. Species distribution modeling can
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help identify areas of current and future suitable habitat. Although there are few
publications on the use of species distribution modeling and its use with MR, we
believe that identifying suitable habitat areas outside a species’ historical range
provides insights on how to manage for species conservation. It is essential for rein-
troduction projects to identify areas where a species will persist in the future under
a changing climate.

Summary

Although the climate models make different predictions, the majority of the mod-
els trend toward a drier and warmer future. If these assumptions are correct, this
study shows that more than half the endangered and threatened plants of the Col-
orado Plateau may go extinct in the next hundred years. If future climates are
warmer and wetter, the extinction risk is dramatically lower. Although precipita-
tion data from GCMs are still not as reliable as temperature data, scenario com-
parison provides us with a better understanding of the range of potential change in
the future and the source of uncertainty. Our results are comparable to extinction
risks predicted by others. For example, Thomas and colleagues (2004) found that
as many as 37% of species may be destined for extinction. Midgley and colleagues
(2003), working on plant diversity in the Cape Floristic Region of Africa, pre-
dicted that four of the twenty-eight Proteaceae species would experience range
elimination, seventeen would experience range contractions, and eleven would
experience range expansions. As others have found, our results show variability in
possible responses under climate change. There is growing evidence of potential
shifts in species’ ranges under future climate change. Predictions formed from
SDMs are considered very useful, but there are still uncertainties. Some key as-
sumptions of SDMs are crucial for understanding model performance: A species
is at equilibrium with the environment, the local environment has been sampled
so gradients can be identified, and dispersal limitations will constrain movement
based on parameters set (Wiens et al. 2009; also see Elith and Leathwick 2009 for
review). As in all modeling experiments, model calibration and execution should
be well known to best understand predictions.

The Colorado Plateau provides a unique setting with numerous protected
areas. Although many endangered plants currently occupy some of these pro-
tected areas, it is predicted that the majority of endangered plants will not find
suitable habitat in protected areas in the future. We argue that modeling results
from numerous future climate scenarios, different dispersal abilities, and GIS
sample analysis can facilitate strategic conservation decisions by providing insights
about a species’ environmental space in current and future timeframes. Only with
this information will it be possible to make decisions about reintroductions.
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table 8.s2

Climate data trends of mean annual temperature and annual precipitation for the eleven model
scenarios, the three time periods, and current day data from the Worldclim dataset.

Time Mean Annual Annual
Model Scenario Period Temperature (°C) Precipitation (mm)

BCCR 1PTO2X 2010 9.47 346.54
BCCR SRA1B 2010 9.89 340.60
BCCR SRB1 2010 9.94 347.72
CSIRO 1PTO2X 2010 9.60 361.79
CSIRO SRA1B 2010 9.82 344.57
CSIRO SRB1 2010 9.52 347.57
NIES 1PTO2X 2010 9.97 354.90
NIES 1PTO4X 2010 9.97 354.90
NIES SRA1B 2010 11.06 335.70
NIES SRA2 2010 10.97 327.46
NIES SRB1 2010 10.89 319.41
BCCR 1PTO2X 2040 10.47 361.12
BCCR SRA1B 2040 11.30 352.28
BCCR SRB1 2040 10.72 344.87
CSIRO 1PTO2X 2040 10.41 326.80
CSIRO SRA1B 2040 10.60 327.93
CSIRO SRB1 2040 10.07 345.40
NIES 1PTO2X 2040 9.97 380.11
NIES 1PTO4X 2040 11.57 380.11
NIES SRA1B 2040 12.90 283.26
NIES SRA2 2040 12.84 279.07
NIES SRB1 2040 12.14 307.13
BCCR 1PTO2X 2070 11.03 317.59
BCCR SRA1B 2070 12.33 355.14
BCCR SRB1 2070 11.14 388.20
CSIRO SRA1B 2070 10.75 344.18
CSIRO SRB1 2070 11.14 334.35
NIES 1PTO2X 2070 12.81 330.44
NIES 1PTO4X 2070 13.39 348.75
NIES SRA1B 2070 14.61 272.23
NIES SRA2 2070 15.30 281.25
NIES SRB1 2070 13.07 318.29
Worldclim Present day 8.91 362.07

Note that IPCC did not provide data for CSIRO 1PTO2X 2070–2099, so that scenario is not included in this table.
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Chapter 9

Using Population Viability Analysis
to Plan Reintroductions

Tiffany M. Knight

Matrix population models and population viability analysis (PVA) are useful tools
for plant conservation, allowing managers to project the trajectory of populations,
compare alternative management scenarios, and suggest actions that might pro-
mote persistence (Menges 2000; Caswell 2001; Morris and Doak 2002). The
same quantitative tools can be used to optimize reintroductions of rare plant spe-
cies into habitats where they once persisted, into newly mitigated habitats (Falk et
al. 1996; Menges 2008), or even as part of a managed relocation program in the
face of global climate change (Vitt et al. 2010). Matrix population models and
PVA (see also Menges 2008) can answer several questions stemming from rare
plant reintroductions. Which sites should be chosen for reintroduction? Should
reintroductions be created using seeds? Or would reintroductions of seedlings or
larger plants, despite the greater effort involved, be more successful? How many
propagules (of seeds, seedlings, or larger plants) are needed to provide reasonable
assurance of creating a viable population?

In this chapter, I provide an overview of the utility of PVA for planning and
evaluating reintroduction success. First, I review the few published studies that
have used PVA and extensive demographic information to plan and evaluate suc-
cess of reintroductions with endangered plant species. These studies represent the
gold standard of the use of PVAs for reintroduction in that they contain several
years of data on both natural and reintroduced populations and are able to make
quantitative projections (Menges 2008). However, conservation practitioners of-
ten lack the resources (time, money, or otherwise) to perform such detailed PVA
studies, have extremely limited sample size, or need to take immediate action in
order to mitigate habitat disturbance of species particularly vulnerable to extinc-
tion. In such cases, it is often not possible or practical to collect demographic data
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on natural populations in order to make decisions for reintroductions. To address
this issue, I next discuss how the quantitative tools can be useful even when ex-
tensive data are unavailable. Using guidelines from PVA models on natural plant
populations, I ask whether there are any general rules that a practitioner can apply
when planning reintroductions. I synthesize matrix population models created for
eleven plant species (twenty-three total populations) that were studied in multiple
years (allowing temporal environmental variation to be quantified). I use these es-
timates to assess how many seeds or transplants are necessary to create a viable
new population. I present results from a new case study examining the reintro-
duction success of the forest herb Trillium grandiflorum by comparing two funda-
mental principles that emerge from the synthesis of published PVA studies: Rein-
troduction success will depend on (1) the number and life stage of propagules
used to initiate the population and (2) habitat-specific characteristics influencing
a population’s growth rate.

Matrix Population Models and PVA of Reintroduced Populations

The ultimate goal of reintroductions is to create new populations that are able to
persist on their own with minimal intervention and maintenance. Demographic
data (i.e., vital rates including stage-specific survivorship, growth, and fecundity)
incorporated into matrix population models can reveal population trajectories
that might not be obvious from other sampling techniques (e.g., counts of individ-
uals through time). For example, it might take many years for significant increases
in the number of individuals or the population density of a long-lived species to be
observed, but demographic models can project whether populations are on a pos-
itive growth trajectory and can estimate the time it will take for a target population
size to be reached. In addition, detailed demographic monitoring of natural and
reintroduced populations can identify the environmental drivers of vital rates and
quantify how critical they are to population growth. Therefore, comparing demo-
graphic models of reintroduced and natural populations can allow a more com-
prehensive understanding about the environmental conditions that must be pres-
ent for reintroductions to succeed (appendix 1, #36).

Matrix population models and PVAs are best used as comparative tools (Silver-
town et al. 1993, 1996; Ramula et al. 2008; Buckley et al. 2010). These models are
simplifications of nature and will probably not capture enough detail to forecast
accurately the number of individuals that will be present in the population at
some time in the future. However, models that incorporate relevant demographic
aspects (stage structure, environmental factors that influence vital rates) can syn-
thesize this information into comprehensive response variables (e.g., population
growth rate) and can be used to evaluate the likely outcomes of different reintro-
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duction strategies. For example, matrix population models can help evaluate
which vital rates and environmental drivers are most important influences on
population growth rate and can compare different strategies for reintroduction,
such as using seeds versus transplants or estimating the number of propagules
needed (Menges 2008).

Although many studies have used matrix population models to study the ecol-
ogy of natural plant populations, few have applied this approach to plant reintro-
ductions; exceptions are studies on Cirsium pitcheri (Bell et al. 2003), Pseudo-
phoenix sargentii (Maschinski and Duquesnel 2007), and Centaurea corymbosa
(Colas et al. 2008). Each of these studies asked whether reintroduced populations
had similar demographic vital rates as natural populations and thus similar proba-
bilities of persistence. Most reintroductions collect some demographic data (e.g.,
whether transplants survived) to measure success. However, these three studies
measured vital rates at all phases of the life cycle. Thus, they were able to make
more comprehensive evaluations of the status of reintroduced populations rela-
tive to natural populations and the environmental conditions necessary to create a
viable reintroduced population.

In these three studies, vital rates differed significantly between natural and
reintroduced populations. This provided valuable insight into the number and
stage of propagules needed to restore a population successfully and identified the
environmental drivers of the system. For example, in a reintroduced C. pitcheri
population at Illinois Beach, transplanted individuals had lower fecundity than
naturally recruited individuals at this site, and thus the number of transplants
needed to establish a viable population was higher than would have been pre-
dicted based on the demography of natural populations (Bell et al. 2003). Alterna-
tively, for C. corymbosa, reintroduced populations had greater fertility than natu-
ral populations, probably because the genetic diversity of seeds used in these
reintroductions was high, increasing mate availability for self-incompatible flow-
ering individuals. This result highlights the importance for founder diversity in all
future reintroductions of this species (Colas et al. 2008).

Matrix population models are an excellent way to quantify the relative impor-
tance of environmental drivers on population growth, because both the effect of
the driver on vital rates and the role of the vital rates in determining population
growth are simultaneously assessed. In both natural and restored populations of C.
pitcheri, vital rates were poor and population growth rate was low during years
with low precipitation (Bell et al. 2003). This has serious consequences for re-
introductions. As a result of high variation in environmental conditions, matrix
population models revealed that 1,600 seedling transplants were necessary to cre-
ate a viable population. For P. sargentii, little was known about the environmental
drivers of vital rates and population dynamics before the reintroduction because
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only one wild population existed. However, the comprehensive demographic
analyses of the thirteen reintroduced populations revealed that topographic fac-
tors had overriding importance to reintroduction success (Maschinski and Du-
quesnel 2007; Monks et al., this volume).

A Quantitative Synthesis

Although the case studies discussed here illustrate the power and utility of having
detailed demographic data for modeling PVAs and making reintroduction recom-
mendations, detailed demographic data such as these cost considerable resources
and time. Often, collecting detailed demographic data on natural populations be-
fore conducting reintroductions is not possible (e.g., this is the situation in many
of the Hawaiian case studies discussed by Kawelo and colleagues, this volume). In
cases such as these, it would be useful to have general reintroduction rules (see
appendix 1).

Several important generalities have emerged from more than three hundred
matrix population models constructed for natural plant populations (reviewed in
Silvertown et al. 1993, 1996; Ramula et al. 2008; Buckley et al. 2010). Here, I re-
examine these studies in the context of population reintroduction to discern
whether there are any general guidelines for creating viable reintroduced popula-
tions. Specifically, I use demographic data on natural populations to project pop-
ulation size into the future, considering an initial population of only seeds or ju-
veniles, as would be the case in reintroductions. I ask whether there are any rules
regarding the habitats into which populations should be reintroduced and
whether population performance, plant life history, and related traits can inform
which life stages (e.g., seeds or juveniles) and how many individuals are needed to
maximize the probability of reintroduced population persistence.

From the database of demographic studies presented by Ramula and col-
leagues (2008) and Buckley and colleagues (2010) (established from keyword
searches in the Web of Science [ISI] electronic database for 1975–2006), I se-
lected studies that (1) measured plant species native to the ecosystem (i.e., exotic
plants were excluded), (2) had data for at least 4 consecutive years (so that sto-
chasticity in demographic vital rates could be considered), and (3) had an average
population growth rate (λ) greater than or equal to 1. I excluded populations with
λ < 1 because the population will go extinct no matter what the initial population
size. Although such populations might be viable if the environment is altered or if
rare years with sporadic recruitment are possible, without quantitative data on
these possibilities, it is not useful to consider these populations in this review. I
also eliminated populations located in disturbance-maintained ecosystems (e.g.,
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fire-adapted plants) because incorporating periodic disturbances requires a differ-
ent modeling approach than incorporating stochastic environmental variability.
Finally, I considered only populations that have at least one juvenile stage class
(i.e., perennials). This allowed me to compare seeds with juvenile plants for
founding viable populations (Bell et al. 2003; Menges 2008; Albrecht and Ma-
schinski, this volume). This reduced the available sample size to N = 23 popula-
tions (table 9.1). Although this is much lower than the more than three hundred
original plant studies, these populations are the most appropriate ones to answer
the questions posed, and this sample size is adequate for quantitative synthesis.

For the purposes of this chapter, I had four a priori predictions relevant to cre-
ating viable reintroduced populations: (1) Populations with higher mean popula-
tion growth rates (λ) will need fewer individuals for successful reintroduction, (2)
species that live in more variable environments will need more individuals for suc-
cessful reintroduction, (3) long-lived species will need more seeds than short-lived
species, and (4) planting stage classes larger than seeds will be more beneficial for
longer-lived species than for shorter-lived species.

To examine these predictions, I used the data available from the matrix popu-
lation models (table 9.1). All analyses considered natural rather than reintroduced
populations. I assumed that the general results would apply broadly to plant re-
introductions, especially if the natural and reintroduced populations had similar
vital rates. For each population, the matrix of vital rates for each year represented
a possible state for the environment. I assumed that each state had an equal prob-
ability of occurring in the future and that environmental conditions in one year
were independent of conditions in the previous years (i.e., environments did not
cycle in a predictable manner). To determine the number of introduced individu-
als needed to create a viable population, I started the population with ten individ-
uals (all seeds or all juveniles) and calculated the ending population size and ex-
tinction probability for the population after one hundred years. I used nt+1 = A*nt

to project population size from t to t+1, over one hundred successive time inter-
vals, using a matrix of vital rates drawn at random each time interval. A population
was considered extinct if population size dropped below ten individuals at any
time step (quasi-extinction threshold). For each starting population size (and
structure), I replicated this simulation one thousand times and calculated the pro-
portion of those thousand populations that dropped below ten individuals (extinc-
tion probability). I continued to increase the starting population size by one indi-
vidual until an extinction probability of less than .05 was reached and the
minimum number of individuals needed to create a viable population was deter-
mined. For all these analyses, I modified MATLAB code provided in Morris and
Doak (2002).
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Effects of Mean λ and Variation in λ on the Number of Seeds Needed to
Restore a Viable Population

If a restored environment allowed plants to have high mean vital rates and low
variation in vital rates from year to year, I expected that few seeds would be
needed to create a viable reintroduced population. If two populations have the
same arithmetic mean growth rate, the population with the higher variation in
growth rate from year to year will have lower growth in the long term (lower geo-
metric mean growth rate) and will have a higher probability of extinction (Morris
and Doak 2002). If we extend these results to reintroductions, it leads to the pre-
diction that populations occurring in variable environments will need more prop-
agules to create a viable population than those in more constant environments.

For the twenty-three populations considered here, I conducted a multiple re-
gression analysis considering three independent variables (mean λ, variance in λ,
and age of first reproduction) and one dependent variable (minimum number of
seeds needed to create a viable reintroduced population). As expected, the num-
ber of seeds needed to create a viable reintroduced population decreased with in-
creasing mean λ (p = 0.008) and increased with increasing variance in λ (p =
0.02). The importance of variance in λ can be illustrated across populations of As-
tragalus tyghensis (table 9.1); populations #25 and #10 have similar mean λ, but
population #25 has much greater variation in λ. As a result, it would take 8,200
seeds to reintroduce a viable population at a site with demographic vital rates sim-
ilar to population #25 and only 400 seeds to reintroduce a viable population at a
site with demographic vital rates similar to population #10.

Given the need to find recipient sites that would maximize mean λ and mini-
mize variation in λ from year to year, it is useful to know the relationship between
environmental factors and vital rates for candidate reintroduction species. Some-
times the factors that influence λ of a species are straightforward and can be easily
quantified for a reintroduced population. For example, if a species has higher vital
rates and higher mean λ in wet than in dry conditions, then wet sites should be
targeted for the reintroduction. However, for some species the factors that influ-
ence λ are subtle or have changed over time due to anthropogenic factors. For ex-
ample, for three of the species in this synthesis, Lupinus tidestromii (Dangremond
et al. 2010), Lathyrus vernus (Ehrlén 1995), and T. grandiflorum (Knight et al.
2009), herbivory negatively influenced vital rates and λ; for L. tidestromii and T.
grandiflorum, herbivory has increased in recent years. Therefore, identifying re-
cipient sites where these plants would have low levels of herbivory (e.g., inside
fenced exclosures) would be key to creating a new viable population successfully
(appendix 1, #22, #23). Additionally, this information can be used to identify crit-
ical ecosystem components needed to achieve a viable reintroduced population.
For example, species growing in fire-maintained ecosystems might need a regular
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fire frequency for persistence. Studies of natural populations can quantify fire fre-
quencies that maximize λ (e.g., Menges and Quintana-Ascencio 2004). This in-
formation can be used to restore the necessary fire regime to sites where rare
plants will be reintroduced.

PVA is a useful tool that allows environmental factors to be linked with vital
rates and persistence. However, there are also several quicker and easier methods
that can help identify sites that will allow a viable reintroduced population. Much
can be learned about the conditions a population needs for persistence by simply
measuring abiotic and biotic factors at sites and correlating these with species
presence or absence (see Maschinski et al. [chap. 7], this volume). For example,
before Cirsium pitcheri was reintroduced at Illinois Beach (Bowles et al. 1993), a
habitat study in natural populations at Indiana Dunes indicated that this species
occurred in sites that had 70% or greater bare sand (McEachern 1992).

Simple presence of a species at any site does not necessarily indicate that a pop-
ulation is thriving there (appendix 1, #23). Increased herbivory in populations of
Lupinus tidestromii (Dangremond et al. 2010) and Trillium grandiflorum (Knight
et al. 2009) led to PVA models projecting extinction of some populations, but indi-
viduals are still present at these sites. Even where populations are declining, it is
possible to measure relationships between biotic factors and indicators of popula-
tion persistence. For example, populations of T. grandiflorum with high levels of
herbivory are dominated by plants in nonreproductive stage classes (Knight et al.
2009). Such indicators of population persistence can provide a rapid assessment of
the environmental conditions that are desirable for a reintroduction site. Maschin-
ski and colleagues (chap. 7, this volume) recommend a recipient site assessment
(table 7.1) and experimental approaches for determining reintroduction sites.

Effects of Plant Longevity and Founder Stage on Reintroduction Success

The contribution of a stage class to λ depends in part on the reproductive value of
the stage for that population (Caswell 2001). Seeds will have high reproductive
value if they have a high probability of surviving to adulthood, if they mature in a
short period of time, or if they produce numerous offspring once they are adults.
In many long-lived species, such as trees, seeds have a low probability of surviving
to adulthood and a long maturation time; both of these result in a low reproduc-
tive value of seeds compared with individuals in larger size classes (e.g., saplings).
For long-lived plants, changes in vital rates associated with survivorship of larger
size classes have the greatest influence on λ, whereas for short-lived plants
changes in growth and seed production have the greatest influence on λ (re-
viewed in Silvertown et al. 1993, 1996; Ramula et al. 2008; Buckley et al. 2010).
Extending these results to the consideration of restoring viable populations, as the
longevity of the plant increases, the reproductive value of seeds should decrease,

Using Population Viability Analysis to Plan Reintroductions 163



and thus the number of seeds needed to restore a viable population should in-
crease (appendix 1, #16).

For the multiple regression considering three independent variables (mean λ,
variance in λ, and age of first reproduction) and one dependent variable (mini-
mum number of seeds needed to create a viable reintroduced population), I cal-
culated age of first reproduction using the mean matrix for the species across all
populations and years and a formula provided by Cochran and Ellner (1992). As
expected, as age of first reproduction increased, the number of seeds needed to
create a viable population also increased (p = 0.03).

As the longevity of the plant increases, because of the lower expected repro-
ductive value of seeds, the difference between the number of seeds and the num-
ber of plants needed to create a viable population should become increasingly dis-
parate. That is, if practitioners introduced juvenile or adult plants rather than
seeds (Guerrant 1996a), the probability of establishment should be greatly im-
proved for long-lived species. I determined the minimum number of juvenile
plants that would be needed to create a viable population using the same tech-
nique as described earlier but initiated the starting population with individuals in
the largest possible juvenile size class for each population. Then, to control for the
variation observed in λ between years across different populations, I compared the
difference between the number of seeds needed with the number of juveniles
needed to create a viable population. I predicted that this difference would in-
crease with increasing plant longevity (age of first reproduction). To test this, I
calculated the log response ratio of minimum number of seeds versus mini-
mum number of juveniles necessary to create a viable population: ln(min seeds)
– ln(min juv). I regressed this founder size against the age of first reproduction of
the plant and found a strong negative relationship (fig. 9.1). This suggests that
restoring juveniles will have a higher probability of success than restoring seeds
with long-lived species. This result concurs with the meta-analysis of Albrecht and
Maschinski (this volume) on actual reintroductions.

A cautionary note: Sometimes these analyses show that a very small number of
juvenile plants is necessary to restore a viable rare species population (table 9.1).
For example, about forty individuals are predicted to be necessary to restore a pop-
ulation of the rare Astragalus tyghensis (Kaye and Pyke 2003), leading one to con-
clude that the restoration of this threatened species should be straightforward.
However, it is important to point out that the studies used for this meta-analysis
were restricted to natural populations for which λ ≥ 1, and thus analyses consid-
ered habitats that were suitable for the long-term persistence of these populations.
In fact, several populations of A. tyghensis studied by Kaye and Pyke (2003) were
excluded from this analysis because mean λ < 1. Therefore, restoration will actu-
ally be much more difficult for this and other rare plant species, because appro-
priate sites for the reintroduction may be difficult to find or to create.
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Some Practical Advice to Practitioners

Although this review points to critical features of populations that will influence
the likely success of reintroductions, the question remains as to what information
the practitioner needs and what actions should be taken to achieve successful
restorations. As discussed earlier, the two critical features of a successful restora-
tion are (1) finding a habitat where a population’s λ is greater than 1 and (2) in-
troducing enough individuals (seeds or juveniles) to be able to break through de-
mographic and environmental stochasticity of low populations to achieve a viable
population (appendix 1, #22–25).

Of course, practitioners will not know the potential λ of a species in a habitat
where it does not currently persist. Therefore, it will be most useful to have infor-
mation on extant populations and, in particular, the primary environmental driv-
ers that influence their λ, including both abiotic conditions (e.g., soil, precipita-
tion, temperature) and biotic conditions (e.g., consumers, mutualists, invasive
species). If sites can be found that have environmental conditions likely to allow
λ > 1, reintroductions to those sites are more likely to be successful, provided
enough individuals are introduced. However, if those environments are rare or
nonexistent, additional restoration activities, beyond simply reintroducing propa-
gules, will be necessary. This can include controlling overabundant (Ruhren and
Handel 2003) or introduced herbivores (Cordell et al. 2008) or introduced (inva-
sive) competitors (Thomson 2005), mitigating effects of declining mutualists
(Pemberton and Liu 2008c), or restoring historical disturbance regimes, such as
fire (Menges and Quintana-Ascencio 2004). My results suggest that habitat
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Figure 9.1. Relationship between founder size (ln[effect size]) and the age in years at
first reproduction, shown for twenty-three natural plant populations. Founder size com-
pares the log response ratio of minimum number of seeds with the minimum number
of juveniles necessary to create a viable population using the equation ln(min seeds)
– ln(min juv).



selection for reintroductions is one of the most critical aspects of reintroductions,
overshadowing issues of propagule number and stage class. However, a recent
meta-analysis indicated that reintroduction sites are typically selected based on
coarse habitat measurements, such as community type (Dalrymple et al., this vol-
ume), whereas fine-scale factors are important to consider for population persis-
tence (Maschinski et al. [chap. 7], this volume). I hope this book encourages
more careful site selection in future reintroductions (appendix 1, #22–24).

Provided that a suitable habitat exists or is restored, the number of individuals
that will need to be reintroduced as founders depends on the realized λ in that
habitat and the variation in λ across years; greater λ will require fewer propagules,
and greater variation will require more propagules. The practitioner might not
know the variation in λ expected to occur at the recipient site, but knowledge of
the important environmental drivers that influence λ of the species will provide
relevant information. For example, if precipitation is an important driver in natu-
ral populations of the species, and precipitation is known to vary significantly from
year to year in the region, then it is likely that there will be high variation in λ in
the restored site and that a large number of propagules will be necessary to create
a viable reintroduced population.

Finally, the relative success of introducing seeds versus larger life stages (e.g.,
juveniles) depends on both the longevity of the species and the relative influence
on λ of the stage. Longer-lived species will be more successfully reestablished
with juvenile transplants relative to seeds, whereas the extra costs associated with
growing and transplanting juveniles relative to planting seeds may not be worth-
while for shorter-lived species. In addition, some reintroduction projects have very
specific goals, such as establishing a population that contains at least fifty repro-
ductive plants. Achieving this goal could take a long time for a perennial plant
population founded from seed. Demographic tools can be used to quantify the
amount of time it will take the population to reach stable stage distribution and to
reach a target population size.

A Reintroduction Case Study: Relative Importance of Environmental
Conditions versus Propagule Number in Establishing Populations
of Trillium grandiflorum

Large, white-flowered reproductive individuals of T. grandiflorum are an iconic
symbol of the spring flora of northeastern North America. Though historically
common and widespread, this species has been declining throughout its range,
primarily as a result of dramatic increases in the abundance of native white-tailed
deer (Odocoileus virginianus), which devour T. grandiflorum when they bloom in
the spring (Augustine and Frelich 1998; Knight 2004; Knight et al. 2009).
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From 1998 to 2002, as part of a larger study examining the population-level ef-
fects of pollen limitation and herbivory on the dynamics of T. grandiflorum, I mea-
sured vital rates (e.g., seed germination, survivorship, fecundity) and calculated
population growth and associated demographic parameters of twelve T. grandiflo-
rum populations. Several important parameters related to λ varied across popula-
tions. I found that herbivory by deer, which selectively ate old reproductive indi-
viduals, appeared to be the primary driver causing variation in λ between
populations; higher rates of deer herbivory led to lower λ and faster rates of pre-
dicted decline toward local extinction for many populations (Knight et al. 2009).

In the spring of 2001, I transplanted reproductive individuals into experimen-
tal populations located directly adjacent to natural populations in my demo-
graphic study. Thus, the experimental populations probably experienced similar
abiotic and biotic environmental conditions as the natural populations. In each
experimental population, I created twelve plots that were 4 × 4 meters in size and
separated by at least 50 meters. I transplanted adult T. grandiflorum into those
plots at different densities (ranging from 1 to 117 adults per plot). This experiment
was initiated to examine whether pollination and reproductive success in T. gran-
diflorum were density dependent (see Knight 2003b for more detail). However,
these plots can also be considered as experimental reintroductions to sites with dif-
ferent environmental conditions that used a range of founding propagule sizes.
From the matrix population models created for each natural population, I pro-
jected the number of plants in each size class that was expected in 2010 (9 years
into the future) in each plot using a simulation technique identical to that de-
scribed earlier for projections 100 years into the future.

Nine years after transplantation, in the spring of 2010, I revisited these experi-
mental populations and counted the number of small (one-leaf and small three-
leaf plants) and large (large three-leaf and reproductive adults) plants in each plot.
For the purposes of this comparison, I chose two locations that differed dramati-
cally in white-tailed deer herbivory and mean λ and thus were projected to have
very different population growth trajectories (WC and WH; Knight et al. 2009). In
particular, I expected adults transplanted at WC to have a low incidence of her-
bivory and the total number of individuals in the plots to increase (mean λ = 1.08
for the natural population), whereas I expected adults transplanted at WH to have
high herbivory and the total number of individuals in the plots to decline toward
extinction (λ = 0.97).

In both sites, even the plots with the fewest founding individuals (one individ-
ual transplanted) were generally still present because of the long lifespan of this
species (individuals can live for decades; Hanzawa and Kalisz 1993). However, the
two populations differed greatly in size by 2010 (table 9.2). In the reintroduced
population adjacent to the site with high levels of herbivory (WH), although many
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transplanted individuals were still present, there was very little recruitment into
the smaller size classes. Many of the observed juveniles were almost certainly in-
dividuals that had been transplanted as adults but had regressed in size, probably
due to deer herbivory (Knight 2003a). Most of the plots at WH had fewer individ-
uals in 2010 than were planted in 2001. The matrix population model predicted
low recruitment, and in general none of these populations, even those with the
highest densities of adult plants introduced, was expected to be viable. Alterna-
tively, the other reintroduced population (WC), which was less than 15 kilometers
away and sustained a lower level of herbivory (Knight et al. 2009), had higher re-
cruitment of new individuals. For all but one plot, the number of individuals pres-
ent in 2010 was greater than the number planted in 2001. Furthermore, in many
plots the number of individuals was similar to or exceeded the population size pre-
dicted from the matrix population model, except for the highest initial densities,
which may have experienced some density dependence (table 9.2).

This experimental reintroduction with T. grandiflorum revealed a fundamen-
tal generality. Establishing a viable reintroduced population will be difficult, if
not impossible, in habitats where the environmental conditions lead to λ < 1, re-
gardless of the number of propagules or the stage of propagules used to initiate the
population. That is, the species niche that determines λ is of utmost importance
for determining the habitats where viable reintroductions can be achieved. Im-
portantly, it is useful to understand the underlying environmental drivers of λ. Be-
cause the edaphic conditions among the sites in this case study were similar, deer
herbivory was clearly the environmental driver influencing λ. Thus, reintroduc-
tion planning must focus on the environmental driver first to create conditions
where λ ≥ 1, such as deer fencing or deer population control, before considering
details of the reintroduction actions, such as the number of propagules or life
stages needed to initiate the population.

Summary

Through a variety of direct and indirect actions, humans have greatly altered the
population growth and distribution of numerous species. Although conservation
strategies remain essential for minimizing these effects in situ, the restoration of
species into habitats where they do not currently occur is increasingly becoming
an essential tool for the preservation of biodiversity on the planet. Just as PVA
modeling has provided an essential tool for conservation ecology, the same tools
can provide important information for reintroducing populations into habitats
from which the species has gone extinct or for mitigating the effects of extinctions
by introducing a species to new habitats. Several generalities in PVA modeling for
restoring populations emerged. First, successful reintroduction requires establish-
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ing propagules into a population where the expected population growth rates are
positive (i.e., λ ≥ 1). Second, the number of propagules necessary to establish a vi-
able population depends on the expected λ and its variance; lower λ or higher
variance in λ will require more propagules. Third, for long-lived species, reintro-
ductions of large stage classes (e.g., greenhouse-grown juveniles) will need many
fewer propagules than those using seeds and may afford a greater probability of
restoration success with less proportional effort and cost.
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table 9.2

Experimental reintroductions of Trillium grandiflorum.

Adults Large Plants Large Plants Small Plants Small Plants
Planted Expected Observed Expected Observed

Population (2001) (2010) (2010) (2010) (2010)

WC 1 1.33 (1.03–1.61) 1 4.51 (2.28–7.30) 0
WC 1 1.33 (1.03–1.61) 1 4.51 (2.28–7.30) 7
WC 1 1.33 (1.03–1.61) 2 4.51 (2.28–7.30) 10
WC 1 1.33 (1.03–1.61) 3 4.51 (2.28–7.30) 14
WC 2 2.66 (2.07–3.25) 6 8.99 (4.67–14.8) 0
WC 2 2.66 (2.07–3.25) 43 8.99 (4.67–14.8) 36
WC 4 5.33 (4.14–6.51) 5 18.0 (9.3–29.6) 11
WC 8 10.6 (8.2–12.9) 8 35.7 (18.9–58.7) 20
WC 23 30.6 (23.7–37.5) 28 104 (51.5–165) 101
WC 46 61.0 (47.7–75.1) 44 205 (105–328) 33
WC 77 101.6 (77.2–125.1) 70 341 (178–556) 64
WC 117 155 (120.3–190.4) 108 521 (260–840) 201
WH 1 0.71 (0.41–1.09) 0 0.83 (0.44–1.41) 0
WH 1 0.71 (0.41–1.09) 0 0.83 (0.44–1.41) 1
WH 1 0.71 (0.41–1.09) 0 0.83 (0.44–1.41) 1
WH 1 0.71 (0.41–1.09) 0 0.83 (0.44–1.41) 0
WH 2 1.39 (0.86–2.09) 1 1.69 (0.87–2.77) 2
WH 2 1.39 (0.86–2.09) 0 1.69 (0.87–2.77) 2
WH 4 2.81 (1.65–4.25) 2 3.36 (1.75–5.56) 2
WH 8 5.55 (3.32–8.45) 1 6.64 (3.48–11.1) 2
WH 23 16.0 (9.56–23.9) 8 19.1 (9.65–31.4) 3
WH 46 32.2 (18.4–49.8) 0 38.5 (20.2–65.9) 2
WH 77 52.4 (31.9–79.8) 44 63.5 (33.4–105.8) 3
WH 117 81.2 (49.5–125) 27 97.4 (52.2–162) 11

In 2001, adult individuals were planted in 4×4-meter plots at densities that ranged from 1 individual to 117 individuals per plot
at two sites, WC and WH. These reintroduced sites were adjacent to natural populations for which demographic data were col-
lected and matrix population models were constructed from 1999 to 2002 (three matrices for each site). The WC site had a
mean λ = 1.08 and a lowest λ = 1.04. The WH site had a mean λ = 0.97 and a lowest λ = 0.90. I used the matrices from the nat-
ural populations to simulate how many large (flowering + large nonreproductive plants) and small (small nonreproductive +
one-leaf plants) plants were expected in each plot in 2010. I revisited each plot in May 2010 to determine the number of plants
actually present.



 



Chapter 10

Influence of Founder Population Size,
Propagule Stages, and Life History on the

Survival of Reintroduced Plant Populations

Matthew A. Albrecht and Joyce Maschinski

The reintroduction of rare and endangered species is now widely practiced as a
conservation tool to reestablish species within their historic range (Guerrant and
Kaye 2007; Seddon et al. 2007; Menges 2008). The fundamental goal of a plant
reintroduction is to create a self-sustaining population with evolutionary potential
that can resist ecological perturbations (Maunder 1992; Guerrant 1996a). Re-
introduction practitioners face many challenges and complex choices, many of
which have been formulated into generic guidelines for reintroducing a species
(Akeroyd and Wyse-Jackson 1995; Falk et al. 1996; Kaye 2008). After choosing
reintroduction sites based on biological, logistical, and historical attributes
(Fiedler and Laven 1996; Maschinski et al. [chap. 7], this volume), reintroduction
practitioners must decide how many individuals to introduce, which propagule
stage to introduce, and what follow-up management treatments and aftercare are
necessary to ensure that a population survives and reaches critical demographic
benchmarks, including sexual reproduction and recruitment of the next genera-
tion (Pavlik 1996; Menges 2008). To complicate matters, reintroduction practi-
tioners must balance tradeoffs between the availability of propagules, which are
often limited with rare and endangered plants, and population dynamic theory,
which predicts that the initial size and composition of the founding population
are important determinants in the survival of reintroduced populations (Guerrant
1996a; Kirchner et al. 2006; Maschinski 2006; Armstrong and Seddon 2007).
Consequently, a major question in the field of reintroduction biology is whether
the persistence of a reintroduced population is affected by the size of the founding
population and by the developmental stage of the propagules (Guerrant 1996a;
Maschinski 2006; Armstrong and Seddon 2007).
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In this chapter we explore how demographic factors and life histories influ-
ence plant reintroductions. In comparison to Knight (this volume), who analyzed
how demography of natural populations could inform decisions about selecting
size and number of propagules for reintroductions, we draw on a rapidly expand-
ing body of plant reintroduction data made available in the literature and an in-
ternational database. Here we synthesize results from published and unpublished
studies and quantitatively analyze the effects of founder population size and
founder propagule stage on the persistence of reintroduced plant populations.
Specifically, we address two fundamental questions in plant reintroduction biol-
ogy: (1) How does initial population size influence the survival of reintroduced
plant populations? and (2) What are the effects of using different propagule stages
on long-term persistence? We explore these questions in relation to plant life his-
tory with the goal of understanding broader generalizations that can be applied to
future reintroductions to improve their success. Finally, we consider the implica-
tions of our results for reintroducing plant populations in a rapidly changing
climate.

Relevant Theory: An Overview

The short-term demographic goals of any plant reintroduction are to avoid local
extinction and to maximize the initial rate of population growth (Guerrant
1996a). The small population paradigm (sensu Caughley 1994) provides the the-
oretical basis for plant reintroduction programs because it is based on the extinc-
tion risk and rarity of small populations (table 10.1). For populations consisting of
few individuals (less than fifty), demographic stochasticity, or random births and
deaths of individuals, threatens long-term survival; this is especially relevant to en-
dangered plant reintroductions because founder sizes and propagule stages are
constrained by the limited availability of propagules and the biology of the spe-
cies. Newly founded populations can also suffer from inbreeding depression and
genetic drift, which can erode genetic variation and reduce the potential for rein-
troduced populations to adapt to local conditions over the long term (see Neale,
this volume). Thus, stochastic genetic and demographic processes can interac-
tively influence the extinction risk of reintroduced plant populations and must be
considered when new populations are designed (Guerrant 1996a). Other stochas-
tic factors affecting the persistence of reintroduced populations include environ-
mental stochasticity and random catastrophes. In addition to these stochastic
forces, deterministic mechanisms, such as positive density dependence (i.e., Allee
effects) in which low conspecific density or size can reduce fitness and per capita
growth rate, can also drive small populations to extinction. Allee effects may be
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particularly prevalent in rare self-incompatible or animal-pollinated plants with
small, isolated populations (Groom 1998; Hackney and McGraw 2001).

