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Abstract

It is increasingly expected from environmental research such as landscape research that
science directly contributes to the solving of pressing societal problems. However, despite
increased efforts to direct research towards societal problems, it is not obvious if science has
become more effective in supporting environmental problem-solving. We present in this article
a framework that facilitates the analysis and design of problem-orientation in research fields.
We then apply the proposed framework to a concrete example of a problem-oriented landscape
research field — namely research on biotic invasions. Invasion research addresses the problem
that some organisms, that have been introduced by humans to a new geographic area where
they were previously not present, spread in the landscape and pose negative impacts.

We argue that problem-oriented research is more than applied research. Besides research
on specific questions it also encompasses boundary management, i.e., deliberations among
experts and stakeholders on the framing of adequate research questions about processes, val-
ues and practices for effective problem-solving. We postulate that such research may assist
problem-solving in three ways, by analysing causal relationships (systems knowledge), clarify-
ing conflicts of interests and values (target knowledge), or contributing to the development of
appropriate means for action (transformation knowledge).

We show that over the past decades a broad range of different research approaches has
emerged in the young field of invasion research in order to produce systems, target and transfor-
mation knowledge for invasive species management. Early research in the field was dominated
by the development of systems knowledge, but increasingly the three knowledge forms are
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treated more equally. The research field has also become more interdisciplinary and context-
specific.

Boundary management in invasion research is mainly restricted to informal networks (com-
munities of practice), while formal processes such as transdisciplinary research are scarce.
We suggest that the paucity of structured and explicit boundary management processes will
limit the future development of a more effective science for invasive species management. In
particular, we envisage three obstacles that can only be removed through explicit boundary
management. First, the existing theoretical frameworks are currently only partly able to in-
tegrate natural and social sciences research on the processes underlying invasions. Second, a
clarification of the normative thinking about alien plant invasions is needed. Third, research
on transformation knowledge has so far not fundamentally challenged the existing conceptual
framing and institutional setup of invasive species management.

Keywords: transdisciplinary research, boundary management, biotic invasions
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1 Introduction

It is increasingly expected from landscape research and from environmental research in general
that science directly contributes to the solving of pressing societal problems (e.g. .
More and more problem-oriented research is funded that is explicitly designed to contribute to the
solving of particular problems in society. However, despite increased efforts to direct environmental
research towards problem-oriented research it is not obvious if science has become more effective
in supporting environmental problem solving (Bocking| 2004; |Cash et al] [2003]). We present
in this article a theoretical framework that facilitates the analysis of the problem-orientation of
research fields, and helps to design more effective problem-oriented research. Owur theoretical
framework is based on scholarship that developed over the past few decades among theoreticians
and practitioners of problem-oriented research (Bammer] 2005} [Cash et al 2003} [Hirsch Hadorn|
12003t [Klein et al} 2001} [Nowotny et al} 2001} [Pohl and Hirsch Hadornl [2007)). In the second part of
the article we apply the proposed framework to a concrete example of a problem-oriented landscape
research field — namely research on biotic invasions. Some organisms that have been introduced
through human transportation to new geographic areas, where they were previously not present,
have spread in the landscape and can have negative impacts. Such biotic invasions can lead to
massive economic and ecologic costs (Mack et al [2000; [Millennium Ecosystem Assessment], [2005;
[Pimentel et al}[2005]), and the management of invasive species is therefore a high priority in national
and international environmental policies (McNeely et al] 2001} Mooney et al} [2005). Our review
is intended to comprehensively discuss invasion research since the late 1950s, but is necessarily
incomplete and simplifies the structure and diversity of the research field for the purpose of our
analysis. We think that invasion research is typical for landscape research in several ways, and
that therefore our analysis will also help to design more effective science in other fields of problem-
oriented landscape research. Particularly, biotic invasions are processes that take place on multiple
spatial scales with a particular relevance of the landscape scale. Further, biotic invasions represent
a complex societal issue because scientific knowledge is highly uncertain, and both conflicts of
interests and values are prominent in the problem-solving context (post-normal situation sensu
[Funtowicz and Ravetz| (1993))), and such post-normal situations are common in environmental
research. In the case of invasion research, for instance, many different actors (and their particular
interests) from a wide range of professional fields are involved in problem-solving
12005 [Wittenberg and Cock} 2001)), and debates about the value judgments implicated in the issue
are vivid (e.g. [Simberloff] 2003} |Theodoropoulos| [2003)).
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2 A theoretical framework for the analysis of the effective-
ness of problem-oriented research

Expertise on effective problem-oriented research has developed over the past decades under a
broad number of keywords, including transdisciplinary research (e.g. [Hirsch Hadorn| (2003} [Pohll
[and Hirsch Hadorn| [2007)), integration and implementation sciences (Bammer} [2005), Mode 2
knowledge production (Nowotny et all [2001]), post-normal science (Funtowicz and Ravetz), [1993)),
socio-ecological research (Becker| [2002} [Becker and Jahnl [2006]), and effective knowledge systems
(Cash et all [2003). While some of these scholars have attempted to developed novel scientific
concepts for particular thematic research fields, e.g. sustainable development , oth-
ers have worked on a general methodology for effective problem-oriented research (cf.
et al] [2007a)) or have proposed quality criteria for evaluating transdisciplinary research projects
(Bergmann et all [2005). It has been suggested that there is a high potential to generalise such
methodological insights across research fields . But so far most theoretical think-
ing has focused on adapting research on the level of individual research projects or programmes
(Hirsch Hadorn et al [2008)), while the methodological implications of attempting effective science
on the level of a whole research field have rarely been considered. We propose in the following
a framework, derived from design principles for transdisciplinary research projects compiled by
[Pohl and Hirsch Hadorn| (2007)), that facilitates the analysis of the problem-orientation of research
fields, and helps to design effective problem-oriented research.

A major challenge of much environmental problem solving is that often facts are highly uncer-
tain, and conflicts of interests and values are prominent in the problem-solving context (post-normal
situations sensu [Funtowicz and Ravetz] (1993)). In such post-normal situations facts and values
are closely entangled — for instance scientific advice may be deliberately produced to support the
views of particular stakeholders 7 and the effectiveness of science depends on the
capacity of the existing institutions to implement the proposed measures (Pohl and Hirsch Hadorn|,
. Therefore the effectiveness of problem solving strategies depends simultaneously on three
factors: a scientifically adequate understanding of the causal relations relevant to the problem
(credibility), an adequate treatment of stakeholders’ interests and values during the research and
problem-solving process (legitimacy), and an adequate design of problem-solving practices that
take into consideration the constraints and options of the implementing actors (relevance) (Bock
[2004} |Cash et al] 2003} [Pohl and Hirsch Hadorn| [2007)). Consequently, problem-solving is
confronted with three types of questions (Figure : what is an adequate causal understanding
of the problem? What are the relevant conflicts of interest and values and how should they be
considered in the problem-solving process? What are adequate means to solve the problem given
the constraints and options of the relevant actors?

Importantly, these three challenges are interrelated and value-laden (Cash et al. [2003} [Fun-|
fowicz and Ravetz 1993} [Pohl and Hirsch Hadorn| [2007)). A certain causal understanding of a
problem may favour some problem solving means over others, and this may in turn serve some
stakeholders better than others. For instance, the development of responses to climate change
may be based on a problem understanding that focuses on the reduction of anthropogenic CO;
output, the control of the air COs level, or mitigations of the consequences of a changing climate.
The corresponding problem-solving practices may, respectively, be an investment in public trans-
port systems, the planting of forests as COs sinks, or the construction of sea walls at sea shores.
Different stakeholders will favour different solutions and therefore different problem framings.

Given the three challenges introduced above, it can be expected that science may assist problem-
solving in three ways by, respectively, analysing casual relationships, clarifying conflicts of interests
and values, or contributing to the development of appropriate means for action. These three basic
types of scientific contributions have been termed systems, target and transformation knowledge
(Figure|1]) (Pohl and Hirsch Hadornl 2007 [ProCliml, [1997)). Systems knowledge assists in reducing

Living Reviews in Landscape Research
|http ://wuw.livingreviews.org/lrlr-2008-2



http://lrlr.landscapeonline.de/lrlr-2008-2

Effectiveness in Problem-Oriented Landscape Research 9

Post-normal situations
Facts are highly uncertain
Conflicts of interests and values are high

|
y

* What is an adequate causal understanding of the problem?