Guerrant (1996a) used the theoretical principles of the small population para-
digm to develop methods for reintroducing plant populations. He explored the ef-
fects of different propagule stages on extinction risk and population growth rate
using simulations with demographic data from natural populations of species with
contrasting life histories. These simulations demonstrated that populations
founded with seed or seedlings experienced a greater risk of extinction and slower
population growth than populations founded with plants in larger size classes. An
important outcome from these simulations was the realization that achieving
rapid population growth was more challenging than simply reducing extinction
risk, even when the largest propagule stages were planted. Based on these results,
Guerrant (1996a) hypothesized that many reintroduction projects would be char-
acterized by small, persistent populations that do not grow rapidly, because of the
inherent limitations (e.g., costs and resources) of using larger size classes.

Similarly, Van Groenendael and colleagues’ (1998) guidelines for plant re-
introductions considered the demographic risk associated with sowing seed rather
than transplants, but they offered more specific rules for founding new popula-
tions. They proposed a strategy of transplanting at least fifty adults for founding
new populations for two reasons. First, because establishment rates of seeds are
typically lower than those of transplants, populations founded with seed are ex-
pected to be small and slow growing, thereby making them more susceptible to
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table 10.1

Key principles of the small population paradigm (Caughley 1994) that are directly applicable
to rare plant reintroductions.

Small Population Paradigm Principle

Small populations are susceptible to demographic stochasticity, which results from random differ-
ences in survival rates between individuals within a population.

Environmental stochasticity causes population growth rates to vary between years as external fac-
tors (e.g., weather, predation, competition) cause vital rates to vary. Moderate fluctuations in the
environment can dramatically increase extinction risk.

Chance fluctuations in allele frequencies lead to genetic drift and result in loss of genetic diversity
in small populations.

Mating between close relatives is more common in small populations, leading to inbreeding
depression.

The size below which a population is at imminent risk of extinction is the minimum viable popula-
tion (MVP).

The number of individuals that will contribute equally to the gene pool in the next generation is
the effective population size.



stochastic effects (see table 10.1). Second, using adult transplants that can begin
producing seed eliminates the need to collect large numbers of seed from local
wild sources, which might threaten their viability (Menges et al. 2004). Of course,
this method cannot be applied universally, because of the inherent challenges
and associated costs of propagating and maintaining certain plant taxa ex situ, es-
pecially for long-lived perennials that might take years or even decades before they
reach reproductive size classes (e.g., Pseudophoenix sargentii; Maschinski and
Duquesnel 2007).

Building on this theoretical framework, more recent studies applied popula-
tion viability analysis in a restoration context to determine the initial size and
propagule stage needed to found populations with an extinction probability of less
than 5% over a 100-year period. Bell and colleagues (2003) used population via-
bility analysis (PVA) on restored populations of the endangered pitcher’s thistle
(Cirsium pitcheri). They found that 400 1-year-old rosettes, or 1,600 seedlings, or
250,000 seeds would be needed to found populations with high probability of
long-term survival. In contrast, Kirchner and colleagues (2006) discovered that
just a thousand seeds distributed over a few sites was enough to create viable pop-
ulations of Centaurea corymbosa, a rare self-incompatible species endemic to rock
outcrops. Similarly, Münzbergová and colleagues (2005) simulated reintroduc-
tion of the perennial herb Succisa pratensis with scenarios that varied propagule
availability and the spatial distribution and size of potential reintroduction sites.
They learned that when seed availability was low (less than a thousand seeds avail-
able), population size after 100 years was greatest when seeds were distributed
over the largest habitat patches, whereas when seed availability was not limiting
(more than 100,000 seeds available), population size was maximized by distribut-
ing seeds over as many suitable sites as possible.

Selection of Studies for Review and Analysis

To determine the role of founder population size and propagule stage on the out-
come of reintroduction projects, we compiled a data set derived from published
studies (peer-reviewed and gray literature) on plant reintroductions and projects
in the CPC International Reintroduction Registry (Center for Plant Conservation
2009; appendix 2). All studies included in the data set focused exclusively on rare
plant reintroductions rather than on dominant species used in community-level
restoration projects. Additionally, we used only studies with detailed information
for founding a new population, either to a site where the species was not known to
occur (introduction) or to a site where the species formerly occurred (reintroduc-
tion). Therefore, we use the term reintroduction broadly to define any attempt to
introduce propagules to an unoccupied patch. Although it is by no means an ex-
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haustive review of all known rare plant reintroductions, the data set consists of a
wide range of taxa, life histories, and outcomes (success and failures). For pur-
poses of this analysis and for two reasons, we excluded augmentation studies,
where propagules were added to extant populations. First, in some instances it
was often impossible to distinguish between founding individuals or their off-
spring and those in the recipient population. Including these studies would have
precluded analyses aimed at understanding founder size and propagule stage ef-
fects on population persistence. Second, the influence of founder size is con-
founded by the size and structure of the recipient population, which may not al-
ways be known or documented at the time of the reintroduction.

In this chapter, we defined a reintroduction attempt as the introduction of prop-
agules to one specific location. If propagules were planted multiple times at the
same location, we considered this as one reintroduction attempt. We focused
specifically on reintroductions at the population level, because this is the most
commonly reported scale and most relevant management unit. For each reintro-
duction attempt, we recorded the following variables: (1) propagule stage, whether
seeds, seedlings, or plants were outplanted; (2) founder size, the number of indi-
viduals outplanted for each propagule stage; (3) life history, whether the taxon was
an annual, a biennial, a herbaceous perennial, or a woody perennial; (4) reintro-
duction year, the first year that propagules were outplanted at a site; and (5) moni-
toring period, measured as the number of years between study onset and the last
census. Seedlings were defined as individuals less than 1 year old that were propa-
gated from seed, and plants included whole plants more than 1 year old, plant parts
(e.g., cuttings, rhizome and root fragments), or plants derived from in vitro micro-
propagation. If different types of propagule stages were planted, we analyzed them
separately when analyzing the effects of propagule stages.

For statistical analyses we scored each reintroduction attempt as a binary out-
come, based on whether the population was persistent at the last known monitor-
ing period (success = 1) or failed to establish a persistent population according to
the authors or when population size fell below ten individuals (failed = 0), a typi-
cal extinction threshold set in population viability analyses (Morris and Doak
2002). We used generalized linear mixed models with binomial error structure
(SAS Institute 2001) to test whether population survival varied across propagule
stages (seed, seedlings, and plants) independent of life history. We then tested
whether propagule stage and life history (perennial herbs vs. woody plants) inter-
acted to influence population survival. We excluded annuals from the analysis be-
cause sample sizes with transplants (seedlings and plants) were too low. Using sep-
arate logistic regressions for each propagule stage, we examined whether larger
initial population sizes increased the probability of survival of reintroduced pop-
ulations independent of life histories. We used a two-way logistic regression to
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explore the interactive effect of initial population size and life history (perennial
herbs vs. woody) on population survival. For this analysis, we summed seedlings
and plants together to increase the sample size. To test whether populations
founded with more than fifty individuals were more likely to survive than those
founded with less than fifty individuals, we used separate log-likelihood goodness
of fit (G) tests for seedling and plant founders.

How Does Propagule Stage Influence the Survival of Reintroduced
Plant Populations?

In the reviewed studies, we found that seeds are typically the least favored choice
in founding new populations of rare plants (also see Dalrymple et al., Guerrant,
this volume). Of the 174 reintroduction attempts included in the analysis, only
22% (n = 39) used seeds or a combination of seeds and whole plants. However,
founder propagule stages were not randomly distributed with respect to life histo-
ries. Only 13% of attempts with perennials used seed, or a combination of seed
and whole plants as founders, whereas 92% of annuals were founded with seed.
Clearly the most popular choice in founding new perennial populations was to
use seedlings (n = 79) and plants (n = 56), and in most instances these were prop-
agated ex situ.

As expected, establishment rates were consistently greater with transplants
than seed founders when attempts were pooled across life histories (fig. 10.1). Low
germination rate with direct seeding often resulted in low proportions of seedlings
in plots relative to transplants within the first 1.5 years of outplanting. When pool-
ing data across all reintroduction attempts, we found differences in the survival of
reintroduced populations founded with different propagule stages (F = 3.04, p =
0.05; fig. 10.2a). Populations initiated with whole plants were more likely to sur-
vive to the last monitoring period than populations initiated with seeds (p =0.03)
or seedlings (p = 0.05); survival of populations using seeds or seedlings did not dif-
fer. These results are consistent with demographic simulations that show that the
long-term extinction risk of reintroduced populations decreases when the largest
propagule stages are used as founders (Guerrant 1996a; Knight, this volume). Fur-
thermore, there was a greater incidence of using horticultural management (e.g.,
water and fertilization) for transplants (about 25%) than for seed (less than 3%)
founders, which may have also increased the likelihood of transplants persisting
over the long term.

Experimental trials with different propagule stages confirm that using trans-
plants as founders is often superior to using seed as founders (table 10.2). Of the
twelve studies that experimentally examined the effects of using different founder
propagule stages in plant reintroductions, 75% of them found that using trans-
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plants raised ex situ was favored over using seed sown in situ. Transplants typi-
cally survived better, grew faster, and attained reproductive maturity sooner than
plants from seed founders. Another advantage of using transplants as founders is
that they can be outplanted directly into microsites that match the regeneration
niche of the species (Grubb 1977) and can be planted when climate or seasonal
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Figure 10.1. Mean proportion of individuals that established from seeds and transplants.
Data pooled from studies in the CPC International Reintroduction Registry that reported
founder sizes and the number of individuals established for at least 0.5 years but no
longer than 1.5 years. Establishment proportions are significantly greater for transplants
(n = 21) than seeds (n = 12) based on t test (p < 0.01). Error bars are 95% confidence
intervals.

Figure 10.2. Effects of (a) propagule stage and (b) life history on the probability of sur-
vival (mean ± 1 standard error) of reintroduced plant populations. Different letters indi-
cate significant differences based on post hoc least square means. Population survival was
scored as a binary event based on data pooled from literature review and the CPC Inter-
national Reintroduction Registry.



table 10.2

Summary of studies that experimentally examined different propagule stages on reintroduction
success with rare and endangered plant species.

Propagule
Stage

Species Life History (founder size) Outcome Sourcea

Acacia aprica Woody perennial Seeds (1,500) Easier to establish a persis- 1
Seedlings (1,102) tent population with

transplants. After 7 yr,
only one out of 1,500
seeds germinated,
whereas ~80% of seed-
ling transplants survived.

Acacia cochlo- Woody perennial Seeds (1,500) Seedling transplants fa- 1
carpa ssp. Seedlings (370) vored over directly sow-
cochlocarpa ing seeds due to the low

germination rates (5.4%)
in the field.

Arabis koehleri Herbaceous Seeds (567) Easier to establish popula- 1
var. koehleri perennial Seedlings (190) tion with seedlings. After

2 yr, no plants from seed
survived, whereas ~10%
of transplants survived.

Asclepias meadii Herbaceous Seeds (96–243) Seedling transplants fa- 2
perennial Juveniles vored over directly sow-

(29–148) ing seeds. Survival rates
among plants from seed
and transplants were
similar but had low field
seed germination rates
and long pre-reproduc-
tive period for plants
grown from seed.

Brachycome Herbaceous Seeds (unknown) Easier to establish a persis- 4
muelleri annual Transplants (60) tent population with

transplants. Survival and
growth greater in plants
from seedlings than in
plants from seed.

Holocarpa Herbaceous Seeds (1,080) Germination rates too low 5
macradenia annual Seedlings (750) to establish a population

from sowing seed in situ
and recruitment of next
generation too low to
establish a population
with seedling transplants.

Ipomopsis Herbaceous Seeds (1,800) Seedling transplants fa- 1
sancti-spiritus perennial Seedlings vored over directly sow-

(169–212) ing seed. After 5 yr, only
one plant from seed sex-
ually matured, whereas
sites with seedling trans-



table 10.2

Continued

Propagule
Stage

Species Life History (founder size) Outcome Sourcea

plants all contained per-
sistent populations with
reproductive plants.

Jacquemontia Herbaceous Seeds (264) Transplants favored over 7
reclinata perennial Plants (18–924) sown seed even though

the former is expensive
and time consuming.
Germination rates of
field sown seed <3% but
only when watered for
3 mo.

Lilium Herbaceous Seeds (640) Plants have persisted for 1
occidentale perennial Bulbs (120) >12 yr from both propa-

gule types, but none
have reproduced. Plants
from bulbs emerged and
grew at higher rates than
plants from seed.

Lupinus sul- Herbaceous Seeds (3,400) Plants have persisted for 3
phureus ssp. perennial Seedlings (109) >5 yr from both propa-
kincaidii gule types. Germination

rates 6–22%, and seed-
ling transplant survival
rate 2–10%. Seedlings
from in situ sown seed
survived between 1%
and 10%.

Pediocactus Semiwoody Seeds Both propagule types con- 1
knowltonii perennial (288–2,250) sidered suitable for

Transplants founding populations,
(102–150) but only 5% of plants

from seed became estab-
lished adults. Recruit-
ment of next generation
slow using either seeds
or transplants.

Ziziphus celata Woody perennial Seeds (1,728) Transplants favored over 6
Transplants (144) directly sowing seed. Af-

ter 4.5 yr, establishment
rates <2% for seed versus
72–77% for transplants.

aSources: 1CPCIRR (2009); 2Bowles et al. (2001); 3Thorp et al. (2008b); 4Jusaitis et al. (2004); 5Holl and Hayes (2006); 6Week-
ley and Menges (2008); 7Machinski and Wright (2006).
Founder size represents the number (or range of numbers) of individuals planted at each site.



conditions are most appropriate for establishment (Jusaitis et al. 2004; Albrecht
and McCue 2010), thereby maximizing the probability of persistence. On the
other hand, microsites can change suitability, as seeds remain dormant for pro-
longed periods before they germinate (Schupp 1995).

In most studies that explored the effects of using seeds and transplants, the lat-
ter was the preferred founder stage because they reduced the demographic cost of
reintroduction (Guerrant et al. 2004a). Germination rates are almost always
greater when seeds are propagated in a controlled setting than when they are di-
rectly seeded in the field. Thus, the demographic benefits of using transplants
rather than direct seeding often outweigh the greater financial costs of growing
plants ex situ. For example, Bowles and colleagues (2001) found that even though
survivorship of Mead’s milkweed (Asclepias meadii) seedlings from seed sown in
situ was greater than that of transplanted juveniles, transplants were the preferred
propagule stage for reintroduction because germination rates in the greenhouse
were 74%, compared with only 33% in the field. Furthermore, they found that
plants from seed took much longer to reach reproductive stage than juvenile trans-
plants, slowing population growth and increasing its susceptibility to demographic
stochasticity.

Kaye and Cramer (2003) calculated the economic costs of using seeds and
transplants grown ex situ for reintroducing the threatened prairie plant Kincaid’s
lupine (Lupinus sulphureus ssp. kincaidii). They found that when seed was scarce,
raising transplants ex situ was an efficient use of limited seed. However, when seed
source populations produced abundant seed, direct seeding was the most cost-
effective method.

There are clearly circumstances in which using seed as founders is the only
practical or possible method for preventing the imminent loss of a rare plant pop-
ulation (appendix 1, #16). For example, Smith (1999) moved layers of topsoil,
which presumably contained dormant seed of the rare winter annual Geocarpon
minimum, from one rock outcrop in imminent danger of destruction from a high-
way development project to an adjacent rock outcrop site. The new population
successfully established in the short term, although its long-term viability remains
uncertain.

Propagule Stage and Life History

The survival probabilities of reintroduced populations varied across different
propagule stages for perennial herbs and woody plants (propagule stage × life his-
tory interaction, F = 4.51, p = 0.01). In comparison to woody plants, perennial
herb populations were more likely to survive when founded with seed or whole
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plants than when founded from seedlings, whereas woody plant populations had
best survival if seedlings or whole plants were used as founders (fig. 10.2b).

Most data on using seed as founders for woody perennials are available from
xeric systems. Establishment rates of woody perennials with seed founders are
consistently low, often less than 5% (table 10.2). Low germination rates resulted in
very small populations that had a low probability of survival (fig. 10.1), as pre-
dicted from population dynamic theory (table 10.1). However, in 75% of these at-
tempts, founder sizes were greater than a thousand seeds, suggesting that large
numbers of seed would be needed to overcome demographic bottlenecks associ-
ated with severe seedling recruitment limitations. Annual populations that failed
to survive exhibited similar recruitment limitations; too few second-generation
plants recruited and sexually reproduced to maintain persistent populations (He-
lenurm 1998; McGlaughlin et al. 2002; Holl and Hayes 2006). In cases with
woody perennials where seed founders did form persistent populations, those pop-
ulations exhibited slower growth, fewer reproductive individuals, or much longer
pre-reproductive periods than populations founded with transplants of the same
species (see table 10.2 and Jusaitis 2005).

Why is it so challenging to found populations of woody plants in xeric habitats
with seed? In arid systems, seedling recruitment of woody perennials often in-
creases with soil moisture, which can sometimes be enhanced by the presence of
neighboring plants (i.e., nurse effects) or inhibited by competitive interactions
(Padilla and Pugnaire 2006). In reintroductions with Purshia subintegra on lime-
stone outcrops, for example, seedling recruitment within herbivore-excluding
cages was restricted largely to moist microsites and was greater in the presence of
shrubs than in open spaces (Maschinski et al. 2004a). On the other hand, in ex-
perimental seeding trials with Acacia whibleyana in southern Australia, popula-
tions persisted in weed-free plots but not in plots with weeds present (Jusaitis
2005). In contrast to nurse effects, removing vegetation noticeably increased mois-
ture availability for young A. whibleyana seedlings and presumably facilitated
their survival and growth. Thus, variation in moisture availability across habitats
can alter interactions with vegetation, changing them from facilitative to inhibi-
tive. Patches of the cactus Pediocactus knowltonii founded with seed remained sta-
ble (recruitment approximately equaled mortality) over a 14-year period in plots
with and without native vegetation, although seedling recruitment declined dur-
ing drought years (Sivinski 2008; CPC 2009). Perhaps as more data become avail-
able, patterns in the success rates using seed founders with woody perennials can
be evaluated across a wider range of habitats.

Most surviving perennial herb populations founded with seed were located
in open habitats, such as grasslands and rock outcrops. This finding counters
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previous research suggesting that establishing populations of rare perennial herbs
from seed would be challenging (Drayton and Primack 2000; Lofflin and Kephart
2005). In a large-scale reintroduction experiment where several species of forest
herbs were seeded into an isolated forest preserve, few populations established
and fewer populations recruited second-generation plants, even when microsites
were experimentally created by manual disturbance (Drayton and Primack 2000).
However, the founding population sizes in a majority of the attempts were fewer
than one hundred seeds, sometimes even between fifteen and thirty. This is
smaller than the minimum founder sizes needed to create self-sustaining popula-
tions in many perennial herbs (see Knight, this volume).

How Does Founder Population Size Influence the Survival of
Reintroduced Plant Populations?

In our review, we found that although seeds were the least commonly used propa-
gule stage to found new populations, seeds were typically sown in much larger
quantities than nonseed transplants. When using seed as founders, 45% of at-
tempts used more than a thousand seeds, whereas only 8% of attempts used less
than a hundred seeds. In contrast, 44% of attempts with seedlings and 64% of at-
tempts with plants had founder sizes less than a hundred, suggesting that approxi-
mately half of all reintroductions using transplants start with small population
sizes. Nevertheless, founder size varied widely among nonseed transplants, rang-
ing from 3 to more than 3,500 per attempt.

When we pooled data across all life histories, we found that introducing more
seed founders did not increase the chance of population survival (table 10.3).
These results are not surprising given the overall low success rates of using seed as
founders, the wide variability in the number of seeds introduced, and the low fre-
quency of studies reporting using seeds in plant reintroductions. However, despite
the lack of broader trends among the studies reviewed, there are several examples
where increasing seed founders clearly decreased the extinction risk of introduced
populations. For example, as an illustration of the feedback between population
size and genetic processes, introducing more seed to multiple sites increased the
probability of mate availability and lowered the long-term extinction risk of Cen-
taurea corymbosa, a self-incompatible perennial herb (Kirchner et al. 2006). Sim-
ilarly, Münzbergová and colleagues (2005) found that increasing the number of
seeds introduced to unoccupied grassland sites decreased the extinction risk of
Succisa pratensis, a perennial herb of temperate grassland. In contrast to the
observed trends with seeds, there was a general positive relationship between
founder size and population survival when nonseed transplants were used, al-
though the relationship was statistically significant only with plants (table 10.3).
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Although increasing the number of transplants (seedlings and plants) often
lowered the extinction risk, populations founded with few individuals were not all
doomed to failure. One of the more spectacular examples began in 1970 when
fourteen individuals of the globally endangered herb Cochlearia polonica were
translocated to a site along the Centuria River in southern Poland. Thirty years
later, the introduced population consisted of more than 30,000 individuals span-
ning an area of 2,000 square meters and represented the only demographically sta-
ble population in the wild (Cieslak et al. 2007). Other examples of small founder
populations persisting, but for shorter time periods (5–10 years), include Jacque-
montia reclinata (n = eighteen seedling founders) in a coastal strand in Florida
(Maschinski and Wright 2006), and Prostanthera eurybioides (n = ten seedling
founders) in rock outcrops of south Australia (Jusaitis 2005). The long-term fate of
these small populations remains unknown, and it will be important to monitor
how they respond to environmental perturbation over timescales longer than 5
years. In a study that surveyed rare plant populations over the course of a decade,
Matthies and colleagues (2004) showed that although a majority of small popula-
tions are prone to extinction, small rare plant populations are sometimes capable
of developing into larger ones if the habitat quality remains suitable.

Variation within Species

The most informative examples of variation in the effects of initial population size
on persistence arise when equal numbers of the same species are introduced to
different sites. Comparisons within species control for the potential confounding
effects of differences in species traits that might potentially influence success rates
and can help disentangle the relative influence of founder population sizes and
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table 10.3

Effects of initial population size on the survival of reintroduced populations across life histories
and for transplants in perennial species (herbs vs. woody).

Across Life Histories Wald’s Z p

Seeds –0.28 0.78
Seedlings 1.80 0.07
Plants 2.24 0.03

Perennials (herbs vs. woody) F p

Initial population size (log) 2.61 0.11
Life history 5.97 0.01
Life history × initial population size (log) 1.21 0.27

Separate logistic regressions were conducted for seeds, seedlings, and plants. For perennials, a two-way logistic regression tested
whether initial population survival interacted with life history to affect the survival of reintroduced populations; annuals were
not included in the analysis due to small sample size.



environmental stochasticity on population survival (see Forsyth and Duncan 2001
regarding bird introductions on islands). For example, Bottin and colleagues
(2007) introduced 450 adult Arenaria grandiflora plants, derived from in vitro cul-
ture, to each of three rock outcrop sites in France. After 7 years, one of the intro-
duced populations tripled in size, whereas introduced populations at the other
two sites declined dramatically (fewer than fifty individuals), presumably due to
rabbit predation and localized competition with grasses. Helenurm (1998) intro-
duced equal numbers of seed of the winter annual Lupinus guadalupensis to three
sites and found that desiccation and/or herbivory decreased population survival at
two sites but not the third. These studies highlight the importance of site-specific
effects in determining reintroduction outcomes (Knight, this volume).

Context-specific factors in the local environment play a key role in determin-
ing whether reintroduced populations survive or die. Using simulation models,
Rout and colleagues (2007) demonstrated that site quality rather than the number
and timing of reintroductions determined long-term population persistence. In
most failed reintroductions we reviewed, the underlying drivers were unclear (also
see Dalrymple et al., this volume), probably because of subtle and changing habi-
tat characteristics not readily observed (Primack 1996). For example, one hun-
dred lakeside daisy (Tetraneuris herbacea) plants were introduced to each of three
dry gravel prairie sites in Illinois, and within 5 years two populations went extinct,
whereas the other persisted for 15 years. The reasons for differential survival were
uncertain, as no major differences in disturbance events were noted between sites
(McClain and Ebinger 2008). Similarly, Severns (2003) experimentally intro-
duced equal numbers of scarified and unscarified Kincaid’s lupine (Lupinus sul-
phureus ssp. kincaidii) seeds at two different upland prairie sites; after 3 years, a
population established at one site but not the other, despite both sites supporting
seemingly suitable upland prairie habitat.

Founder Population Size and Life History

The effects of initial population size were largely consistent across life histories.
Although reintroduced populations of woody plants were more likely to survive
than perennial herbs, there was no significant interactive effect between life his-
tory and initial population size (table 10.3). The number of attempts with seeds
was too low to test for differences between life histories. When all attempts for
perennials were pooled together, reintroduction attempts with fewer than fifty
seedlings and plants were significantly more likely to fail than ones started with
more than fifty seedlings and plants (fig. 10.3).

In the reviewed studies, there were several examples of rare annual and peren-
nial herbs of grasslands or shrublands going extinct even with large initial popula-
tion sizes (more than five hundred propagules). Attempts to reintroduce seeds and
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seedlings of Holocarpha macradenia, an annual California grassland herb, to mul-
tiple sites failed to establish self-sustaining populations (Holl and Hayes 2006).
Similarly, less than half of the perennial herbs reintroduced into small, frag-
mented western Australia grasslands as seedling transplants failed to persist for
more than 5 years (Morgan 1999). Despite being introduced with large founder
sizes (more than 1,500 seedlings), populations of two threatened species that per-
sisted for more than 5 years were small (fewer than sixty individuals) and suffered
severe recruitment limitation (Morgan 1999). A population of the annual herb
Stephanomeria malheurensis, reintroduced to its type locality in 1987, has been
maintained only by repeated seedling outplantings over many years; otherwise the
population crashes (Guerrant and Kaye 2007). In all these cases, reintroduced
population persistence was low because of lack of next-generation seedling re-
cruitment, caused by either poor seed production and viability or lack of appro-
priate microsites that facilitate seed germination and seedling survival (see
Maschinski et al. [chap. 7], this volume).

Implications for Traditional Reintroductions

Our examination of the effects of founder population size and founder propa-
gule stage on the persistence of reintroduced plant populations yielded sev-
eral broad generalizations that may improve success rates of future rare plant
reintroductions:
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Figure 10.3. Effects of initial population size (number of individuals) on the survival of
reintroduced populations founded with (a) seedlings and (b) plants. Reintroduction at-
tempts were summed across perennials. G tests indicated that reintroduced populations
founded with less than fifty individuals were more likely to go extinct than those founded
with more than fifty individuals for both seedlings (n = 59 attempts, G = 11.11, p =
0.0009) and plants (n = 75 attempts, G = 3.67, p = 0.05).



• Using founder sizes larger than fifty individuals generally increased the prob-
ability of establishing a persistent population when using transplants. Thus,
we recommend using a minimum of fifty individuals for a reintroduction.
When working with perennial herbs and sites in highly competitive envi-
ronments such as grasslands, founder population sizes will need to be larger
(appendix 1, #25).

• Using transplants rather than seeds increased the likelihood of establishing a
persistent population. Using transplants overcomes the problems associated
with losing germplasm from poor field seed germination. Particularly when
few seeds are available, we recommend maximizing germination under
nursery conditions to optimize the number of total plants available for a
reintroduction (appendix 1, #16).

• Regardless of the total seeds used, seed reintroductions had low establishment
rates. Because there was no relationship between the number of seed
founders and population survival, we recommend developing a demo-
graphic model for the species to determine the optimum founder size (see
Knight, this volume). When seeds are the only option, as is usually the case
for annuals, we recommend using an experimental protocol that involves
watering with drip irrigation in the field until seeds germinate and become
established, a practice often used with long-lived perennials (appendix 1,
#26).

• Recruitment limitation presents a severe challenge for creating persistent pop-
ulations, especially for seeds of annuals and woody perennials. Reintroduc-
tion practitioners may need to create or seek conditions that will increase
the probability of next-generation establishment, which would require
knowing something about wild seedling establishment patterns (appendix 1,
#26, #31).

• Large founding size alone does not guarantee population persistence. Factors
such as genetic composition (Neale, this volume), habitat conditions
(Maschinski et al. [chap. 7], this volume), horticultural treatment (Haskins
and Pence, this volume), and competitive or disturbance regimes may over-
shadow any benefits of large founding population and therefore should be
taken into consideration in the design and execution of any reintroduction.

Research Needs

• How do some populations grow and survive with small founder sizes? Under-
standing mechanisms whereby small founding populations persist will help
us hone our reintroduction practice. Studies done with equal numbers of
propagules placed into multiple sites (McClain and Ebinger 2008) or con-
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ditions can help us refine factors that can optimize reintroduction
persistence.

• Do certain traits or characteristics of species influence reintroduced popula-
tion persistence? Some studies have found that certain traits facilitate the in-
vasion of species introduced into new habitats, making it possible to screen
species for invasive potential before they are moved outside their range (Rei-
chard et al., this volume). Similar studies are needed for rare species that are
candidates for reintroduction to determine whether certain traits may make
them more or less likely to establish persistent populations. However, ad-
dressing this question will be possible only with a larger sample size to docu-
ment reintroductions properly (Dalrymple et al., this volume).

• What are the appropriate conditions for reintroducing seeds? There are large
gaps in our understanding of the field conditions needed to promote seed
germination and long-term establishment, especially for annuals. Multiple
factors such as sowing techniques (e.g., burial depth, mulching, watering),
protection from herbivores (caging) or competitors (weeding), and microsite
conditions (e.g., disturbance regime, presence of nurse plants, canopy
cover) influence germination and persistence of reintroduced species. As yet
there are too few studies to draw generalizations about specific recommen-
dations; therefore, this is a critical area for future research. Reintroductions
can provide an experimental arena for testing basic seed ecology and popu-
lation persistence (Young et al. 2005).

Implications for Managed Relocation

With climate change, increasing the total number of rare plant populations will
become more urgent. Because of small sample sizes, our analysis did not sepa-
rately examine reintroductions outside the known range and those done within
the known range; therefore, we have little empirical evidence to support or refute
managed relocation (MR) efficacy based on founding population size or propa-
gule type alone. Because population demography varies with site (Pulliam 2000),
as has been illustrated by within-range introductions, careful selection of appro-
priate habitat is key for any MR. We suggest that the practices advised for reintro-
ductions within range mentioned earlier should be followed for any attempts out-
side the known range. The probability of successful colonization is likely to be
higher if introductions are done with whole plants of long-lived perennials than
with seeds or annuals. As previously recommended by Falk and colleagues (1996)
for traditional reintroductions, we recommend that any MRs be done as experi-
ments. When transplants are used to found new populations, a minimum of fifty
transplants for any given treatment will improve the likelihood of establishment
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and our ability to infer generalizations between treatments and across species.
Tracking demography of populations introduced outside the known range and
comparing with extant populations is advised.

Summary

We reviewed 174 studies from the literature and the CPC International Reintro-
duction Registry to examine whether founding population size and the type of
propagule planted influenced the persistence of reintroduced populations. We
found that the type of propagule planted was skewed by life history; the majority of
reintroductions done with annuals used seeds, whereas reintroductions of peren-
nials allowed comparisons of propagule type influence on population persistence.
When all life histories were combined, reintroductions using whole plants had
the greatest persistence. The effect of propagule type on perennial population
persistence differed between herbaceous and woody perennials. A significantly
greater proportion of woody plant populations were more likely to survive when
founded with seedlings and plants than when founded with seeds. For perennial
herbs, differences were not significant; however, there was a nonsignificant trend
for greater population persistence when the population was founded with plants
versus seedlings or seeds.

Similarly, examining the influence of founding population size on reintroduc-
tion success was also skewed by life history. In comparison with the quantities of
seedlings or plants used in reintroductions, exponentially greater numbers of
seeds have been sown in reintroductions. When seeds were used, there was no dif-
ference in population survival across a tremendous range of founding population
sizes. However, for seedlings and plants in perennial species, there was a trend for
increased proportions of populations persisting with increased founder size. The
exception was herbaceous perennials reintroduced to highly competitive habitats.

We recommend using founding populations of more than fifty whole plants for
perennial reintroductions. For annual species that may require using seed, experi-
mental reintroductions will be needed on a case-by-case basis to understand biotic
(e.g., competitors) and abiotic (e.g., climate) factors that influence population es-
tablishment and population survival.

We are deeply indebted to Rick Luhman, Ed Guerrant, and Kathryn Kennedy for their
time and role in making the CPC International Reintroduction Registry possible. We
thank Ed Guerrant for thoughtful discussion on designing plant populations for restora-
tion and two anonymous reviewers whose comments improved the manuscript. We also
thank Juan Carlos Penagos, Julia Maritz, and Adriana Cantillo for help in organizing data
for the analysis of plant reintroduction projects.
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Chapter 11

Determining Success Criteria for
Reintroductions of Threatened

Long-Lived Plants

Leonie Monks, David Coates, Timothy Bell,

and Marlin Bowles

Increasingly, species reintroductions are being attempted to counteract the loss
of biodiversity worldwide. Plant reintroductions aim to create or maintain self-
sustaining populations capable of surviving in both the short and long term
(Vallee et al. 2004). They have been increasingly used to recover threatened spe-
cies and to mitigate against habitat loss. Some species persist in the wild only
through reintroduced populations (e.g., Sophora toromiro, Maunder et al. 2000;
Allocasuarina portuensis, Vallee et al. 2004). It is difficult to ascertain the number
of threatened taxa worldwide that are currently in reintroduction programs, be-
cause many projects are unpublished or in difficult-to-access reports. But it is esti-
mated that there are between 94,000 and 144,000 threatened plant species world-
wide (Pitman and Jorgensen 2002). Target 8 of the 2002 Global Strategy for Plant
Conservation (IUCN 2002) recommends that “60% of threatened plant species”
should be “in accessible ex-situ collections, preferably in the country of origin and
10% of them” should be “included in recovery and restoration programs” by 2010.
From these figures, by the end of 2010 an estimated 5,640 to 8,640 species world-
wide should be in reintroduction programs. Given the resource-intensive nature
of reintroductions, this is a huge task for reintroduction practitioners.

To date only a few reintroductions have been cited in the literature as success-
ful. After 4 years and at three sites, Filago gallica, a rare annual, was considered
successfully reestablished based on annual population counts (Rich et al. 1999).
Maschinski and Duquesnel (2007) cautiously considered the reintroduction of
the long-lived regionally endangered Pseudophoenix sargentii a success despite
the lack of reproduction, as determined by population viability analysis (PVA).
Of 249 reintroductions reviewed in New Zealand, 53 (21%) were considered
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successful based on 50% or higher survival (Coumbe and Dopson 1999; also see
Dalrymple et al., Guerrant, this volume).

Even scarcer than documented examples of successful reintroductions are ex-
amples in which reintroduced populations have contributed to the downlisting or
delisting of a threatened species. Potentilla robbinsiana, a long-lived perennial
alpine herb endemic to New Hampshire, was removed from the US Federal List
of Endangered and Threatened Plants after known populations were considered
adequately protected and two reintroduced populations reached or surpassed the
minimum viable population size of fifty plants (Lynch and Weihrauch 2002).

With reintroductions increasingly being used as part of species recovery pro-
grams, it is important to determine adequate, meaningful, and measurable criteria
for success. Species assessment bodies, such as the International Union for Con-
servation of Nature (IUCN), need appropriate reintroduction success criteria to
enable them to assess changes in a species listing as a result of reintroductions.
Also, practitioners need to be able to learn from and evaluate their work to deter-
mine success and failure. Clearly, as more reintroductions occur, more resources
are needed, and we need some way of understanding when success has been
achieved in order to allocate and prioritize financial resources appropriately.

In this chapter, we review traditional and alternative methods for measuring
success of plant reintroductions. Using detailed examples, we highlight ways of as-
sessing reintroduction success for long-lived plants and emphasize the challenges
practitioners face.

Reintroduction Success

Reintroduction success has been measured in many ways. Pavlik (1996) set four
goals (abundance, extent, resilience, and persistence) for assessing reintroduction
success. Practitioners commonly assess reintroduction success using Pavlik’s mea-
sures of abundance (establishment, vegetative growth, fecundity, and population
size), resilience (genetic variation,) and persistence (self-sustainability), but many
of the suggested criteria—extent (dispersal, number of populations, distribution of
populations), resilience (recovery from perturbation, dormancy), and persistence
(microhabitat variation, community membership)—are not commonly reported
in the literature. Clearly no one measure of reintroduction success will provide
sufficient certainty to declare a population viable and self-sustaining or provide
the foundation for recommending the downlisting or delisting of a threatened spe-
cies. A combination of measures will provide the best foundation to predict suc-
cess confidently.

By far the most commonly reported assessment of reintroduction success is sur-
vival or first-generation establishment. Ranunculus prasinus achieved its reintro-

190 reintroduction science and practice



duction goals when a thousand individuals occurred at the site (Gilfedder et al.
1997), and Olwell and colleagues (1990) considered 83% survival of Pediocactus
knowltonii cuttings 3 years after planting to be encouraging. Vegetative growth, re-
productive output, and recruitment are often considered in conjunction with sur-
vival to indicate whether a new location is suitable.