» What are the relevant conflicts of interest and values and how should
they be considered in the problem-solving process?

* What are adequate means to solve the problem given the
constraints and options of the relevant actors?

Boundary management

Transformation
knowledge

/N

Systems Target
knowledge knowledge

Figure 1: A conceptualisation of effective problem-oriented research. In situations where facts are highly
uncertain and conflicts of interests and values are high (post-normal situations), the effectiveness of science-
based societal problem-solving depends simultaneously on the adequateness of i. the causal understanding
of the problem, ii. the handling of conflicts of interests and values, and iii. the means of action. Science can
contribute to the clarification of these points through the production of systems, target and transforma-
tion knowledge, respectively. However, the link between the scientific production of these interdependent
knowledge forms and an adequate understanding and handling of the problem is not evident and has to be
clarified through deliberation among experts and stakeholders (boundary management). Such boundary
management is itself a part of effective problem-oriented research.
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the uncertainties regarding the understanding of the causal relationships relevant for the gene-
sis and possible further development of a problem (Figure . Systems knowledge confronts the
difficulty of dealing with the complexity of concrete real-world cases, such as complex society-
nature-interactions (e.g. [Becker and Jahn| [2006]), based on abstract insights from a laboratory, a
model or a theory. Target knowledge assists in clarifying conflicts of interests and values entangled
within the problem solving process (Figure [3). The determination of the relevant stakeholders,
conflicts of interests and values is related to issues of empowerment and inclusion/exclusion of
stakeholders and experts, and therefore needs transparency and reflexivity . Trans-
formation knowledge assists in developing problem solving means that take existing practices and
institutions into consideration and help adapt them to the problem (Figure E[) Systems, target
and transformation knowledge are interrelated.

Figure 2: Research on the processes underlying biotic invasions (systems knowledge) increasingly con-
siders human agency as an important explanatory factor. The picture shows a subalpine grassland at the
slope of Mauna Kea in Hawaii covered in alien grasses and herbs. The past land use of this area as a cattle
ranch, that involved the deliberate sowing of grazing-adapted alien species and the accidental introduction
of further alien species as contaminants of the seed, helps to explain the invasion of alien species such as
Holcus lanatus, Plantago lanceolata, Senecio madagascariensis or Verbascum thapsus in these areas (Photo
by Eva Schumacher).

Living Reviews in Landscape Research
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Figure 3: Research on target knowledge helps to clarify the valuation of the impacts of invasive species
and their management. On tropical oceanic islands, Coconut palms (Cocos nucifera) are an important
element of the landscape aesthetics of beaches for tourists (picture above) and a valuable source of food
and building material for local people. However, in Seychelles, Coconut palms are considered to be invasive
by nature conservationists. Native lowland vegetation, which is a critical habitat for endangered endemic
birds, only recovers after the removal of these palms (picture below, Seychelles Magpie Robin Copsychus
sechellarum on Aride Island). The valuation of the Coconut palm is further complicated because on many
oceanic islands it is not known if the species is native or alien (Photos by Eva Schumacher).

Living Reviews in Landscape Research
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Figure 4: Research on transformation knowledge enhances the options of actors to take action. The
control of an invasive species, for instance, is only effective if the removal is considered in an ecosystem
context and a broad alliance of stakeholders support the actions. In Seychelles, control programmes by the
Ministry of Environment are accompanied by replanting the targeted areas with native species, whereby
the local community is involved. The picture shows school children planting endemic palms after the
eradication of the invasive shrub Clidemia hirta (Photo by Stefan Zemp).

Living Reviews in Landscape Research
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It is important to note that there is no evident link between the three challenges in societal
problem-solving and the three knowledge forms — rather this link has to be clarified recurrently
through joint problem structuring among different experts and stakeholders. Such deliberations at
the boundary between science and management, that are typical for post-normal situations, may be
called “boundary management” (Figure [1)) (Cash et al] 2003} [Hellstrom and Jacobl [2003)). There
are structured research processes such as transdisciplinary research (Pohl and Hirsch Hadorn| [2007))
and institutional forms such as boundary organisations (Hellstrom and Jacobj, [2003)) that facilitate
boundary management, but often boundary management is not conducted in an explicit and struc-
tured way. Boundary management ensures that the relevant academic and non-academic expert
and stakeholder perspectives are adequately represented in the research and problem-solving pro-
cess (Hellstrom and Jacob), 2003} [Pohl and Hirsch Hadornl [2007)), and that the framing of research
questions is adequate for supporting the decisions of actors (Hirschl [1993] [1995). The process is
called boundary management because the boundaries between different forms of academic and non-
academic expertise and between facts and opinions (interests and values) are reconfigured. Because
boundary management is itself based on (tentative) scientific expertise, boundary management
and research on specific questions have to alternate in recursive cycles (Pohl and Hirsch Hadorn|
, and effective problem-oriented research encompasses both research on specific questions and
boundary management.

In summary, in this paragraph we attempted to decompose the complexity of science-based
problem solving in post-normal situations into a number of different processes (Figure . In par-
ticular, we argue that it is helpful to consider three types of scientific advice — systems, target and
transformation knowledge — but that adequate research questions on the three types of knowledge
can only be identified through explicit deliberation among experts and stakeholders (boundary
management). Although this is necessarily a simplification, we think that it is helpful to analyse
the problem-orientation of whole research fields. In the following we describe research on biotic
invasions according to the following questions: what systems, target and transformation knowl-
edge is produced? How is this systems, target and transformation knowledge interrelated? What
mechanisms are in place to ensure boundary management?

Living Reviews in Landscape Research
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3 The societal problem of biotic invasions and the field of
invasion research

3.1 The societal problem of biotic invasions

There is no consensus among experts on the definition of the terms “biotic invasion” and “invasive
species”. In all definitions the terms include the spread of organisms in the landscape, with
“invasive species” relating to the organisms involved and “biotic invasion” referring to the overall
process. However, while some experts refer only to those organisms that spread in an area where
they would not have been present without human assistance (so-called alien or non-native species),
others refer to any spreading organisms, including those that had been present in the general
geographic area (e.g. a continent, country or island) without human assistance (native species).
Further, some experts reserve the term “invasive” only for those species that are perceived to have
negative economic or ecological impacts. Given these two dimensions, spreading species that are
either only alien, or native and alien species, and that either pose a perceived problem or not, may
be called invasive (for an extensive discussion of the terminology see |[Colautti and McIsaac] [2004}
IDaehler] [2001} [Davis and Thompson|, 2000 [Richardson et al. [2000)).

The different meanings of the terms reflect the dynamics of the research field that are discussed
in this article. We therefore do not use only one definition of “invasive species” or “biotic invasion”
in this article, but rather review any literature that attempts to be of relevance to the understanding
and management of biotic invasions according to its own implicit definition of biotic invasion.

At present the societal problem of biotic invasions is typically framed as follows: the problem
of biotic invasions has emerged because of the massive increase in global human travel and trans-
portation over the past few centuries, which led to the introduction of large numbers of diseases,
animal and plant species to new areas where they would not have been present without human
assistance. It has for instance been estimated that more than 50,000 alien species have been in-
troduced to the U.S.A. (cf. [Pimentel et al} [2005). A small proportion of alien species have the
potential to spread in a landscape and to achieve large population sizes. These species are called
invasive alien species and some of them are thought to lead to massive economic and ecologic costs
in the areas where they were introduced (Mack et al) 2000} [Millennium Ecosystem Assessment],
[2005} [Pimentel et all [2005). The costs of biotic invasions in the United States alone have been
estimated to amount to almost US$ 120 billion per year (Pimentel et all [2005), and invasive alien
species were identified as one of the five major causes of species extinctions, alongside habitat
destruction, over-exploitation, climate change, and pollution (Millennium Ecosystem Assessment]
. Biotic invasions are therefore nowadays considered a major driver of global environmental
change (Vitousek et al] [1997) and a high priority in national and international environmental
policies, including Article 8h of the Convention on Biological Diversity of the Rio Declaration
(McNeelyl [2001} [Mooney et al] [2005]). It is expected that the scale of the problem will increase in
the future (Lodge et al] [2006} Millennium Ecosystem Assessment}, [2005)).

3.2 The field of invasion research

An explicit research field focused on biotic invasions emerged in the late 1950s from ecology
[2006} [Richardson and Pysek] [2008]). The book entitled “The Ecology of Invasions by Animals and
Plants” by Charles Elton published in 1958 is generally seen as the starting point of systematic
research on biotic invasions, and the research field that emerged in response to Elton’s book
is generally called invasion biology. However, it is important to note that the spread of non-
native species had been addressed by naturalists since the early 19th century
[Kowarikl, 2003} [Trepl, [1990). In fact, several research questions that are discussed in this review
as innovations of invasion biology had been addressed before 1958 and were thereafter neglected

Living Reviews in Landscape Research
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for some time. This is particularly the case for European plant ecology that had discussed human
agency as a relevant causal factor of biotic invasions since the 19th century (Kowarik| [2003} [ Trepl,
. However, because in this article we are interested in the formation of problem-oriented
research as a clearly defined research field, we focus our review on the period since the publication
of Elton’s book and mention earlier research only in some cases. Since the late 1990s
, mainstream research on biotic invasion widened its focus and now includes a broad
range of natural and social scientists. Because we are interested in the transformation of research
focused on biotic invasions from an ecological sub-discipline to a multidisciplinary research field
we propose and use in this article the broader term ‘invasion research’ for systematic research on
biotic invasions.

Living Reviews in Landscape Research
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4 The production of systems knowledge — Understanding
the processes underlying biotic invasions

Seven different research approaches can be distinguished that have been or are used in invasion
research to clarify systems knowledge. These research approaches differ in their research questions
and methods, and have different implications for problem solving (Table . They are introduced
shortly in the following in their historical order.

4.1 The classical model

The classical model of biotic invasions structured research on the causal relationships of biotic
invasions along two main questions (Drake et al) [1989; [Williamson| [1996)): what factors deter-
mine whether a species is an invader or not (species invasiveness)?, and 2) what characteristics
explain why some habitats are more vulnerable to invasions than others (habitat invasibility)? The
two questions restricted the field of invasion research to population and community ecologists. In
particular, explicit spatial processes were treated only marginally by using highly generalised math-
ematical models for describing the spread of invasive species in space (Shigesada and Kawasakil
[1997} [Williamson], [1996)), and these spread models were not linked to research on species invasive-
ness or habitat invasibility. This neglect was problematic because it was shown that the number
of individuals (e.g. larvae, seeds or other forms of propagules such as vegetative parts of plants)
that arrive at a site (propagule pressure) is an important factor for explaining the degree of in-
vasion (Lonsdale] [1999} [Williamson| [1996). For the prediction of propagule pressure at a given
site, processes at larger spatial scales such as population spread, seed dispersal or human trans-
portation need to be considered (Lockwood et all [2005} [Withl [2002). In the classical model these
processes were not explicitly studied, yet propagule pressure was included in analyses as a third
but unstudied explanatory factor external to the studied system.

Research on plant invasiveness (Daehler], 1998, 2003} |Grotkopp et al., [2002; [Kolar and Lodge}
12001} [Rejmanekl, [1996; [Richardson and Pysekl 2006} [Sakai et al., [2001) and habitat invasibility
(Alpert et all [2000} [Davis et al] [2000; [Drake et al] [1989; [Lonsdale] [1999; [Stohlgren et all [1999)
was mostly based on global biogeographic comparisons of descriptive natural history information or
experimental studies of single species, and relied on the assumption that the alien provenance of a
species is an important explanatory factor. However, to date it is not clear if invasive alien species
generally differ from native species with a high potential to colonise new areas (Thompson et al.|
. The most consistent predictors for the invasiveness of a species are the history of being
invasive in other regions and a matching between the climates of the native and introduce areas
(Kolar and Lodge] [2001)). The few more specific traits that proved to be more generally associated
with invasive species (Kolar and Lodge] 2001} [Richardson and Pysekl 2006) are mostly those already
identified for weeds, whether native or alien (Baker| [1974). For instance, invasive species tend to
exhibit high growth rates and seed outputs and have efficient dispersal mechanisms such as by wind
or birds (Kolar and Lodge} 2001]), but these differences depend on the environmental conditions,
and invasive species do not generally outperform native species .

Research on habitat invasibility led to generalisations such as that (anthropogenically) dis-
turbed, and resource-rich, early-successional habitats are more vulnerable to invasions than undis-
turbed, resource-poor and late-successional habitats (Alpert et al] 2000 [Davis et al [2000} [Drake|
. It also became evident that the presence of invasive species can have a strong in-
fluence on the functioning of the invaded ecosystem (Levine et al) 2003} [Vitousekl [1990), and in
particular that in some cases invasive species change habitat conditions in a way that facilitate
further invasions .

Research on species invasiveness and habitat invasibility have so far not been successful in
providing robust prediction beyond the heuristics mentioned above (Mack and Barrett] [2002)).
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However, a large, global dataset on biotic invasions has accumulated, which is rather unique for
ecology and provides opportunities for studying invasion patterns as well as general ecological
patterns through data mining (Cadotte et al) [2006b} [Crall et all, [2006]).

4.2 Phase transition models

Phase transition models are based on the assumption that invasion processes can be divided into
different phases that are characterised by different ecological and evolutionary processes. Originally,
three different phases were recognised: i. transport to a new area, ii. establishment and possibly
lag-phase during which the population size remains small, and iii. spread (Kolar and Lodge} 2001}
[Richardson et al.[2000; Williamson| [1996]). Recently, the particularities of the establishment phase
in contrast to the spread phase have been studied in more detail (Kolar and Lodge} 2002} [Marchetti
[et all 2004} Mack and Barrett] 2002} [Puth and Post| [2005)). [Dietz and Edwards| (2006)) proposed
to further divide the spread phase into a primary and secondary invasion phase. They argue
that initial spread happens in highly disturbed habitats by species that had no time to adapt to
local environmental conditions, and that invasive alien species invade less disturbed habitats only
after adaptation to local conditions during primary invasion. [Facon et al| (2006) more generally
emphasised the need to consider evolutionary and habitat changes with the progression of an
invasion.

4.3 Natural experiments

Research according to the classical model produced results that touched upon key questions in
general ecology, and this triggered an interest among ecologists to use biotic invasions for the
study of basic ecological principles (Cadotte et al} [2006a; [Callaway and Maron| 2006} [Sax et al.
2007)). In this way biotic invasions can be understood as large-scale, so called “natural experiments”
that are unique research opportunities for basic ecology (Cadotte et al [2006a).
The research on habitat invasibility resonated with major research interests in community and
ecosystem ecology that address the relationship between biodiversity and ecosystem functioning,
or the relative importance of random and deterministic processes in community assembly
let all [2006a; |Callaway and Maron| [2006; [Sax et al} [2007)). For example, one of the discussed
aspects, already addressed by |Elton| (1958), was the hypothesis that species-richer habitats are
more resistant to biotic invasions than species-poor habitats (Fridley et al| 2007} [Levine et all
. The relevance of propagule pressure for community assembly was further studied with a
more theoretical focus (Callaway and Maron| [2006). Contrary to expectation, it emerged that
natural ecosystems are often not saturated with species . In some cases, the alien
provenance of the invasive species was the critical factor explaining invasion success. Alien species
can profit in the introduced area from the release from their natural enemies such as pathogens
or herbivores that are only present in the area of origin (Keane and Crawley] [2002]). Additionally,
some plant species compete with neighbouring plants by releasing chemicals (allelopathy). While
in the native range the neighbouring plants are adapted through long-term coevolution to cope
with these chemicals, this is not the case for plants in the area of introduction that consequently
suffer heavily from allelopathic substances of invasive alien species (Callaway and Maron| [2006]).
These observations have provided general insights into the regulation of plant populations and
the structuring of ecological communities. Another recent observation that owes much to invasion
research has been that some species have the ability to evolve rapidly in ecologically relevant
time spans (Callaway and Maron| 2006} [Facon et al. 2006} [Richardson and Pysekl [2006). Species
niches, i.e., the specialisation of a species in environmental space, may therefore be less stable than
previously thought (Broennimann et al.l {2007} [Holt et ol [2005).
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4.4 Multifactorial analyses of case studies

It has been recurrently concluded that invasion processes are often idiosyncratic and that a mul-
tifactorial understanding of particular cases (Kueffer| 2006} |Orians et al., [1986; [Shrader-Frechette
2001)) is therefore needed (Callaway and Maron|, 2006} [Eppstein and Molofskyl, 2007} [Williamson
1996)). For instance, the impact of herbivores on invasive species depends on soil fertility (Blu-
menthal, 2005), and this relation is further linked to propagule pressure (Sanders et al. [2007).
Invasions interact in complex ways with anthropogenic habitat modification (Didham et all [2007)),
climate change (Thuiller et al [2007) and other global change factors (Mooney and Hobbs| 2000).