Reproductive success determined through flower and viable seed production
and recruitment of subsequent generations is a critical measure of long-term pop-
ulation persistence. Factors such as pollination and the mating system signifi-
cantly influence reproductive success. Changes in pollinator behavior and effec-
tiveness due to fragmentation of plant populations can influence gene flow
patterns, genetic quality of pollen received by plants, and resultant progeny fitness
due to inbreeding effects (Krauss et al. 2007; Yates et al. 2007b). Patterns of mating
and pollination are therefore likely to be good indicators of population persistence
and reintroduction success, particularly where comparisons can be made with
natural populations.

Genetic variation can also be used to assess reintroduction success. Cost-
effective molecular markers can allow comparison of genetic variation between
reintroduced and wild populations to determine short-term success where in-
breeding may be a factor and long-term success where resilience and adaptation
to changing conditions may become important (Neale, this volume). Significant
change in genetic variation will be particularly important to record for managed
relocations (MRs) or introductions done outside the known range of a species, a
notion now given serious consideration in the context of climate change predic-
tions (Broadhurst et al. 2008).

To evaluate reintroduction success, comparing wild reference populations
with introduced populations is advised (Pavlik 1996; appendix 1, #36). Reproduc-
tive success, pollination, mating system, and genetic variation are part of a broad
range of measures that can be used for comparison. Vital rates, such as survival,
growth, and fecundity, and even more specific measures of plant health, such as
transpiration and photosynthetic efficiency, could be benchmarked or referenced
against similar-aged plants in reference populations. Without comparison there is
no way to ascertain whether the reintroduction is headed along a self-sustaining
or failing trajectory. “While higher vital rates may be preferable to lower vital
rates, placing results into the context of wild populations may provide some sol-
ace,” particularly when the vital rates are low (Menges 2008, p. 193). This was the
case for the limestone endemic Purshia subintegra. Although survival of reintro-
duced seedlings after 5 years was low (7% for the best site), when compared with
survival of wild seedlings over the same time period (0.3%), this was seen as en-
couraging (Maschinski et al. 2004a). Comparative information not only can be
used to evaluate success but can also help define project goals (White and Walker
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1997) and should be an integral part of any reintroduction program (Menges
2008).

Finally, most information used to determine reintroduction success is aimed at
a specific step or process in the reintroduction program and does not necessarily
facilitate prediction of long-term success. PVA is one method to use a range of de-
mographic data to model the trajectory and persistence of a population. Although
widely used to predict long-term trends in natural plant populations (e.g., Menges
2000), PVA has only recently been used for reintroduced populations (e.g., Bell et
al. 2003; Knight, this volume).

Long-Lived Species

Long-lived plant species provide significant challenges for reintroduction because
of the timeframes over which they may reproduce, recruit, and disperse. First,
flowering and fruiting may take years, even decades for some species. For exam-
ple, a 26-year-old specimen of Magnolia sinica has still not flowered (see box 4.2),
and the endangered palm Pseudophoenix sargentii may take more than 30 years to
become reproductively mature (Maschinski and Duquesnel 2007). Many of the
methods suggested to assess reintroduction success depend on species moving
through life stages to indicate acclimation to the new site. With funding cycles of-
ten significantly shorter than the decades it may take to demonstrate success, rein-
troduction of long-lived plants poses significant challenges to practitioners. Addi-
tionally, recruitment may be linked to infrequent and sporadic disturbance events,
such as fire for Acacia aprica (Yates and Broadhurst 2002) or fire, flood, or storm
for Eucalyptus salmonophloia (Yates et al. 1994), making a potentially long wait
until natural recruitment occurs.

Reproductive Output, Recruitment of Subsequent Generations, and
Response to Disturbance

A primary measure of reintroduction success is completion of the life cycle at the
new site. Reproduction and next-generation recruitment are clear indicators
of this. For example, good Cordylanthus maritimus ssp. maritimus reproduction
and population growth suggested a successful reintroduction (Parsons and Zedler
1997). Australian grassland daisy (Rutidosis leptorrhynchoides) showed no evi-
dence of lower fitness in reintroduced populations compared with natural pop-
ulations after 5 to 10 years (Morgan 2000). Seed set per inflorescence, seed ger-
mination, and second-generation seedling growth for five small reintroduced
populations were equal to or greater than two large natural populations, indicating
that reintroduced populations had the potential to be self-sustaining.

In long-lived perennials, recruitment is episodic and seedling establishment is
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a rare event; thousands of seeds may produce only few individuals (Sutter 1996).
Therefore, observing recruitment in reintroduced populations provides tangible
evidence that conditions are suitable for species persistence. Mistretta and White
(2000) recorded hundreds of progeny of the perennial species Eriogonum ovali-
folium var. vineum and Erigeron parishii 6 to 7 years after planting at the reintro-
duction site. Transplanting the clonal Rhus michauxii was considered a viable
conservation option after aboveground shoots increased by 37% and 219% at two
reintroduction sites (Braham et al. 2006).

Species from environments prone to disturbance (e.g., fire, flood, tornados)
must be able to survive and recover from such a disturbance when it occurs. Long-
lived species will probably be exposed to disturbance in their lifetime and there-
fore are often adapted to the particular disturbance type and regime that occurs in
their habitat. Some recruit only, or substantially, after such a disturbance. For ex-
ample, in many ecosystems fire plays a key role in plant establishment (Abbott
and Burrows 2003). Yates and Broadhurst (2002) showed that the threatened
woody shrub Acacia cochlocarpa ssp. cochlocarpa had greater germination in
burnt plots than in unburnt plots, with no seedlings emerging in unburnt plots.
Two reintroductions of this species commenced in 1998. To date, despite substan-
tial viable seed production, no natural seed germination has occurred (L. Monks,
personal observation). It is unlikely that substantial seedling recruitment will oc-
cur without fire, and this was taken into account when practitioners developed
success criteria for the reintroduction (see box 11.1).

Population Viability Analysis

PVA uses demographic data to project the future status of a population (Morris
and Doak 2002) by determining population characteristics such as growth rates,
probabilities of extinction, and critical life stages of study species. Although PVA is
often described as a quantitative conservation tool for assessing the fates of rare
and endangered species (Schemske et al. 1994; Brook et al. 2000; Brigham and
Thomson 2003), it is rarely applied for this purpose (Morris et al. 2002), especially
for reintroduced populations (Menges 2008) or long-lived plants (Schwartz 2003).
Few published reintroduction PVAs have compared demographic characteristics
of reintroduced and natural populations (Bell et al. 2003; Maschinski and Du-
quesnel 2007; Colas et al. 2008; Knight, this volume) or have evaluated introduc-
tion strategies (Bell et al. 2003; Satterthwaite et al. 2007). The scarcity of reintro-
duction PVAs may be a consequence of few available data sets and small initial
population sizes, differences in vital rates between reintroduced and naturally re-
cruited plants, and lack of representation of all stages. These issues are often most
problematic for reintroductions of long-lived species.

In reintroduced populations, vital rates of outplanted and naturally recruited
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Box 11.1. Comparing Reintroduced and Natural Populations of the

Critically Endangered Acacia aprica

Contributed by: Leonie Monks
Species Name: Acacia aprica Maslin & A.R. Chapman (Fabaceae)
Common Name(s): Blunt wattle
Family: Mimosaceae

We reintroduced the critically endangered Acacia aprica in 1998 to a reserve
north of Perth in southwest Western Australia. For each reintroduced in-
dividual, we followed seedling survival, growth, flowering, and fruiting.
Concurrently we monitored these same attributes in four natural A. aprica
populations. Comparing flowering and fruiting attributes between the re-
introduced and several natural populations showed the 3-year-old reintro-
duced population had a level of reproductive output similar to that of the
natural populations (table 11.1). Two natural populations (populations 1
and 3) produced more seeds per branchlet than the reintroduced popula-
tion, but reintroduced and natural populations produced similar seeds per
legume. Natural variation may account for some of the differences seen, as
would the younger age of the reintroduced plants compared with the plants
in the natural populations. More detailed monitoring of reproductive out-
put is needed to confirm whether the reintroduced population continues to
be comparable to the natural populations. However, the results are seen as
encouraging and suggest that the criteria for short-term reintroduction suc-
cess for reproductive capability have been met (Monks 2002; Monks and
Coates 2002).

table 11.1

Mean reproductive attributes of a 40-cm branchlet for the reintroduced and four natural
populations of Acacia aprica in 2001.

Reintroduced Population Population Population Population
Attribute Measured Population 1 3 5 7

Mean no. inflores-
cences/branchlet 18 88 111 59 44

Mean no. legumes/
branchlet 3 14 34 3 4

Mean no. seeds/legume 7 7 9 8 5
Mean no. seeds/

branchlet 22 92 317 23 18
Inflorescence to legume

ratio 6:1 6:1 3:1 20:1 11:1
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individuals can differ within a single population, and demographic matrix model-
ing requires separate stage classes for these individuals (Bell et al. 2003). For ex-
ample, survival, growth, and fecundity of transplants of the short-lived mono-
carpic perennial Cirsium pitcheri were lower than for naturally recruited plants,
even years after the transplant event (Bell et al. 2003). Similar contrasts may occur
between transplants and naturally recruited plants in long-lived species, but few
data are available. For the long-lived Mead’s milkweed (Asclepias meadii), plants
established from sown seeds had not yet reached the initial size of transplanted in-
dividuals even after 13 years (Bell et al. 2003). Therefore, inferences about popu-
lation viability based solely on vital rates of transplants may lead to improper man-
agement conclusions.

All transition stages are less likely to be present in reintroduced than in natural
populations, especially in the early years after the reintroduction. As a result, im-
portant variables, such as fecundity, may be difficult to obtain or may differ from
those of natural populations. This problem is exacerbated by small population
sizes, where the number of individuals in size classes or stages is often too small for
accurate estimation of vital rates and will require pooling demographic data over
years (Schwartz 2003). Thus, whereas a natural population may require only 2
years of demographic monitoring to develop a transition matrix if all stages are
present in sufficient numbers each year, many more monitoring years are neces-
sary for reintroductions, where transplants must complete their life cycle before
naturally occurring cohorts can be established and develop all stages. In addition,
because transplant transition frequencies may differ from those of naturally re-
cruited individuals, reliable transition matrices cannot be constructed for a rein-
troduction until all stages are present among naturally recruited individuals.
Thus, published reintroduction PVAs are limited to one (Maschinski and Du-
quesnel 2007; Colas et al. 2008) or three (Bell et al. 2003) transition matrices for
reintroduced populations, despite 10 (Bell et al. 2003; Colas et al. 2008) or up to
14 (Maschinski and Duquesnel 2007) years of demographic data from natural
populations. For the short-lived Cirsium pitcheri, all stages were present in the
reintroduction 5 years after transplanting began, but a transition matrix for natu-
rally recruited individuals from that reintroduction could be constructed only 8
years after the reintroduction took place.

The problem of inaccurate estimation of vital rates is most acute for slow-
growing, long-lived plants, because transitions between stages occur infrequently
(Schwartz 2003). Population viability analyses for reintroductions of long-lived
plants, such as Asclepias meadii (see box 11.2) and Pseudophoenix sargentii, are
further hampered by slow growth and lack of data on reproductive stage classes
(Bell et al. 2003; Maschinski and Duquesnel 2007). For example, a stage-based
matrix for introduced P. sargentii plants consisted of pooled demographic data
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Box 11.2. Why Are Population Viability Analysis Models Difficult to

Develop for Asclepias meadii Reintroductions?

Contributed by: Timothy Bell and Marlin Bowles
Species Name: Asclepias meadii Torrey
Common Name(s): Mead’s milkweed
Family: Asclepiaceae

The difficulty of using population viability analysis (PVA) to evaluate the
success of a long-lived plant reintroduction is illustrated by Asclepias meadii
reintroductions, which began in Indiana and Illinois in 1994 with a combi-
nation of seeds and greenhouse-grown 1-year-old juveniles (Bowles et al.
2001). Little progress has been made in developing a PVA for A. meadii rein-
troductions since the original analysis, despite an additional 9 years of de-
mographic data. It was originally projected that seedlings would take 12
years or more to reach reproductive maturity, but that estimate has been re-
vised to 25–30 years because of suppression of seedling growth by competi-
tion. Even with transplanted A. meadii juveniles, seed production has oc-
curred only when plants have reached a flowering threshold size as
measured by a leaf area index of 80 (fig. 11.1). These results illustrate the
need to estimate vital rates from multiple cohorts that span the entire life
history of the species in order to develop a PVA for reintroductions of long-
lived plants (Bell et al. 2003).

Figure 11.1. Exponential growth projections of Asclepias meadii juveniles based
on demographic monitoring over 15 years. Symbols represent different cohorts.
Flowering occurs when plants reach a threshold leaf area index of 80. Modified
from Bell and colleagues (2003).
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from introduced and wild plants over all sites because introduced plants were not
represented in all stages and none of the introduced plants reproduced, even after
14 years (Maschinski and Duquesnel 2007).

The differences between reintroduced and natural populations illustrate that
traditional PVA approaches must be customized for reintroduced populations.
The difficulty in developing complete matrix models for reintroductions of long-
lived plants, because of missing or poorly represented stages, highlights the need
to introduce multiple stage classes, especially mature stage classes, to accelerate
completion of plant life cycles. Establishing multiple stage classes would have the
potential benefit of allowing investigators to assess reintroduction success through
PVA in a timely manner.

Comparisons with natural populations will be important for developing and
interpreting matrix models in reintroductions of long-lived plants. The viability of
a reintroduction consisting mostly of transplanted individuals could be incorrectly
interpreted unless compared with natural populations.

Mating Systems

A key factor influencing reproductive output and ultimate population persistence
is the mating system, which controls the way in which gametes combine within a
population. This major influence on patterns of genetic variation within a species
is influenced by floral attributes, such as flowering phenology, compatibility,
flower structure, and ecological factors including mode of pollination, population
size, and population density (Eckert et al. 2010). There is increasing interest in
studying mating systems to understand contemporary patterns of gene flow within
populations, pollen pool size, and related factors such as pollinator availability
and behavior (Sampson et al. 1996; Young et al. 2000; Yates et al. 2007a). The
mating system regulates within-population levels of inbreeding, which in turn sig-
nificantly influences a wide range of fitness components, including reproductive
output, seed weight, germination, seedling establishment, and growth (Fenster
and Dudash 1994).

The majority of plant species are hermaphroditic, and more than 50% are self-
compatible (Igic and Kohn 2006). Therefore, assessing mating system variation in
reintroduced populations and benchmarking against natural populations can im-
prove our ability to assess population resilience and persistence. Variations in the
mating system such as levels of outcrossing and the degree to which seed from the
same plant has the same father can be readily assessed using genetic marker analy-
sis of seed progeny arrays (Ritland 2002).

In comparison to measuring recruitment directly, comparative mating sys-
tem studies combined with pollination biology can be accomplished over short
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timeframes (one or two flowering seasons). For long-lived species they can there-
fore give vital clues to potential recruitment and reproductive success in subse-
quent generations. Recent reviews have shown that changes in the mating system
can be useful indicators of population processes and can give valuable insight
for developing strategies for plant species persistence after anthropogenic distur-
bance and landscape fragmentation (Coates et al. 2007; Eckert et al. 2010). In
eight animal-pollinated, mixed-mating, long-lived species, Coates and colleagues
(2007) found that although mating system varies with pollination biology and life
history, as populations get smaller and habitat disturbance increases, there is a
trend toward increased inbreeding, smaller effective sizes of paternal pollen pools,
and greater variation in outcrossing among plants. For example, in the common,
bird-pollinated, long-lived Calothamnus quadrifidus, as populations got smaller
there was significantly greater variation in outcrossing among plants, and the
number of fathers contributing to seed production per plant declined. The poten-
tial for inbreeding was significantly raised in these populations, and as population
size decreased, levels of seed abortion increased dramatically (Yates et al. 2007b).

The potential for elevated levels of inbreeding and increased seed abortion in
small populations raises important issues for the conservation and reintroduc-
tion of animal-pollinated species with mixed mating systems in fragmented land-
scapes. For example, five rare and endangered animal-pollinated species investi-
gated by Coates and colleagues (2007) are typical of many rare and threatened
plant species in southwest Australia in that they survive in populations of a few
hundred plants or less and are often in highly degraded habitats. The long-term
persistence of these species would appear problematic without significant inter-
vention involving reintroduction, but the persistence of any reintroduced popula-
tions will also depend on adequate population sizes and the presence of appropri-
ate numbers and types of pollinators.

Apart from providing critical data on mating and inbreeding, mating system
studies also allow predictions about pollinator behavior (see box 11.3). From a
reintroduction perspective such data will be particularly useful for benchmarking
mating system variation in a reintroduced population and provide valuable guid-
ance for reintroduction planting design (appendix 1, #29).

Genetic Variation

The availability of high-quality propagule sources with suitable levels of genetic
variation of rare species can be problematic. Many rare species exist as small, iso-
lated remnant populations that may contain low levels of genetic variation due to
genetic drift. To prevent overharvesting, founding populations may have been col-
lected from a restricted sample. As a result, reintroduced populations may be go-
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ing through genetic bottlenecks, resulting in negative demographic and genetic
consequences. This may be particularly evident if the source populations are
fewer than 200 reproductive plants (Young et al. 2000; Lowe et al. 2005; Yates et
al. 2007a). Genetic variation of the founder population could be a useful measure
of population resilience, and it is likely to influence both short- and long-term
reintroduction successes. It is potentially a valuable predictive measure of reintro-
duction success, particularly in long-lived species where more traditional mea-
sures may take many years to evaluate. Assessing genetic variation therefore is
more frequently being suggested as a tool for monitoring reintroduced popula-
tions (Krauss et al. 2002; Ramp et al. 2006; Neale, this volume).

Although a number of recent studies demonstrate the use of molecular mark-
ers in assessing reintroduction success (Neale, this volume, see box 11.4), there

Determining Success Criteria for Reintroductions of Threatened Long-Lived Plants 199

Box 11.3. Comparing Mating Systems in Natural and Reintroduced

Populations of Lambertia orbifolia

Contributed by: David Coates
Species Name: Lambertia orbifolia C.A. Gardner
Common Name(s): Round-leaf honeysuckle
Family: Proteaceae

A mating system study of the natural populations of the threatened, bird-
pollinated Lambertia orbifolia before reintroduction showed that plant den-
sity strongly influenced variation in outcrossing (or selfing) among plants
(Coates and Hamley 1999). Measures of biparental inbreeding indicated lit-
tle crossing between related plants and probably minimal genetic structure.
In low-density populations, when pollinators occasionally move between
plants, they affect significant outcrossing, but they often stay on individual
plants, leading to higher levels of geitonogamous self-pollination. With this
information in mind, we reintroduced Lambertia orbifolia ssp. orbifolia in a
design with varying plant densities (Monks 2009). We conducted another
mating system study comparing natural and reintroduced populations once
the reintroduced population had significant reproduction. Preliminary re-
sults based on initial seed production suggest that significantly fewer fathers
are contributing to seed production in the reintroduced population than in
the natural populations, and this may be due to differences in pollinator be-
havior (Coates et al., unpublished data). Further studies are under way to es-
tablish whether this is a transient effect.



are few studies where other genetic measures such as chromosome variation have
been used. Following an analysis of allelic richness and chromosomal variation in
five reintroduced and two natural populations of the Australian grassland daisy
Rutidosis leptorrhynchoides, Young and Murray (2000) found lower allelic rich-
ness in the reintroduced populations and greater frequency of chromosomal ab-
normalities. They suggested that high numbers of chromosome abnormalities
arose from disjunctional errors caused by inbreeding and interpopulation gene
flow, leading to hybridization between diploid and tetraploid cytotypes. These
findings indicate that the reintroduced populations may have lower reproductive
capabilities and may not persist in the long term. In contrast, Morgan (2000)
found no reduction in reproductive fitness, as measured by seed set, seed germi-
nation, and second-generation seedling growth. Young and Murray (2000) recom-
mended that future reintroduction attempts take into account chromosome varia-
tion in source populations and potential consequences of pollen flow from natural
populations and strive for larger populations to maintain allelic richness.
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Box 11.4. Using Genetic Studies to Promote Reintroduced

Population Health

Contributed by: Leonie Monks
Species Name: Grevillea scapigera A.S. George
Common Name(s): Corrigin grevillea
Family: Proteaceae

The critically endangered Grevillea scapigera was established at two new lo-
cations in 1996, 1997, and 1998 using tissue-cultured plants. Ten plants cho-
sen from forty-seven known wild plants were selected as genetically repre-
sentative founders. Krauss and colleagues (2002) used molecular markers
(amplified fragment length polymorphisms) to genotype plants in the re-
introduced populations to assess the maintenance of genetic variation after
establishment. Genotyping revealed only eight founding clones. Four of
these clones were producing 85% of the seed, and the second generation
was 22% more inbred and 20% less heterozygous than the founding popula-
tion. To prevent further genetic decline, they suggested a range of strategies,
including equalizing founder numbers, adding new genotypes when discov-
ered, and changing planting and maintenance regimes to promote multiple
paternity and reduce inbreeding.



Establishment and Survival

Possibly the most widely used measure of reintroduction success is population es-
tablishment and survival. This is usually defined as a specified proportion of the
propagules surviving over a specified time period. The new population must be a
minimum size to be self-sustaining in the long term so that genetic consequences
of small population size can be avoided. Using nine life history characteristics
(longevity, breeding system, growth form, fecundity, ramet production, survi-
vorship, seed duration, environmental variation, and succession status), Pavlik
(1996) estimated that 50 to 2,500 individuals would be necessary to found a popu-
lation (but see Knight, this volume). Guerrant (1996a, p. 194) suggested that the
“founding population should be as large as possible,” with the “ceiling set primar-
ily by practical and other strategic considerations.” A recent review of seed sourc-
ing for restoration showed that populations of less than two hundred are likely to
be poor sources of seed (Broadhurst et al. 2008). Theory suggests that, at least for
obligate outcrossing species, reintroduced populations of fewer than two hundred
plants are likely to be unsuccessful due to inbreeding difficulties (see Neale, Al-
brecht and Maschinski, this volume).

Survival can vary vastly depending on the timeframes of measurement. “The
longer an experimental population is monitored, the more stochastic factors will
affect the population persistence” (Wendelberger et al. 2008, p. 550). There is of-
ten an initial decline in plant numbers in the first year after planting. For reintro-
duced plants, initial mortality may be caused by shock (Bell et al. 2003), or for
reintroductions started from seed, high seedling mortality may occur. For exam-
ple, the proportion of Purshia subintegra seedlings surviving 1 year after planting
declined to between 13% and 48%, depending on habitat and treatment (Ma-
schinski et al. 2004a). Most deaths after experimental reintroductions of Prostan-
thera eurybioides (up to 85%), Acacia cretacea (up to 95%), and A. whibleyana (up
to 98%) occurred within the first year, and then plant numbers stabilized (Jusaitis
2005).

The timeframes over which survival is measured for long-lived species need to
take into account the longevity of the plants. Monitoring long-term survival (more
than 10 years) is essential (Guerrant and Pavlik 1998), especially given the life-
span and time needed to reach reproductive maturity of many long-lived species
(appendix 1, #38).

Population trends may become apparent only many years after reintroduction.
After seeding, the reintroduction of the annual Cordylanthus maritimus ssp. mar-
itimus appeared successful when the population increased from approximately
5,000 plants in year 1 to 13,997 plants in year 4 (Parsons and Zedler 1997). How-
ever, because opportunities for seed germination and seedling establishment were
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limited, it was unclear whether the population would be sustainable in the long
term and whether additional monitoring was needed. For the long-lived perenni-
als Eriogonum ovalifolium var. vineum and Erigeron parishii, survival was 86% and
75%, respectively, 1 year after reintroduction (Mistretta and White 2000). Moni-
toring after 6–7 years showed only a slight decline in survival of the initial plant-
ings (to 77% and 66%, respectively). Thus, survival and progeny counts of 325 for
E. ovalifolium var. vineum and 452 for E. parishii indicated that the population
had successfully established and was increasing. For twenty-four perennials, Mottl
and colleagues (2006) found that a promising 91% mean survival after 1 year de-
clined to a mean of 57% after 7 years. However, the authors still considered the
reintroduction a success, in part because the mean percentage survival had stabi-
lized between 5 and 7 years after planting. At a grassland restoration site in south-
eastern Australia thirty-three species of eighty-five restoration species persisted af-
ter 15 years (McDougall and Morgan 2005). Just three species established
sufficiently well to form the dominant community components, as they would in
natural sites, whereas thirty species remained as minor vegetation components.
After 10 years Guerrant and Kaye (2007, p. 369) thought that “it was still too early
to determine whether populations” of Lilium occidentale “are self-sustaining, and
to what degree they are resilient to environmental perturbation.” The danger in
considering a reintroduced long-lived species stable and successful after the first
couple of years is that it might decline before significant reproduction occurs (see
box 11.5). If this occurs, the population may undergo a significant genetic bottle-
necking event or simply become extinct.

Vegetative Growth

Measuring growth parameters can provide evidence that conditions are suitable
for a species at a new site. Changes in height, volume, stem diameter, and number
of leaves are often used along with monitoring plant survival to indicate reintro-
duction success. For example, Mistretta and White (2000) considered that an in-
dicator of successful Eriogonum ovalifolium var. vineum and Erigeron parishii
reintroduction was the growth of reintroduced plants by a mean of 4.32 and 0.96
centimeters, respectively, over the first 5 years. A mean stem diameter growth of 5
millimeters for reintroduced Pediocactus knowltonii over 3 years was considered
appreciable, given that the plants usually average only 13.1 millimeters in diame-
ter (Olwell et al. 1990). Plant volume of the reintroduced Amorpha herbacea var.
crenulata increased in the months after planting but varied in subsequent years
depending on season of measurement (Wendelberger et al. 2008) and provided
one indication that the reintroduced population was performing well. Increased
plant height, stem diameter, and number of leaves were used to indicate how well
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Box 11.5. Changing Survival Rates after 1, 4, and 10 Years

Contributed by: Leonie Monks
Species Name: Grevillea calliantha Makinson & Olde
Common Name(s): Foote’s grevillea
Family: Proteaceae

Foote’s grevillea is a federally endangered long-lived woody perennial from
the southwest of Western Australia. A total of 466 propagules were planted in
1998, 1999, 2001, 2002, and 2005 in a single site north of Perth in Western
Australia. Monitoring initially gave an optimistic outlook for population sur-
vival. Initial establishment of each planting cohort was good (55–95% plants
survived the first year; table 11.2). Four years after the first planting, in 2002,
68% of plants survived, suggesting the population had established well.
However, monitoring thereafter revealed a less positive outlook, with just
18% survival after 10 years (table 11.2). Herbivory of unfenced seedlings
planted in 2002 resulted in the death of all plants in that cohort (other co-
horts were entirely or partially fenced), and drier-than-average years may
have contributed to declines of all cohorts between 2002 and 2008. Age to
first reproduction was 2–4 years, with substantial reproduction occurring af-
ter 4–6 years. The reintroduced population declined substantially before
any significant reproduction occurred. Additional planting at the reintro-
duction site will need to take place in order to avoid inbreeding in subse-
quent generations (Monks and Coates, unpublished data).

table 11.2

Number (%) of outplanted Grevillea calliantha plants surviving after 1 year and then in
the medium (4 years) and long term (10 years).

No. (%) No. (%)
Surviving Surviving
in 2002 in 2008

No. (%) (4 Years (10 Years
Surviving After After

After 1 Year Initial Initial
Cohort Year No. (Initial Planting; Planting;
Number Planted Planted Establishment) Medium Term) Long Term)

1 Planted 1998 106 73 (69) 45 (42) 20 (19)
2 Planted 1999 115 109 (95) 88 (76) 50 (43)
3 Planted 2001 114 63 (55) 63 (55) 2 (2)
4 Planted 2002 106 N/A 106 (100) 0 (0)
5 Planted 2005 25 15 (60) N/A 13 (52)
All All years 466 N/A 302 (68)0 85 (18)
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four native tree species established in restoration sites in a Mexican cloud forest
(Alvarez-Aquino et al. 2004). Plants generally survived better in degraded rem-
nants of cloud forest but grew much quicker in cleared areas adjacent to cloud for-
est remnants, indicating that restoration of Mexican cloud forest can be success-
fully undertaken using the four native species.

Although measurements of growth can be indicators of reintroduction success,
they can also be used to gauge the usefulness of various reintroduction techniques
or suitability of sites (see box 11.6). Maschinski and Duquesnel (2007) measured
height, trunk diameter, number of leaves, and presence or absence of a leaf spike
to gauge the performance of slow-growing Pseudophoenix sargentii. This allowed
comparisons between microsites, with the tops of coastal berms found to be the
microsite where the fastest growth occurred. It also enabled the authors to assign
plants to stage classes to undertake PVA. Measurements of the height and length
of the longest leaf were used to compare the success of two planting techniques
and two sites for the reintroduction of Rhus michauxii (Braham et al. 2006). Al-
though no trends were found for height, mean length of leaf differed between
planting years, suggesting that allowing plants to grow in the nursery for 1 year was
a better technique than direct transfer of plants between donor and recipient sites.
In another study Jusaitis and colleagues (2004) found that the number of leaves
per plant and plant diameter were useful indicators of weed impacts on reintro-
duction success for Brachycome muelleri.

Practical Implications for Traditional Reintroduction Work

We have indicated that assessing reintroduction success in long-lived species can
be challenging using more traditional approaches that rely on reproductive out-
put and recruitment given the timeframes over which such species may repro-
duce, recruit, and disperse. Although traditional approaches are important and
needed, we suggest that other approaches can allow more timely assessments of
reintroduction success and should be given consideration. PVA is a powerful tool
that can help predict long-term reintroduction success. However, despite its po-
tential there can be limitations with PVA, particularly in estimating vital rates, be-
cause transitions between stages for long-lived plants are infrequent. Practitioners
undertaking reintroductions of these species may need to reconsider the fre-
quency of monitoring because measurements taken for the development of PVA
models will need to be at a rate that accurately charts movement of an individual
from one life stage to another (appendix 1, #35, #37).

Assessing mating system variation and levels of genetic variation in the reintro-
duced populations are also approaches that can allow some indication of long-
term reintroduction success. Both can be readily assessed using molecular genetic
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markers (Neale, this volume), but there are constraints with such approaches. We
emphasize that these approaches do not necessarily act as direct surrogates for
more traditional measures of establishment, survival, vegetative growth, reproduc-
tive output, and recruitment. For example, frequently used and readily available
neutral molecular markers, such as microsatellites, may provide very good mea-
sures of genetic variation and small population size effects, but it is not entirely
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Box 11.6. Using Growth Measurements to Judge Suitable

Reintroduction Sites

Contributed by: Leonie Monks
Species Name: Prostanthera eurybioides F. Muell
Common Name(s): Monarto mint
Family: Lamiaceae

The federally endangered perennial Monarto mint is known from only a
small number of populations in South Australia. Jusaitis (2005) used small-
scale experimental reintroductions to investigate the suitability of three sites
in preparation for large-scale reintroduction. In conjunction with survival,
the change in growth index over 8 years gauged which site was the most suit-
able for the species. Plants at site 1 thrived with 80% survival and increased
size by eight and a half times (table 11.3). Site 2 had a lower survival of 20%
and just over four times increased growth. However, plants at site 3 fared
poorly, with growth declining over the first year before all plants died. The
combination of survival and growth measurements provided good evidence
on which to base site selection for larger-scale reintroductions (Jusaitis
2005).

table 11.3

Initial and final growth index (GI) of Prostanthera eurybioides
plants translocated in June 1996 to three different microsites at

Monarto, South Australia (Jusaitis 2005).

GI at Final Monitoring
Site Initial GI (8 Years after Planting)

1 80 680
2 100 420
3 100 0

Growth index (GI) is calculated as (Height + Crown width 1 + Crown width 2)/3.



clear how critical neutral variation might be for adaptation and persistence. Mat-
ing system analysis will require collecting seed from individual plants, so at least
an initial stage of reproduction is needed before progeny can be genotyped and
mating patterns determined. Despite these caveats we believe that these ap-
proaches and PVA can be valuable adjuncts to the more traditional methods for
assessing reintroduction success, particularly in long-lived species.

Areas of Need and Research Opportunities

Using PVA, mating system variation, and genetic variation to measure reintroduc-
tion success efficiently and effectively raises a number of key research questions.
For all three approaches, comparisons with natural populations are important for
benchmarking and interpretation. As previously mentioned, few studies have used
PVA to compare reintroduced and natural populations, so there is a need for more
comparisons and explorations of customized PVA approaches for long-lived re-
introduced populations.

Benchmarking is particularly critical in considering mating system and ge-
netic variation. Although changes in parameters that estimate these variables can
be monitored within the reintroduced population, determining key thresholds at
which failure is likely will be extremely difficult. A predetermined level based on
an assessment of natural populations is therefore essential. For example, at what
level does genetic variation become critically low due to reduced population size,
and when is augmentation needed? At what point does population reproductive
output become severely compromised by reduced outcrossing and increased in-
breeding? Is this effect caused by a change in plant–pollinator interactions?

Where reintroductions involve threatened species that are critically endan-
gered, benchmarking may not be feasible because the remaining natural popula-
tions are already too small, there is no recruitment, and they are found only in
highly disturbed habitats. In these cases, it would be worth exploring the feasibil-
ity of comparisons with sister taxa or other species with similar functional traits.

Prospects and Cautions for Appropriate Use of MR

Introducing a plant species outside its natural range in response to the threat of cli-
mate change has been raised recently as a key tool in plant conservation (Vitt et al.
2010; Haskins and Keel, this volume). Assessing the success of such introductions
to novel geographic areas would not necessarily involve different approaches to
those outlined here. The challenge with long-lived plants lies in our ability to as-
sess reproductive output and recruitment given the timeframes over which these
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processes are likely to occur. In cases of MR, a useful criterion for predicting suc-
cess would be the level of genetic variation in the introduced population. It is still
extremely difficult to predict where a species might be best located under current
climate change modeling regimes. Yet maintaining high levels of genetic varia-
tion and maximizing evolutionary potential in introduced populations would be
an important target for achieving success (see Broadhurst et al. 2008).

Managed relocation may lead to unexpected interactions between the in-
troduced species and other species in the recipient site. Such interactions may
be negative (e.g., Riccardi and Simberloff 2009a), and perhaps success criteria
might need to be broadened to cover not only the factors that would be predicted
to indicate persistence of the introduced species but also factors that might indi-
cate a negative impact on the recipient community (see Reichard et al., this vol-
ume). Becoming invasive and negative genetic interactions such as outbreeding
depression and genetic swamping, following interbreeding between native and
introduced populations, are potential undesirable outcomes. In these situations
the MR might be viewed as a failure despite the persistence of the introduced
species.

Summary

Defining reintroduction success for long-lived plants, where reproduction and re-
cruitment of second and subsequent generations may take place long after the
funding for the reintroduction has ceased, is a major challenge for conservation
agencies and conservation practitioners. We need to determine when a reintro-
duction is viable and capable of persisting. If multiple species reintroductions are
needed in a single region, we need to understand when a satisfactory level of suc-
cess has been achieved and reallocate resources. Traditional measures of success
consider vital rates such as survival, growth, and reproduction, preferably over
multiple generations before the likelihood of reintroduction success is evaluated.
Although these measures can still be valuable for long-lived species, assessing
them over multiple generations is problematic when many years or decades may
pass before the plants reach sexual maturity. Their value can be greatly increased
by benchmarking against natural populations. We concur with Menges (2008)
that comparative information should play a key role in assessing success in any
reintroduction program.

Equally, we suggest that there are a range of other measures and approaches
such as PVA, mating system variation, and genetic variation that are likely to be es-
pecially effective for predicting reintroduction success. These not only will be
specifically relevant to long-lived species but could be more broadly considered
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for plant reintroductions. We emphasize that the development of effective means
of predicting long-term success for reintroductions of plant species is becoming
increasingly critical where resources for reintroductions are limited and where the
strategic reallocation of resources is needed to deal with the dramatically escalat-
ing number of threatened plant species worldwide.
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Chapter 12

Unique Reintroduction Considerations in
Hawaii: Case Studies from a Decade of Rare
Plant Restoration at the Oahu Army Natural

Resource Rare Plant Program

H. Kapua Kawelo, Susan Ching Harbin, Stephanie M. Joe,

Matthew J. Keir, and Lauren Weisenberger

The extreme isolation of the Hawaiian Islands coupled with their sequential vol-
canic origin and gradual erosion from 4,000 meters above sea level down to sea
mounts created a large variety of habitats from rainforest to desert within a small
geographic area. This mix of ecological settings resulted in a highly endemic
fauna and flora often lacking the typical assemblage of herbivores and carnivores
found in continental situations (Carlquist 1970; Stone and Scott 1984). After
Cook’s discovery of the islands, large numbers of nonindigenous species were in-
troduced, and some of them have proven to be directly or indirectly detrimental to
the native species. Most plants face multiple threats from predators, insects, feral
ungulates, weeds, and loss of pollinators and dispersers. Hawaii’s unfortunate rep-
utation as the home of 37% of the nation’s federally listed plants (US Fish and
Wildlife Service [USFWS] 2009) reveals a conservation crisis where restoration
efforts are of critical importance. Indeed, conservation efforts have been under
way since the early 1900s (Mehrhoff 1996), but rare plant conservation in Hawaii
faces numerous challenges, many of them overlapping. Hawaii’s experiences with
rare plant reintroduction elucidate the challenges managers confront in both is-
land situations and continental environments.