4.5 Landscape ecology

Throughout most of the history of invasion biology, the spatial spread of invasive species was
described by fitting highly generalised mathematical models (Shigesada and Kawasaki, [1997}
[Williamsonl, {1996} [Withl 2002). [With| (2002) initiated a broader research interest in landscape
ecological research that explicitly addresses the influence of landscape structure on invasions, and
it became evident that the spatial and temporal variation of environmental factors influences the
spread of invasive species (Hastings et al| [2005; [Melbourne et al} [2007). Landscape research on
biotic invasions awaits a synthesis, but it appears that the integration of different spatial scales will
be a major challenge in invasion research in the coming years (Kithn and Klotz| 2007} [Pauchard|
land McKinneyl, 2006} [PySek and Hulme] 2005). While the application of spatial ecology to biotic
invasions has attracted interest, other fields of landscape research have so far mostly ignored the
issue, even though geographers have recurrently emphasised the value of their expertise for studies
of biotic invasions (e.g. [Vale and Parker] [1980]). Contributions from physical geography may for
instance come from remote sensing (Asner and Vitousek] 2005} Bradley and Mustard}, 2006) and

GIS modelling 2003)).

4.6 Vector science

The study of transportation vectors or pathways has become an active research area over the
past few years (Kowarik and von der Lippe, [2007; [Lodge et al) 2006; [Meyerson and Mooneyl,
[2007; [Mooney et al 2005} [Mack and Barrett] [2002; [Ruiz and Carltonl [2003). Because of the
relevance of human agency for transportation, such research necessarily has to integrate natural and
social sciences. Important past and present transportation factors that contribute to explaining
distributions of alien species include colonial expansion, wars, ballast water of ships, plant and
animal trade, railway, road and water canal networks, agricultural and forestry activities, botanical
gardens and urbanisation (McNeelyl [2001} [Ruiz and Carlton| [2003). A well-studied example is
the role of ornamental trade in biotic invasions (Dehnen-Schmutz et all [2007alb} [Reichard and|
2001)). A relevant aspect of deliberate human-assisted introductions is that these are non-
random; i.e., deliberately introduced organisms are often selected or bred specifically for the local
conditions (e.g. in forestry [Richardson [1998). In order to reconstruct paths and predict future
transport pathways, a thorough understanding of peoples’ motivations for moving particular plants
is needed (Brookl 2003} [Daehler] {2007} [Mack] 2001} [McNeely] 2001)).

4.7 Land use science

A multitude of studies have shown the relevance of anthropogenic habitat modification and land
use for explaining biotic invasions (e.g. [Deutschewitz et al] [2003; [Hobbs| [2000; Maskell et al.
[2006} [Pauchard and Alabackl [2004). For the understanding of land use practices that influence
plant invasions, social sciences research on human activities is essential. Not only current, but also
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the legacy of past land use can be relevant for current invasion processes (Domenech et al) [2005¢
[Von Holle and Motzkin|, [2007)).

The urban ecosystem is a pronounced case of an ecosystem shaped by human activity that is of
relevance to invasion research. Urban areas function as hubs for biotic exchange
and citations therein) and create novel habitats favourable for alien species. The influence of
human factors on the occurrence of invasive species in urban areas is, for instance, evident in the
cases of the vegetation composition of green spaces (e.g. [Thompson et all [2003)), or the presence
of invasive fire ants (Plowes et al.| [2007)).

Another human-dominated system with high relevance to invasions is agricultural land
[2006). In Europe, alien species that were introduced with early agriculture are more often
associated with crops from this time period (cereals), while recently introduced weeds are more
often associated with recently introduced crops (maize, rape) (Pysek et all [2005). Agricultural
practices may influence the evolution of invasive species (Franks et al. [2004; |[Kowarik} [2003). In
turn, invasions can feed back on land use decisions of farmers (Schneider and Geogheganl [2006]).
Through the expansion of agri-environmental schemes and extensification of agriculture in Europe
and North America, socio-political changes may influence invasion spread (Donald and Evans|
0).

Research on the relation between land use and biotic invasions has so far mainly compiled
case examples, and waits for a conceptual synthesis (cf. [Kueffer and Daehler| 2008). It is directly
related to the management of invasive species in human-dominated habitats. Such an integration
of invasive species management in different economic sectors has been termed “mainstreaming of
invasive species management” (Petersen and Huntley| [2005)).
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Table 1: A categorisation of seven different research approaches that are used in invasion research to
clarify systems knowledge (see text for further explanation).

Research approach

Important insights

Link with application

Classical model

Phase transition mod-
els

Natural experiments

Multifactorial case
studies

Landscape ecology

Vector science

Land use science

Biogeographic comparisons
of invasiveness and invasi-
bility. The alien provenance
of a species is the critical
explanatory factor.

Alien species invasions are
considered unique ecological
processes, and it is assumed
that several distinct phases
of an invasion need to be
studied.

Alien invasions are used

as natural experiments to
clarify basic ecological prin-
ciples.

Invasions interact in com-
plex ways with the invasion
context, and other global
change drivers. Need for
multifactorial analyses of
particular invasion cases.

Invasions are explicitly con-
sidered as spatio-temporal
ecological processes.

Transportation of alien
species on different scales
is crucial for the under-
standing of invasions and
is shaped by human ac-
tion. Need for integrative
social and natural sciences
research.

Land use patterns are im-
portant to explain invasi-
bility, and are shaped by
human action. Need for in-
tegrative social and natural
sciences research.

Prediction of invasiveness
and invasibility. A few in-
sights into general ecological
principles, esp. regarding

the relevance of functional
groups of species and propag-
ule pressure.

Confirmation that different
ecological processes deter-
mine invasion success in dif-
ferent phases.

New insights into commu-
nity assembly (e.g. natural
ecosystems are often not sat-
urated with species; relevance
of dispersal limitation; scale-
dependence of relationship
between biodiversity and
invasibility; coevolution of bi-
otic communities) and rapid
evolution.

Synergistic interactions with
habitat modification and
other global change fac-

tors are highly relevant but
poorly understood. Increased
emphasis on the idiosyncratic
nature and context depen-
dence of invasions.

Spatio-temporal dynamics
strongly shapes biotic inva-
sions on multiple spatial and
temporal scales.

Past and present transporta-
tion events explain much of
the variation in the distri-
bution of alien species on
different spatial scales.

Management regimes explain
much of the variation in in-
vasibility — particularly of
human-dominated ecosys-
tems.

Awareness building, devel-
opment of risk assessment
systems, and general habi-
tat management guide-
lines.

Contextualisation of man-
agement based on phases

identified by phase transi-
tion models.

Importance of rapid evo-
lution for risk assessment
systems and control ef-
forts. Need for multi-scale
management approaches.

Real-world experimenta-
tion and adaptive man-
agement

Landscape scale planning
of invasive species man-
agement.

Transport pathways risk
assessment and manage-
ment.

Mainstreaming invasive
species management in
different economic sectors.
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5 The production of target knowledge — Valuation of the
impacts of invasive species

Five different research approaches can be distinguished that have been or are used in invasion
research to clarify target knowledge. These approaches differ in their research questions and
methods, and have different implications for problem solving (Table . They are in the following
shortly introduced in the order in which they appeared in time.

5.1 Biological impact research

The negative impacts of invasive species on native biota and ecosystems were discussed by Charles
Darwin and other naturalists as early as the 19th century (Cadotte] [2006), and a wealth of case
examples have been documented (e.g. [Drake et al} [1989; [Vitousek et all [1987). However, only
recently have frameworks for a more systematic research on impacts been suggested
[2003} [Parker et al.| [1999; [Vitousek)[1990). Invasive species have been shown to substantially change
ecosystem processes such as nutrient cycling, fire and other disturbances regimes, or hydrology
(Levine et al] [2003} [Mack et al] [2000). Besides impacts on ecosystem processes, the role of
invasive species in native species decline and extinction is a major concern (Millennium Ecosystem|
|Assessment], 2005). Invasive species have contributed to many species extinctions on oceanic islands

Reaser et all [2007), but it is still debated to what extent this pattern can be generalised to
continents (Gurevitch and Padillal [2004). A major open question is whether and how impacts
of alien species persist in the long-term (Hobbs et al [2006} [Strayer et al| [2006]). Invasions may
lead to habitat deterioration (Simberloff} [2006)), or support ecosystem recovery after major habitat
destruction (Kueffer and Daehler} [2008} [Kueffer et all [2007b} |Safford and Jones| [1998). Recently,
positive ecological effects of alien species on native biota (Rodriguez, 2006), and the usefulness of
alien species for natural area management (D’Antonio and Meyersonl, [2002} [Zavaleta et al [2001))
have been emphasised.

5.2 The native/alien debate

A central tenant of invasion research is that the alien provenance of a species is relevant to predict
and value their impacts. However, many authors have argued that the use of the native/alien
dichotomy for judging a species is problematic because such an argumentation has close affinities
to xenophobia or racism (Larson| 2005} [Sagoff] [2005} [Simberloff] [2003} [Theodoropoulos| [2003}
. Nevertheless, given the weak predictability of the impacts of individual alien
species, a precautionary approach has been proposed for invasive species risk assessment systems,
which is based on the assumption that an alien species is problematic until proven otherwise
(Simberloff] [2005} [Wittenberg and Cockl 2001)). Thus, the ongoing discussion among biologists,
social scientists and philosophers on an appropriate use of the native/alien distinction as a proxy
for understanding and predicting impacts of invasive species (Brown and Sax] [2004} |Colautti and)
McIsaad, 2004} [Kendle and Rose] 20005 [Lodge and Shrader-Frechette] [2003} [Shrader-Frechette]
@ cannot easily be dismissed.

5.3 Ecological risk assessment

Ecological risk assessment is a procedure that evaluates the likelihood of negative ecological effects

from exposure to a stressor (Simberloff] [2005). It consists of an assessment of the probability that
a component of an ecosystem is exposed to a stressor and the characterisation of the ecological

effects of the stressor on this ecosystem component (Andow and Hilbeckl [2004} [Simberloff] [2005]).
In invasive species risk assessment systems, the risk of exposure is defined as the risk that a species
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is introduced, establishes in a new range and spreads into natural areas. For this component, risk
assessment systems build on biological research on the invasiveness of alien species
[2004} [Pheloung et al [1999} Wittenberg and Cock}, [2001]). In contrast, the formal characterisation
of ecological effects has so far proven to be difficult, and explicit assessments of ecological effects are
done only rarely or only in a qualitative manner through expert judgments (Andow and Hilbeck]
120045 |[Lodge et al. |2006; Mack and Barrett] [2002} [Simberloff] |2005)). The difficulties in characteris-
ing the impacts of biotic invasions in formalised systems are seen in the complexity of their impacts
— they are often indirect, affect populations or communities rather than individuals, depend on the
context of the invaded ecosystem, and show unpredictable temporal dynamics (Andersen et al]
[2004b} [Simberloff], 2005)). Recently, spatially explicit modelling of biotic invasions has been pro-
posed for a more quantitative assessment of exposure risks and corresponding ecological effects
(Allen et al) 2006} [Andersen et al] [2004a). An open question regarding current risk assessment
systems is if and how economic or socioeconomic valuation (see below) should be included in the
procedures (Andersen et al [2004D)).

5.4 FEconomic valuation

The monetary equivalent of the impacts of a biotic invasion is calculated through economic val-
uation. Estimates of the total costs stemming from biotic invasions are based on the current or
projected future costs of all damages caused by alien species (Born et all 20055 [Olsonl [2007}
imentel et al}[2005). Sometimes the expenditure for controlling invasive species or other mitigation
costs, e.g. treatment of allergic reactions to pollen of an invasive plant, are also included
[et al.l [2005; [Pimentel et al) [2005). The monetary value of the ecological damages caused by alien
species are usually calculated based on the concept of ecosystem services (Binimelis et al [2007}
Born et al.l 2005} [Charles and Dukes| [2007)), i.e., the loss of ecosystem services through biotic inva-
sions is derived from biological impact research (see above) (Charles and Dukes| 2007). Estimates
of total costs stemming from biotic invasions for countries such as the U.S.A., Canada, Australia
or Germany are typically of the order of more than US$1 billion per year (Olson} 2007} [Pimentell
. However, to date such economic assessments are mainly based on expert knowledge
and extrapolations from only a few well-documented aspects such as the annual expenditures to
control a species in a particular area.

5.5 Socioeconomic valuation

Because many valuable things do not have a market price, or things are valuable for more than only
economic reasons (Brun and Hirsch Hadorn| [2008)), broader socioeconomic approaches to assess
damages by biotic invasions are being developed (Binimelis et al.|[2007)). For instance, the damages
to landscape aesthetics or the recreation value of nature have been estimated (Binimelis et al 2007}
[Charles and Dukes| [2007)), or the role of invasive species for poor people and developing countries is
considered (Drake and Keller} [2004} [Perrings| [2005). In socioeconomic valuation it is particularly
important to recognise that alien species can have both positive and negative roles for people, and
that the valuation of an alien species is dynamic and may change with time and context
[2007)). Social sciences, ethics and historical research have provided a deeper understanding
of socioeconomic valuation of invasive species issues in different contexts and in a historical time

frame (e.g. [Coates| [2007} [Foster and Sandberg] [2004; [Hall, 2003)).
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Table 2: A categorisation of five different approaches that are used in invasion research to clarify target
knowledge (see text for further explanation).

Research approach

Important insights

Link with application

Biological impact re-
search

Native/alien debate

Ecological risk assess-
ment

Economic valuation

Socioeconomic valua-
tion

Biological research on im-
pacts on ecosystem proper-
ties and native biota.

Theoretical consideration
of the implications of the
concept of alien origin in
invasive species research.

Development of formal
procedures to assess the
risk that an alien species
spreads and leads to nega-
tive impacts.

Calculation of the monetary
value of the impacts of a
biotic invasion.

Social sciences research on
stakeholder valuation of
invasive species.

Single species can change
functioning of an ecosys-
tem. Invasive species are a
main threat factor for rare
species. In degraded ecosys-
tems invasive species can
have positive effects.

The concept of alien origin
is problematic, but no al-
ternative, normative theory
about invasive species has
developed.

Difficulty to define a for-
malised and quantitative
approach to assess the im-
pacts of an invasive species.

Total costs of biotic inva-

sions are typical more than
US$ 1 billion per year for a
country such as the U.S.A.

Valuation of invasive
species varies between
stakeholder groups and
context, and may include
both positive and negative
impacts.

Awareness building

It challenges the precau-
tionary approach in risk
assessment systems, and
highlights the importance
of an explicit debate about
the valuation of invasive
species.

Prevention

Awareness building

The need for a context-
dependent consideration of
stakeholder valuation.
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6 The production of transformation knowledge — Research
that addresses the options for managing biotic invasions
Management of invasive species can be divided into three different realms: i. prevention, ii. early de-

tection and eradication, and iii. control of established alien species (Lodge et al.l 2006} [Wittenberg]
and Cockl [2001). Each of these three phases has different demands for research (Table [3).