The US Army Garrison Hawaii (Army) is responsible for stabilizing fifty-one
endangered plant taxa on Oahu to offset potential impacts from Army training.
Twenty-four of the fifty-one taxa have fewer than three hundred individuals re-
maining in the wild, and of these, fifteen taxa have fewer than fifty individuals.
Therefore, reintroduction plays a large role in achieving stability goals for many of
these rare plants. However, the efforts reported in this chapter are unprecedented
in scale, both with respect to the number of species involved and in the detail of
the planning effort.
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In 1994 the USFWS Hawai’i and Pacific Plant Recovery Coordinating Com-
mittee proposed a standard of stability for endangered plants in Hawaii. A plant is
considered stable when it has three populations with a minimum of either 25 ma-
ture and reproducing individuals of long-lived perennials (>10 year life span), 50
mature and reproducing individuals of short-lived perennials (<10 year life span),
or 100 mature and reproducing individuals of annual taxa per season (<1 year life
span). In addition to numerical criteria, genetic storage must be in effect for the
taxon and all major threats must be controlled.

The Army has been involved in rare plant reintroduction on the island of
Oahu since 1998. The Oahu Army Natural Resource Program (OANRP) began
this work in 1995 with four employees and has a current staff of fifty-one. The
Army’s responsibility was outlined in Endangered Species Act, Section 7, “Con-
sultations between the USFWS and the Army.” The Army was tasked to prepare
documents detailing stabilization steps defining population and management
units and a milestone schedule of actions. The stabilization plans must often be
adapted to address myriad problems, particularly in five major areas where Hawaii
has unique challenges: genetic considerations, pollination biology and breeding
systems, obtaining propagules, threat control strategies, and site selection limita-
tions. We provide case studies that best illustrate the five major problems from our
species recovery efforts.

Problem Area 1: Genetic Considerations

Reintroducing taxa with small populations entails potential risks of inbreeding
and outbreeding depression (Neale, this volume). We sought to reduce those risks
by maximizing founder representation in outplantings without losing population-
specific alleles. To develop stabilization strategies we consider factors such as spe-
cies biology, morphological variation, genetic diversity, breeding and mating sys-
tems, historic distributions and life cycles, and threats from invasive species.
Unfortunately, these details are poorly understood for most endangered Hawaiian
plant taxa. For many species, extinction appears imminent and stabilization ac-
tions need to proceed immediately, in conjunction with research. However, con-
tinually adapting genetic management strategies to incorporate research results is
complicated. It can be difficult to differentiate between risks due to poor fitness
(which can be addressed through reintroduction design strategies) and invasive
species threats (which can be addressed via threat control). For example, slugs
may severely limit seedling recruitment, overshadowing genetic considerations
(Joe and Daehler 2008). Deleterious effects of inbreeding may be delayed and dif-
ficult to assess quickly enough to guide genetic management decisions (Husband
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and Schemske 1996). Molecular variation may not be strongly correlated with the
ability to evolve (Frankham et al. 2002). Indeed, some small populations may
have historically low genetic variability and may or may not benefit from in-
creased gene flow (Ellstrand and Elam 1993). In some species such considera-
tions are moot: Cyanea superba, now extinct in the wild, was reestablished from
two individuals.

In order to meet stabilization goals, outplantings are necessary. Outplantings
use nursery-grown plants with known maternal founders that are individually
tagged. Plans for augmentation, reintroduction, and introduction consider the ge-
netic implications of each type of outplanting. Augmentation plans consider the
impact of introducing new individuals into an existing breeding group. Reintro-
duction plans consider mixing sources and the potential impacts on plants near
the proposed site and the relatedness of the source populations. Plans for intro-
ductions into previously unoccupied habitat consider the potential impacts on
undiscovered plants and on related species. All outplantings are established over a
span of a few years until all available founders are equally represented at each site.
Ex situ genetic storage collections are essential for supplying the appropriate
founders for each outplanting. These collections consist of seed collected from in
situ founders or first-generation offspring from either intrapopulation crosses or
selfed pollinations of plants growing in ex situ living collections. These genetic
storage collections represent “pure” seed stocks, which maintain original genetic
variability for individuals and populations. If certain founder combinations are
discovered to be an important variable in outplanting success, these collections
will be available for future efforts. The degree to which founders are mixed in an
outplanting depends on considerations of historic records, genetic research, and
breeding systems and is discussed in this chapter for each species.

Populations of taxa that are probably facultative selfers are potentially more ge-
netically isolated and locally adapted and may have purged their strongly deleteri-
ous alleles (Charlesworth and Charlesworth 1987). A strategy to increase gene
flow between populations may not be necessary. If founders from different sites
are mixed in an outplanting, there may be a risk of reducing potential local adap-
tations and causing outbreeding depression (Ellstrand and Elam 1993).

Case Study: Delissea waianaeensis

Delissea waianaeensis Lammers (Campanulaceae), endemic to the Waianae
Range on Oahu, was reduced to a total of twenty-seven plants from seven different
sites in 2005. Known threats include predation and habitat degradation by feral
goats and pigs, seedling predation by slugs, and competition with invasive plants.
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It is presumed to be a facultative outcrosser because of floral morphology and
protandry. The production of seeds by isolated plants despite the loss of the puta-
tive Hawaiian drepanid pollinators demonstrates that it is capable of autogamy.

We considered several factors in the development of the stabilization plan for
D. waianaeensis by reviewing the historic and current distribution to determine
how long populations have been isolated or occurring in different habitats, incor-
porating observations of single plants producing viable seed, and documenting
morphological variation in leaf characteristics. The reintroduction strategy is to
maximize the number of founders within certain designated areas but not to mix
sites that were morphologically or genetically distinct unless inbreeding depres-
sion is shown to be a limiting factor. Although twenty-seven founders are avail-
able, they will be mixed in reintroductions only with plants from nearby groups.

Before conducting large-scale reintroductions, small outplantings are estab-
lished to represent each group. Collections from these small outplantings are used
to supplement the ex situ stored seed collection of “pure” stock from each site.
This reduces the potential for loss of any local adaptations or unique alleles (out-
breeding depression) of a particular population site that may occur if all the
founders are mixed. Seeds collected from the larger mixed outplantings are stored
separately. The benefits these collections may have from the influx of additional
genotypes can then be applied to future outplantings.

Our caution in mixing founders from management sites was validated when
two additional taxa (Delissea takeuchii and Delissea sinuata) were described
within the previous taxonomic treatment of D. waianaeensis (Lammers 2005). In
addition, when new plants of unknown provenance were discovered near an out-
planting site, molecular studies showed that plants at each site were genetically
distinct (mean expected level of heterozygosity Ht = 0.27) (James 2009). The strat-
egy for D. waianaeensis strives to preserve genetic and morphological variation in
genetic storage while experimenting with increasing gene flow in outplantings
and awaiting genetic research and pollinator observations.

Case Study: Schiedea obovata

Schiedea obovata Sherff (Caryophyllaceae), endemic to the Waianae Range on
Oahu, is hermaphroditic but facultatively autogamous. It is extirpated from most
of its recorded locations, including all sites in the southern Waianae Range (Wag-
ner et al. 2005). There are only twenty-four mature plants remaining in three sites
within 3.5 kilometers of each other. The observed threats to the remaining sites
and the presumed reasons for decline include predation and habitat degradation
by feral goats and pigs, competition with alien plants, and seedling predation by
slugs (US Army Garrison Hawaii 2003; Joe and Daehler 2008). The existing sites
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differ in elevation and habitat. The variation in leaf morphology observed be-
tween the sites is maintained when plants are grown together.

The stabilization goal for this species is to establish and maintain three sites,
with one hundred mature reproducing plants in each. Two of the sites will be
reintroductions. The third site will be an introduction into historically unoccu-
pied habitat. In an effort to preserve the potential variation in remaining sites, the
stabilization plan directs that augmentations use founders from that site only.
Maintaining the genetic integrity of every site by keeping all outplantings separate
defines the strategy for the facultatively autogamous S. obovata. In order to maxi-
mize founder representation in outplantings, seed collections were used from ex-
tant and previously sampled extirpated founders. Outplantings at two of the three
sites used seeds collected from in situ plants or collections from ex situ sources of
extirpated sites.

All options are being considered for the introduction at the third site. Parent-
age of the seeds in genetic storage and morphological and habitat differences be-
tween the sites will be considered when designing the strategy for the introduc-
tions in the third site. As part of the effort to select the source or mix of sources for
this introduction, research is under way to quantify genetic variability using mi-
crosatellite data (see Neale, this volume). We will investigate the presence of in-
breeding depression within the remaining sites and the potential for outbreeding
depression when sources from different sites are mixed. The fitness of offspring
produced by selfing and interpopulation and intrapopulation hand-pollinated
crosses will be measured. In addition, we will compare the biotic and abiotic ele-
ments of the candidate introduction sites with the in situ habitats to guide the
strategy for the introduction at the third site.

Problem Area 2: Pollination Biology and Breeding Systems

Hawaii’s extinction crisis has affected both plants and the insects and birds that
serve as pollinators. Nectivorous birds are important pollinators in Hawaii (Pratt
2005), but many native birds are now largely restricted to elevations of more than
1,220 meters (above the highest elevation on Oahu) because of avian disease
(Scott et al. 1986; van Riper and Scott 2001). The Hawaiian flora has the highest
level of dioecy of any flora surveyed (Thomson and Barret 1981; Sakai et al.
1995a, 1995b). It has been suggested that various outbreeding mechanisms
evolved in some groups after the arrival of their ancestral Hawaiian founders,
thereby overcoming founder effects such as low genetic diversity and inbreeding
depression (Thomson and Barret 1981; Charlesworth and Charlesworth 1987;
Sakai et al. 1995a, 1995b). With the decline of the Hawaiian avifauna (Scott et al.
1986; Pratt 1994) and the loss of many native insect pollinators (Cox and Elmqvist
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2000), dependent plant taxa will continue to decline (Kearns et al. 1998). Thus,
in order to conserve these plants it will be necessary to assist pollination among
individuals.

Case Study: Hesperomannia arbuscula

Hesperomannia arbuscula A. Gray (Asteraceae, Tribe Vernonieae) is a small tree/
shrub present in the Waianae Range. It is presumably bird pollinated, has large,
conspicuous flower heads, and produces copious amounts of nectar. In 1999
there were approximately sixty-five individuals in seven populations; in 2011, just
eleven individuals in five populations remained. The steep decline may have
been caused by several factors, including drought, competition from nonnative
plants, and ungulates. In 2003 OANRP, the Oahu Plant Extinction Prevention
Program, and The Nature Conservancy of Hawaii focused on clonal propagation
(air layering) and seed collection of wild plants. Between 2001 and 2004 a few vi-
able seeds were wild collected. However, in 2005–2006 no viable seed was ob-
served or collected at any of the populations. Mature plants occur in only three of
the five populations, and some individuals are too distant for generalist pollinators
to be effective.

Observations of flowers both in situ and ex situ revealed that although mature
pollen is pushed out of the corolla by the elongating style, the stigmas are not re-
ceptive until 2 to 3 days later. Protandry and the lack of viable seed production
suggest obligate outcrossing. A large effort to cross-pollinate individuals by hand
was initiated in 2007. With five extant populations, only two or three of which
may have flowering individuals in a given year, pollen donors and crosses have
been chosen opportunistically. Every effort was made to include as many crosses
as possible, and any combination of individuals both within and between popula-
tions was considered appropriate; flowering ex situ individuals were also used as
pollen sources. Pollen in the Asteraceae is trinucleate, which typically is difficult
to store for long periods of time (Brewbaker 1967). Therefore, fresh pollen was
collected and refrigerated for up to 4 weeks.

Since the initiation of hand pollinations in 2007, more than three hundred
plants have been produced (fig. 12.1). Preliminary results are encouraging for
four reasons. First, no significant differences in vigor (e.g., growth rate, survivor-
ship) between the offspring of various crosses have been observed, although some
populations exhibit distinct morphological features (e.g., reddish venation). Sec-
ond, ex situ plants are able to produce viable seed after cross-pollination. Third,
most crosses did produce viable seed. Fourth, some seedlings from the crosses
have not survived, although mortality has not been linked to any particular cross.

214 reintroduction science and practice



Approximately 50% of the seedlings (169/361) have survived to produce young
plants, 128 of which were part of in situ reintroductions in 2009 and 2010, with
96% survivorship. Reintroduction efforts are continuing, and there are plans to
quantify fitness as the plants mature. These results indicate that although hand
pollination is necessary for the recovery of this species at this time, we hope that
the augmented populations will be able to sustain large enough numbers of ma-
ture flowering individuals where naturally occurring generalist pollinators will
support regeneration.

Case Study: Labordia cyrtandrae

Labordia cyrtandrae St. John (Loganiaceae) is a shrub found in mesic to wet
forests on Oahu. Motley and Carr (1998) observed that all species in this endemic
genus are functionally dioecious. This species is assumed to be bird pollinated
due to the production of nectar and the lack of scent (TJ Motley, personal com-
munication). However, because native birds in Hawaii are uncommon below
1,220 meters, native pollinators for this species are expected to be limited or ab-
sent. Nonindigenous species may be fulfilling this role at present.

Early collections for this species are all from the Koolau Range, where cur-
rently only one individual is known. All other known plants (about seventy-four
mature individuals) are found in the northern end of the Waianae Range. Motley
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and Carr (1998) reported that the flowering periods of some congeneric popula-
tions are asynchronous. There are approximately eighteen groups of this species.
The term group, rather than population, is used by OANRP because none of the
eighteen collections of plants meet the functional definition of population (see
Glossary, this volume). Each group has only three or four individuals, which are
sometimes separated by large geographic distances. Even groups that have both
male and female plants may not produce fruit after flowering. This can imply a
few scenarios: (1) Both sexes in a group did not flower synchronously, (2) a spe-
cific pollinator may also be in decline or extirpated, or (3) flowering plants are not
of a sufficient density to attract pollinators. The dehiscent fruit capsules take sev-
eral months to mature, making the timing of fruit collection difficult. Access to
some individuals can be difficult, involving helicopter flights or rappelling. The
result of these complications is that in the last 10 years very few mature fruit with
viable seeds have been collected, especially from isolated individuals.

In 2009, twelve crosses using ten wild plants were conducted in situ and
yielded approximately 13% fruit set, compared with almost none without hand
pollination. Two major lessons were learned from this project. The first is that
pollen of this species does not store under ambient conditions for more than a few
weeks or months. The second is that greenhouse plants did not produce as many
successful crosses as in situ plants. Research on this species is ongoing, and tech-
niques for crossing will be refined over the next few seasons. From these results it
appears that this species also needs hand pollination initially in order to meet sta-
bilization and recovery goals.

Problem Area 3: Obtaining Propagules

The type and source of rare plant propagules have been two areas of focus for
many studies investigating reintroduction success (Guerrant and Kaye 2007;
Menges 2008; Neale, this volume). Many of these studies have looked at whether
seeds or plants should be used to establish a reintroduction and the number of
populations from which propagules should be collected (see Albrecht and
Maschinski, this volume, for more on propagule selection). In Hawaii, the target
species often do not produce enough seed naturally, or complete representation of
extant plants is difficult to achieve due to inaccessibility or a sporadic and uncer-
tain production of seeds.

There are four major obstacles to acquiring in situ collections. The first major
obstacle is that access to sites is limited by helicopter flight constraints and heli-
copter habitat disturbance. Second, many taxa do not reproduce during a pre-
dictable time window but flower sporadically year-round. Infrequent flowering at
low levels necessitates many repeat visits to obtain seeds. The third obstacle is that
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some taxa do not produce seeds or produce a very small amount of viable seeds.
These plants may be dioecious or self-incompatible, have poor reproductive vigor,
reproduce sporadically, be inbred, or lack pollinators to complete fertilization.
Genetic storage goals and reintroduction needs may be higher than the amount of
seed wild populations can produce. In addition, an adequate amount of seed
should remain in situ so as not to deplete the potential for natural regeneration.
And finally, some propagules are simply too difficult to collect from wild plants. In
this category are plants with fruits that violently dehisce immediately upon matu-
ration (e.g., Viola chamissoniana Ging. ssp. chamissoniana, Violaceae) or that re-
quire climbing structurally unsafe canopy trees (e.g., Flueggea neowawraea Hay-
den, Euphorbiaceae).

For some species, ex situ living collections are integral parts of our reintroduc-
tion program. Living collections provide a way to overcome the difficulty of ob-
taining propagules from the wild. Most species currently propagated by OANRP
do not produce ample amounts of seed but are easily cloned. In a nursery envi-
ronment, fruits are more easily monitored, harvested at maturity, and protected
from predators. Fruits that dehisce violently can be bagged with less damage to the
plants. Seeds can be harvested much more frequently than in the natural setting.
Compared with field pollination attempts, ex situ plants are more easily hand pol-
linated, a larger number of crosses can be conducted, and more seeds can be
collected. All seeds can be collected from ex situ plants without concern about
overcollecting. Additionally, using clonal collections reduces the number of gen-
erations that nursery-source seeds are removed from the parent plant.

However, there are reasons for limiting this type of propagation. Nursery space
is a severe limitation. Propagation is restricted to species with seeds that are diffi-
cult to collect. Additionally, there are downsides to managed breeding, where arti-
ficial selection may influence the genotypes that are ultimately reintroduced or
stored in the seedbank. Most of this selection is avoided by using only clones to
produce seeds in the nursery. However, hand pollination has additional levels of
artificial selection. Pollen is often stored before pollination, where selection can
occur for grains that best survive desiccation. From fertilization to seed set, artifi-
cial selection may continue to occur due to the nursery environment. Ultimately,
without managed breeding in the nursery, reintroductions would not occur be-
cause propagules would not be available. The goal remains to limit selection as
much as possible but still produce plants to outplant and seeds to store.

Case Study: Flueggea neowawraea

Currently, thirty-six individuals of F.neowawraea, a dioecious tree, exist on Oahu,
a substantial reduction from a much wider distribution indicated by the number
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of snags throughout the Waianae Range. Based on genetic analyses, the longevity
of this taxon, and its historically uniform distribution, all F. neowawraea in the
Waianae Range are managed as a single population. Present threats include Xy-
losandrus compactus Eichhoff (coffee twig borer), weeds, rats, ungulates, and the
low number of remaining individuals (Hayden 1987). Pollination in this dioecious
species is severely limited by the paucity of plants.

Obtaining propagules from wild plants for reintroductions has been difficult.
There is highly reduced living plant tissue on extant F. neowawraea due to X. com-
pactus damage. Most living material is located on the highest, most difficult to
reach branches. Viable seed has been collected from only three wild plants over
the past 12 years. Ex situ clonal collections of cuttings and air layers (artificially
rooted stems produced in situ) are currently representing twenty-one of the thirty-
six wild plants, 70% of the known females and 75% of the known males. Because
the clonal material is often from mature branches, the living collection plants can
flower within a year after rooting. In situ plants flower only once per year, whereas
the ex situ plants often flower twice a year.

The reintroduction goal for this taxon is to represent the thirty-six known
founders equally in each of four sites. With such a small number of plants and a
continuing decline, reintroductions must be initiated quickly. Every female–male
combination possible will be made. A balance of all possible combinations would
be ideal at each outplanting, but pollinating only for this goal is not realistic for
the following reasons: Fifteen founders are still unrepresented ex situ, older
pollen collections are prioritized regardless of the combination of crosses that are
underrepresented, and some plants in the living collection are overrepresented
because they flower more frequently.

The following protocols and priorities have been established for crossing and
outplanting as the sources of males and females become available:

1. Pollen donor within an in situ population site (founders are geographically
close). We are uncertain of the extent of gene flow except where individu-
als are found growing next to or near each other.

2. Pollen donor from an old collection (to test storage longevity and not lose
any collection).

3. Pollen donor not yet used (in storage but has yet to produce seed for
storage).

4. Pollen donor that is novel for a particular female (a new combination).

During winter 2008–2009, OANRP initiated two reintroductions (twenty-five
plants total), using two different female–male combinations. These outplantings
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were supplemented in the winter of 2010–2011 with an additional twenty-five
plants representing five new female–male combinations. Survivorship by fall 2011
was 94%. Approximately fifty plants are available for the 2011–2012 outplanting
season, some of which will represent three new male founders. OANRP has also
begun grafting stock from wild plants in extremely poor condition onto saplings, as
other forms of vegetative propagation have failed numerous times for plants in this
condition. OANRP will continue to pursue the additional fifteen founders and fol-
low the OANRP prioritization for acquiring new genetic crosses for reintroduction.

Case Study: Tetramolopium filiforme

Helicopter flights and rappelling are needed to access some populations of
Tetramolopium filiforme Sherff (Asteraceae). This species is found along dry to
mesic ridges in the northern Waianae Range (Wagner et al. 1999). Plants produce
a few flower heads throughout the year, and mature seeds are difficult to secure
because achenes are wind dispersed immediately after maturing. In situ collec-
tions have low seed set, but the cause is unknown.

Cuttings of this species can be made at any time of the year and clones main-
tained ex situ. The wild population does not have to be visited repeatedly, de-
creasing the risk of overcollecting and lessening human impact to the habitat. As
generations come and go in situ, more wild plants are represented clonally in the
living collection than exist at smaller in situ sites.

Nursery-grown cuttings become much larger than the wild plants and produce
more fruit with higher seed set. Seeds collected from ex situ clones are stored and
will be used along with fresh seeds from additional founder lines for propagating
plants and seed-sowing for reintroductions. This combination of stored and fresh
seeds allows for a larger number of wild plants represented at the reintroductions
than at any in situ sites at any given time. This increased founder representation
may provide more genetic variation and ultimately population stability (Ellstrand
and Elam 1993; Frankham et al. 2002).

Problem Area 4: Threat Control Strategies

The key threats to native Hawaiian plants are feral animals (disturbance and pre-
dation), loss of pollinators, fire, weedy nonindigenous plants, and human activity.
The impact of these threats varies for each species. Some threat control strategies,
particularly feral animal control, have been used for decades and are well refined.
More recently identified threats do not have well-established control methodolo-
gies. Extensive research and development are needed to develop effective tools.
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The following case studies exemplify rare plant management being conducted by
OANRP.

Established Methods

Pritchardia kaalae Rock (Arecaceae) is a fan palm found in the northern Waianae
Mountains. The major threats to this taxon are ungulates and rats. Threat control
techniques in Hawaii are well established for excluding and eliminating feral un-
gulates (Stone and Scott 1984; Hawaii Conservation Alliance 2005) and rats (To-
bin et al. 1997; Nelson et al. 2002; Witmer and Eisemann 2007). Remaining P.
kaalae plants are located in steep forest patches on eroded cliffs. Most plants are
probably more than 100 years old, based on their trunk size and anecdotal evi-
dence from Pritchardia cultivation. In 1995, there were no seedlings or mature
fruit of P. kaalae in a group of approximately seventy-four trees at Makua Military
Reservation (MMR), and rodent damage on fruit and fruit caches were observed.
Control of these threats in perpetuity is fundamental in reaching the stability
goals of this taxon.

Ungulate Control

The control of feral ungulates is necessary for most restoration efforts in Hawaii.
Goat control at MMR was initiated in 1995 by constructing a perimeter fence to
isolate the goats from populations in neighboring valleys. The 13.5-kilometer
perimeter fence was completed in 2001, enclosing 1,700 hectares. By 2003, goats
were browsing new P. kaalae seedlings, and an additional fence was constructed
immediately around the largest concentration of reproducing P. kaalae. Goats
were removed by ground- and helicopter-based hunts and by trapping. By 2004,
Makua Valley was goat free after 1,747 had been removed. The overall cost of
fence construction was $1.2 million, and goat removal cost approximately
$600,000. Feral pigs are also a threat at MMR, and in 2003, 70% of the P. kaalae
outplanted at a reintroduction site were damaged before another 0.5-hectare ex-
closure could be built. Subsequent plantings have had 100% survivorship.

Rat Control

Rats are ecologically destructive, particularly in island systems, where floras are
not adapted to such pressures (Drake and Hunt 2009). Rats consume the fruit of
native Hawaiian palms, destroying the embryo (Perez et al. 2008). The uncon-
trolled presence of rats will eventually lead to extinction of Hawaiian palms
(Towns et al. 2006). This is a particular problem for palms because these fruits
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have characteristics that are attractive to rats. On Easter Island, the native palm
Jubaea disperta was driven to extinction by rat predation (Hunt and Lipo 2007).
On the island of Oahu there is evidence that the extirpation of the Pritchardia
palm forest of the Ewa Plain can be attributed to rats (Athens et al. 2002; Athens
2009).

Rat control via snap traps and poison baits began in 1997, costing approxi-
mately $60,000. Ripe fruit and thirteen seedlings were first observed below parent
plants in 1999. The number of seedlings has increased since rat control began and
goat exclosure was established (fig. 12.2). In 2007, 685 immature P. kaalae were
counted, and now the estimate is more than 1,000 individuals. In contrast to the
1995 situation, there are currently hundreds of ripe fruits, with carpets of imma-
ture P. kaalae dominating the understory.

Methods under Development

The threat of terrestrial slugs (Stylommatophora, Limacidae and Systellom-
matophora, Veronicellidae) illustrates the paucity of control options available to
resource managers. Hawaii has no native slugs; the twelve slugs currently estab-
lished are accidental introductions (Cowie 1997). Slugs are widespread in mesic
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the Makua Military Reservation site since 1997. Dates of management activities are
highlighted.



and wet native forests at all elevations on the islands. Slugs are identified in US-
FWS recovery plans as a threat or potential threat for 22% of Hawaiian plant spe-
cies listed as threatened or endangered (Joe and Daehler 2008). Survival of two
endangered plant species (Schiedea obovata and Cyanea superba) was reduced by
half over a 6-month period due to slug herbivory (Joe and Daehler 2008). Seed-
ling emergence is also affected. In a seed-sowing trial conducted in 2008, the ap-
plication of the certified organic molluscicide Sluggo® (Neudorff Co., Fresno,
California) significantly increased germination of Schiedea obovata (fig. 12.3)
over 6 weeks. Though not significant, germination was higher on average for two
additional rare plant species, Cyanea superba and Cyrtandra dentata. Unfortu-
nately, germination from the seedbank, mostly invasive plant species, remained
unaffected by slug removal.

No pesticides against mollusks are available to resource managers because no
molluscicides are registered for conservation use. Only four of the twenty-nine
pesticides with Special Local Needs (SLN) labeling registered in Hawaii can be
used outside residential or agricultural areas (Hawaii Department of Agriculture
[HDOA] 2009a, 2009b). Copper barriers and beer traps are alternatives to mol-
luscicides but have drawbacks. Generally used by backyard gardeners, both meth-
ods are most appropriately used on a small scale (less than 1 acre) and are labor in-
tensive. Copper barriers cannot practically be used to make exclosures larger than
about 1 square meter and run the risk of trapping slugs at the time of construction.
During the wet season in Hawaii (November–March), when slugs are abundant,
the soil beneath barriers erodes, causing gaps that slugs can penetrate. Thus, to be
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Figure 12.3. Mean seedling emergence in slug-treated (dark gray) and control (light
gray) plots initially sown with 200 seeds for three species compared with seedlings that
emerged from the seedbank (N = 15). Asterisks indicate a significant (p < 0.05) differ-
ence between groups (Tukey’s HSD test). Bars are ±1 standard error.



effective, barriers need weekly maintenance. Because slugs cannot detect air-
borne odors from a distance of more than 10 centimeters (South 1992), beer traps
must be placed at an impossibly high density to be effective in the field. In light of
these drawbacks, OANRP began testing the safety and efficacy of molluscicides in
2006. OANRP is now in the final stages of SLN label registration for the use of
Sluggo in natural areas. Unlike metaldehyde, the active ingredient in popular
baits such as Corry’s Slug & Snail Death and Deadline products, Sluggo contains
iron phosphate. Iron phosphate is not a contact poison, is not toxic to vertebrates,
and occurs naturally in the environment (Reilly 1997).

Problem Area 5: Site Selection Limitations

Site selection and availability are a major consideration and limitation for rare
plant reintroduction programs in Hawaii. Two case studies illustrate different site
selection scenarios. The first covers a taxon with a very limited range. The second
demonstrates the challenges presented in managing a taxon in highly degraded
habitats.

Case Study: Stenogyne kanehoana

Stenogyne kanehoana Sherff (Lamiaceae) is a scandent vine endemic to the
Waianae Range. Only one individual survives in the wild in Haleauau. The spe-
cies has also been collected from one additional site, Kaluaa, 6 kilometers away.
The native habitat is extremely limited, having been destroyed by feral cattle and
pigs and overrun by weeds, and much of it is within the safety zone of an artil-
lery range. The total habitat available in the historic range is approximately 27
hectares.

Limiting management of this taxon to these two fenced units would leave S.
kanehoana extremely susceptible to stochastic events (e.g., hurricanes). Our stabi-
lization strategy does not limit outplanting to documented “historic range” but al-
lows reintroduction into other “likely suitable habitat.” This flexibility allows an
outplanting to be planned far enough away that a single event is less likely to affect
all three sites.

Both the Haleauau and Kaluaa plants have been cloned and used to augment
the Kaluaa site. Stock from both sites will be used to establish a new separate pop-
ulation on the leeward side of the mountain range in order to protect from cata-
strophic loss of all reintroduction work. Recent modeling work suggests that the
projected range for S. kanehoana encompasses the whole Waianae Range (Price
et al. 2007). The establishment of another outlying population will provide a
more secure future for this range-restricted, critically rare mint.
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Case Study: Hibiscus brackenridgei ssp. mokuleianus

Hibiscus brackenridgei ssp. mokuleianus A. Gray (Malvaceae) is endemic to Kauai
and Oahu. Its low-elevation habitat has been severely altered by fire, develop-
ment, and invasive species, particularly goat and cattle browsing and competition
with invasive grasses (Gon et al. 2006). Nearly all the known habitat has been
burned and is still susceptible to wildfire.

The largest population of plants occurs on privately owned land near Waialua,
where hundreds of juvenile individuals were observed during surveys in 2004.
The site is overrun with Urochloa maximum, a fire-adapted grass that provides
abundant fuel. H. brackenridgei remains on the margins of the grass infestations,
on rocky ledges where soil is too shallow for U. maximum. In 2007, a catastrophic
fire destroyed 95% of the individuals at the Waialua site (fig. 12.4). Immediately
after the fire, H. brackenridgei seedlings were observed, and the number of indi-
vidual plants eventually increased. This may be due to the temporary release from
competition with U. maximum.
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Figure 12.4. The extent of a 2007 wildfire, which burned 95% of the remaining occur-
rences of Hibiscus brackenridgei ssp. mokuleianus. Also shown is the revised wildfire man-
agement regime proposed for the site to protect the lowland plant environment and the
upper elevation forest.



After the 2007 fire, the Army reconsulted with the USFWS to analyze the ef-
fect on taxon status and management plans. Because of the substantial reduction
in numbers of mature plants, the USFWS outlined an elaborate fuel control and
grazing plan (USFWS 2008) (see fig. 12.4). The costs associated with this fuel
control plan are beyond what was allocated in the stabilization plan. Significant
additional funding will be needed for the stabilization efforts for H. brackenridgei
in this severely degraded habitat, and there is a low probability of success.

The 2007 Mokuleia fire was caused by arson. Therefore, an active outreach
component is critical in fire prevention. The Honolulu Fire Department has a
very active pre- and post–fire season outreach campaign aimed at educating com-
munities about the consequences of wildfire in Hawaii. The impacts to natural re-
sources are central in this campaign.

Managed Relocation Related to Hawaiian Plant Reintroduction

In an effort to ascertain the implications of climate change for Hawaiian plant res-
toration, OANRP consulted with local biologists and reviewed the literature. The
OANRP management plans do not currently address the potential impacts of cli-
mate change but allow flexibility for changing situations. The reasons often cited
for considering managed relocation include rarity and increased risk of extinction
in current locations (Thomas et al. 2004). Conservation programs in Hawaii are
familiar with the elevated extinction risks of small population size. Global patterns
predict increased disturbance associated with more frequent or severe storms,
wildfires, and ocean level changes, but Timm and Diaz (2009) predicted de-
creased rainfall in the wet season and a slight increase of rainfall in the dry season
for the Hawaiian Islands. Thus, there is no clear prediction regarding the effects of
climate change in Hawaii. At worst, these changes will increase the threats already
faced by most rare plants in Hawaii today.

Because of Hawaii’s geographic location and high rate of endemism, the ef-
fects of climate change may have unique impacts on the biota. For example,
many management plans for continental species recommend moving to sites fur-
thest north in a taxon’s range (United Nations Environment Program 2009). In
Hawaii this would amount to moving a taxon to a higher elevation or, in some
cases, another island to gain any substantial latitude. The risk to this strategy is in
creating unnatural hybrids for many rare Hawaiian plants that have evolved into
very narrow distribution ranges with many closely related species. In addition, re-
maining upland habitat types already support numerous endangered plant taxa.
Moving one taxon from a lower elevation into a higher site will compound space
limitations in the destination habitat. Another consideration is that little is known
about historic distribution, biology, and ecosystem roles of rare Hawaiian plant
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taxa. Therefore, it is difficult to predict how they will be affected by climate
change. New research modeling the geographic range of Hawaiian plants can be
used to inform restoration efforts and adapt management plans to global climate
change.

A few general themes surfaced in the climate change presentations from the
2009 Hawaii Conservation Conference and in discussions with local biologists.
First, habitats maintained close to intact conditions will be better able to with-
stand a subtle increase in temperature (Kaufman and Mehrhoff 2009). Second,
climate change is one in a cadre of threats currently affecting rare plants in Ha-
waii. Although building climate change into species management plans is some-
thing managers should do, these taxa are already affected by too many severe
threats having immediate tolls. Third, genetic collections should be secured and
used to experiment with a range of plants. If collections are robust, there will be
stock to support site selection experimentation and buffers for a changing climate.
Fourth, large landscapes should be protected to allow for the possible shift of habi-
tat upward in elevation (Kaufman and Mehrhoff 2009). And finally, an emphasis
on keeping wildfire out of managed habitat is needed (Fried et al. 2008).

Summary

The Hawaiian Islands contain a unique island flora with many rare plant species
at risk of extinction. We examined five major conservation problems found on
Hawaii: low genetic diversity, pollinator loss and unknown breeding systems, in-
adequate propagule supply, uncontrolled threats, and limited reintroduction sites.
Many of these problems are tied to small population size. Whereas mainland rare
species may face one of these problems, Hawaiian species often face all of them.
The Oahu Army Natural Resource Program has been working for the past 16
years to combat these growing problems and in the process has developed novel
protocols and policies to aid in the protection of Hawaii’s rare flora. The case stud-
ies presented here serve several purposes. They exemplify creative solutions to
complex conservation problems. Furthermore, they illustrate the plight of many
rare species and promote awareness of conservation needs.

We thank Jane Beachy, Matthew Burt, Joel Lau, Stephen Mosher, Joby Rohrer, Daniel
Sailer, Krista Winger (all with OANRP), Michelle Mansker (Department of Defense),
Marie Brueggman (USFWS), Sam Gon (The Nature Conservancy in Hawaii), Clyde
Imada (Bishop Museum), and Clifford Smith (Pacific Cooperative Studies Unit/Univer-
sity of Hawaii).
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part iii

Managed Relocation

“To cherish what remains of the Earth and to foster its renewal is our only legitimate
hope of survival.”

—Wendell Berry

Given the current predictions of global climatic change and threats to biodiversity
worldwide, there lurks an uneasy feeling and the burning question, “What else
can be done to prevent extinction of rare plant species?” Traditional conservation
measures such as habitat protection, ex situ conservation, and reintroduction will
continue to play an important role in rare plant conservation. But nontraditional
measures have also been debated. Human-assisted plant movement, or managed
relocation (MR; also known as assisted migration and assisted colonization), has
been put forth as a strategy to conserve species threatened by the changing cli-
mate. The premise of MR is that threatened species can be moved to locations
where the future climate is predicted to be more favorable for their persistence
(Hoegh-Guldberg et al. 2008). Many in the conservation community believe this
strategy poses more questions than solutions.

Part III addresses the history, promise, and perils of MR. Climate change may
hugely limit our options to conserve some of the rarest plant species within their
habitat. For some species MR may be one of the only options available for keeping
the species in nature. The history of managed relocation is dissected in chapter 13
from its inception in 2002 to current day. The evolution of the concept in the lit-
erature sheds light on the diverse reactions of the academic community to this
idea. But how do conservation practitioners and those responsible for overseeing
endangered species on public lands feel about the possibility of MR for species
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under their care? Haskins and Keel (chap. 13) present discussions that arose at the
Center for Plant Conservation international symposium “Evaluating Plant Re-
introductions as a Plant Conservation Strategy: Two Decades of Evidence” about
perceptions and fears related to MR. These demonstrate the range of concerns of
plant conservation practitioners and government regulators. In an effort to help
earnest land managers faced with species at risk by climate change, Haskins and
Keel provide a process for evaluating MR proposals.

One of the major criticisms of MR is the risk that the relocated species may be-
come invasive in its new community. Reichard and colleagues (chap. 14) take an
in-depth look at the risk of biological invasion (Ricciardi and Simberloff 2009a).
They describe invasion theory and present a test of rare species that have been in-
troduced through horticulture trade using previously established weed risk assess-
ments. This is an important step toward examining evidence needed to allay fears.

Progress in any discipline requires discourse, argument, and counterargument.
Only through healthy exchange, suggestions for new directions, and hypothesis
testing will we advance the science of reintroduction. Clearly, lessons learned
from traditional reintroductions will be invaluable for any MR proposals. And
only careful experimentation will provide the evidence we need to examine the
efficacy of this strategy (Shirey and Lamberti 2011).
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Chapter 13

Managed Relocation: Panacea
or Pandemonium?