6.1 Prevention

Prevention of introductions of potentially problematic alien species to a new area, or secondary
releases of already introduced alien species within an area, builds on risk assessment systems and
the regulation of the transportation of the identified problematic species (Kowarik} [2003; [Simberloff]
[2005} [Wittenberg and Cockl 2001). Prevention is widely considered the most cost-effective way
for managing invasive species (Baker et al} 2005} [Lodge et al. [2006; [Wittenberg and Cock], [2001]).
The application of risk assessment systems (Table [2)) is confronted with a number of practical
problems (Andersen et al] [2004af Baker et all 2005} |Simberloff] 2005). In particular, the efficacy
of expert-based risk assessments is very low. These assessments currently cover only a very small
proportion of newly introduced species (Hulme} 2006} [Lodge et all [2006]), because the assessment
of a single species typically lasts for many months to several years (Lodge et all [2006} [Simberlof]]
2005)). Such assessments are also said to be highly vulnerable to political pressure (Simberloff
2005). As an improvement, a precautionary approach has been proposed that treats all new alien
species as problematic until proven otherwise (Simberloff] 2005 [Wittenberg and Cockl [2001)).

Traditionally, risk assessments have been implemented at a national or transnational level.
However, the uncertainties of risk assessments may be reduced when they are performed at smaller
local scales, e.g. on a regional (Radosevich et al] [2005]) or habitat scale (cf. [Lodge et all] [2006), or
specifically address particular introduction pathways [2006). Pathway risk analyses have
for instance been developed for the trade of untreated wood (cf. [Simberloff] [2005)). Context specific
risk assessments allow for a comprehensive risk management, i.e., different management measures
are combined to optimize the cost-benefit balance . The risk management of
Mediterranean fruit fly introductions through trade of pink tomatoes from Northern Africa to the
U.S. combines regulations about the origin of the product, restrictions on the seasons when trade
is allowed, and a number of measures during production and transport . Increased
context specificity allows also to better shape research according to the needs of particular actors,
such as in the cases of marine shipping (Minton et al[2005]), or the horticulture and pet industries
(e.g. [Perrings et al [2005}; [Reichard and White] [2001]).

Besides risk assessment systems, market mechanisms such as tradeable risk permits (Horan and]
[2005), taxes (Knowler and Barbier] 2005} [Perrings et al] [2005)), or the implementation of the
polluters pay principle (Perrings et al}[2005)), have been discussed as alternative policy instruments
for prevention.

6.2 Early detection and eradication

Eradication is very difficult, because literally all reproductive individuals have to be removed, and
the risk of re-invasion has to be zero (Genovesil [2007; Myers et al.| [2000). Cost-effective eradication
of an invasive species is therefore only possible in a very early phase of an invasion when the
population size and infested areas are still small. It is generally assumed that after prevention
early detection of newly introduced species and immediate action to eradicate the species before it
spreads should be the second priority in invasive species management (Genovesi, [2007} [Lodge et al.,
[2006} [Wittenberg and Cockl 2001]). However, the detection of small populations in an early stage
of an invasion is particularly challenging and potentially costly (Hulmel [2006; [Lodge et al [2006)).
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Research that combines statistical and biological considerations can optimize surveying methods
(Baker et al} 2005} [Hulme] 2006; Rew et al} [2005), e.g. by focusing surveys on the areas where the
appearance of new invasive species is most likely. Both environmental factors and human activities
can help to predict the likelihood of new appearances (Buchan and Padilla) [2000). Search theory, a
sophisticated mathematical approach, can help to define the most efficient search strategy
let al] [2006f Mehta et al) |[2007). Early detection may also profit from new technologies such as
remote sensing (Hulme] [2006; [Lodge et al} [2006)) or molecular biology techniques (Baker et al.

[2005} [Lodge et al}[2006). Finally, successful early detection depends on socioeconomic factors, i.e.,
the necessary awareness and financial and institutional capacity needs to be established so that
professionals from all relevant agencies as well as volunteers can be effectively involved
[2007; Hegamyer et al} 2003; [Hulmel [2006} [Lodge et al. 2006; [Wittenberg and Cockl [2001]).

6.3 The control of invasive species
Planning

When eradication of an invasive species is not possible, an appropriate strategy to contain the
spread of the species is defined (control of an invasive species) (Genovesi|, [2007} [Lodge et al. [2006;
[Myers et al) [2000; [Wittenberg and Cockl [2001). Typically, priority areas are identified where
invasive species are kept below a certain threshold through continuous management
ILonsdale] [2002} [Myers et al] 2000; [Thomas and Reid} [2007)). Every successful control programme
has to agree on clear objectives (Anderson et al] [2003; [Baker et all 2005} |Genovesi| 2007} [Wit-|
ftenberg and Cockl [2001)). A number of decision aid tools have been developed to support the
setting of appropriate objectives for control programmes. These tools may for instance help to
define priority species and areas (Hiebert| [1996} [Tassin et al. 2006} [Wittenberg and Cockl [2001]),
or acceptable levels for the population density of an invasive species — a concept that has a long
tradition in agricultural weed management and biological control (Hulme] 2006} [Smith et al 2006}
|Thomas and Reid] [2007). Often a detailed consideration of the stakeholders’ valuation of a man-
agement attempt is necessary. The socioeconomic valuation of management measures, including
prevention (Finnoff et al) [2007), may compare the costs and benefits of different management
scenarios (cost-benefit analysis), or the costs and effectiveness to achieve a certain goal through
different strategies (cost-effectiveness analysis) (Binimelis et al], [2007} [Born et al] [2005]). Thereby
the valuation of the positive and negative aspects of a management strategy may vary considerably
between stakeholder groups (Bremner and Parkl 2007} [Veitch and Clout| [2001]).

A major recent research effort has focused on a detailed modelling of the costs and benefits
of different management strategies by combining socioeconomic valuation with information on the
biology and management options of a particular species. Such bioeconomic modelling helps to
identify the optimal control technique (Baker et all [2005), and to define the conditions under
which it is still economic to eradicate a species (Regan et al [2006) or the optimal threshold
population density of a species that is contained (Anderson et al} [2003)). Bioeconomic models
are often based on sophisticated biological models, that include, for instance, multitrophic biotic
interactions (Gutierrez and Regev] [2005)) or spatially explicit spread modelling [2007).
Similarly, the economic models may vary from simple economic to complex socioeconomic valuation
of management strategies (see above). A range of control techniques from mechanical, chemical
or biological control to habitat management approaches may be considered (see below) (Olson|
, as well as different management contexts and scales from local natural area management to
nationwide efforts (Born et al 2005} [Olson|, [2007).
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Control techniques

Control techniques can be classified into mechanical, chemical and biological control and habitat
management (Lodge et al.| [2006; Myers and Bazely}, [2003} [Wittenberg and Cockl [2001]). Successful
control programs depend often on the experience and knowledge of practitioners
20005 [Tu et al] [2001). Mechanical control encompasses all actions that physically destroy an
invasive species, e.g. the pulling out of a plant by hand or shooting of an animal. Chemical control
measures target invasive species through the application of a pesticide. Major obstacles are the
risk of an environmental contamination of natural areas with the chemical, non-target effects on
native species, or the evolution of pesticide-resistance by the invasive species (Baker et al] [2005}
ILodge et al [2006; Myers and Bazely| [2003} [Wittenberg and Cockl, 2001)). In the case of biological
control a natural enemy such as a herbivore or pathogen is introduced with the aim that the
introduced organism controls the invasive species (Babendreier] 2007; [Messing and Wright], |2006;
[Mack and Barrett] 2002} [Thomas and Reid] [2007). Major risks of the introduction of an (alien)
organism in biological control programs are non-target effects on the native biota. Finally, habitat
management targets invasive species through the manipulation of environmental characteristics of
the invaded habitat, e.g. through prescribed fire, planting of native species, or the alteration of soil
conditions (Myers and Bazelyl 2003} [Wittenberg and Cockl [2001). Habitat management strategies
are closely linked to habitat restoration (D’Antonio and Meyerson|, [2002} [Zavaleta et al.| [2001]). A
habitat perspective in invasive species removal is important to avoid negative impacts of invasive
species control programmes, e.g. because of habitat disturbance or of the removal of alien species
that play an important role for the native biota or ecosystem (Anderson et al.l|2003; Myers et all
|20005 [Zavaleta et al. [2001]).