Kristin E. Haskins and Brian G. Keel

Human-induced land use change and global climate change are likely to exceed
the resilience of many ecosystems in the twenty-first century (IPCC 2007), such
that rapid species-level extinctions are predicted (Thomas et al. 2004). Although
pollen and fossil records have documented that plant species can move (Delcourt
2002), what is unclear is whether plants will have the ability to move on their own
in today’s rapidly changing climate. As in the past, some species will be able to col-
onize new habitats successfully or adapt to changing conditions within their cur-
rent range without human assistance. However, the current global situation begs
the question, “What can be done for species that cannot move on their own or
adapt to the new climate?” Answering this question is the challenge at hand. Man-
aged relocation (MR), which implies human-assisted plant movement outside the
species’ native documented range to counteract negative effects of climate change
(Hellman et al. 2008), has been suggested by some as a cure-all for rare species,
whereas others view it as a dangerous strategy fraught with uncertainty. This chap-
ter explores the history of MR from its inception to current concepts; examines
feelings, fears, and counterarguments related to MR that are commonly held
by conservation practitioners; and offers guidance for future MR proposals and
projects.

A Brief History

Managed relocation has experienced a long and bumpy road, and the fact that
some assisted movements have led to ecological nightmares (e.g., kudzu, Pueraria
lobata, and Brazilian pepper, Schinus terebinthifolius) is enough to make us all
stop and think about intervening in the movement of rare species. Perhaps we
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need to ask ourselves, “Is moving rare species to save biodiversity truly appropri-
ate?” If we deem biodiversity worthy, then “What fears do we have about plant
movement?” And finally we ask, “What can we learn from the long history of
intentional human movement of plants that will improve our reintroduction
practice?”

As the climate changes, plants can exhibit several responses. They may go ex-
tinct, but plant conservation practitioners reject this as an option. The second op-
tion is migration. Historic plant species’ migrations have provided insight into
how plants can colonize suitable habitats in response to climate change (Delcourt
2002). But human-modified landscapes have disrupted and fragmented habitats
such that few naturally occurring dispersal corridors exist (Safford et al. 2009).
The third option is adaptation to a changing climate through genetic evolution.
The crux of the problem is that some plants may not be capable of adapting
quickly enough to match the pace or magnitude of climate change (Jump and
Peñuelas 2005), or they may not have the genetic diversity or capacity to adapt or
to persist at their present locations. Plants with high genetic diversity may be able
to express phenotypic plasticity in response to climate variations and persist in cur-
rent locations (Stockwell et al. 2003). But merely having the ability to be plastic is
not the same as adapting. Without adaptation, migration will be the only option
for survival.

Since 1989 and perhaps before this time, scientists warned that the geographic
distributions of individual plants were expected to shift north of shrinking south-
ern boundaries (Davis 1989; Jump and Peñuelas 2005). Models predict that
alpine species will move to higher elevations and be displaced by plants from
lower elevations (Bartlein et al. 1997; Lesica and McCune 2004; Jump and
Peñuelas 2005). Primack and Miao (1992) warned that rare plant species were
particularly vulnerable to changing weather patterns, habitat destruction, acid
rain, and the extinction of seed dispersers. These findings indicate a need for con-
servation efforts that focus on plant movement under climate change.

“Assisted migration is the intentional establishment of populations or meta-
populations beyond the boundary of a species’ historic range for the purpose of
tracking suitable habitats through a period of changing climate. This might in-
volve migration between islands, up mountain slopes, and between mountain
tops” (Keel 2005, p. 36). The term assisted migration was first defined in 2002, and
the general concept was introduced to the scientific community in the Oxford
Dictionary of Ecology shortly thereafter. Keel (2007) constructed a theoretical
framework of assisted migration as the concept expanded and gained the interest
of conservation practitioners. Since 2007, numerous scientific journal articles,
media articles, letters to the editor, and articles in popular magazines for and
against the intentional movement of plants have surfaced (table 13.1). Debates
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over terminology ensued, leading to many synonyms. Because migration is often
associated with animal movement, Hunter (2007) suggested assisted colonization,
and Hellman and colleagues (2008) proposed managed relocation. It is important
to remember that no matter which term is being used, they all refer to human-
assisted movement of plants outside the species’ historic range in response to pop-
ulation decline due to climate change. In the following discussion of some key lit-
erature we have used these terms interchangeably to maintain the original
author’s intentions.

McLachlan and colleagues (2007) highlighted the lack of scientifically based
policy on assisted migration and suggested that the conservation community
needed to consider it. They posed a framework that identified three positions:
(1) aggressive assisted migration, (2) avoidance of assisted migration, and (3)
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table 13.1

The changing face of assisted migration.

1992 Primack and Miao Suggested moving plants in response to global cli-
mate change

2000 Barlow Predicted intentional movement of plants as a fu-
ture conservation tactic

2002 (Keel, personal communication) Keel first coined the term assisted migration
2005 Keel Defined assisted migration as a concept
2007 Keel Constructed theoretical framework of assisted

migration
2007 Hunter Introduced the term assisted colonization to avoid

confusion with the term migration
2008 Hoegh-Guldberg et al. Presented a decision-making framework for under-

taking assisted colonization
2008 Managed Relocation Working Introduced the term managed relocation to better

Group capture conservation actions
2009a Ricciardi and Simberloff Proposed arguments against using assisted

colonization
2009 Schlaepfer et al. Proposed counterarguments to Ricciardi and

Simberloff
2009 Richardson et al. Presented a multidimensional decision-making

framework for undertaking assisted colonization
that incorporates socioeconomic axes

2010 Minteer and Collins Proposed addressing ethical issues associated with
managed relocation and shifting attention to
developing criteria for managed relocation

2010 Seddon Suggested thinking beyond moving single species
to moving and constructing new communities

2011 Shirey and Lamberti Called for more regulation of plant sales, restrict-
ing purchases of endangered species hybrids,
and controlled pilot managed relocation by the
US Fish and Wildlife Service



constrained assisted migration. Aggressive assisted migration advocates believe
that there is insufficient time for a species to adapt or move by itself, so there are
no other options for the species’ conservation. Followers of this position would
also support using predictive modeling and perhaps broad-scale movement. At the
opposite end of the spectrum are the critics of assisted migration, who think the
practice should be avoided entirely. Those who focus solely on in situ conserva-
tion practices and have very little faith in predictive modeling hold this position.
Constrained assisted migration balances the benefits and risks of the two previous
positions. The risks of assisted migration are minimized by careful restrictions on
planning, actions, monitoring, and adaptive management, while the potential
benefit of preserving biodiversity is maintained. Additionally, McLachlan and col-
leagues (2007) suggested that the constrained assisted migration position be sup-
ported by proposals that would require rigorous planning and evidence of popula-
tion decline attributable to climate change.

Hoegh-Guldberg and colleagues (2008) presented a decision assessment
framework for evaluating the feasibility of assisted colonization. The framework
was designed to assess the need to move species outside their historical range, but
within the continent, as a mitigation measure to combat the loss of biodiversity
from global climate change. This article advanced ideas about assisted migra-
tion from considering the potential options to considering the feasibility of its
implementation.

Mueller and Hellman (2008) predicted that cases of detrimental invasion
would be less likely for intracontinental movements of species than for interconti-
nental movements. They indicated that plants, as opposed to taxonomic groups
such as fish, are at low risk as intracontinental invaders, and given the dispersal
constraints of plants, assisted migration might be useful for this life form.

As with any controversial practice, the opponents of assisted migration have
also emerged and argued their position. Ricciardi and Simberloff (2009a) made
the case against assisted colonization as a viable conservation strategy. Their argu-
ment stems primarily from the invasive species literature, which includes many
animal examples. The authors envision assisted migration being practiced as
“large-scale transfers of species outside their natural ranges—in other words,
planned invasions” (Ricciardi and Simberloff 2009a, p. 248). Schlaepfer and col-
leagues (2009), Sax and colleagues (2009), Schwartz and colleagues (2009), and
Vitt and colleagues (2009) presented counterarguments. Among the counterargu-
ments given are the need to weigh the risks of MR against the risk of extinction
(Schlaepfer et al. 2009; Schwartz et al. 2009), the doubt that endangered species
pose much risk of invasive behavior, the lack of evidence indicating that relocated
species will cause extinctions (Sax et al. 2009), and the recognition that stake-
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holders may hold different values of outcomes (Schlaepfer et al. 2009). Vitt and
colleagues (2009) implored practitioners to begin planning for the possibility of
MR by making wise, genetically diverse ex situ collections now.

Seddon and colleagues (2009) warned against conservation practitioners pre-
maturely embracing assisted colonization. As a proactive conservation measure,
assisted colonization must be considered in light of the uncertainties of climate
change predictions, consequent species responses, habitat needs, and the effects
of translocations on ecosystem functions. Given these uncertainties, Seddon and
colleagues emphasized a need to exercise caution against initiating a new era of
ill-conceived species translocations.

Richardson and colleagues (2009) were the first to incorporate social aspects in
their multidimensional decision-making framework for MR. Managed relocation
should not be a last resort approach, they argued. Instead, MR should be an inter-
vention strategy and part of a portfolio of options built around both ecological and
social considerations (Richardson et al. 2009). Including social criteria, such as
the cultural importance of a species and the financial costs of implementing an
MR project in the decision-making process, is critically important to broadening
the scope and examining the potential consequences of MR. Richardson and col-
leagues established another important point in the MR debate, which is that all
the stakeholders in a potential MR project are unlikely to concur, making com-
promise a necessity.

Considering MR as a conservation tool is now expanding beyond whether or
not it is a practical tool to whether or not it is an ethical tool. Minteer and Collins
(2010) presented ethical and policy questions focused on candidate species, insti-
tutional context, authorization and oversight, motive, and environmental respon-
sibility that are designed to make practitioners think about whether they should
rather than could practice MR. Minteer and Collins (2010) then moved forward
by suggesting that criteria for “good” and “bad” MR proposals be developed.

Like other conservation practices, MR occurs on a continuum. At the conser-
vative end of this spectrum, MR projects would simply move rare species just be-
yond their historical range, where change in environmental variables is expected
to be minimal. And at the radical or extreme end of the spectrum, MR projects
would constitute constructing new ecological communities (Seddon 2010) using
rare plant introductions as a starting point for ecosystem engineering (Jackson
and Hobbs 2009). Seddon (2010, p. 800) proposed that practitioners “consider the
possibility of adopting an ecological engineering perspective to use conservation
translocations as a means to introduce species into suitable habitat outside their
historical distribution range in order to contribute to the construction of new eco-
logical communities.” Furthermore, Seddon implored practitioners to consider
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both traditional and radical management options in times of pending ecological
crisis. The suite of new concerns that would arise as a result of planning construc-
tion of a new community is beyond the scope of this chapter.

Unregulated, haphazard movement of plants in the commercial trade is also a
rising concern (Shirey and Lamberti 2011). Currently some endangered species
and hybrids intentionally cultivated from endangered species, are legally and
readily available for sale over the global Internet. To prevent adverse effects of hy-
bridization and genetic swamping of wild rare populations, Shirey and Lamberti
called for a uniform coordinated rigorous enforceable policy, such as the Conven-
tion on International Trade in Endangered Species of Wild Fauna and Flora to
control commerce of rare plants within the United States.

Managed Relocation: The Practitioner’s View

The volume of work published recently on the topic of MR is testament to the
deep feelings and emotions that this concept evokes (see table 13.1). Practitioners
are torn between using a practice that goes beyond their formal training and com-
fort zone and the potential chance to save a species. The unknown costs of MR are
a major debate.

In fall of 2009, the Center for Plant Conservation (CPC) held an international
symposium titled “Evaluating Plant Reintroductions as a Plant Conservation
Strategy: Two Decades of Evidence.” In addition to presentations of the topics
from this volume, attendees including horticulturists, conservation biologists,
botanical garden scientists, land managers, regulating agency personnel, and aca-
demics participated in discussion related to MR. The following are their re-
sponses, which well represent the range of global opinions held about MR. In an
effort to present a balanced perspective, we present the concerns, discussion, and
related literature here. As is true with the published literature on this topic, the
stakeholders at this symposium were not all in agreement, which made for lively
debate. The value of such discussion is that when concerns are clarified and scru-
tinized, there is an opportunity to redress them.

What Are Your Feelings and Fears about the Practice of MR?

Fear 1: Important aspects of the target plant’s ecology may be unknown and
may be missing in the recipient environment. This fear stems from a general
lack of knowledge about the basic ecology of many rare and threatened plant spe-
cies. The solution, of course, is to conduct more research and to publish those re-
sults, be they statistically significant or not. The funding climate is changing al-
most as rapidly as the environmental climate, and in general it is not becoming
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more favorable. If traditional reintroduction projects from this point forward are
conducted as experiments, then we can learn more about species’ biology in a
cost-effective manner. Some practitioners thought that before any MR, tests
within range should be accomplished. This information can inform potential fu-
ture MRs if necessary.

Fear 2: Traditional conservation practices (i.e., habitat conservation) will be
abandoned or resources withdrawn in favor of MR. In addition to other conser-
vation organizations, the CPC believes that MR should be used only as a last re-
sort at this point and only in certain circumstances (see Maschinski et al. 2011 for
examples). Furthermore, the practice of MR should follow appropriate planning
and documentation (see appendix 1) in conjunction with ex situ propagule col-
lection (Guerrant et al. 2004) and in situ habitat management. A multipronged
management approach will improve the odds of conservation success.

Fear 3: Reintroduction success within the historical range is often low, so
reintroduction into a novel site has an even lower chance at success. Perhaps
one reason for low reintroduction success within historical range is that the cli-
mate has already changed and no longer supports optimal population growth of
the taxon. Unfortunately, proving this impact on rare plant populations is most
difficult. Using historical range as a guide to understanding plant distributions has
other faults, in addition to changing climate. Seddon (2010) highlighted the fact
that historical ranges are often based on arbitrary points, they are places where
botanists prefer to visit and collect, and they are based on historical records that
are often fraught with errors. In addition, other factors may change the suitability
of any geographic space such that it is no longer suitable for maintaining a rare
plant population with positive population growth rate (Knight, Maschinski et al.
[chap. 7], this volume). Therefore, historical record data may not be the best indi-
cator of where rare plant populations should occur now or in the changing future.
Several studies have indicated that introductions to suitable habitats outside a
known range can support persistent populations of rare species (Maschinski et al.
[chap. 7], this volume). However, moving a species out of its current or recent
range should be done with caution, long-term monitoring, and an exit strategy in
case a problem occurs.

Fear 4: Climate modeling for future bioclimatic envelopes is not accurate
enough to determine where MRs should occur. Climate models are useful tools
for broadly categorizing fundamental niche space, and they are useful for plan-
ning experiments. For example, to determine whether Lomatium species were cli-
mate limited or dispersal limited, Marisco and Hellman (2009) used sites outside
the current species ranges where climate models predicted sites with suitable fu-
ture habitat. The researchers successfully used these modeled sites to determine
that the Lomatium species were primarily dispersal limited, not climate limited
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(Marisco and Hellman 2009). Like all disciplines, climate modeling is improving
(Krause and Pennington, this volume), yet it still relies on accurate ecological
data, which are often lacking for rare species.

Fear 5: MRs will lead to the spread of pests and disease. Davis and colleagues
(2000, p. 531) argued, “The basic processes that admit exotic plant species are es-
sentially the same as those that facilitate colonizations by native species or allow
repeated regeneration at the same site.” If Davis and colleagues are correct, then
literature on invasive species can provide information on plant introductions and
information to help minimize the risk of introduced plants becoming invasive. In-
deed, this seems to be the case (Reichard et al., this volume). This fear further
highlights the need for careful guidelines because introducing pests and disease
can also occur with traditional reintroductions if precautions are not taken (ap-
pendix 1, #21). For example, every time soil is moved, there is a degree of risk in
introducing harmful microbes to the recipient site. But there are also precautions
that can be taken to reduce the potential for causing inadvertent introductions
(Haskins and Pence, this volume).

Fear 6: The relocated species will become an invasive species, affecting all
members of the recipient community. Rare species are rare for a reason. The
traits that commonly characterize a rare species, such as poor competitive ability,
low fecundity, strong site endemism, and weak dispersal mechanisms, are not the
traits of an invasive species. In fact, Reichard and colleagues (this volume) and
Gordon and Gantz (2008) found that intentionally introduced plants had a low
probability of becoming invasive. Reichard and colleagues (this volume) suggest
using weed risk assessment protocols to reduce fears related to invasive behavior of
species proposed for MR.

Where Do We Go from Here?

The practice of moving plants has occurred for centuries (Sauer 1988), some-
times with highly detrimental results (e.g., kudzu, Pueraria lobata, and Brazilian
pepper, Schinus terebinthifolius). The idea of moving plants for conservation pur-
poses is more recent (see table 13.1), yet the associated risks with plant movement
remain the same despite the noble intent. The light on the horizon is that progress
is being made. Given the rigorous review of plant reintroduction practice pro-
vided in this volume, we are now faced with absorbing the latest knowledge and
implementing the lessons we have learned to improve our future plant conserva-
tion efforts. The material, advice, and models suggested for traditional conserva-
tion practice (appendix 1) can and should be applied to justification, planning,
implementing and monitoring MR populations.
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What Would Make MR an Acceptable Practice?

By far, the most overwhelming response to this question was, “More research is
needed to address the unknowns.” Research in all areas, including the ecology of
rare species and their mutualists, climate change models and predictions, histori-
cal occurrences, and political and ethical repercussions, is needed. A few studies
have begun to address some of these issues. Using rare endemic plants and ani-
mals from the Florida Keys as case studies, Maschinski and colleagues (2011) pro-
posed a systematic process for evaluating the effectiveness and risk of traditional
conservation options in contrast to MR, with species characteristics, habitat-
specific concerns, and legal issues in mind. Such individual assessments will be
necessary for any MR proposal and are a wake-up call to the shortfalls of existing
legislation to account for necessary changing roles of natural areas in our rapidly
changing world. Additionally, Svenning and colleagues (2009) used regression
modeling to determine whether potential introduction sites in northern Europe
could withstand the addition of more species without suffering a loss in species
richness. Their results suggested that many areas had not achieved maximum spe-
cies richness and could potentially absorb additional species that were deemed
suitable for MR (Svenning et al. 2009). Keel (2007) provided another example of
the kind of proactive studies that are needed to address many questions that must
be addressed before MR is attempted (see box 13.1).

In Which Cases Should MR Be Considered?

It bears repeating that well-educated practitioners are not promoting the use of
MR for every rare species and never would advise that MR be used without care-
ful study and planning of the introduction design. Hoegh-Guldberg and col-
leagues (2008) created a decision-making tool for determining whether a species
is an appropriate candidate for MR, and we advise using this process as an initial
step in MR planning. We are aware that extreme cases exist. Some species do not
have other options available, such as coastal and island species threatened by sea-
level rise (Maschinski et al. 2011) or species currently extant only in ex situ hold-
ings (see Guerrant, this volume). Working with these types of species is a logical
first step as their needs are most dire.

How Can One Build a Case for MR?

Rejecting MR as a viable strategy based on fears is akin to “putting one’s head
in the sand,” according to Schwartz and colleagues (2009). Many public land
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Box 13.1. A Case Study for Managed Relocation: Investigating

Extended Photoperiod and Mycobiont Distributions

Contributed by: Brian G. Keel
Species Name: Habenaria repens Nuttall
Common Name(s): Water spider orchid
Family: Orchidaceae

Habenaria repens (Orchidaceae) is one of an estimated 25,000 orchid spe-
cies worldwide (Dixon et al. 2003) and is found in open wet habitats in Mex-
ico, the West Indies, Central America, and in the Gulf and Atlantic coastal
plains in the United States (Brown 2002). In the wild, terrestrial and some
epiphytic orchids need mycorrhizal fungi for seed germination and survival
as adults (Dixon et al. 2003). Orchid seeds are dustlike and contain only a
seed coat and an embryo. This minimal energy invested per seed increases
plant fecundity and wind dispersal, but this tradeoff makes a fungal myco-
biont necessary for survival. For H. repens, a North American terrestrial or-
chid, extended photoperiod and mycobiont distributions are two factors that
will limit plant movement as the climate changes. These factors were exam-
ined to determine the managed relocation (MR) potential of this species.

To investigate mycobiont distributions, seed packets were constructed
and used to sow seeds and capture fungi at three wild sites, with techniques
adapted from Rasmussen and Whigham (1993). Fungi capable of germinat-
ing H. repens seed were captured at the site that historically contained H.
repens in the 1960s and at the site presently containing a population of
H. repens. However, sites that were beyond the present range of H. repens
did not yield mycobiont fungi. These results do not preclude the possibility
of mycobiont presence outside the range, but they do suggest the need to in-
clude mycorrhizal fungi along with the obligate plant in any MR. However,
see Haskins and Pence (this volume) for cautions and advice on the move-
ment of soil fungi.

Range expansions in a northerly direction would subject H. repens to
shorter growing seasons but longer day lengths than they currently experi-
ence. Photoperiod is an important cue for breaking dormancy, resuming
growth, initiating seed germination, and preparing for dormancy before the
onset of climatically unfavorable conditions (Kimmins 1996). Keel sub-
jected H. repens seedlings to three photoperiods representative of the seed
source, a site 580 kilometers north of the seed source, and northern Quebec
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managing agencies are beginning to develop policies regarding MR (Camacho
2010), so it is important to move the debate to the next level. In response to the
Minteer and Collins (2010) suggestion that we begin planning ways to critique
MR proposals, we are providing suggestions for evaluating MR proposals for rare
plants (table 13.3). We advise concerned conservationists first to document adher-
ence to CPC Best Reintroduction Practice Guidelines (appendix 1). In addition,
we recommend several steps: Document that climate is causing species decline,
assess invasive risk, guarantee that adequate resources are available and have not
been reallocated from protecting extant populations, find suitable recipient sites,
provide experimental evidence that the recipient site has low probability of being
harmed, ensure that the MR is legal and that recipient site managers approve, and
justify all with a well-conceived, accurately documented plan.
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Box 13.1. Continued

(table 13.2). Increased photoperiod was significantly and positively corre-
lated with growth rate and plant size.

All orchids may not respond to photoperiod as H. repens did, and for
some, an extended photoperiod may be cause to avoid northward MR.
Other species may be capable of maintaining adequate growth and repro-
duction in new locations. Despite this good news, the potential lack of fun-
gal mycobionts is a critical missing piece for H. repens survival in this new
environment. Thus, these findings emphasize the need to examine impor-
tant ecological aspects of species targeted for MR.

table 13.2

Habenaria repens latitudes, corresponding photoperiods, and
geographic locations.

Daylight
at the

Summer
Latitude Solstice Geographic Location

27°20′ 14.75 hr Avon Park, Florida, USA
39°44′ 16.25 hr Pennsylvania–Maryland border, USA
60° 20.00 hr Northern Quebec, Canada

Avon Park was the project seed source. The Pennsylvania–Maryland border is 580
kilometers north of the northern range boundary of H. repens.



Summary

There remains little doubt that our world is changing, and the pace of that trans-
formation is worrisome. Plants are not strangers to changing environments, but
their ability to keep up with the speed of our changing climate is causing a co-
nundrum about what to do for species at risk of extinction. Although most rare
plant species cannot match the charisma of a panda bear, advocates for plant con-
servation are no less passionate about saving their species. Strong feelings about
what to do for species in decline become highly apparent when we view the his-
tory of MR and how this conservation tool has evolved over the years. Two main
camps exist. The first camp is resistant to moving plants based on a suite of fears.
One of the biggest concerns associated with MR is the potential for introducing
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table 13.3

Criteria for ranking good and bad MR proposals.

A Good Proposal A Bad Proposal Recommendations for
Proposal Criteria Would Have . . . Would Have . . . Improved Practice

Justification Reintroduction plan Reintroduction plan Follow the CPC guide-
based on the CPC incomplete. lines and provide ac-
guidelines. curate documentation.

Climate change Species demographic No or inadequate Install climate monitor-
documentation data corroborated species and climate ing devices; monitor

with climate data data. populations.
indicate decline.

Negligible risk of Acquired passing No support. Conduct WRA.
invasiveness score using WRA.

Resource Extramural funding Resources being Determine and seek
acquisition and resources in pulled from other sources for extramural

hand. conservation funding, labor, and
projects. materials.

Legality ensured Appropriate permits Missing permits; un- Research local, state, fed-
in hand; laws have clear legal issues; eral, and international
been cross-checked; no management law; negotiate with
recipient site land support. land managers of re-
managers approve. cipient sites; obtain

permits.
Recipient site pre- Used best available Recent GCC models Work with modelers to

dicted and GCC models for have not been used. improve predictions
available site prediction and for your area; conduct

recipient site common garden ex-
assessments. periments to docu-

ment feasibility of MR.

Developing a plan and providing documentation using the CPC Best Reintroduction Practice Guidelines (appendix 1) should
always precede any MR proposal. MR = managed relocation; CPC = Center for Plant Conservation; WRA = weed risk assess-
ment (Reichard et al., this volume); GCC = global climate change.



invasive species. Reichard and colleagues (this volume) address this major issue in
the next chapter. The second camp sees the potential in moving plants to novel
habitats to provide those species with a chance to live and persist in a natural habi-
tat. The members of this camp are willing to explore the potential of MR in a con-
trolled and scientific fashion. To this effect, we have proposed guidelines for
preparing MR projects. We hope that discussion of these ideas will lead to the ad-
vancement of plant conservation options.

We thank attendees of the 2009 CPC Plant Reintroduction symposium for lively de-
bate and exchange of ideas on the topic of MR. Additionally, K. Haskins would like to
thank Matthew Albrecht for providing a constant flow of new and pertinent literature.
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Chapter 14

Is Managed Relocation of Rare Plants Another
Pathway for Biological Invasions?

Sarah Reichard, Hong Liu, and Chad Husby

Why Use Managed Relocations?

Numerous studies have suggested that Earth’s climate has changed and will con-
tinue to change in response to human activities. It is expected that average tem-
peratures will increase, in some places as much as 4°C, between 1990 and 2040
(IPCC 2007). In addition, precipitation will probably change, becoming drier in
some areas and wetter in others. The intensity of storms, such as hurricanes, may
also increase in some areas (IPCC 2007). Biological organisms have physiological
tolerances to climate extremes, which may decrease their ability to survive or be
sufficiently competitive in the new climates, with different ranges. Although most
animals and some plants may be able to migrate to more appropriate locations,
many plants have limited seed dispersal capabilities and may be unable to reach
suitable habitat without assistance.

Compounding the difficulty in dispersal is increased degradation and frag-
mentation of landscapes by humans. Natural barriers such as mountain ranges
and large water bodies have always limited plant dispersal. These areas may repre-
sent large expanses of unsuitable habitat that may prevent population continuity,
and most plants lack effective seed dispersal mechanisms to cross such barriers. In-
creasingly, human development of large land areas disrupts plant dispersal. Ac-
cording to the World Health Organization (Hagmann 2001), the human popula-
tion is expected to grow to 9 billion by 2050, an increase of about 30% over the
current numbers. Accommodating human population growth and economic ex-
pansion will lead to loss of habitat and a patchwork of intervening nonnatural en-
vironments that may prevent dispersal. Even lands that are preserved may be seri-
ously degraded by agriculture, pollution, invasion by introduced species, pests,
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pathogens, and other factors that prevent successful colonization by native spe-
cies. Moving threatened species beyond these influences may provide the only
hope for a growing number of rare plants and animals.

Montane and island species are especially at risk because their habitats are iso-
lated. Depending on the distance from mainland, islands may be isolated from
potential habitat expansion. Mountains are islands of habitat surrounded by
lower, warmer altitudes with numerous competitive species. Habitat at appropri-
ate altitudes may be many kilometers away. Air and soil usually cool with increas-
ing altitude, so some species may be able to relocate to higher zones, but species
in mountainous areas may simply run out of higher locations for population per-
sistence (Liu et al. 2010). Smaller populations, often the case in alpine areas, may
be the most vulnerable.

Biologists are concerned that some species will become increasingly rare, or
even extinct, because they cannot withstand local climate change, and they will
be unable to disperse across landscape barriers to reach suitable habitat without
human intervention (Vitt et al. 2010). Similar concerns apply to rare species dis-
placed by human activities from the microclimates to which they are adapted, so
these apprehensions are not limited to large-scale climate change (Wilby and
Perry 2006). In general, rare species are known to have poor dispersal abilities
(Gaston and Kunin 1997). Human-assisted movement of a rare species outside its
historic range may allow its survival. The biological and philosophical debates
around managed relocation (MR) are thus important and worthy of careful con-
sideration (e.g., see Haskins and Keel, this volume).

Why Not Use MR?

It may seem initially an almost moral imperative that humans participate in MRs
for species truly needing assistance. If climate change is mostly human induced,
as most scientists think (IPCC 2007), should not humans also take responsibility
for helping species that will be harmed by it? Many think so, and that has led some
people to rush to move species northward or propagate and distribute them for
garden use (Shirey and Lamberti 2010, 2011). Many species listed as endangered
or threatened under the United States Endangered Species Act (ESA) of 1973
have a formal recovery plan that includes reintroduction within the historic range
only. Of the forty-five states that have some form of state-level legislation to con-
serve endangered species, only twenty-nine include provisions for endangered
plants, and most of these provisions are much weaker than the limited protection
afforded by the ESA (George et al. 1998). However, Section 10(j) of the ESA al-
lows experimental populations to be established, such as those proposed in MR
plans, and specifies management requirements. Biologists assess many factors be-
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fore a reintroduction, including the number of available seeds and plants, which
seed sources are most appropriate for new locations, site suitability, and the stabil-
ity of the management of the site. Most formal reintroductions are also done care-
fully to ensure that the material used is free from diseases and pests. Those less
aware of these issues may do ad hoc reintroductions, and we do not support them.

Perhaps the greatest concern, however, is the potential that a species intro-
duced outside its current or historical geographic distribution could become inva-
sive, harming species native to the recipient site. Invasive species have a number
of serious impacts. They may compete for resources with native plants (Brown et
al. 2002), change soil chemistry (Dougherty and Reichard 2004) or hydrology
(Gordon 1998), and alter food webs (Urgenson et al. 2009). After habitat destruc-
tion and degradation, invasions are the second leading cause of imperilment of
species in the United States (Wilcove et al. 1998), although actual extinctions
from invasions appear to be rare, especially for plants. In trying to establish a rare
species to a new location for its recovery under climate change, there is concern
for the recipient community (Ricciardi and Simberloff 2009a).

What Can We Learn from Invasion Biology?

Although Darwin (1859) mentioned the invasion of European plants in Argentina
in his book On the Origin of Species, and agricultural scientists often noted weeds
near crop plants, the field of invasion biology did not become a discipline of its
own until the late 1900s (Reichard and White 2003). Furthermore, the complex-
ity and diversity of natural communities may restrict patterns in invasion biology
to local and contingent circumstances rather than broad, powerful generaliza-
tions (Hansson 2003; Simberloff 2009). However, concepts and theories in inva-
sion biology are emerging that may be useful to examine when discussing man-
aged relocation.

Biotic Resistance and Resilience

Biotic resistance is the ability of the native community to repel newly introduced
organisms. At its core is the enemy release hypothesis (ERH), which has three es-
sential points: (1) Natural enemies (or herbivores) regulate plant populations; (2)
native enemies will affect native plant species more than introduced plant species,
because the enemies have evolved with and may have chemical relationships with
native plants; and (3) in the absence of enemies, introduced species are released
from predation pressure, and their populations increase in comparison with those
of native species (Keane and Crawley 2002). Any species in the community may
be attacked by generalist herbivores. However, the likelihood that native species
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will have specialized pests present is greater than the likelihood that specialized
pests from an introduced species’ home range will also be introduced. The intro-
duced species can reduce native species by replacing them in the community.
The ERH has led to the development of some successful biological control pro-
grams. For instance, the release of three species of European weevils and beetles
to control Lythrum salicaria (purple loosestrife) (Malecki et al. 1993) has led to a
significant decrease of this invader in the United States.

Keane and Crawley (2002) argued that successful classic biological control is
not proof that the release from natural enemies explains invasion, just as the ab-
sence of herbicide control in crops does not fully explain the infestations of weeds.
They call for a better understanding of generalist enemies and their effects on na-
tive species to gain insight into the role of enemy release in plant invasions. Nev-
ertheless, introduced plants are sometimes found to be released from specialist en-
emies (Liu and Stiling 2006; Liu et al. 2006, 2007), and such release allows some
introduced plants to reinvest their energy in better defense against generalist her-
bivores and more vigorous growth (Joshi and Vrieling 2005). On the other hand,
specialist herbivores can also catch up with their hosts, as has happened with Eu-
calyptus species in California, where at least twelve insect associates of eucalypts
have established, some of which cause defoliation and outright mortality of trees
(Hanks et al. 2000). Over time, native herbivores may also adapt to the invader
(Siemann et al. 2006).

In contrast to the ERH, mutualisms may also influence invasive ability. Janzen
(1985) identified four key types of mutualism: dispersal, pollination, nutrition,
and protection. Lack of specialized mutualist pollinators and seed dispersers in an
introduced range was generally considered an impediment to naturalization of in-
troduced plants (Richardson et al. 2000). However, studies suggest that such im-
pediments can be overcome with the gain of unexpected native partners (Valen-
tine 1977; Gardner and Early 1996; Richardson and Higgins 1998) or the arrival
of the plant’s old partner (Nadel et al. 1992; Pemberton and Liu 2008a, 2008b).
For example, Ficus microcarpa was long used in Florida horticulture but did not
become invasive until its pollinator was introduced (Nadel et al. 1992).

Nutritional mutualisms may also influence invasibility. Many species have re-
lationships with bacteria found in root nodules that change atmospheric nitrogen
(N2) into ammonia, the form of nitrogen that plants use (see Haskins and Pence,
this volume, for more on microbial mutualists). More commonly, about 85% of
all plant families have a relationship with fungi known as arbuscular mycorrhizas,
whose fungal hyphae enter plant cell membranes. The arbuscules increase the
surface area of the interface between the hyphae and cell cytoplasm to facilitate
the transfer of nutrients. A less common form is found in about 10% of plant fam-
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ilies, especially woody species. Ectomycorrhizas cover the root tips of plants and
form an extensive network in the soil and leaf litter. Some evidence indicates that
nutrients move between the plants connected in the network (Simard et al. 1997).
Many of these nutritional mutualisms appear to have low specificity and often do
not impede plant naturalization or invasion (Richardson et al. 2000). However,
the influence of mycorrhizas on plant invasions may be underestimated and mer-
its further study (Pringle et al. 2009).

Protection mutualisms are still understudied and may greatly expand our
knowledge of invasions eventually. Endophytes, fungi that are found in the tissues
of plants, may play important roles in increasing plant resistance to stress and her-
bivory. For instance, endophytes may increase tolerance to extreme temperatures
(Redman et al. 2002). A grass that has an endophyte present may have up to 70%
fewer arthropods and up to 20% less arthropod diversity (Rudgers and Clay 2008).
Endophytes may be transmitted from the mother to the seed, so introduced plants
may be carrying predation resistance into new locations.

Recent discoveries suggest that some plants may have mechanisms that allow
them to be more competitive against novel species than those with which they oc-
cur in the native range. For instance, Russian knapweed (Centaurea diffusa) is un-
common in its native range in Russia but highly invasive in the American west.
Callaway and Aschehoug (2000) grew the species in pots with both American and
Eurasian grasses. American grasses produced 85% less root and leaf mass when
planted with the knapweed, with no effect on the knapweed. When the knapweed
was grown with Eurasian grasses, however, the grass biomass dropped by 50% and
the knapweed also declined. The knapweed produced a chemical that reduced
the American grasses’ ability to take up phosphorus, an essential nutrient. Pots
with the Eurasian grasses and knapweed produced 12% more biomass and took
up 63% more phosphorus than those with the American grasses and knapweeds.
Callaway and Aschehoug (2000) hypothesized that long-term associations of spe-
cies may increase both productivity and resource use. There has been much dis-
cussion about these findings, and the argument for comparative studies of invasive
plants in both invaded and native ranges is compelling (Hierro et al. 2005). There
is also the suggestion that such chemical interactions may change over time, al-
lowing native species to rebound (Lankau et al. 2009).

Community composition also can greatly affect whether a newly introduced
species is likely to invade successfully. Unlike earlier hypotheses that species-rich
communities tend to resist invasion (Elton 1958), most studies have found that the
diversity of native species is not a good predictor of whether a community can be
invaded (Tilman et al. 1996; Stohlgren et al. 1999; Stadler et al. 2000). Highly di-
verse communities tend to have more resources and therefore higher productivity
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(Srivastava 1999; Stohlgren et al. 1999). The relationship between native diversity
and habitat invasibility is scale dependent; that is, on the local scale, native diver-
sity is often negatively correlated to invasibility. At the regional scale, however, the
relationship is positive, with greater heterogeneity promoting both spread and co-
existence of an introduced species that is not possible in homogeneous environ-
ments (Melbourne et al. 2007). After reviewing the literature on diversity and in-
vasibility, Levine and D’Antonio (1999, p. 15) observed that “the consistent
positive relationship between exotic species abundance and resident species di-
versity found in spatial pattern studies suggests that invaders and resident species
are more similar than often believed.”

Taxonomic relationships between native and introduced species may affect
which species will invade and which will not. Darwin (1859) first argued that
close relatives may overlap in resource use and be excluded. The ERH also sug-
gests that natural enemies may shift more easily to relatives. Lockwood and col-
leagues (2001) and Ricciardi and Atkinson (2004) found that severe invasions
were more likely when the invaders were genera not represented in the native
community. A phylogenetic study of all grass species in California found that
highly invasive grasses are less related to native grasses than are less invasive intro-
duced grasses (Strauss et al. 2006). Other studies found that relatedness of intro-
duced plants to natives played no role in naturalization and invasion (e.g.,
Daehler 2001; Duncan and Williams 2002; Dehnen-Schmutz et al. 2007b; Pem-
berton and Liu 2009), but these studies generally looked at all invasive species in
a region, not those that have more serious impacts.