The wider socio-political context

Successful control programmes depend on the concerted long-term action of many agencies and the
support of many stakeholders (Anderson et al}[2003} [Genovesil [2007} [Myers et al], 2000} [Wittenberg]
and Cockl [2001)). A holistic approach to form such an alliance is social marketing (Wittenberg;
and Cockl [2001)). Social marketing is based on an analysis of the social, cultural, political and
economic context of the invasion, and aims at forming a partnership among all relevant agencies
and stakeholders. Based on a thorough understanding of the conflicts of interests and values
(target knowledge) and the options and constraints of the actors (transformation knowledge) in a
particular management context, control strategies are defined that are thought to be effective and
acceptable to all stakeholders.
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Table 3: A categorisation of three different management approaches, their links with systems and target
knowledge, and their needs for transformation knowledge (see text for further explanation).

Management ap-
proach

Research needs

Relevant systems
knowledge

Relevant target
knowledge

Prevention

Early detection
and eradication

Control

Prevention of the
introduction of po-
tentially new invasive
species at borders

or through the man-
agement of specific
transport pathways

Early detection of
newly introduced
invasive species and
rapid response for
eradication

Containment of inva-
sive species through
control measures and
according to a control
strategy

Risk assessment sys-
tems

Context-dependent
pathway risk man-
agement based on
systems approach and
integrated into appro-
priate institutional
contexts

Market mechanism
to support preventive
measures

Efficient search
strategies

Appropriate institu-
tional mechanisms for
rapid response

Cost-benefit analysis
of different control
strategies

Effective control mea-
sures

Social marketing

Plant invasiveness

Transportation path-
ways

Plant invasiveness
Habitat invasibility

Phase transition
models

Plant invasiveness
Habitat invasibility
Landscale ecology

Multifactorial case
studies

Land use science

Ecological risk assess-
ment

Clarification of na-
tive/alien debate

(Socio)economic valu-
ation of impacts

Ecological risk assess-
ment

Biological impact
research

(Socio)economic valu-
ation of impacts
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7 Discussion

We have shown that over the past decades a broad range of different research approaches has
emerged in order to produce systems, target and transformation knowledge for invasive species
management. We can ultimately not judge if current invasion research produces effective knowl-
edge for problem-solving, because this has to be assessed through deliberations among the experts
and stakeholders involved in the issue (boundary management). However, we summarize in the
following how invasion research has evolved in the past and point out potential future transfor-
mations of the research field. Then, we discuss the forms of boundary management that were
(not) in place to frame adequate research questions about processes, values and practices for ef-
fective problem-solving. We conclude by suggesting a number of achievements and limitations of
how problem-orientation evolved in invasion research, and relate these to the forms of boundary
management that were in place or missing.

7.1 The evolution of invasion research: The search for an adequate fram-
ing of problem-oriented research on biotic invasions

The evolution of research on systems knowledge

Since the emergence of the research field of invasion biology in the late 1950s, a main motivation
behind the research of most involved scientists was to contribute to the solving of a perceived
societal problem . In particular, the invasion classic by and the first
SCOPE research program (Drake et all [1989) had a clear conservation focus. Initially, most
research was focused on producing systems knowledge. Thereby the assumption was that the causal
dynamics of biotic invasions could not be fully understood by simply applying established ecological
principles. Rather than initiating, for instance, landscape ecological research on invasion spread,
novel guiding research questions were defined that were thought to be adequate for problem-solving.
In the beginning these questions focused on the traits of problematic invasive species (invasiveness),
and the characteristics of habitats that are vulnerable to invasions (invasibility) (“classical model”,
Table . With time it proved that the focus of these initial guiding questions was too narrow, and
new aspects had to be addressed, that were integrated into the established framework of invasion
research (e.g. “phase transition models”, Table . Currently, concepts such as invasive species,
invasiveness, invasibility, propagule pressure and invasion phases provide a theoretical framework
that is rigid enough to sustain biological invasion research as an independent research field, i.e.,
research papers on biotic invasions address primarily such invasion specific concepts, rather than,
for instance, general ecological principles and their application to biotic invasions.

The future development of the research field will reveal whether research on biotic invasions will
be able to maintain a separate niche besides general ecological research or other related research
fields such as weed science, restoration ecology, global change biology or conservation biology,
which increasingly also study biotic invasions from their perspectives. For instance, it has recur-
rently been argued that invasion research is artifically dissociated from general ecology, and the
need for a separate conceptual framework has been questioned (Davis| 2006} [Davis et all, [2001)).
In fact, general ecological research on biotic invasions has recently gained momentum (“natural
experiments”, Table . It is not evident whether invasions of alien species will in the future still
be considered a separate issue from other colonisation and migration processes that occur with
global change. Thereby the fate of the research field will on the one hand depend on how well
biological invasion research will be able to synthesise existing knowledge and integrate neglected
processes, such as spatial processes (compare “landscale ecology”, Table, into an invasion specific
theoretical framework. On the other hand, it will depend on the assessment by the relevant ex-
perts and stakeholders of the adequacy of current biological invasion research for problem-solving.
Whether biotic invasions are studied as unique processes, or based on the frameworks of general
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ecology, weed science, restoration ecology or conservation biology, respectively, will have important
ramifications on how the problem of invasive species is valued and managed.

In the early 2000s, social sciences research revisited earlier research (see on
the role of human agency in biotic invasions (“vector science” and “land use science”, Table ,
and this has further dynamised the framing of research questions on the causal dynamics of biotic
invasions. It proved that human agency is a critical factor in biotic invasions, which challenged
the legitimacy of purely biological invasion research. The future of invasion research will show to
what extent the integration of social sciences research will transform the field. It may be that
existing research fields at the boundary of ecological and social sciences such as urban ecology (cf.
2006)), ethnoecology (Clayton| 2003} [Drake and Hunt] 2007} [McDowall, [1994)), or research
at the boundary between epidemiology and ecology (compare [Wilcox and Kueffer] [2008) may
contribute to an integrative framework. It has been suggested that social sciences research on
land-use change may have the potential to interpret many ecological global change phenomena
including biotic invasions from a social science perspective (Jay and Morad] [2006} [Robbins), {2004}
[Schneider and Geogheganl, [2006]). Again, such transformations of the research field would not only
have consequences for research but also for problem-solving.

The evolution of research on target knowledge

The valuation of impacts of invasive species was initially based only on biological research on
ecological effects of invasive species on ecosystem properties and native biota (“biological impact
research”, Table . This was problematic because normative statements were based solely on
empirical studies without explicitly discussing the underlying normative assumptions. It was ba-
sically assumed that any strong effect or even simply the presence of an alien species is per se
problematic. Biological impact research was only partly able to differentiate whether invasive
species are a driver or result of ecological change (Didham et al] [2005]), rarely considered potential
positive effects, and was not in a position to develop a framework that allowed weighting positive
and negative impacts. More recently, concepts from other research fields have been applied to
the issue that allow for an explicit valuation of impacts. These inputs came from four different
backgrounds, namely philosophy (“native/alien debate”, Table[2)), risk research (“risk assessment”,
Table[2)), (ecological) economics ( “economic valuation”, Table and social sciences research (“so-
cioeconomic valuation”, Table . However, these imported concepts have been applied to the
issue without considering the particular challenges involved in valuating invasive species, but val-
uation concepts need to be tailored to the context of a particular issue (compare e.g. [Brun and
Hirsch Hadorn| [2008). Conceptual debates about the valuation of invasive species (“native/alien
debate”, Table [2)) have not led to a new conceptual understanding of valuation beyond criticising
current normative thinking. In contrast, social sciences research in the field of restoration ecol-
ogy has worked towards a new normative thinking about attempts to restore or design nature (e.g.
|Gobster and Hulll {2000} [Higgs}, [2003). Invasion research on target knowledge awaits new integrative
concepts that synthesise ecological knowledge and normative thinking.