In addition to resisting invaders, communities may also respond to invasion
with resilience. Resilient communities are able to recover from disturbances or
changes such as the addition of new species without a change in function or struc-
ture. The concepts of ecological resilience emerged from studies of predator–prey
interactions and the presence of multiple stable states for ecosystems (Holling
1973). Adaptive management strategies have been developed from these con-
cepts, combining social and ecological theory to analyze and manage how systems
function under uncertainty (Gunderson 2000). Each ecosystem will have differ-
ent levels of resilience, with those that are more dynamic naturally responding to
the introduction of new species without a major change to stability of structure or
function. Of course, the characteristics of species will also affect the ability of the
community to be resilient; very aggressive species or those that are functionally
very different from natives may shift the community substantially. Rare species of-
ten lack aggressive traits (Gaston and Kunin 1997), and if they are introduced into
a resilient community there may be little change to function or structure. The re-
silience of a community to invaders is often correlated with the levels of the other
stressors present (Gunderson 2000).
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Propagule Pressure, Residence Time, and Spatial Distribution

Few species become serious pests shortly after introduction. In general, a species
may be present for many years before spread begins and impacts are noticed. This
period between introduction and the onset of spread is usually called the lag
phase. There may be many reasons for a lag phase, including a change in disper-
sal corridors, the introduction of a new pollen or seed disperser, or an episodic dis-
turbance, such as a hurricane that temporarily decreases biotic resistance (Crooks
2005). In many cases, the lag phase may exist because there are insufficient num-
bers of people on the ground to observe and report the invasion, not because there
was an actual lag. Because MRs are intentional, with subsequent monitoring and
augmentation and with presumed adequate pollination, seed dispersal, and im-
portant mutualist provision, it is not expected that they will go through a lag phase
associated with insufficient observation, and thus signs of invasiveness should be
able to be detected quickly.

There appears to be a strong correlation between the number of introduced
plants or seeds and the probability of invasion (Mulvaney 2001; Von Holle and
Simberloff 2005; Pemberton and Liu 2009). This phenomenon has been called
by various terms, including propagule pressure, inoculation pressure, or infection
pressure. Having a larger founder population may increase the probability that
seeds will land in spots appropriate for germination and ensure that despite sto-
chastic processes that might lead to dips in the population size, a sufficient num-
ber of individuals will survive to reestablish the population. The number of sepa-
rate introductions may also increase the probability that one or more events will
encounter favorable environmental conditions and that a greater variety of geno-
types will be introduced. Greater numbers of individuals planted during MR
might increase the probability of the species behaving invasively or increase the
probability of successful reintroductions. It is probably prudent to plant as many
propagules as is feasible, with careful monitoring afterward.

Perhaps related to propagule pressure is the concept of residence time affect-
ing invasion success. The longer a species is present in an area, the higher the
probability it will move through a lag phase and express invasive tendencies. In
Chile, invasive plants with a large geographic distribution had a longer residence
time than those with a small distribution (Castro et al. 2005). A study evaluating
the relative contributions of residence time, propagule pressure, and species traits
found that a long residence time strongly contributed to escape from cultivation
in the Czech Republic and to the probability of naturalization in Europe (Pyšek et
al. 2009). Studies of the horticulture trade have also suggested that the longer a
species has been available in the trade, the greater the likelihood of invasion
(Dehnen-Schmutz et al. 2007a; Pemberton and Liu 2009). This suggests that very
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long-term monitoring of MRs may be necessary to determine establishment suc-
cess and to ensure that the species does not become increasingly aggressive over
time.

The spatial distribution of patches also influences the spread of species. Moody
and Mack (1988) demonstrated that small patches of plants will lead to a larger
population faster than a single large patch of the same total area. Spread from
these multiple nascent foci, as they called the smaller patches, will increase popu-
lation size rapidly even without geographic corridors to facilitate spread or barriers
to prevent it. This approach may help an MR establish in a new area more
quickly, but as with residence time it should be monitored to ensure that native
plants are not overwhelmed.

These considerations highlight the importance of establishing criteria to dis-
tinguish between a successful MR and an invasion, because both phenomena will
share certain characteristics such as successful reproduction and establishment.
Thus, operational “damage criteria” (Warren 2007) that delineate a healthy com-
munity integration process from an invasion would be useful to determine before
the MR is undertaken and these criteria used to focus the monitoring program.

Comparing Biological Traits of Invasive Plants and Rare Species

Most introduced plants, even though planted in large numbers over a long period
of time, do not become invasive (Reichard 1997), and a number of studies have
examined the biological attributes of invasive plants (Roy 1990; Rejmánek and
Richardson 1996; Pyšek and Richardson 2007). In general, traits related to high
reproduction, either sexual or vegetative, and high stress tolerance increase inva-
sive ability. For instance, comparative studies between introduced invasive and
noninvasive species have found that the invaders are significantly more likely to
have consistent and high seed production, effective long-distance seed dispersal,
and long flowering and fruiting periods and, if perennial, may also reproduce veg-
etatively through stolons, rhizomes, or other means (Reichard 1997; Sakai et al.
2001; Bass et al. 2006). Invaders may also be drought tolerant and retain their
leaves for long periods of time, allowing them to photosynthesize and grow longer
as well. In the western coastal United States a high level of semievergreen leaves
or photosynthetic stems was found in the invaders, potentially allowing them to
grow during the mild, wet winters of the region (Reichard 1997; Pyšek et al. 2009).
Many invasive species in a given part of the world are also problems in other loca-
tions, and significantly fewer consistently noninvasive species become invaders
anywhere, suggesting that biological traits contribute to postintroduction behavior
(Reichard and Hamilton 1997). It is unclear whether rare species are less likely to
be moved into new locations through horticulture or other efforts, so this predic-
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tor may be less useful in evaluating MR. Comparative studies on rare species show
that they are quite different from invasive species (Gaston and Kunin 1997). Al-
though there are perhaps fewer definitive traits shared by rare species, studies
suggest that they have a lower reproductive investment and may, in fact, have min-
imal sexual reproduction or none at all. Rare species are often genetically impov-
erished by their small populations, which could lead to a reduction in genotypes
capable of tolerating stress. One study also found that rare species tend to have bi-
laterally symmetric flowers, a trait related to specialized pollinators; thus, a lack of
that mutualism could prevent seed production (Harper 1979). Some studies have
also suggested that species with restricted ranges may have less efficient seed dis-
persal, but that, again, is not conclusive among the rare plants that have been
studied (Gaston and Kunin 1997).

Weed Risk Assessment

Because invasive plants are environmentally and economically destructive (Mack
et al. 2000; Pimentel et al. 2005) and because many are intentionally introduced
(Reichard and White 2001), there have been several attempts to develop predic-
tive methods to assess risk of invasion potential in introduced plants (e.g., Rej-
mánek and Richardson 1996; Reichard and Hamilton 1997; Pheloung et al.
1999). The Australian and New Zealand governments have adopted the weed risk
assessment (WRA), developed in Australia (Pheloung et al. 1999), and a number
of other countries have tested and modified it (Gordon et al. 2008a). It has also
been used to evaluate the invasive potential of bioenergy feedstock crops (Davis et
al. 2010). The WRA asks forty-nine questions about a species’ distribution and
suitable climates, domestication history, undesirable traits, reproduction, disper-
sal, and persistence attributes. Each answer is scored numerically between –3 and
5 points, although most are in the range of –1 to 1. The final score is the sum of all
the questions. There are three outcomes: If the total score is less than 1, the spe-
cies has a low probability of becoming invasive and is acceptable for importation;
if it is greater than 6, it is rejected for being too high a risk; and a score between 1
and 6 is inconclusive and the species is recommended for additional evaluation.

To address the species needing further evaluation, a secondary screen was de-
veloped in Hawaii (Daehler et al. 2004). This is a short decision tree that empha-
sizes a few questions in the primary assessment about the biology of the species.
The secondary screening gives more weight to certain traits in the assessment pro-
cess. In a number of tests, the secondary screening has consistently reduced the
number of species needing further evaluation (Gordon et al. 2008a).

Gordon and colleagues (2008b) evaluated the Australian WRA for use in
Florida. They tested 158 annual and perennial plant species in six growth forms
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from fifty-two families in twenty-seven orders. Major invaders were paired with re-
lated species that had little or no invasion history in Florida. The WRA with the
secondary screen correctly rejected 92% of the species that were known to be in-
vasive in Florida and accepted 73% of noninvaders, with the remaining 19%
falling into the evaluate further category. They concluded that the WRA is an ef-
fective screening mechanism for evaluating new introductions into Florida.

Using the WRA for MR

We compared the invasive risks of species introduced for ex situ conservation
(hereafter called conservation species) with those of horticultural introductions
(hereafter called horticultural species) at the Fairchild Tropical Botanic Garden
(FTBG) and Montgomery Botanical Center in southern Florida. These species
have been growing in these gardens for many years, and extensive data are avail-
able in the gardens’ records to answer questions in the Australian WRA adapted
for Florida (Gordon et al. 2008b).

We chose species from the current collection database of FTBG and from sale
lists of horticultural distribution plants published in the Fairchild Bulletin from
1955 to 1979. This timeframe reflects a period when plants were distributed with-
out regard to risk of invasiveness. We sampled twenty-two conservation species
specifically denoted in the FTBG database as being introduced to the garden for
conservation. They are narrow endemics in the Caribbean region or have Inter-
national Union for the Conservation of Nature (IUCN) status of at least “Vulner-
able.” These species are categorized by IUCN as threatened, endangered, or criti-
cally endangered (table 14.1) and are part of an ex situ conservation collection at
FTBG. For comparison, we selected a random sample of twenty-two species from
Fairchild plant sale lists to match the distribution of plant habits (woody tree or
shrub, palm, cycad, herbaceous plant) represented by the conservation species.
Because two of these horticultural species had IUCN status of “Vulnerable,” we
moved them into the conservation category, yielding a final conservation species
sample of twenty-four and a horticultural species sample of twenty.

We evaluated the invasive risk of each species using the Florida WRA (Gordon
et al. 2008b), using data compiled from garden records at FTBG and Mont-
gomery Botanical Center, web and library resources, and field observations. We
followed available guidance on how to address the WRA questions (Gordon et al.
2010). Although three people were involved in the WRAs across species, final re-
sults were checked and corrected for consistency. If taxa fell into the “evaluate fur-
ther” range (score of 1–6), we used a secondary screen proposed by Daehler and
colleagues (2004), as has become common practice when using a WRA based on
the Australian system (Gordon et al. 2008a).
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We performed statistical analyses using JMP 8.0 (SAS Institute, Inc.) and com-
pared mean risk scores between the two plant categories using a Welch ANOVA
for unequal variances due to significant differences in the variances across cate-
gories. We made pairwise comparisons between means using a Tukey HSD test.
We compared the distribution of outcome categories associated with each score
(accept, evaluate further, or reject) between samples using a chi-square test for ho-
mogeneity of a 2 × 3 contingency table (two plant categories and three outcome
categories).

There was significant nonhomogeneity of variance between the outcome cate-
gories (p = 0.001, Levene’s test), with scores of conservation species varying much
less than those of horticultural species (0.594 vs. 32.35 in coefficient of variance).
Using a Welch ANOVA, the average WRA score for conservation species was sig-
nificantly lower (–3.25 ± 2.45 SD) than that for the horticultural species (–0.095
± 5.74 SD) (p = 0.0346, fig. 14.1). A similar pattern was found for outcome (ac-
cept, evaluate, or reject) distributions (fig. 14.2). Specifically, 91.7% and 57.1% of
the conservation and horticultural species were accepted, respectively. No conser-
vation species were in the “reject” category, whereas one horticultural species was
in this category. The outcome distribution of these plant groups was significantly
nonhomogeneous (p = 0.02, for likelihood ratio test of homogeneity; fig. 14.2). Af-
ter the secondary screen produced decisions for most of the “evaluate” categories,
the outcome distribution no longer showed significant differences between the
groups (p = 0.13, for likelihood ratio test of homogeneity). Scores aside, none of
the conservation species have naturalized, despite having been in cultivation for
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Figure 14.1. Mean weed risk assessment scores of species introduced to Fairchild Tropi-
cal Botanic Garden for ex situ conservation and horticultural introduction purposes. Ver-
tical bars are ±1 standard error of the mean.



an average of 30.8 years. However, several of the horticultural species have natu-
ralized, with one (Sesbania punicea) being among the worst invaders in Florida
(FLEPPC 2009). Sesbania punicea also scored the highest among our forty-four
samples. Sesbania was a popular landscape species for many years, so a combina-
tion of residence time and propagule pressure may have facilitated its current in-
vasiveness. On average, the horticultural species have been in cultivation for 56.7
years, with the longest cultivation record being 74 years.

Despite their harm to the environment, the probability of an intentionally in-
troduced plant becoming invasive is low (Gordon and Gantz 2008), and our find-
ings are consistent, with most of the species being accepted as noninvasive. We
recommend using a WRA as one of the tools to evaluate the pros and cons of man-
aged relocation of endangered species.

Areas of Need and Research Opportunities

Although invasion biology is a rapidly progressing field, there are still more ques-
tions than answers, so there are limits on the ability of invasion biology to inform
MR (table 14.2). For instance, although we have some understanding of biotic re-
sistance, we still have limited predictive power about community resilience to a
novel species. Nutritional mutualisms such as those with mycorrhizal fungi or
nitrogen-fixing bacteria are better understood (Haskins and Pence, this volume),
but how endophytes help invasive species adapt to stressful conditions is still
largely unknown. In addition, protection mutualisms are increasingly appearing
to be important (Callaway and Aschehoug 2000). How these interactions change

256 managed relocation

Figure 14.2. Distribution of weed risk assessment outcomes among species introduced
for conservation and for horticultural introduction in Florida.



over time and how both native and invasive species might evolve in response to
them remain unclear (Lankau et al. 2009).

Although plant responses to increased temperature alone are straightforward to
anticipate, response to other aspects of global climate change may be species-
specific (Rawson 1992). For instance, increased CO2 elevates levels of urushiol,
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table 14.2

Summary of hypotheses from invasion theory and how they might affect relocations.

Relevance to Relevance to
Hypothesis Summary of Evidence Traditional Restoration Managed Relocation

Enemy release Successful biocontrol N/A. Depends on how
projects. close to the home

range.
Dispersal, pollination, Need for specialized N/A. Surveys should be

nutrition, protec- pollinators can stall done to ensure pol-
tion mutualisms invasions. linator presence.

Mycorrhizas may be Mycorrhizal needs Mycorrhizal needs
needed for nutrition. should be known. should be known.

Endophytes may Endophytes are in Endophytes are in
provide stress leaf and seed tissue, leaf and seed tissue,
resistance. so should be so should be

transferred. transferred.
Community resilience Studies show that Habitat heterogeneity Habitat heterogeneity

some communities increases spread enhances spread
have multiple and resilience of and resilience of
stable states. the recipient the recipient

community. community.
Propagule pressure Probability of invasion Higher numbers of Higher numbers of

increases with initial plants and initial plants and
higher numbers of repeated plantings repeated plantings
initial plantings. will increase will increase suc-

success. cess and invasion
potential.

Residence time The longer a species is Older, established re- Older, established re-
in an area, the introductions will locations should
greater the chance need less continue to be
it will spread. monitoring. monitored to re-

duce possibility of
invasion.

Spatial distribution Grouping plantings in Plant small groupings Plant small groupings
several small throughout the site. throughout the site,
patches, instead of but monitor to en-
fewer larger, in- sure that the spe-
creases spread. cies does not spread

from the site.



the chemical in poison ivy (Toxicodendron radicans) that causes dermatitis (Mo-
han et al. 2006). Could climate change also alter the chemical ecologies of rare
species, increasing allelopathy or other chemical interactions? Although research
on the effects of increased CO2 is ongoing, we are still far from anticipating how
individual species will respond.

More comparative work between rare and common species, especially those
that are related, will yield a greater understanding of how we might predict inva-
sion risk. Although the WRA proved to be effective at distinguishing the conserva-
tion and horticulture species in our sample, it might be even better when adjusted
for the purpose of rare species’ MRs. For instance, unlike most invasions, where
the geographic occurrence is unpredictable, the recipient community for an MR
is known. Some questions might be added or changed to reflect that knowledge,
including aspects of biotic resistance, propagule pressure, or spatial design of the
outplanting.

Balancing Risks, Benefits, Uncertainties, and Complexities

Reintroductions should be done as closely as possible to the historic bioclimatic
envelope of a rare species to reduce invasion probability and increase chances of
successfully establishing the species in a new locality. Risks are inevitably present
in any biological relocation and probably increase with distance from the historic
range of the species. The risk that the MR species may become invasive must be
balanced against the risk of extinction if nothing is done. On one hand, competi-
tion from invading species appears unlikely to lead to extinction of long-term resi-
dent species, especially among plants (Davis 2003; Gurevitch and Padilla 2004;
Schlaepfer et al. 2009). This is probably even more true when an MR species is
being moved within a continent. On the other hand, many species are in dire
threat of extinction or genetic erosion. If moving these species can significantly re-
duce their chances of extinction or severe genetic impoverishment, the bene-
fit of this action seems likely to outweigh the risks of MR, especially if some
precautions, such as WRA, are undertaken and some long-term monitoring is
conducted.

Furthermore, emphasis on communities as essentially static entities can ob-
scure the knowledge that communities are able to accommodate a certain degree
of compositional change without lasting biodiversity loss (Rosenzweig 2001;
Thompson et al. 2007; Lugo 2009). The factors surrounding invasiveness and na-
tivity are far from absolute (Warren 2007), suggesting that it is important to focus
on case-by-case assessment of the benefits, risks, and complexities of individual
MR cases rather than placing excessive emphasis on generalizations (Slobodkin
2001).

258 managed relocation



Cautions for Appropriate Use of Managed Relocations

Sites for MR should be carefully selected, with biotic resistance and resilience of
the recipient community considered. Locating the rare species in an area with no
close relatives would be prudent to reduce risk of hybridization. Although an
analysis of chemical ecology is probably not possible in most cases, if a rare species
is believed to be allelopathic to other species, the MR should proceed with great
caution. In addition, sites as close to the historic range as possible, while still meet-
ing expected climate change scenarios, will potentially decrease the risk of inva-
sion (Mueller and Hellmann 2008).

Because the idea of managed relocations is so new, it is still unclear how sites
will be selected for introductions (but see Krause and Pennington, Maschinski et
al. [chap. 7], appendix 1, #22, this volume). Presumably, most will be undertaken
near native range, but at higher altitudes or more northerly latitudes. If the intro-
duction site is within the same continental region as the native sites, it appears less
likely that invasive behavior should be expected. Mueller and Hellmann (2008)
studied a database of United States invasive species and their geographic origins to
determine whether intracontinental movement of species carried less risk of inva-
sion than intercontinental movement. They thought that given Darwin’s hypoth-
esis mentioned previously, species of intracontinental origin would be less likely
to become problematic because they would be more likely to have closer relatives
in the greater native flora than intercontinental species. Overall, they found that
intracontinental species were far less likely to be invasive than species from other
continents but that species that became invasive were equally severe regardless of
origin. However, the results were somewhat skewed by the particularly high rep-
resentation of fish and crustaceans in the data. In fact, only 7.5% of the invading
plants were intracontinental invaders. This suggests that if relocations are done as
closely as possible within the historic bioclimatic envelope, invasion probability
may be reduced. This likelihood, along with the findings of Lockwood and col-
leagues (2001), Ricciardi and Atkinson (2004), and Strauss and colleagues (2006),
suggest that more work examining the interactions of invasives with sympatric ver-
sus allopatric species (e.g., Callaway and Aschehoug 2000) should be done to gain
greater understanding of why these patterns exist.

Planting in a nascent foci pattern is likely to increase the probability of estab-
lishment (appendix 1, #29) but also potentially will increase the risk that it might
spread too aggressively. Similarly, planting as many individuals as possible in-
creases the probability that more will survive stresses to reproduce. In both cases,
because planting large numbers in scattered foci is known to promote invasions,
regular monitoring is especially important. This will be especially true if the spe-
cies has high reproductive rates and stress-tolerating abilities, although it appears

Is Managed Relocation of Rare Plants Another Pathway for Biological Invasions? 259



this is seldom the case for rare species (Gaston and Kunin 1997). Because a
lengthy “residence time” is correlated with invasive ability (Pyšek et al. 2009), the
monitoring should be planned for several decades. However, given the large
amount of resources needed for long-term monitoring, the benefits must be
weighed against the use of these resources to help save other rare species from ex-
tinction. This is especially the case because risk is essentially unavoidable, with
human-caused impacts imperiling many rare species even if the human activities
do not include MR. If most resources are focused on risk mitigation, even in the
cases where available information suggests very little risk, then few resources will
be available to attempt and actually rescue the growing numbers of rare species in
need of assistance.

Not all species are suitable candidates for MR. Hoegh-Guldberg and col-
leagues (2008) provided a framework to determine whether a species should be
considered. The decision tree presents choices to be made, such as the level of ex-
tinction risks and technical difficulties, which then feed into options. Six options
are possible, with one of them being MR. We recommend that the WRA should
also be used before any plant undergoes MR. Because it appears to be robust in
places as diverse as Hawaii and the Czech Republic (Gordon et al. 2008a), it
should be useful in any location with proper modifications relevant to the geo-
graphic and climatic features of the recipient region. The secondary screen may
also be used to reduce the number of species that fall into the “evaluate further”
category (Gordon et al. 2008a). If the species is in the “evaluate further” category
after the secondary screening, it should probably be kept in a controlled ex situ
collection and the MR done only under the direst scenarios of imminent extinc-
tion. Under those circumstances, it is extremely important that the site conditions
are thoroughly considered and an extended monitoring plan is in place. If the spe-
cies has a WRA score of 6 or higher, then MR should not be carried out under any
circumstance.

Climate envelope modeling may also assist in determining potential dispersal
range of a species that might be considered a risk (Krause and Pennington, this
volume). Risky species would be those that needed “further evaluation” even after
the secondary screening and those that have higher reproductive rates. This will
provide some guidelines for future introduction locations.

The MR species may become invasive, but the outplanting may also introduce
other invasive organisms. As with all reintroductions, every plant or seed used
must be carefully scrutinized for insects and pathogens to avoid spreading pests.
All infected plants should be treated or destroyed. If the MR plants are rooted in
soil, that soil should also be treated to reduce the probability of unintentionally
moving species, or the plants should be moved bare-root and reestablished in a
nursery at the recipient site. Vehicles used to transport the plants and all equip-
ment should be similarly scrutinized and cleaned before visiting the recipient site.
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Finally, these recommendations are for reintroduction of plants only. Although
some principles of invasion theory may also inform reintroductions of imperiled
mammals, fish, or insects, we have considered only plants in this evaluation.

Summary

The first preference of any conservation practitioner will always be to protect and
preserve the ecosystems where rare species naturally occur. However, it is an un-
avoidable reality that some imperiled species are likely to suffer interactions of cli-
mate change and habitat loss or fragmentation that will lead to extinctions and
range contractions (Parmesan 1996; McLaughlin et al. 2002) and often genetic
erosion. These species may be candidates for MR after careful consideration of
many factors (Hoegh-Goldberg et al. 2008). Managed relocation will always carry
risks. Those risks must be considered against the risk of species extinction. No spe-
cies should be moved outside its historic range without a careful analysis of its in-
vasive potential and its potential to carry pests, using the recommendations in this
chapter and the Center for Plant Conservation Best Reintroduction Practice Guide-
lines (appendix 1). Even with analysis of risk, invasion theory suggests that the in-
troduction sites should be as close as possible to the historic range.

Section 10(j) of the ESA allows listed species planted outside their range to be
designated as “non-essential experimental populations.” Although weaker under
the law, this designation is particularly important because it allows the population
to be removed if it becomes ecologically harmful (Shirey and Lamberti 2010),
and should be used for all managed relocations, regardless of the outcome of the
risk analysis. Species not listed under the ESA should also be planted with the
idea that they can be eliminated if harmful. Because there is always the potential
that MR species might need to be removed or that MR populations will not suc-
cessfully establish, it is especially critical that reserve propagules of viable seed or
other irreplaceable rare species germplasm be collected and stored in a secure lo-
cation (Guerrant et al. 2004a; appendix 1, #20).

We thank Jason Downing for his help with the initial phase of the weed risk assess-
ment. We also thank Kelly Foundation’s Montgomery Botanical Research Fellows pro-
gram for funding support for the initial phase of the project. We gratefully acknowledge
the key assistance of Mary Collins and Marilyn Griffiths of Fairchild Tropical Botanic
Garden and Arantza Strader of Montgomery Botanical Center in retrieving plant database
records. Doria Gordon and an anonymous reviewer provided thoughtful comments on an
earlier draft. Finally, we appreciate the invitation of Joyce Maschinski and Kristin Haskins
to consider this subject and the participants attending the Center for Plant Conservation
symposium for their thoughtful comments.
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part iv

Synthesis and Appendices

“Like music and art, love of nature is a common language that can transcend political
or social boundaries.”

—Jimmy Carter

The growing information and experience in the field of plant conservation sci-
ence provided an opportunity to pause and take stock of what we have done, why
we have done it, and how we can do it better. This final part of the book summa-
rizes the earlier sections and highlights key points for best practice (chap. 15). As
with all young science, it is important to reflect on past paradigms and incorporate
current findings to chart a new course. Kennedy and colleagues (this volume) do
this as they clarify the risks and potential for managed relocation and make spe-
cific recommendations for collaborative, sound reintroduction science in the fu-
ture. Examples of reintroductions that have been well designed and executed are
provided as models for future studies.

We encourage our readers to provide feedback about the contents of this
volume at the national office of the Center for Plant Conservation (http://www
.centerforplantconservation.org/ or cpc@mobot.org). Furthermore, we implore
practitioners to use the CPC Best Reintroduction Practice Guidelines (appendix 1)
to plan any new reintroduction. These guidelines draw from past protocols, the
chapters in this volume, comments from conference attendees, and experience of
practitioners to refine reintroduction planning. As more reintroductions are imple-
mented, particularly in light of the research agenda advised in this volume, more
rigorous meta-analyses may be possible, the practice of reintroduction can be fur-
ther refined, and recovery of endangered plant species can be accomplished.
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Chapter 15

Synthesis and Future Directions

Kathryn Kennedy, Matthew A. Albrecht,

Edward O. Guerrant Jr., Sarah E. Dalrymple,

Joyce Maschinski, and Kristin E. Haskins

Reintroduction work must continue and should be expanded because it is an im-
portant tool to stabilize and restore vulnerable declining species. Reintroduction
can play a vital role in keeping species present in our landscape through climate
change, but this will be possible only through careful planning, research, model-
ing, and priority setting. In this chapter we review the insights emerging from the
sections of this volume: the meta-analyses of plant reintroductions, the science
and practice of reintroduction, and managed relocation (MR). We provide exam-
ples of well-conceived reintroduction projects to serve as models for planning fu-
ture reintroductions. Furthermore, we make suggestions for improving plant rein-
troduction science and practice, preparing for climate change, and moving
forward to best conserve biodiversity.

Insights from the Meta-Analyses

Reintroduction science is a young and rapidly growing discipline, and increased
sophistication in its practice is emerging. Our meta-analyses revealed broad-scale
patterns in plant reintroductions and showed that there is an increasing trend to-
ward reintroduction projects designed to test explicit hypotheses (Albrecht and
Maschinski, Dalrymple et al., Guerrant, this volume). In the 1990s plant reintro-
ductions began to emerge as a serious conservation tool; early guidelines empha-
sized the use of replicated experiments designed to evaluate specific factors that
limit or facilitate population establishment and persistence. Many promising
studies have been conducted (CPCIRR 2009; appendix 2).

Our reviews of rare plant reintroduction projects revealed trends in successful
and failed plant reintroductions. Of the forty-nine projects reported in the CPC
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International Reintroduction Registry initiated in 1985–2008 for which the fates in
2009 were known, 92% were still extant; 76% had attained reproductive adult-
hood, 33% produced next-generation offspring, and 16% of the second generation
had achieved reproductive maturity. Similarly, Dalrymple and colleagues (this
volume), analyzing a different data set, found that the majority of young projects
were extant. However, see the caveat later in this chapter about interpreting young
projects.

Two fundamental constraints on the available data limited our ability to detect
causes for reintroduction project success or failure: (1) The time elapsed since in-
ception for most reintroduction projects was too brief to determine population tra-
jectory with great certainty, and (2) many projects initiated more than 5 years ago
lacked long-term monitoring and subsequent documentation of population sta-
tus. Indeed, the status was unknown in the majority of reviewed projects that had
been initiated more than 5 years before the review (Dalrymple et al., this volume),
creating challenges in determining the efficacy of reintroduction as a conserva-
tion tool. Similarly, drawing inferences from more recent projects can be mislead-
ing because the short-term demographic dynamics of reintroduced populations
have sometimes been poorly correlated with their long-term persistence (e.g.,
Maschinski 2006; Albrecht and McCue 2010; Monks et al., this volume). The
timeframe for many projects was simply not long enough to determine whether
reintroductions were self-sustaining. This was especially true for long-lived taxa
that may take years or decades before they reach demographic benchmarks (i.e.,
sexual reproduction and recruitment of next generation; Monks et al., this vol-
ume). Although young projects have not yet accumulated enough data to inform
our work fully, they provide a good baseline for future evaluations. More impor-
tant, these reintroduced populations increase the total number of individuals sur-
viving on the landscape and the spatial occupancy of the species, thereby reduc-
ing extinction risk. A critical focus of future work should include monitoring and
analyzing reintroduced population dynamics, particularly individual transplant
survival, recruitment of the next generation, and the spatial spread within the re-
cipient site or dispersal to unoccupied sites (Pavlik 1996). Emphasizing research
and analysis on long-term monitoring efforts will help refine strategies that can
improve reintroduction as a conservation tool.

In many instances small sample sizes limited our ability to detect significant
differences between groups we wanted to test. For example, Dalrymple and col-
leagues (this volume) found that wild-sourced propagules achieved higher re-
cruitment levels than ex situ propagules, but the small sample sizes restricted ro-
bust statistical support. Similarly, comparisons of the success of projects where the
cause of decline was removed or not and of those conducted inside and outside of
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range suffered from small sample sizes, and the findings should be considered
with this in mind. Propagule type and plant life history influenced the success of
the reintroduction, but uneven representation of groups influenced the statistical
power. Seeds were used as the source material more often for annuals than for
perennials, which confounded propagule success with life history (Dalrymple et
al., Albrecht and Maschinski, this volume). The majority of reintroduction proj-
ects involved perennial species. Among all projects analyzed, whole plant propa-
gules had the greatest overall survival (Dalrymple et al., Albrecht and Maschinski,
this volume).

We discovered gaps in our knowledge of reintroduction practice for diverse
plant taxa, life forms, and life histories (Guerrant, this volume). Consequently,
generalizations drawn from tested groups may not apply across all plant taxa.
There are certainly rare and endangered taxa within these life history and life
form categories, but they were not reported in the CPCIRR (2009). Additional ex-
ploration with untested groups is needed to inform us about the reliability of gen-
eralizations within and between plant groups.

Careful and well-designed long-term monitoring efforts would allow us to de-
termine how much management and intervention are necessary before reintro-
duced populations can be considered self-sustaining. Without long-term monitor-
ing we will not be able to know whether long-lived plant species are able to reach
demographic benchmarks and form self-sustaining populations in the wild. Vital
rates of reintroduced populations should be compared with those of natural or ref-
erence populations to evaluate reintroduction success (Bell et al. 2003; Menges
2008), and of course, to be considered sustainable, reintroduced populations must
have positive population growth (Knight, this volume).

Few failures were reported in the CPCIRR (Guerrant, this volume) or in the
published literature, a phenomenon also observed by Godefroid et al. (2011), who
conducted an independent review of plant reintroductions. This bias influenced
our ability to detect reasons for reintroduction success and failure because failed
projects were underrepresented. We encourage practitioners to share both unsuc-
cessful and successful projects. Publication of all reintroduction projects would
improve our overall knowledge base. Recently journals requiring peer review,
such as Restoration Ecology, have encouraged publishing setbacks and surprises,
realizing the value of sharing these experiences. Even if trials result in nonsignifi-
cant data or fail to establish plants in the long term, this information will con-
tribute to reintroduction practice, especially if conditions related to the reintro-
duction are reported. Furthermore, we encourage project entry into databases
such as the CPC International Reintroduction Registry. Monitoring periods longer
than 5 years will yield valuable information for land managing agencies and

Synthesis and Future Directions 267



practitioners. Although traditional demographic monitoring yields important in-
formation, alternative measures also can help evaluate the health of reintroduced
populations (Monks et al., this volume).

Our reviews revealed another area where improved practice could help inform
the science of reintroduction. Nonexperimental reintroductions, projects done
without monitoring, or projects lacking published results have limited value in
documenting success or evaluating causes of failures and are not recommended
as best practice. Such studies restrict the inferences that can be drawn about why
reintroduced populations failed to establish (or persist) and provide little insight
into the basic ecology of the focal species, which could further inform future con-
servation efforts. Furthermore, they are subject to misinterpretation, and they rep-
resent lost opportunities to learn and refine small population management.

Consequently, we have carefully selected several well-designed and executed
reintroduction projects that can serve as useful models for planning and imple-
menting future reintroduction experiments (table 15.1). We purposely selected
studies across a broad range of life histories, propagule types, and experimental de-
signs. Furthermore, many of the selected studies, although by no means exhaus-
tive, exemplify how to select genetically appropriate source material, which can
influence the long-term persistence of reintroduced plant populations (see Neale,
this volume). Although some of the selected studies can be viewed as unsuccessful
in reintroducing viable plant populations, their robust experimental designs im-
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table 15.1

Plant reintroduction studies that exemplify well-replicated experimental designs and can serve
as models for planning and implementing future reintroduction projects.

Study Life History Founder Stage Experimental Factors

Holl and Hayes (2006) Annual forb Seeds and seedlings Competition (varying fre-
quencies of vegetation
removal), litter and soil
disturbance, and
grazing

Pavlik et al. (1993) Annual forb Seeds Competitor exclusion
(herbicide vs. clipping)
and fire

Maschinski et al. (2004a) Perennial shrub Seeds Topographic moisture gra-
dient and nurse plants

Sinclair and Catling (2004) Perennial herb Seeds and seedlings Soil disturbance and
fertilization

Smith et al. (2009) Perennial herb Adult transplants Presence of mycorrhizal
fungi, soil aeration, and
seasonal timing



part valuable information on the species’ ecology, help advance reintroduction
theory, and can be easily replicated in other systems.

We recognize that not all rare plant reintroduction projects can undertake
well-replicated experiments because of the extreme rarity of some species or for lo-
gistical reasons. In these instances, initiating intervention rather than accepting
inevitable loss is understandable. However, even in these cases close quantitative
monitoring will help support adaptive management action to increase the proba-
bility of population persistence (see Kawelo et al., this volume). Registering and
reporting the fate of these projects is also valuable for practitioners facing similar
challenges.

Science and Practice

Evidence is mounting that we are making progress to understand both important
broad principles governing plant reintroduction success and underlying species
characteristics that can facilitate success (see appendix 1). The reviews of reintro-
duction practice in this section quantified public impact on rare plant recovery,
described new horticultural techniques that emphasize an improved understand-
ing of community elements, and extended applications of ecological theory to ad-
vance reintroduction practice.

Careful attention to choosing appropriate source material to incorporate ade-
quate representative genetic diversity in the reintroduced population is advised
(Falk and Holsinger 1991; Falk et al. 1996; Guerrant et al. 2004a; Neale, this vol-
ume). Although genetic analyses are not always possible or necessary before con-
servation intervention begins (depending on population characteristics), com-
prehensive genetic evaluation of species and populations can provide valuable
information revealing evidence of genetic divergence or convergence between
geographically and ecologically separate populations. Additionally, genetic evalu-
ation can guide ex situ collection strategies for maintaining genetically represen-
tative collections and can help identify limiting conditions such as lack of com-
patible alleles needed for reproductive success (Weekley et al. 2002). Although
“normal” levels of population diversity vary greatly for different taxa, understand-
ing the molecular and adaptive quantitative genetic diversity of a species, the pro-
file of declining populations, and the diversity of potential source materials for
reintroduction can help plan new populations with suitable levels of diversity and
reduced risk of deleterious genetic processes (Neale, this volume). Kawelo and
colleagues (this volume) demonstrate how these techniques are implemented.
Genetic analyses play an important role in evaluating success of reintroduc-
tions. Differences in levels of genetic diversity and changes in allele frequencies
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between reintroduced and wild populations can be assessed over time as another
measure of success (Monks et al., Neale, this volume).

New horticultural techniques may improve propagule health and reintroduc-
tion success. Advances for in vitro acclimatization methods, such as using liquid
culture techniques (see box 6.1) combined with customizing soil microbial in-
oculum development (Haskins and Pence, this volume) are new contributions to
improve rare plant propagation and potential outplanting success. Examining the
ecology of rare plants, including the belowground soil mutualists and how these
important soil microbes promise to improve acclimatization processes in the labo-
ratory, greenhouse, and field, will be essential preparation for plant reintroduction
in a changing climate.

In comparison with Restoring Diversity (Falk et al. 1996), the previous reintro-
duction review by the CPC, this volume has a greater emphasis on population-
level dynamics and models. Models can help in planning the number and type of
propagules needed to establish a sustainable population (Albrecht and Maschin-
ski, Knight, this volume) and are an essential tool for documenting the extinction
risk of reintroduced populations (Monks et al., this volume). Several suggestions
are given to improve selection of recipient sites for reintroductions (Maschinski et
al. [chap. 7], this volume), as site conditions play a critical role in population
growth rates (Knight, this volume) and reintroduction success (Dalrymple et al.,
this volume). Experimental reintroductions have helped elucidate the intricate
link between specific sites and population growth rates. Testing conditions in the
habitat such as biotic interactions (herbivory; Knight, this volume) or abiotic fac-
tors (light; Possley et al. 2009) help elucidate the degree to which such factors af-
fect reintroduction success. Dalrymple and colleagues (this volume) remind us
that critical factors are not always apparent; they stress that current climatic infor-
mation should be incorporated into reintroduction planning. Intentional use of
an explicitly experimental approach provides practitioners with the greatest
chance to discern the important factors for their species.

Extensive and intensive measures in the context of integrated conservation
strategies, including ex situ, intersitu, and reintroduction, may be needed to save
our rarest species (Kawelo et al., this volume). Unfortunately, models examining
future conditions project dim trajectories for many endemic species (Krause and
Pennington, this volume). This should be a call to action to ameliorate the im-
pacts of climate change now, while there is still time. The fate of the rarest of the
rare species remains unclear, but thoughtful planning and proactive measures
from collecting ex situ source material and ecological work to assess species
niches to modeling projected future conditions in planning sites for reintroduc-
tion work can improve population restoration success and reduce extinction risk
in the near and long term.
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The law will always influence reintroduction options. Kawelo and colleagues
(this volume) provide an excellent example of how government regulation of an
important pesticide is hampering reintroduction success. In preparation for on-
coming changes in climate, it will be necessary not only to understand and re-
spond to existing laws and policies but to become engaged in supplying the rigor-
ous science that will support feasible, appropriate policies and regulations for the
future (Maschinski et al. 2011).

Collaborations, public outreach, and information sharing must be cultivated
to advance reintroduction science (Maschinski et al. [chap. 4], this volume). We
anticipate that future collaborations between modelers, statisticians, ecologists,
policymakers, lawyers, and economists will be needed to advance plant reintro-
duction science. As plant reintroduction science grows, so must the efforts to im-
plement these projects on the ground. Enlisting the public as a resource for edu-
cation, communication, planting, and monitoring will continue to be essential
(see box 4.2). The guidelines we offer practitioners (appendix 1) are based largely
on our experiences and are intended to help improve reintroduction practice and
science. We encourage practitioners to follow these or other published guidelines
(e.g., Vallee et al. 2004) and to provide feedback to the authors and the Center for
Plant Conservation at cpc@mobot.org. Through professional exchange with
agencies such as the International Union for Conservation of Nature (IUCN) we
are exploring ways to expand the availability of these guidelines to the world com-
munity. This will require overcoming language barriers and publicizing the CPC
International Reintroduction Registry.

Facilitating the accumulation and synthesis of reintroduction information will
allow even more targeted and powerful metadata analyses to clarify significant
principles and best practices. Building comparative data sets over time and dis-
tance will help identify conditions directly and indirectly associated with climate
change and further our understanding of the requirements for persistence in the
face of those challenges. In addition, practitioners can benefit from reviewing
reintroductions that have been conducted by others. As the conservation commu-
nity develops and supports a culture of information sharing (Dalrymple et al.,
Guerrant, this volume), collaborative syntheses can aid research on reintroduc-
tion science and improve our understanding of the impacts of climate change on
rare plant populations.

Managed Relocation

Experience over the last 20 years of conservation reintroductions has demon-
strated the difficulty of reintroduction even in the best circumstances. Now, the
conservation community has to seek solutions for rare species reintroductions at
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an ever-growing pace to keep up with the effects of climate change. A few of these
solutions, such as MR, are controversial (Haskins and Keel, this volume), yet man-
aged relocation is an approach that may assist in maintaining the rarest species on
the landscape. There are obvious parallels between traditional within-range rein-
troductions, introduction outside a taxon’s historic range, and MR, as all involve
the establishment of new populations. Unfortunately, insufficient rigorous field
studies have been conducted comparing reintroductions within range of current
habitat with efforts outside the known habitat to evaluate either the risk of failure
(and unintended damage) from MR or its potential for success (Dalrymple et al.,
Guerrant, this volume, but see Marsico and Hellmann 2009). The path forward is
confused by extreme views that have been presented by some authors. For exam-
ple, one scenario is to assist populations through incremental introductions into
suitable habitats near existing populations (see box 7.1), and more radical scenar-
ios envision relocation to much more extreme ecological or geographic distances
into completely new habitats and communities (Barlow and Martin 2005, but see
Schwartz 2005) or moving entire communities (Seddon 2010).

Our experience, techniques, and approaches with traditional reintroductions
can help inform future work to advance the science of reintroduction, evaluate
and test the potential of MR, and develop responsible guides and protocols that
may help achieve the ultimate goal of sustainable reintroduced populations. In
contrast, the scenario of relocation over great ecological and geographic distances
presents challenges on many levels and is not supported by CPC. The conserva-
tion community is defining areas of concern and inquiry regarding MR and is ex-
amining its potential risks and benefits. Long-distance relocations into dissimilar
habitat present high risks and may potentially harm recipient communities (Da-
vidson and Simkanin 2008; Ricciardi and Simberloff 2009a, 2009b; Seddon et al.
2009). The challenges inherent in MR require that we define and address broad
research needs and establish interdisciplinary partnerships to focus work on the
highest priorities in science and practice. A good consensus that has examined the
potential and risks comprehensively must be a result of broad interdisciplinary
work. While we strive to keep species from disappearing from the landscape, we
also cannot proceed recklessly without a reasoned, stepwise approach that will be
informative and conscientious.

The approaches and cautions developed in conservation science and practice
in reintroduction work to date remain important, especially as the focus of debate
in the conservation literature centers on MR. Previous recommendations by CPC
and other conservation organizations (Falk et al. 1996; IUCN 1998a; Society for
Ecological Restoration Science & Policy Working Group 2002; Vallee et al. 2004)
stressed that preparation of explicit reintroduction plans, hypothesis-driven exper-
imental approaches, quantitative data collection, and good long-term monitoring
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are essential to eventual success. We emphasize following these guidelines, along
with our updated CPC Best Reintroduction Practice Guidelines (appendix 1), to
problem-solve for specific cases and inform plans to test the promise and risks of
MR and other conservation options.

Preparation for an unknown future climate requires an extension of traditional
conservation practice. As has been demonstrated (Knight, Krause and Penning-
ton, Maschinski et al. [chap. 7], Monks et al., this volume), more rigorous ecolog-
ical and demographic data are needed to understand rare plant population
growth, to build accurate models, and to validate them. These same needs apply
to efforts to predict and evaluate climate change and to inform research and sup-
port decisions for MR. Future MR work will require a detailed understanding of
species biology, population dynamics, and ecological relationships. While the
species and systems are still functional and available to us, ecological characteri-
zation is urgent work that must be done now.

To date our research on reintroduction site selection has focused largely on the
rare introduced plant population and not the recipient community. There is a
great need to understand the effects of reintroduced populations on recipient
communities. Possible impacts include modified environmental gradients (e.g.,
nutrient and moisture availability) or modified biotic interactions (e.g., attracting
predators, pollinators, and dispersers). It is critical to increase our knowledge of
these relationships because this information contributes to successful evaluations
of recipient sites and any plans for creating new populations. Methods suggested
for selecting traditional reintroduction sites still apply to selecting MR sites (Ma-
schinski et al. [chap. 7], this volume). Reintroduction biology must be integrated
with ecosystem restoration, which will require more collaboration between re-
introduction biologists and restoration ecologists. In addition, we emphasize con-
sideration of the human community. Community involvement for activities af-
fecting both donor and recipient sites will be important where projects are
initiated (Parker 2008).

To provide adequate, diverse source material for reintroductions and MRs,
there is a need to be proactive and increase ex situ genetic resources (Vitt et al.
2010). Research and development are needed on storage protocols for more di-
verse kinds of material and for seed-increasing techniques that maximize wild-
adapted traits. Similarly, developing propagation and production techniques to
provide sufficient material for establishing large populations quickly will promote
success of populations reintroduced to changing landscapes. There is a clear need
to increase ex situ work by securing wild plant genomes with broad genetic diver-
sity, and it may be necessary to target extreme traits. Populations at the edge of
range may have traits that would allow a species to persist and adapt in a changing
climate.
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Carefully documented reintroductions can provide significant genetic and
ecological information for modeling, monitoring, and guidance for developing
new management approaches such as MR. Long-term monitoring on a landscape
scale is needed to detect climate-driven changes in populations. Increasing the
numbers of responsible, well-designed reintroduction research projects in current
habitats can help clarify species’ strengths or vulnerabilities and support adaptive
management to maximize resistance and resilience of rare species to stochastic
events while supporting natural adaptation and migration processes.

The CPC’s collective experience, techniques, and approaches can inform fu-
ture experimental designs to advance the science of reintroduction, to evaluate
the potential of MR, and to develop responsible guides and protocols that may im-
prove success. This process will require establishing interdisciplinary partnerships
to focus on the highest priorities in science and practice. Current funding reality
requires that we carefully examine and allocate resources across priorities for per-
sonnel, research, and active conservation management as our native habitats ex-
perience climate change–related stress.

The challenges in defining and evaluating the potential of MR are not just bio-
logical. We will also need to develop public policy and professional guidance that
will provide a framework to implement active ethical management of suites of
species. Engagement of the scientific community, agencies, and public outreach
specialists is needed. For a good consensus policy to be formulated, information
gaps and rigorous science guiding recommended practice must be clear. Benefits
and risks must be comprehensively and broadly reviewed. Practical protocols must
be developed, and professional ethics must be elaborated. Agency and public poli-
cies need to be written, and international cooperation must be gained. Our work
ahead is demanding and abundant but highly necessary to preserve biodiver-
sity. The fate of many rare species rests in the hands of policymakers and land
managers.

As is true for traditional reintroduction science, developing the theory and
practice for MR will be best served by taking a similar path of carefully planned
hypothesis-driven experiments. Strategic collaborative work is vital to provide in-
formative multidisciplinary and complementary studies that can be compared
within and between systems. Test cases should be selected in both simple and
complex systems. We suggest that there is a high priority for integrated planning to
identify species that present valuable research models and determine how and
when to initiate work along a gradient of expected change. Identifying the most
urgent cases of decline or projected imminent habitat loss, such as the Key tree
cactus, Pilocereus robinii in Florida (Maschinski and Goodman 2008), alpine spe-
cies (Grace et al. 2002; Raven, this volume), and Banksia montana in South West
Australia (Cochrane and Barrett 2009), and initiating multidisciplinary work with

274 synthesis and appendices



them is important. Pilot studies need not focus solely on population establish-
ment issues. They can also examine related issues such as producing and validat-
ing population and climate models, assessing genetic change, and conducting risk
and cost analyses. Assessing risks and monitoring for the appearance of adverse im-
pacts is critical to building confidence that we can minimize negative impacts on
recipient communities (Reichard et al., this volume). New studies should provide
context by comparing performance and population dynamics in current and new
localities while investigating multivariate and interactive effects. A conceptual ef-
fort to guide the evaluation of proposed MR studies is offered by Haskins and Keel
(this volume).

We need to proceed as a scientific community by design rather than by chance.
Ensuring that we conduct well-designed pilot studies of sufficient depth and
breadth in a comprehensive and rigorous scientific manner is not a simple matter.
Future studies must be supported by planning and policy and backed by signifi-
cant funding. Academic peer review and agency review in initial study proposals is
critical to steady, productive progress.

Summary

Accepting the premise that maintaining the current level of plant diversity is in
the best interest of a sustainable planet and the quality of human life, our charge
remains to prevent the extinction of species and minimize the loss of diversity.
Reintroduction research and clarification of the practical potential for proposed
MR techniques are critical to natural resource management through climate
change. Defining and implementing the agenda for research and practice will re-
quire coordinated regional, national, and even international efforts across agen-
cies and conservation scientists in theoretical and applied sciences. The CPC will
continue to work to support the partnerships and strategic initiatives that will be
needed to do so. The work ahead is challenging and exciting. Our aim for plant
conservation is to move forward carefully, using good science, strategic thinking,
and purposefully collaborative work to identify and resolve the issues at hand.

Synthesis and Future Directions 275



 



Appendix 1

Center for Plant Conservation Best
Reintroduction Practice Guidelines

Joyce Maschinski, Matthew A. Albrecht, Leonie Monks,

and Kristin E. Haskins

The ultimate goal of rare plant conservation is to ensure that unique taxa experi-
ence continued evolution in a natural context. Over the past 20 years conservation
officers working with the Center for Plant Conservation (CPC) have conducted
plant reintroductions of many species in many habitats. In this appendix we pro-
vide our CPC Best Reintroduction Practice Guidelines, which refine reintroduc-
tion planning based on a review of past protocols, the experience of CPC practi-
tioners, findings presented in this volume, and comments from conference
attendees. The science and practice of rare plant reintroduction are expanding,
and these guidelines represent the state of the art.

Our goal is to provide a quick reference for practitioners to use when planning
and executing rare plant reintroductions (fig. A1.1). The term reintroduction in
this appendix implies any attempt to introduce propagules to an unoccupied
patch, including augmentations, introductions, and translocations. Managed re-
locations would require following these same guidelines in addition to the points
presented by Haskins and Keel (this volume) and the modeling, interdisciplinary,
multiagency, and potentially international collaborations cautioned by Kennedy
and colleagues (this volume). The sections are intended to help practitioners do
the following: justify the decision to conduct a reintroduction; prepare the re-
introduction design with legal, funding, species biology, horticulture, and recipi-
ent site considerations in mind; implement the reintroduction; conduct project
aftercare; and design monitoring to document long-term establishment of the rare
population. All phases of the reintroduction process should include opportunities
for public involvement. In addition, we suggest a template to use for document-
ing all aspects of the reintroduction that can be found on the North Carolina
Botanical Garden website (North Carolina Plant Conservation Program Scien-
tific Committee 2005).
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In comparison to previous guidelines, these offer suggestions based on the
meta-analyses described in this volume. Thorough examinations of existing popu-
lations are recommended to help determine the trajectory of population growth
and guide selection of recipient sites. When possible we advise linking the ecol-
ogy to the demography of the species. In addition, we provide suggestions for im-
proving the possibility of creating a sustainable population in a changing climate.

To support our recommended best practices, we reference appropriate sections
of the text of this volume. Additional literature can be found in the chapters. For
more in-depth details about some of the sections, we refer readers to previous pub-
lications with reintroduction guidelines: Restoring Diversity (Falk et al. 1996),
IUCN Guidelines for Reintroductions (IUCN 1998a), The SER Primer on Eco-
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Figure A1.1. Flow diagram of reintroduction justification, preparation, implementation,
aftercare, and monitoring.



logical Restoration (Society for Ecological Restoration Science & Policy Working
Group 2002), and Guidelines for the Translocation of Threatened Plants in Aus-
tralia (Vallee et al. 2004).

It is our hope that these guidelines will improve recovery of endangered species
and will leave a lasting impression on all those who are concerned with saving bio-
diversity. We welcome feedback on the guidelines and encourage practitioners to
report any reintroductions to the CPC International Reintroduction Registry. CPC
practitioners throughout the United States can be contacted through the CPC na-
tional office (http://www.centerforplantconservation.org/ or cpc@mobot.org).

I. Justifying and Deciding Whether to Conduct a Reintroduction

We do not support or promote reintroduction as an alternative to in situ ecosystem
protection. All those working in plant conservation firmly agree that the priority is
to conserve species in situ and to preserve their wild populations in natural habi-
tats in as many locations as possible. Reintroduction is never the first action to take
for a critically endangered species, even when crisis is imminent. First steps for
species in dire straits must be ex situ collection, threat control, and habitat man-
agement (Guerrant et al. 2004a; Bruegmann et al. 2008).

Before any reintroduction is conducted, thorough status surveys and careful re-
view of rarity status and threats should be undertaken. Reintroduction should be
considered only if habitat protection is not possible or if the taxon is critically im-
periled and appropriate sites and propagule source materials are available. We rec-
ognize that in the very near future introductions may need to be used as a tool to
mitigate the impacts of climate change, because some in situ rare plant popula-
tions will be unsustainable in their current historical ranges.

To determine whether a species should be considered for reintroduction, it
should meet the criteria described in the checklist box (box A1.1). If the species
does not meet these criteria, a reintroduction should not be attempted at this time.
If conditions change in the future, a second evaluation could be done. For some
taxa, it may never be appropriate to conduct reintroductions. For others, changed
conditions and improved horticultural, genetic, and ecological knowledge may
make it feasible to conduct a reintroduction in the future.

1. Document the species’ status and distribution.

• Conduct surveys, create maps, and obtain population distribution
information.

• Assess habitat-specific population information (Knight, this volume). In
each population, count the number or estimate the percentage of
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Box A1.1. Justification for Reintroduction

A reintroduction may be justified if:

_____ Species is extinct in the wild OR
_____ The distribution of the species is known and there are few, small,

and declining populations; AND
_____ Alternative management options have been considered and con-

ducted yet have been judged to be inadequate for long-term conserva-
tion of the species; AND

_____ Threats have been identified; AND
_____ Threats from habitat destruction, invasive species, land conver-

sion and/or climate change are imminent and are uncontrollable.
Species has high risk of extinction if only managed in situ.

If the species meets any one of the following criteria, then do not proceed
with reintroduction. Consider ex situ conservation practices (Guerrant et al.
2004b). If the unmet criterion is resolved in future, then reevaluate.

_____ Reintroduction will undermine the imperative to protect existing
sites.

_____ Previous tests indicate that it has not been possible to propagate
plants or germinate seeds.

_____ High-quality, diverse source material is not available.
_____ Existing threats have not been minimized or managed.
_____ The reintroduced species may potentially negatively affect species

in the recipient site via competition, hybridization, or contamination.
_____ There is evidence that the reintroduced taxon would harm

other threatened and endangered species or conflict with their
management.

_____ The reintroduction is not supported legally, administratively, or
socially.

_____ Suitable habitat is not available or not understood.

reproductive, juvenile, and seedling stages and, if possible, measure growth
and reproduction.

• Note abiotic and biotic conditions in occupied patches. Whenever possible,
quantify these factors (e.g., near adults and seedlings, record the canopy
cover, associated species, plant density, soil moisture, light, and other
factors).



2. Ascertain threats and, when possible, take action to remove,

control, or manage them.

• Note specific abiotic and biotic factors that may be causing the population
decline. Realize that threats may be direct or indirect and will be best ob-
served over time (Dalrymple et al., this volume).

• If stochastic processes (e.g., wildfires, storms, or random events) have oc-
curred and have decreased the number of individuals in the population, we
advise augmenting the population.

3. Engage land managers in discussion about options for the

species conservation.

• Attempt or consider all feasible alternative management options before con-
sidering reintroduction.

• Ensure that the population will have long-term protection and management
(e.g., invasive species removal, controlled burns).

4. If you cannot justify a reintroduction, do not proceed. Use

other conservation options.

5. Consider whether your reintroduction will do any harm to

the recipient community or to existing wild populations. If so,

consider alternative conservation strategies.

• Determine whether the potential collateral impacts of the species in the re-
cipient site are negligible. Is there a threat of hybridization, invasion, or
contamination?

• The reintroduction should not undermine the imperative to protect existing
populations and their habitats.

6. Determine that the reintroduction is feasible legally,

logistically, and socially.

• Laws governing rare species protection vary by location and jurisdiction;
therefore, it is essential to discuss any plans for a reintroduction with
authorities.

• Determine whether the species has a legal document such as a recovery
plan or a conservation action plan, wherein reintroduction has been identi-
fied as an important step for preserving the species.
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• Hold public meetings to review reasons for the reintroduction and solicit
support or involvement.

• Document that the recipient site landowner (public or private) is commit-
ted to protecting the reintroduced population.

II. Preparing the Reintroduction

Although it is impossible to say definitively, we believe that many failed reintro-
ductions could have succeeded if appropriate preparation had been undertaken.
Being prepared for a reintroduction requires a good plan coupled with large in-
vestments of time and resources. This demands commodities that are often in
short supply in our rapidly changing world: patience and persistence. It may not
be possible to know all of the factors we describe here, but the more that is known,
the higher the likelihood of success, and practitioners should at least be aware of
the gaps in their knowledge.

Reviewing your reintroduction plan by addressing the following questions will
allow you to assess your degree of preparedness (box A1.2). Once knowledge gaps
are identified, there is an opportunity to weigh whether there is adequate infor-
mation to proceed. The risk of proceeding without the knowledge can be assessed
along with the risk of taking no action and losing the species. We strongly recom-
mend that reintroductions be conducted as experiments precisely designed to ad-
dress these knowledge gaps. In this way, each reintroduction can not only help fu-
ture reintroductions of the practitioner’s target species but also help others doing
plant reintroductions around the world.

Previous CPC publications have addressed detailed preparations for reintro-
ductions with regard to demography, genetics, and horticultural practice (Falk
and Holsinger 1991; Falk et al. 1996; Guerrant 1996a). Specific guidance for ex
situ collection and management is essential preparation for reintroductions (see
Guerrant et al. 2004a). Our aim here is to provide guidance for establishing sus-
tainable populations in the wild where they may have opportunities for adapta-
tion, evolution, and interactions within a natural ecosystem. Although it is neces-
sary to describe the steps of the plan sequentially, often several steps are conducted
simultaneously.

The Plan

7. Develop a reintroduction plan. Whenever possible, design the

reintroduction as an experiment and seek peer review.

• Identify the project leader and key collaborators, who will be responsible for
planning, supporting, implementing, site management, monitoring, and re-
porting findings.
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• Identify areas of expertise needed to execute the reintroduction. If they are
not represented in the collaborative group, then seek outside experts to join
the team. For example, enlist the help of a scientist with experience in ex-
perimental design and statistical analysis to ensure that you have adequate
replication to answer your research question. Consider addressing theoreti-
cal questions (box A1.3).

• Plan the reintroduction based on the best scientific information available.
Rely on peers to review your reintroduction plan and provide feedback and
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Box A1.2. Questions to Consider When Planning a Reintroduction

(Falk et al. 1996; Vallee et al. 2004)

_____ Is this an augmentation (reinforcement), reintroduction, or intro-
duction (see Glossary)?

_____ Have you considered legal issues, logistics, and land management
(McDonald 1996)?

_____ Are the biology and ecology of the species understood (Menges
2008; Maschinski et al. [chap. 7], this volume)?

_____ Are genetic studies needed (Neale, this volume)?
_____ Have germination protocol and propagation methods been deter-

mined (Guerrant 1996a; Guerrant et al. 2004a; Haskins and Pence,
this volume)?

_____ Has a suitable recipient site been identified, and are land man-
agers supportive (Fiedler and Laven 1996; Maschinski et al. [chap. 7],
this volume)?

_____ Are pollinators known and present?
_____ Are plants susceptible to herbivory? Will they be protected?
_____ Have threats been reduced or eliminated?
_____ How many plants or seeds are available, and how many are needed

(Guerrant 1996a; Albrecht and Maschinski, Knight, this volume)?
_____ What question is being addressed, and does your experiment an-

swer the question?
_____ How will success be measured (Pavlik 1996; Monks et al., this

volume)?
_____ What kind of aftercare for plant and site management will be

needed and how frequently?
_____ What is the involvement of the land manager or owner?
_____ What are the monitoring design and plan for reporting results?
_____ In what ways will you involve the public in your project (Maschin-

ski et al. [chap. 4], this volume)?



Box A1.3. Questions to Consider When Designing Reintroduction

Experiments

_____ What additional knowledge is needed about the species’ biology or
other factors?

_____ What is the question being asked? Does your experimental design
answer the question?

_____ How much replication is needed for adequate statistical power?
How will the study be analyzed?

_____ Who will conduct the data analyses?
_____ Have you considered testing aspects of ecological theory, such as

founder events, small population dynamics, establishment phase
competition, dispersal and disturbance ecology, succession, metapop-
ulation dynamics, patch dynamics on population persistence, re-
silience, and stability over time?

_____ Using the reintroduced population as a cohort, will you examine
natural variation in survival, mortality, and recruitment and tie these
to environmental factors?

_____ Will the reintroduction test key habitat gradients of light, mois-
ture, elevation, or temperature?

_____ Will the underlying environmental drivers of λ be measured
(Knight, this volume)?

_____ Will genetic factors be part of the experimental design? If so, how
will they be analyzed?

_____ Will the reintroduction further our knowledge of key principles re-
lated to rare species’ ability to cope with climate change?

_____ Are you testing factors within a single site or across multiple sites?
_____ Has a monitoring plan been developed? How long will monitoring

be conducted? Have you considered an adaptive monitoring plan?
What will the duration of the experiment be?

_____ Have you developed a clear unambiguous datasheet to track rein-
troduced plant growth, reproduction, and survival? If the monitoring
persists for decades, will your successors be able to interpret the data
you have collected?

_____ Will the data be housed within your institution or elsewhere so
that your successors will able to use it?

_____ How will the plants be mapped and marked or numbered?
_____ If plants are susceptible to herbivory, will their response be in-

cluded in the design, or should the plants be protected?

Sources: Falk et al. (1996); Vallee et al. (2004).
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alternative points of view. Rely on the global conservation community to as-
sist you (see suggested reviewers in box A1.4).

• Train and carefully manage all personnel and volunteers who are involved.
• Define goals of reintroduction related to the recovery of the species. Set

objectives.
• Develop methods, select which plant and population attributes will be mea-

sured, and determine monitoring protocol, frequency, and duration.

The Law, the Land, and Funding

8. Obtain legal permission to conduct the reintroduction.

• In some locations you may be required to obtain one or many permits be-
fore conducting a reintroduction (e.g., from the land owner or manager and
local, regional, and national authorities). A reintroduction plan is often re-
quired for permit acquisition.

• Note the expiration date of all permits involved. Also note the requirements
of permits, such as periodic reports or updates to the permitting agency.
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Box A1.4. Potential Reviewers for Reintroduction Plans

In some regions, there are panels of plant conservation experts who re-
view reintroduction plans as a part of an ongoing legislative process.
For example, the scientific advisory committee of the North Carolina
Plant Conservation Program requests and evaluates reintroduction
plans as part of the process of granting legal permission to proceed
with a plant reintroduction in the state of North Carolina (North Car-
olina Department of Agriculture and Consumer Services 2010).

Experts operating in different areas of the world are also available. The
CPC International Reintroduction Registry (CPC 2009) provides a re-
source to learn about reintroductions that have been done and is a
source for potential peer reviewers.

The IUCN Reintroduction Specialist Group (IUCN 1998b) has a Re-
introduction Practitioner’s Directory 1998 intended to facilitate com-
munication between individuals and institutions undertaking animal
and plant reintroductions.

The Global Restoration Network (Society for Ecological Restoration
2009) provides a web-based information hub linking research, proj-
ects, and practitioners.



• If the reintroduction is done as mitigation, it is critical that all preliminary
planning steps be taken within legal parameters. (See Falk et al. 1996 for ex-
tensive discussion of mitigation.)

9. Ensure that landowners and managers are supportive of the

project and can account for possible changes in the future.

• Discuss the long-term support and management of the recipient habitat
with land managers.

• Develop a written agreement outlining who will be responsible for what ac-
tion and any special protocols that need to be followed by parties working
on the site.

• Set a schedule to meet periodically with the recovery team to assess the spe-
cies’ condition and the status of the reintroduction.

• If future changes warrant intervention, determine a process for evaluating
impacts on the reintroduced species. For some agencies, it may be neces-
sary to develop a protocol or decision tree to trigger management
action.

• Develop a mechanism for handling any conflicts that may arise (e.g., man-
agement for one species is detrimental to another species).

10. Secure adequate funding to support the project.

• Ideally, funding should be garnered for implementation and management
for several years, if not decades, after the installation. At the very least, par-
ties proposing to reintroduce a species should be committed to seek long-
term funding support for the project. Committed partners who are willing to
provide in-kind services or volunteer citizens who are willing to monitor the
reintroduction will help make this step feasible.

• Determining the outcome of a reintroduction takes much more time than
we thought. Expect to devote more than 10 years to monitoring to deter-
mine whether a population is sustainable (Monks et al., this volume).

Species Biology

The design of your reintroduction will benefit from knowing the biology and ecol-
ogy of your taxon. We advise gathering information from the literature on your tar-
get taxon and closely related congeners. If there are gaps in your knowledge, use
the reintroduction as an opportunity to learn more about the species and its ecol-
ogy. See documentation section (p. 306).
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11. Know the species’ biology and ecology.

• Knowing the mating system will determine whether source material should
come from a single population or from mixed populations. For example, be-
cause remnant populations lacked compatible alleles for successful repro-
duction, reintroductions done with Florida ziziphus required carefully se-
lecting compatible individuals from more than one location to achieve
reproductive success (Weekley et al. 1999, 2002). In contrast, the faculta-
tively autogamous Schiedea obovata requires keeping all outplantings sepa-
rate (Kawelo et al., this volume).

• Because some taxa need symbionts to germinate or grow (Ogura-Tsujita
and Yukawa 2008; Janes 2009; Haskins and Pence, this volume), knowing
whether there are obligate mutualists will influence reintroduction success.
Attempts to germinate or grow such species without their obligate mutualists
will fail.

• If a species is dioecious, the spatial design of plantings should place male
and female plants in close proximity (e.g., Zanthoxylum coriaceum in
Maschinski et al. 2010).

• Species or conditions that may require special techniques for growing and
implementing a reintroduction include edaphic endemics, species with spe-
cialist pollinators, and species that need symbionts for germination and
growth.

Genetics

Ideally, the genetic composition of the reintroduced material is a balance be-
tween representing the local gene pool and creating a new, genetically diverse
population. Reviewing your current knowledge of wild population genetics will
facilitate decisions about appropriate locations for collecting source material, con-
firming whether hybridization may be a potential problem, or confirming the spe-
cies taxonomy (Falk and Holsinger 1991; Falk et al. 1996; Neale, this volume; see
boxes A1.3 and A1.5). For example, you may want to pursue genetic studies before
your reintroduction if you suspect there are hybridization problems, if the mor-
phology of the species looks different in different locations, if one or more popula-
tions of the species has distinct ecology from the majority of populations, or if it is
difficult to distinguish this species from a congener. Using genetically heteroge-
neous founders will improve the ability of propagules to cope with varying envi-
ronmental conditions (Falk et al. 1996; Guerrant et al. 2004a; Neale, this vol-
ume). Theoretically, high levels of genetic diversity will equip the new population
with the adaptive potential needed to withstand stochastic and deterministic
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events, including climate change, and can defend against potential genetic pitfalls
of small populations such as founder effects and inbreeding depression.

Working with local geneticists at universities or government facilities to do the
genetic studies may be necessary. Adequate funding must be garnered for proper
genetic work. But also be aware that there are alternatives to genetic studies.
These include hand pollination studies, common garden experiments, and recip-
rocal transplant studies. Each has advantages and disadvantages.

12. Ascertain whether genetic studies are needed before

conducting the reintroduction and, if possible, conduct studies

to measure genetic structure of the focal species (Neale, this

volume).

• A genetic assessment of wild populations is advised before a reintroduction
if the species meets any of the following criteria (S. Wagenius, personal
communication).

The population has fewer than fifty individuals flowering and setting
fruit.

The species has highly fragmented and isolated populations.
No pollinators are present.
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Box A1.5. Questions Related to Wild Populations (McKay et al. 2005;

Neale, this volume)

_____ What is the genetic structure of the wild populations?
_____ What is the dispersal capability of the species?
_____ If hybridization is a concern, what are the ploidy levels of the wild

populations (McKay et al. 2005)?
_____ Does the species show symptoms of inbreeding depression?
_____ Is there evidence of outbreeding depression?
_____ Based on special ecology, unique morphology, or spatial discon-

nection from other populations, do you suspect that a population has
local adaptation?

_____ Based on the presence of a congener in the wild population or
variable morphology, do you suspect that the species is hybridizing
with a congener?



No viable seed is being set.
There are high levels of herbivory, especially on flowers, seeds, and

fruits.
The morphology of the species looks different in different locations.
One or more populations of the species have distinct ecology from the

majority of populations.
It is difficult to distinguish this species from a congener.
There is recent disagreement about the taxonomy, and a reintroduction

may create the undesired opportunity for hybridization.
• In the absence of genetic data, it is valuable to use information on species

life history traits, such as habit and breeding system, to inform reintroduc-
tion decisions (Neale, this volume).

Source Material and Horticulture

The source material used for any reintroduction may determine its fate. To give
the new population a chance at success and a buffer against future stochastic or
catastrophic events, it is important to use plants that are genetically diverse and
vigorous.

13. Select appropriate source material.

• Collect source material from a location that has similar climatic and envi-
ronmental conditions to the restoration site(s).

• Minimize artificial selection during seed increases or augmentation of natu-
ral populations by resisting the temptation to use abundantly available, vig-
orously growing maternal lines that may skew the diversity of the popula-
tion, but rather attempt to maintain even family line representation for a
reintroduction (Guerrant et al. 2004a; McKay et al. 2005).

• Traditionally it is recommended to use a single source unless adequate in-
formation is available about mating system, dispersal, and genetic structure
to justify mixing source material. Justifications for mixing source material
include a lack of concern about disrupting local adaptation and evidence of
inbreeding depression (Dalrymple et al., Neale, this volume).

• Consider the genetics of the reintroduced population in the context of the
wild populations (box A1.6). For example, if the species is an obligate out-
crosser and is locally adapted to a site, then breeding with natural popula-
tions may lead to outbreeding depression (Neale, this volume).
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14. Use ex situ source material before collecting new material

from the wild unless the ex situ propagules you have available

are not genetically diverse or there is a more appropriate wild

source population that can withstand collection (Guerrant et

al. 2004a).

• Ex situ samples are not immortal, and they degrade over time. Consider us-
ing ex situ material first, and then replenish ex situ stock.

• As a precaution favoring wild population integrity, we recommend using ex
situ propagules despite some evidence that wild-sourced propagules tended
to achieve higher levels of recruitment than ex situ propagules (Dalrymple
et al., this volume). The comparative advantage of wild-collected over ex
situ propagules may be related to greater plant age or size of wild-collected
propagules. For example, an introduction of wild source and ex situ propa-
gules of Amorpha herbacea var. crenulata showed that the largest plants had
greatest survival (Wendelberger et al. 2008). The propagule origin was a less
critical factor influencing transplant survival than was plant size.

• Bulking up ex situ collections through vegetative reproduction is recom-
mended if feasible.

• If ex situ material is not available, collect no more than 10% of seed pro-
duced in any year from wild populations to avoid harm to the wild popula-
tions with more than fifty plants. Collect from all individuals within the
population if there are fifty or fewer plants. Capturing broad genetic diver-
sity may require collecting in different years and across the range of the
fruiting season. See Guerrant et al. (2004a) for specific guidance on ex situ
collection and management.
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Box A1.6. Questions to Consider about the Genetics of

Source Material

_____ From which wild population(s) should the material be collected
for use in the reintroduction?

_____ What is the basis for collecting source material from a particular
location?

_____ How will the source material be sampled?
_____ What is the genetic composition of the reintroduced material?
_____ Should material come from an ex situ source, only one wild

source population, or mixed population sources?



15. For long-lived species, reintroduce plants of varying sizes

and life stages to account for variable success of stages in

different microsites (Albrecht and Maschinski, this volume).

• The key is to provide heterogeneity. For example, use juveniles and repro-
ductive plants in your reintroduction. Sometimes the two will have different
microsite needs. Using different-stage plants will result in a more diverse
population structure in the present and future and will increase your proba-
bility of finding the optimal conditions for the whole population to grow.

16. Use large, mature founders to increase the likelihood of

establishing a persistent population (Guerrant et al. 2004a;

Albrecht and Maschinski, this volume); use whole plants rather

than seeds unless there are compelling circumstances (e.g., rock

outcrop habitats) where seeds are necessary.

• Grow plants as large as is feasible to manage for transport to the reintroduc-
tion site and planting.

• Develop a demographic model for the species to determine the optimum
founder plant and population size (Knight, this volume).

• To maximize the number of plants that will be available for the reintroduc-
tion, particularly when few seeds are available, we recommend germinating
seeds under controlled nursery conditions and transplanting whole plants to
the reintroduction site (Albrecht and Maschinski, this volume). A sample of
100 seeds may yield 95 plants if germinated in a greenhouse, whereas only a
single seedling may emerge in the field.

• When seeds are the only option (e.g., annuals) we recommend using an ex-
perimental protocol that involves irrigation in the field until seeds germi-
nate and become established, a practice often used with long-lived perenni-
als. Also consider protecting seeds from herbivory or providing conditions
that will decrease the probability of desiccation (e.g., Bainbridge 2007).

17. Confirm that the species can be successfully propagated and

that an adequate amount of high-quality, healthy, genetically

diverse source material is available.

• A critical step to accomplish before reintroduction is mastering the art of
propagating large numbers of the species, acclimatizing them, and growing
them ex situ. A declining species that cannot be propagated ex situ is simply
not a good candidate for reintroduction. Acknowledge that you are not
ready to proceed if you have not mastered this step.
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18. Allow enough time to generate an adequate amount of source

material before initiating the reintroduction, knowing this

could take months or years.

19. Keep detailed documentation on all source material used to

restore populations. This documentation should be linked to

permanent plant labels or ID tags attached to the reintroduced

plants. Store these data in multiple locations.

20. Do not use all your source material for the reintroduction.

• Genetically diverse source material should be safely backed up in an ex situ
location so that regardless of whether the reintroduction succeeds or fails,
there is still germplasm conserved.

21. Use good horticultural practice.

• Acclimate plants to novel conditions (Haskins and Pence, this volume).
Transitions from culture medium to soil and from greenhouse to outdoors
will require a period of adjustment to reduce the chance of shock. If using
propagules that were derived from tissue culture, we recommend gradually
decreasing humidity while subjecting cultures to ventilation or air ex-
changes before transfer to soil. Alternatively, methods could include in-
creasing ambient CO2, decreasing sugar levels in the cultures, or treating
with growth regulators to increase stress tolerance.

• Take phytosanitary precautions to ensure that diseases will not be
transmitted.

• Using native soils from the recipient site is advised for nursery production to
provide necessary microbial mutualists. Native soils may need augmenta-
tion with sterile perlite or vermiculite to achieve consistency necessary for
container growth. The possibility of transferring pathogens with native soil
should be considered, and good nursery hygiene practices must be followed.
If the use of native soil is impractical, then microbial inoculum can be pur-
chased or self-cultured (Brundrett et al. 1996; Dumroese et al. 2009). Note
that microbial additions involve translocating multiple species, and there-
fore all the considerations discussed in these guidelines must be considered
for the microbes as well.

• Remove weeds from pots containing reintroduction propagules.

Site Selection

A recipient site should be chosen with great care and intention. Several conditions
influence a species’ ability to colonize a new site, including functional ecosystem
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processes, appropriate associated species, and ongoing management to remove
threats and maintain ecosystem health. Review what is known about a proposed
recipient site (box A1.7). Seek a recipient site with great similarity to the place
where the rare species is thriving. Understanding the site history may help explain
existing conditions. Although it is impossible to predict with certainty what a site
will become in the future, as much as possible practitioners should try to imagine
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Box A1.7. Questions to Ask about Recipient Site or

Reintroduction Location

_____ Have you researched the history of the recipient site?
_____ Have you incorporated species-specific factors related to optimal

population growth into the recipient site assessment?
_____ Have you identified species-specific environmental and commu-

nity factors in occupied and unoccupied patches?
_____ Have you ranked several potential suitable recipient sites to deter-

mine the best place for the reintroduction to occur?
_____ Is there still suitable habitat left within the species’ range? (See

Falk et al. 1996 for discussion of range.)
_____ Are recipient sites of sufficient quality and with sufficient long-

term protection to ensure the long-term security of the reintroduced
population?

_____ Are threats absent or adequately managed at the site?
_____ What were the previous threats that may have caused the species

to become extirpated from site?
_____ What is the potential for future threats?
_____ Is current and future land use of the recipient site and surrounding

sites compatible with sustainability of the reintroduced population?
_____ Are potentially hybridizing congeners present at recipient site?

Which ones? Are they present at nearby sites? Are they present within
the target species’ range?

_____ Is the recipient site within the species’ climate envelope now? Do
models suggest that the location will be safely within the climate en-
velope in the future?

_____ What site preparation is needed before the plants can be installed
(e.g., canopy thinning, invasive removal)? Will habitat manipulation
continue after reintroduction?

_____ Does the species need habitat conditions that no longer exist
on site (e.g., fire, periodic inundation)? Can those conditions be
mimicked?



the future conditions the reintroduced population will face. Ongoing manage-
ment and threat abatement are essential for maintaining conditions conducive to
population sustainability.

In addition, it is important to think about any recipient site in the context of the
species’ whole distribution. Because corridors may facilitate migration and disper-
sal between patches, especially with the onset of climate change (Noss 2001), a
reintroduced population can serve an important function of connecting existing
populations by forming a stepping stone between patches or expanding the size of
existing patches. Connecting fifteen or more patches will improve chances for the
entire metapopulation capacity (see Hanski and Ovaskainen 2000).

22. Choose a suitable recipient site.

• Evaluate potential reintroduction sites using the recipient site assessment or
other quantitative assessment (Maschinski et al. [chap. 7], this volume).
Base your evaluation on the natural habitat where a population has positive
(or at least stable) growth rate (Dalrymple et al., Knight, this volume).

• To choose between several potential sites, rank reintroduction sites incorpo-
rating logistics or ease of implementation, quality of habitat, and manage-
ment influencing the species’ ability to persist at a site (table 7.1; Maschin-
ski et al. [chap. 7], this volume).

• Consider landscape-level phenomena. Evaluating the landscape from the
perspectives of topography, ecosystem dynamics, and patterns of possible
restoration trajectories will help determine the locations with greatest likeli-
hood of sustaining a reintroduced population (Maschinski et al. [chap. 7],
this volume).

• To account for uncertainty, incorporate heterogeneity into the reintroduc-
tion plan. Use multiple sites and multiple microsites (even outside your ex-
pectations) to test heterogeneity of conditions needed for optimal growth for
all life stages of a species (Dalrymple et al., Maschinski et al. [chap. 7], this
volume).

• Because the fine-scale needs for individual plant growth and optimal popu-
lation growth are often unknown, using microsite as an experimental factor
is good practice. Measure abiotic conditions (e.g., soil, precipitation, tem-
perature) and biotic conditions (e.g., predators, mutualists, invasive species)
at the reintroduction site that are associated with plant performance and
population growth (Knight, Maschinski et al. [chap. 7], this volume). En-
sure that there are adequate areas for population expansion (e.g., microsites
are available within the recipient site and adjacent suitable habitat is avail-
able outside of the recipient site).
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• Realize that if environments conducive to positive population growth are
rare or nonexistent, additional activities, beyond simply reintroducing
propagules, will be necessary (Knight, Maschinski et al. [chap. 7], this
volume).

23. Note that using extant populations and their habitat

conditions as reference points for reintroductions will not

always be appropriate if the species does not have positive

growth rate at these locations (Possley et al. 2009; Dalrymple et

al., Knight, Maschinski et al. [chap. 7], this volume).

• An experimental context is essential to determine factors necessary for posi-
tive population growth.

• Reference points may not be available within core habitat under climate
change conditions (Dalrymple et al., this volume). Similarly, geographic
distribution may not be a good reference for fundamental niche space. For
this reason, known historic range may not necessarily be the only guide to
assess optimal habitats for successful reintroduction (Maschinski et al.
[chap. 7], this volume).

24. Increase the probability of creating a sustainable population

by choosing recipient sites that have connectivity and increase

the probability of dispersal to additional locations (Maschinski

et al. [chap. 7], this volume; box A1.8).

• Recipient sites in close proximity to wild or reintroduced populations may
have a higher probability of gene exchange.

• Recipient sites with adequate suitable habitat have a higher probability of
providing space for population expansion.

Population Biology: Present and Future Generations

Guerrant (1996a, p. 194) suggested that the “founding population should be as
large as possible, with the ceiling set primarily by practical and other strategic
considerations.” With this in mind, it is important to introduce enough individ-
uals (seeds or juveniles) to break through demographic and environmental sto-
chasticity of low populations to achieve a viable population (Knight, this vol-
ume). A good reintroduction plan will address population biology questions (box
A1.9).
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25. Use at least fifty plants for a reintroduction (Albrecht and

Maschinski, this volume).

• When working with perennial herbs and sites in highly competitive envi-
ronments such as grasslands, founder population sizes will need to be larger
than fifty.

• We recommend developing a demographic model for the species to deter-
mine the optimum founder size (see Knight, this volume).
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Box A1.8. Questions Related to Habitat or

Landscape-Level Considerations

_____ Does the recipient site contribute to natural patterns of hetero-
geneity in the species’ distribution?

_____ Have you considered habitat connectivity? Is healthy suitable
habitat nearby that will allow the reintroduced population to expand
in area and number of individuals? Is adjacent property suitable habi-
tat? Is adjacent property protected?

_____ Are there metapopulation possibilities? Have you accounted for
between-site factors as well as within-site factors? Is the site located
close to extant populations or other reintroduced populations?

_____ What are the distances between the proposed reintroduction and
nearby wild populations? What advantages or disadvantages do the
nearby sites give the reintroduced population?

Box A1.9. Questions Related to Population Biology Considerations

_____ What founder population size will be used? (Albrecht and
Maschinski, Knight, this volume)

_____ What size and stage structure of plants will be used?
_____ How will the founding population be spatially configured to favor

demographic persistence and stability?
_____ What is known about population growth, recruitment, and sur-

vivorship in wild habitats, and what environmental or community fac-
tors are correlated with population growth rates?

_____ How will population growth, recruitment, and survivorship be
monitored in the reintroduced population? And by whom?



26. Seek or develop growing conditions with the intention of

improving germination, establishment, and survival of next-

generation seedlings (Albrecht and Maschinski, this volume).

• Implementing techniques or manipulating site conditions, such as using
nurse plants, drip irrigation, or sculpting microcatchments (Bainbridge
2007) to improve success of field germination and seedling establishment, is
a critical part of creating a sustainable population. More attention should
be paid to this step in the reintroduction process.

III. Implementing the Reintroduction

To use our limited conservation resources to the fullest extent, all reintroductions
should be viewed as opportunities to learn about the species, either through ex-
perimentation or through documented observation. Even when there is reason-
ably good information about the environmental attributes associated with the spe-
cies and its occurrence, test plantings can show which microhabitat conditions are
optimal for growth, survival, and long-term population growth (Maschinski et al.
[chap. 7], this volume). Effective implementation entails considering logistics
and design (box A1.10).

27. Determine the time, materials, personnel, and logistics

needed to implement the reintroduction.

• Ensure that you have enough help to treat the site and install plants.
• This is a wonderful opportunity for student and citizen volunteers of all

ages. Ensure that they are provided with adequate training, supervision, wa-
ter, and snacks.

28. If necessary, remove invasive species or thin canopy to improve

site conditions for the reintroduced species.

• Site preparation will take time before and after the reintroduction.
• Multiple treatments (e.g., irrigation, soil amendment) may be needed to en-

sure ideal conditions for reintroduced plants.

29. Place plants in a spatial pattern that will promote effective

pollination, seed production, and recruitment.

• Plant density strongly influences variation in outcrossing (or selfing) among
plants, so plant in a spatial pattern that will encourage appropriate breeding
for your species (Monks et al., this volume).
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• Planting individuals in small clusters throughout the recipient area, instead
of a few large clusters, may increase spread of the population (Reichard et
al., this volume).

• Understanding a target species’ tolerance for competition and disturbance,
as well as habitat composition and structure, can help inform spatial and
temporal placement of any reintroduction (Maschinski et al. [chap. 7], this
volume). For example, if the target species is not a good competitor, plant-
ing into open spaces with few other species present is advised.

30. Use a system such as color coding to distinguish plants in

different experimental treatments easily. Select durable, long-

lasting tags for labeling plants and plots.

• If you have a large number of plants and a large number of people helping
with the installation of the reintroduction, it is important to be able to dis-
tinguish plants from different treatments. For example, if you are testing
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Box A1.10. Questions about Implementation Logistics

(Vallee et al. 2004)

_____ What is the best season to transplant or sow seeds? Keep in mind
that best season for rainfall may also be that hottest time of the year,
and plants may need more attention.

_____ Have you invited participation from enough staff, volunteers,
community members, agency members, and landowners or land
managers to execute the reintroduction?

_____ Are permits acquired and up to date?
_____ How will you ensure that plants will be able to be tracked for many

years in the future? Are plants tagged and coordinates recorded?
_____ How will you transport plants to the recipient site? Do you have

necessary off-road equipment for transport away from roadways?
_____ What is the planting layout design?
_____ Have you notified the press or arranged for photos to be taken of

the event? (Note that there may be circumstances in which the exact
location of the reintroduction must not be publicized to prevent un-
authorized collection of the taxon; however, good conservation news
with general descriptions of the reintroduction can be used to engen-
der public enthusiasm for plant conservation. If you are uncertain,
talk to your regulatory agency before notifying the press.)



plants that received mycorrhizal fungal inoculum and those that did not,
clearly mark plants before getting to the field and clearly mark the location
at the site where plants of each group should be planted.

IV. Conduct Aftercare of the Reintroduction

After the reintroduction is installed, it will need additional care. Success cannot
be assumed just because plants or seeds are in the ground. The first few weeks are
often most crucial in ensuring that the species survives in its new home. Practi-
tioners should take care to consider these activities in time and cost estimates (box
A1.11).

31. Water plants and seeds until established.

32. Periodically remove weeds nearby until plants are well

established.

33. Ongoing site management is important. Collaborators should

review the status of the site periodically to ascertain whether

further management is needed.

• Control overabundant herbivores. Cage plants, if necessary.
• Restore historical disturbance regimes such as fire.
• It may be necessary to control competing native and exotic vegetation over

the long term, especially if fire cannot be restored to the recipient site.
• Periodically survey the site to detect unforeseen problems (e.g., trampling,

theft, herbivory, pest insects, vandalism, maintenance personnel abuse of
plants). Take appropriate action to protect the reintroduced population.
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Box A1.11. Post-planting Questions to Consider (Vallee et al. 2004)

_____ What aftercare will be needed, and how frequently will plants
need attention?

_____ What habitat management and threat abatement are needed?
How frequently?

_____ Has a monitoring plan been prepared and reviewed?
_____ Are sufficient funds available for aftercare?
_____ Do permits cover aftercare activities?



V. Design Appropriate Monitoring Plans

A well-designed monitoring plan is an essential component of any reintroduction
program. To ensure the long-term persistence of a species in the face of environ-
mental change, a long-term monitoring plan is needed to evaluate how reintro-
duced populations respond to infrequent events (e.g., drought) and to detect
changes in the population that might take years to express (e.g., inbreeding de-
pression in long-lived perennials, replenishing of the soil seedbank). Our goal in
this section is not to provide an exhaustive review of how to monitor plant popula-
tions but rather to provide standards for the minimum amount of information
needed to evaluate the long-term fate of reintroduced populations. Although all
monitoring plans must be tailored to individual projects in order to obtain rele-
vant data, all reintroduction monitoring plans include basic components needed
to provide information relevant to species’ biology and techniques for managing
rare plant populations (table A1.1). A long-term monitoring strategy will depend
on a number of factors, including the trajectory of population growth, the life his-
tory of the focal species, monitoring resources, and the goals of the experimental
components of the project. See Elzinga and colleagues (1998) for more details.

34. Develop a monitoring plan.

• A well-designed monitoring plan with clear objectives provides information
on the species’ biology and techniques for managing rare plant populations.
It should be easily understood by your successors; record details as if you are
writing for institutional memory.

• If any changes are made to the monitoring plan, then document changes in
detail.

35. Gather demographic data on the reintroduced population

unless it is not appropriate for the life history of the target

species (Morris and Doak 2002; see #37).

• Determine the stages of your population and count them. Most commonly,
this will be seedlings, juveniles, nonreproductive adults, and reproductive
adults.

• We recommend measuring survival, growth, and reproduction on each
plant, preferably over multiple generations (Monks et al., this volume).

• If you plan to develop and compare population viability analysis models for
the reintroduced population and natural populations, then the frequency of
monitoring will need to be at a rate that accurately charts movement of an
individual from one life stage to another (table A1.1).
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table A1.1

List of actions essential to monitoring plans for reintroduced plant populations.

Action Description

1. Develop clear monitoring Take into account the life history of the focal species, propa-
objectives. gule stages planted, and biological and project goals

(Pavlik 1996).
2. Define sample units. Use individuals or transplants for demographic monitoring or

plot- or transect-based methods for monitoring demo-
graphic structure. All transplants and plots must be perma-
nently marked and mapped, preferably with GPS.

3. Determine appropriate moni- Monitoring period should match key phenological phases
toring frequency. (e.g., peak fruiting and flowering) and life history of the

focal species.
4. Monitor vital rates. Follow the fates (survival, growth, fecundity, and recruitment)

of transplanted individuals and their progeny or quantita-
tively track abundance of stage classes (seedling, juvenile,
nonreproductive adult, reproductive adult).

5. Evaluate fecundity. Measure seed production by counting the number of fruits
per plant and estimate the number of seeds per fruit
through subsampling. Compare results to reference or
natural populations.

6. Survey new habitat patches Search for seedlings at each census, both near and far from
for dispersal and spread. sample units. Add new recruits to demographic studies;

subsample if recruitment densities are large. Conduct
searches for the focal species in suitable habitat patches
within and beyond the initial planting site. Establish new
sample units to monitor the growth and development of
new patches or populations.

7. Monitor wild reference Simultaneously monitor reintroduced and natural popula-
populations. tions to gain insight into key factors that underlie restora-

tion success. Natural populations should be monitored
across several sites and during the same years to capture
variation in vital rates for comparison to reintroduced
populations.

8. Monitor threats. Document evidence of changes in exotic species distribution
and abundance, successional patterns, hydrology, distur-
bance regimes, land management, herbivores, predators,
and disease.

9. Prepare backup plan to re- Document all sites and plots with GPS and supplement with
locate lost sample units. precise directions that include compass directions and

measured distance from permanent visible landmarks
(Elzinga et al. 1998). Produce geographic information sys-
tem layers and maps if possible.

10. Archive monitoring data and Enter, store, and back up all monitoring data in digital files. A
provide metadata. minimum of two copies of raw datasheets should be kept

on paper file, preferably in separate locations. One copy
should be accessible to take into the field during subse-
quent monitoring events. Metadata should be assembled
during the project and continually updated.

GPS = Global Positioning System.



• Define the boundaries of your search area to determine dispersal of new re-
cruits and survey these as needed. Realize that these boundaries may need
to be expanded or changed over time.

36. When possible, monitor multiple wild reference populations

to compare to the reintroduced population (Bell et al. 2003;

Colas et al. 2008; Menges 2008).

• Reference populations will give context for spatial and temporal variation in
the reintroduced population’s vital rates (table A1.1) and aid in identifying
the vital rates that are driving population trends (Morris and Doak 2002).

• In augmentations, the fate of augmented individuals and naturally occur-
ring ones should be distinguished in demographic or quantitative censuses
whenever possible to determine whether transplants are performing differ-
ently from naturally occurring individuals in the population.

37. Adopt a monitoring strategy that is appropriate for the life

history of your target species and the founding propagule used.

a. For long-lived perennial plants, monitoring plans will need to accommodate
changes in population structure over time.

• Note when transplants transition into larger size classes and sexually
reproduce.

• Tag new seedlings as they recruit into the population.
• Most perennial plants will need to be monitored each year to obtain annual

vital rates, but some long-lived species (e.g., trees) with slow growth and low
reproduction may need less frequent monitoring.

• Time monitoring visits with peak seasonal activity of fecundity and seed
germination.

• Searches beyond the transplant plots or transects will need to be conducted
to document dispersal, seedling recruitment, and metapopulation dynamics
adequately.

b. For short-lived plants, such as annuals, whose populations are often spatially and
temporally variable, seed will most often be used to found reintroduced populations
(Albrecht and Maschinski, Dalrymple et al., this volume). We recommend sowing seed
into permanently marked and mapped plots or transects.

• In annual species, dormancy and germination are often driven by climatic
cues that vary from year to year, resulting in wide annual fluctuations in dis-

302 synthesis and appendices



tribution and abundance. As subsequent generations disperse seed, restrict-
ing the census to the original sown plots would fail to capture local disper-
sal. It will be important to note which microsites are suitable for germina-
tion and survival.

• Regular counts of individuals within grids or belt transects that cover broad
areas within the habitat may be needed to capture changes in the complete
spatial distribution and abundance over the long term and to assess popula-
tion trends effectively (Young et al. 2008).

c. The method used to monitor seeds will depend on the sample unit.

• When sample sizes are small, seeds can be tracked individually. In most
cases, however, seeds are sown directly into plots and cohorts are followed.

d. If demographic monitoring of individuals is not possible, monitor stages or size
classes that are most important in maintaining population growth.

• If the importance of the vital rates is known for your species, you can con-
centrate on the most important vital rate and note changes across years to
understand population trends.

• If populations begin to decline, then monitoring individuals in all stage
classes may be needed to understand mechanisms that are driving the de-
cline and to determine what management actions are needed to reverse the
decline.

e. When the target species has characteristics or traits such as clonal reproduction,
seed or plant dormancy, or cryptic life history stages (e.g., orchid germinants), all of
which make demographic monitoring of marked individuals difficult or impractical,
we recommend doing census counts of all or key life history stages to detect population
trends (Menges and Gordon 1996).

38. Monitor for at least 3 years and if possible for 10 years or

more (Falk et al. 1996; Dalrymple et al., this volume).

• Long-term monitoring provides information necessary to evaluate how rein-
troduced populations respond to events (e.g., drought) that were infrequent
or nonexistent during the early phase of population establishment. It can re-
veal genetic problems that might play out only after multiple generations
(e.g., inbreeding). The importance of these data cannot be overemphasized.

• To develop population viability models and predict population trajectories,
a minimum of 3 years of monitoring data is needed. To predict long-term
trends (10–100 years) and determine whether a reintroduced population is
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potentially self-sustaining under current environmental conditions, ex-
tended periods of monitoring are necessary.

• Enlist the help of volunteers to accomplish long-term monitoring (Maschin-
ski et al. [chap. 4], this volume). When possible, include land managers in
the monitoring process to foster a close connection between project mem-
bers and the reintroduced population.

39. It is safe to assume that some of the sample units will be lost

over time. Use multiple permanent markers and map plants and

plots with a Global Positioning System device to help prevent

the loss of valuable data.

• Realize that over time, natural or anthropogenic disturbances can impede
access to sites or complicate relocating sample units. Plots and transect
boundaries or demographic markers may be lost due to fire, flood, down-
falls, burial, vandalism, animal impacts, and so on.

• Losses can be mitigated with a good insurance plan, which can be used to
reestablish or relocate the boundaries of sample units or tagged individuals
when necessary. Whether through plot-based methods or monitoring of in-
dividuals, there are several ways to ensure the accurate relocation of lost plot
markers, transects, and tagged individuals. See pages 190–191 in Elzinga
and colleagues (1998) for more details.

40. Determine how success will be measured and have realistic

goals.

• Identify and define short-, mid-, and long-term goals and determine how
you will assess whether those goals have been met.

• Consider project success and biological success (Pavlik 1996).
• Consider population, genetic, and reproductive attributes as indicators of

success (Monks et al., this volume).

41. As short-term goals are achieved in a reintroduction

program, monitoring intensity may change from experimental to

observational.

• For example, when reintroducing the perennial forb Helenium virginicum
to sinkhole ponds in the Ozarks, Rimer and McCue (2005) initially set out
to determine how planting position and maternal lines affected establish-
ment rates of transplants over a 2-year period. Individuals of the species were
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grown ex situ and transplanted in a replicated experimental design, and
then the fates of transplants were followed demographically. After meeting
the initial goals of the reintroduction, the populations grew rapidly due to
vegetative reproduction and successful seedling recruitment, making it im-
practical to differentiate demographically between transplants and new re-
cruits in subsequent censuses. Because the short-term goals of the experi-
mental design were accomplished, the populations grew rapidly, and the
species was capable of completing its life cycle in this location, the monitor-
ing protocol switched to count estimates and surveys for new threats rather
than full-scale demographic monitoring of individuals. Likewise, transition-
ing to observational monitoring may lead to less frequent data collection
(e.g., annual rather than quarterly) than was needed during the more in-
tense experimental stage.

42. Analyze data in a timely fashion. Discuss your analyses with

peers and statisticians.

43. Report results by publishing or publicizing via the popular

media, newsletters, and websites. Enter data into relevant

databases for global access.

Documentation

Because documentation is an essential component of reintroduction (box A1.12),
we encourage careful documentation so that the reintroduction project is justi-
fied, good decisions are made about preparedness before the reintroduction event,
appropriate monitoring is implemented, the data are analyzed, and the project is
published and made available to others in one form or another. These steps are
important to represent the reintroduction accurately from a legal and scientific
perspective (see Dalrymple et al., this volume). A documentation form is avail-
able on the North Carolina Botanical Garden website (North Carolina Plant
Conservation Program Scientific Committee 2005).
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Box A1.12. Documentation Needed to Justify and Decide Whether to

Conduct a Reintroduction

_____ Survey and status updates are complete. Status includes degree of
protection, threats, and management options for the extant popula-
tions.

_____ Specific information on the number of populations has been col-
lated within the last 18 months.

_____ Counts or estimates of the number of individuals in each popula-
tion have been done.

_____ The age structure of the populations is known.
_____ The relationship of populations in a metapopulation context is

compiled.
_____ Surveys identifying suitable habitat are complete.
_____ Suitable recipient sites have been assessed and ranked.
_____ Long-term protection and management plans are documented for

suitable recipient sites.
_____ Sufficient money is secured to conduct the reintroduction.



Appendix 2

Studies Used for Meta-Analyses

Edward O. Guerrant Jr., Matthew A. Albrecht,

and Sarah E. Dalrymple

The reintroductions that were used in the meta-analyses reported by Albrecht and
Maschinski, Dalrymple and colleagues, and Guerrant (this volume) are listed
here. Included are the species epithet, family, country where the work was con-
ducted, life history or life form, reintroduction type, year of first attempt, the au-
thors who used this species in their meta-analysis, and the references. In some
cases the reintroductions have been published in peer-reviewed literature, but
many are reported either in gray literature or in the CPC International Reintro-
duction Registry (2009).
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glossary

Acclimatization: The habituation of a plant’s physiological response to environ-
mental conditions (Begon et al. 1990).

Adaptation: Changes in the morphology or physiology of a plant via natural
selection.

Adaptive management: A systematic process of continually improving manage-
ment policies and practices by learning from the outcomes of existing pro-
grams (IUCN 1998a).

Assisted colonization: See Managed relocation.
Assisted migration: See Managed relocation.
Augmentation: The addition of individuals to an existing population, with the

aim of increasing population size or diversity and thereby improving viability.
Also called enhancement, reinforcement, or restocking (Falk et al. 1996).

Best practice: A superior or innovative method that contributes to the improved
performance of an organization and is usually recognized as best by peer orga-
nizations. It implies accumulating and applying knowledge about what works
and what does not work in different situations and contexts, including learning
from experience, in a continuing process of learning, feedback, reflection, and
analysis on what works, how, and why (IUCN 1998a).

Bioclimatic envelope: Typically derived by examining statistical correlations be-
tween existing species distributions and environmental variables to define a
species’ tolerance. Envelopes of tolerance are then drawn around existing
ranges. With temperature, rainfall, and salinity forecasts, new range bound-
aries can be predicted.

CPC: Center for Plant Conservation, an organization dedicated to the conserva-
tion and restoration of imperiled native plants of the United States.
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Dioecious: Having male and female reproductive organs on separate plants.
Endemic: A species native to and restricted to a particular geographic region.

Highly endemic species are especially vulnerable to extinction if their natural
habitat is eliminated or significantly disturbed (IUCN 1998a).

Enhancement: See Augmentation.
Evolution: Changes in the frequency of genes in a population over time; descent

with modification.
Ex situ: The conservation of components of biological diversity outside their nat-

ural habitats (IUCN 1998a).
Fitness: The relative contribution an individual makes to the gene pool of the

next generation (Begon et al. 1990).
Fundamental niche: The potential range of all biotic and abiotic conditions

under which an organism can have a positive population growth rate.
The Hutchinsonian fundamental niche can be conceptualized as the n-
dimensional hypervolume.

Geitonogamous: Reproducing through self-pollination; one flower is pollinated
by pollen from another flower on the same plant.

Gene flow: The spread of genes across and between populations as a result of
cross fertilization or seed introductions (Begon et al. 1990).

Genetic drift: Random changes in gene frequency within a population resulting
from sampling effects rather than natural selection (Begon et al. 1990).

Hermaphrodite: A plant that has perfect flowers and can self-pollinate.
Historic range: The geographic area where a species was known or believed to oc-

cur within historic time (USFWS 1999).
Inbreeding depression: A loss of vigor among offspring occurring when closely

related individuals are crossed, resulting from the expression of deleterious
genes in the homozygous state and from a low level of heterozygosity (Begon et
al. 1990).

Introduction: The intentional or accidental dispersal by human agency of a liv-
ing organism outside its historically known native range (IUCN 1998a).

Invasive species: Introduced species that increases in abundance at the expense of
native species (Primack 2006).

Iteroparous: Capable of reproducing more than once (Silvertown 1982).
IUCN: International Union for Conservation of Nature, the world’s oldest and

largest global environmental network, focused on sustainable development
and the environment.

Lambda (λλ): Annual population growth rate or λt = Nt+1/Nt

Managed relocation: The deliberate introduction of organisms outside their na-
tive ranges to counteract the negative effects of climate change. Goals of man-
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aged relocation include reducing extinction risk, increasing evolutionary po-
tential, and enhancing ecosystem services (Hellmann et al. 2008; Managed
Relocation Working Group 2008).

Metapopulation: A system of connected, spatially distinct subpopulations (IUCN
1998a).

Mitigation: An action that is intended to offset environmental damage (SER
2002).

Monoecious: Having female and male reproductive parts on the same plant.
n-dimensional hypervolume: All aspects of the environment, physical and bio-

logical, are included in the niche (e.g., temperature tolerance, water require-
ments, competition, predation). Hutchinson (1957) mathematically described
the hypervolume in n-dimensional space along n axes corresponding to envi-
ronmental variables that permit a species’ population growth rate to be positive
indefinitely.

Native plant: A species that occurs naturally in an area.
Natural range: The geographic area within which a species can be found. Some-

times a distinction is made between a species’ natural range and the places to
which it has been introduced by human agency (deliberately or accidentally),
as well as where it has been reintroduced after extirpation.

Niche: See Fundamental niche and Realized niche.
Outbreeding depression: A reduction in vigor or fertility (fitness) resulting from

hybridization between genetically distinct individuals or populations of the
same species. The loss in vigor is thought to be caused by breaking up co -
adapted gene complexes.

Outplanting: Movement of plants from an ex situ location to an in situ location
(Falk et al. 1996).

Phytosanitary: Any measure applied (a) to protect human, animal, or plant life or
health (within a Member’s Territory) from the entry establishment or spread of
pests, diseases, or disease-carrying organisms; or (b) to prevent or limit other
damage (within the Member’s Territory) from the entry, establishment, or
spread of pests (IUCN 1998a).

Population: A group of individuals of the same species that have the ability to ge-
netically interact and inhabit a defined geographic area.

Population growth rate: Change in population size from one time to another. A
positive population growth rate indicates an increasing population, whereas 
a negative population growth rate indicates a declining population. See
Lambda.

Practitioner: A person involved with all aspects of plant reintroduction, including
planning stages and actual placement of plants in the ground.
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Raunkiaer plant life forms: A system for categorizing plants using life form cate-
gories, particularly related to locations of perennating buds, devised by Chris-
ten C. Raunkiaer (1934).

Realized niche: The subset of a fundamental niche remaining after competitive
exclusion (Hutchinson 1957). The niche is separate from but can be mapped
onto the physical space where an organism lives.

Rehabilitation: Reestablishment of part of the productivity, structure, function,
and processes of the original ecosystem (IUCN 1998a).

Reinforcement: See Augmentation.
Reintroduction: The release of individuals into a formerly occupied area after the

native population has been lost or become extinct. Also known as reestablish-
ment (IUCN 1998a).

Relative risk ratio: In statistics and mathematical epidemiology, relative risk (RR)
is the risk of an event (or of developing a disease) relative to exposure. Relative
risk is a ratio of the probability of the event occurring in the exposed group ver-
sus a group that was not exposed.

Resilience: The ability of an ecosystem to regain structural and functional attri -
butes that have suffered harm from stress or disturbance (SER 2002).

Resistance: An ecosystem’s ability to maintain its structural and functional attri -
butes in the face of stress and disturbances (SER 2002).

Restocking: See Augmentation.
Restoration: The process of assisting the recovery of an ecosystem that has been

degraded, damaged, or destroyed (SER 2002).
SER: Society for Ecological Restoration, an organization providing a source for

expertise on restoration science, practice, and policy.
Stability: The ability of an ecosystem to maintain its given trajectory despite

stress; it denotes dynamic equilibrium rather than stasis. Stability is achieved
in part on the basis of an ecosystem’s capacity for resistance and resilience
(SER 2002).

Translocation: The deliberate and mediated movement of wild individuals or
populations from one part of their range to another (IUCN 1998a).

Transplanting: See Outplanting.
USFWS: The US Fish and Wildlife Service, a federal agency charged with work-

ing with others to conserve, protect, and improve fish, wildlife, and plants and
their habitats for the continuing benefit of the American people.

Vital rate: The rate of change in factors such as fecundity, growth, and survivor-
ship in a population. Even when population numbers are stable, there may be
changes in the vital rates.
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92–93b
Mutualisms, 115, 246–247, 257t
Mycobiont distribution, 238–239b
Mycorrhizal fungi, 26, 95–96, 100–106,

238–239b, 246–247

Native plant, defined, 321
Natural areas, fragmented, 64, 243–244
Naturalists, amateur, 62
Natural populations. See Wild populations
Natural range, defined, 321
Natural Resource Management, 68
Nature, benefits of connections to, 53–54
n-dimensional hypervolume, 321
Neural networks, 132
New England Wild Flower Society Plant

Conservation Volunteers program, 62
New Zealand, successful reintroductions,

189–190
Niches and niche theory, 49, 110–111,

113–117, 128
NIES (National Institute for Environmental

Studies), 136
Nitrogen-fixing cyanobacteria, 98
Noongar people, 64
Nostoc species, 98–99
Nursery or stock populations, 75–81
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Program (OANRP), 209–226; overview,
209–210; genetic considerations,
210–213; MR related to Hawaiian plant
reintroduction, 225–226; obtaining
propagules, 216–219; pollination biol-
ogy and breeding systems, 213–216;
seedling emergence in slug-treated vs.
control plots, 222f; site selection limita-
tions, 223–225; threat control strategies,
219–223

OANRP. See Oahu Army Natural Resource
Rare Plant Program (OANRP)

Okenia hypogaea, 24
OMF (orchid mycorrhizal fungi), 96, 104
Optimal locations for plant reintroductions

in a changing world, 109–130
Opuntia corallicola, 19
Orchid mycorrhizal fungi (OMF), 96, 104
Orchid seeds, 238–239b
Orchid species, 96, 100, 104
Outbreeding depression, 72, 86, 321
Outplanting: defined, 321; duration of prac-

tice, 33–34; in historic ecotones vs. res-
toration areas, 26; number of attempts
and probability of success, 20, 21f; nurs-
ery-grown plants with known maternal
founders, 211; realized-niche testing,
117; risk reduction for invasive organ-
isms, 260–261; water availability as sur-
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Outreach programs. See Public role in con-
servation of plant species; Volunteer
and community outreach efforts

Pacific Decadal Oscillation (PDO), 113
PAR (photosynthetically active radiation), 

24
Passiflora sexflora, 56t
Patch dynamics, 111–112, 114–115,

120–121, 250
(PDO) Pacific Decadal Oscillation, 113
Pediocactus knowltonii, 10, 181, 190–191,

202
Perennial species, 39–40, 134, 159, 174–176,

181, 188–208
PGPR (plant growth-promoting rhizobacte-

ria), 98, 102, 104
Photoautotrophic cultures, 95
Photosynthetically active radiation (PAR), 
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Phytophthora cinnamomi, 18
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Piriformospora indica, 96–97
Place-based learning, 57
Plant communities: composition, 247–248,
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PVAs, 193; studies that exemplify well-
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Plant species distribution. See Species

 distribution
Plant species migrations, 230–232
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tors in, 117
Pollination biology, 198, 199b, 213–216
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lation viability analysis)
“Postcard Design Contest and Political Ac-
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100–101

Prostanthera eurybioides, 183, 201, 205b
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Residence time, 249–250, 257t, 260
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Restoring Diversity (Falk et al.), 2
Reviewers for reintroduction plans, 285b
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(PGPR), 98, 102, 104
Rhizoctonia, 96
Rhus michauxii, 19, 193, 204
Risk analysis, 143–145, 281
Risk ratios (RR) and endemicity, in global
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43–47

ROC (receiver operating characteristic)
analysis, 139
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Roots and Shoots, Jane Goodall Institute, 61
Root systems, 89–93b
Rutidosis leptorrhynchoides, 192, 200

“Safe sites” for germination, 114
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Schiedea obovata, 212–213, 222
SDM (species distribution models), 131,
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Seed-based reintroductions, 39–40, 44,
79–81, 100, 115
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175; germination and establishment
rates of woody perennials, 180–182; in-
dications for use, 180; plant longevity
and reproductive value of, 163–164;
PVA and number required for success,
162–163; in rare plant reintroductions,
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vitro-grown, 93f; woody plant survival,
188

SER (Society for Ecological Restoration), iii,
322
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135–136
Silene douglasii var. oraria, 22–23
Site selection, 117–124b, 165–166, 223–225,

273, 293–295. See also Recipient site as-
sessment and selection
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Slugs, 221–222
Small population paradigm, 172–173
Social criteria in decision-making process,
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environments: role in invasion ecology,
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lines, 289–292; evaluation of guidelines
for, 71–72; ex situ, 9. See also Propagule
entries

Source populations: chromosome variation
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results, 22–23; identification of, 76–77;
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Species distribution, 110–117, 132, 249–250,
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Plateau study
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Stabilization strategies, 210–213
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Stochastic factors, and persistence of reintro-

duced populations, 172–173
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172–174; timeframes of measurement,
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180–181. See also Propagule survival

Symbiotic seed germination, 100
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Tephrosia angustissima var. corallicola, 55,

56t, 125–126b
Terrestrial slugs, 221–223
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121
Tetramolopium filiforme, 219
Tetraneuris herbacea, 78, 184
Thoreau, Henry David, 27
Threat assessment, 27–28, 38, 281
Threat control strategies, 219–223, 246
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for: founder populations, 185–187; ge-
netic considerations, 81–86; managed
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species, 68; research areas of need and
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166–168, 169t
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