The evolution of research on transformation knowledge

The production of transformation knowledge is characterised by a tension between on the one hand
producing technical knowledge and “tools” that are tailored to the existing options of actors, and
on the other hand identifying strategies that allow to fundamentally transform the management
context. In the first case, problem-oriented research is typically applied research in the sense that
research questions are based on an established understanding of the management issue and on
the existing institutional framework. To date, much of the invasion research on transformation
knowledge is such applied research. Based on a conceptual model that structures management into
the three phases of prevention, early detection and eradication, and control, management tasks
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are divided up among existing agencies and these in turn define their immediate research needs
based on existing invasion research and expertise (Table [3)). For instance, prevention depends on
effective risk assessment systems and techniques to detect new potentially invasive alien species
at borders or minimize secondary releases of already introduced invasive species in the region, or
credible target knowledge to inform public awareness campaigns.

In contrast, research on transformation knowledge may also target fundamental changes of
the current framing and institutional setup of invasion species management. However, it seems
that invasion research has so far not explicitly investigated if current management approaches are
appropriate or if they need to be reconsidered fundamentally. Although it has recurrently been
emphasised that current institutional setups are not appropriate to deal with invasions that happen
on multiple spatial scales (Lodge et al] [2006]), there has been no research on how to fundamentally
adapt governance of invasive species issues in contrast to other environmental issues (e.g.
let al.} 2005; [Hirsch Hadorn et al}|2002)). Invasion research on transformation knowledge may profit
from transferring institutional innovations from other management fields to the issue of invasive
species. For instance, rapid response teams that have been in place for a long time to respond
to emergencies such as wild fires, chemical, biological or radioactive spills, or medical emergencies
have been discussed as a model for invasive species eradication programs (Curt Daehler, pers.
comm.).

The co-production of systems, target and transformation knowledge

We have discussed research on systems, target and transformation knowledge separately, and we
think that this decomposition of research questions is useful because the three forms of knowledge
are categorically different. However, we have also emphasised that the three forms of knowledge are
interrelated. Innovation in one realm has consequences for the other knowledge forms. For instance,
a move towards landscape-scale research on systems knowledge may initiate a shift towards large-
scale management approaches. Alternatively, innovations in research on target knowledge will
influence stakeholders’ valuation of invasive species, which will feed back on research on systems
knowledge that attempts to understand human motivation in order to explain invasion processes.

In a number of cases, close affinities between research on systems, target and transformation
knowledge have evolved (compare Tables and . For instance, research on plant invasive-
ness is closely linked to the development of risk assessment systems. Biological impact research,
economic valuation and awareness building form another cluster. Bioeconomic modelling builds
on (socio)economic valuation, landscape ecology of invasion spread and transformation knowledge
related to control techniques. Finally, a particularly interesting case is the emergence of vector
science because it represents at once a fundamental transformation of research on systems and
transformation knowledge.

Contextualisation — A fundamental process for enhancing problem-orientation

Across all three types of knowledge — systems, target and transformation knowledge — research
has with time become more specific to particular contexts in order to reduce the scientific and
management complexities. Research on systems knowledge has moved from identifying general
traits of invasive species and invaded habitats (“classical model”, Table to study particular
invasion phases (“phase transition models”, Table , transport pathways (“vector science”, Ta-
ble , or invasion cases (“multifactorial case studies”, Table . Research on target knowledge
has shifted from a general to a context-specific assessment of the impacts of an invasive species.
For instance, risk assessments became more specific to particular transport pathways, regions or
habitats. Economic valuation has focused increasingly on supporting particular management de-
cisions. The general discussion about the validity of the alien/native dichotomy has gained clarity
through research on the socioeconomic valuation of particular management cases. In the case of
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transformation knowledge, prevention shifted from general to pathway specific approaches, and
control efforts are designed for particular species and habitats.

7.2 Forms of boundary management

The adequacy of the framing of research questions for problem-solving in invasion research has
been continuously debated in the field. A wealth of concept articles has been published, as well
as articles that discuss the relevance of research for management and the priority needs for future
research (e.g.[Drake et all|1989 [Lodge et al. 2006} [Mack et al} [2000; [Meyerson and Mooney} [2007}
[Nentwig) [2007} [Simberloff et all [2005]). However, these articles were mostly written by groups of
(academic) scientists, and were not based on explicit boundary management among non-academic
and academic experts and stakeholders. There were also attempts to assess the scientific quality
of invasion research through peer-review processes that consider the outreach to management
(Millennium Ecosystem Assessment| [2005; [Roberts and Pullinl 2007, Wilson et al) [2007). But
again, these were intra-scientific assessments, and primarily the credibility and to some extent the
relevance of research but not its legitimacy were considered.

More generally, boundary management in invasion research has happened so far mostly through
expert-driven processes, or informal and unstructured interactions among experts and stakehold-
ers (e.g. communities of practice, trading zones; see below), while formal processes of boundary
management (e.g. transdisciplinary research, participatory processes; see below) have been rare.
The main informal and formal processes of boundary management in invasion research are shortly
introduced in the following.

Informal processes of boundary management

A strength of invasion research are long-term informal but continuous interactions that have evolved
among scientists and managers. Such interactions among scientists and practitioners with different
backgrounds but a common interest in a thematically restricted domain of problem-solving issues
are sometimes called communities of practice (Roux et al} 2006). The World Conservation Union
(IUCN) for instance has established an Invasive Species Specialist Group that is composed of a wide
range of experts both from academia and management and that interacts daily through a public
mailing-list (Clout and Poorter de| [2005]). The epistemological interactions in such communities
of practice are often facilitated through boundary objects (Cash et al][2003} [Hellstrom and Jacob|
|2003; [Pohl and Hirsch Hadorn| [2007). A boundary object is an epistemological object that is plastic
enough so that different experts can interprete it differently for their epistemological context, yet
robust enough to maintain a common meaning among different expert groups (Star and Griesemer]
. The concept of an invasive alien species is a good example of a boundary object. Different
experts have strongly differing and even contradictory understandings of an invasive alien species
(e.g. |Colautti and MclIsaac, [2004)) but are nevertheless able to fruitfully interact.

Informal collaborations that remain within a scientific context may be called trading zones
. Trading zones are research contexts that facilitate the development of integrative
research approaches that transgress a single scientific (sub)discipline. In the case of trading zones
there are typically two or more groups of experts that depend on specific inputs from each other.
For instance the development of bioeconomic models (see above) may be interpreted as a trading
zone, where economists and ecologists depend on each others’ expertise. Either ecologists develop

models that they publish in ecological journals based on inputs from economists (e.g.[Hastings et al.
2006]), or vice versa (e.g. 2007). Thereby one expert group may try to direct research in the

other field of expertise according to its needs for specific expert inputs (compare e.g. [Bossenbroek
2005)). Trading zones are a common form of interdisciplinary collaboration, and exist for
instance also at the interface between ecology and global change research 2005)).
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Formal processes of boundary management

Boundary organisations, i.e., agencies that are situated at the boundary between science and man-
agement, are appropriate institutional settings to facilitate formal processes of boundary manage-
ment (Cash et al] 2003} [Hellstrom and Jacob] [2003]). The most prominent example in the case of
invasive species management is the Global Invasive Species Programme (GISP,fwww.gisp.org)). The
GISP has the mission to synthesis problem-oriented research (Mooney et al.} [2005)), raise awareness
about biotic invasions, document and disseminate information, and link relevant agencies. There
also exist a number of geographically and thematically restricted boundary organisations (Clout]
land Poorter de] 2005} [Meyerson and Mooney], 2007)), for instance the Mountain Invasion Research
Network (MIREN, www.miren.ethz.ch)) that networks mountain ecosystem and invasive species
managers and invasion biologists (Dietz et all [2006]).

However, to date these boundary organisations in the context of invasive species management
mainly network agencies and disseminate information, but they do not invest in establishing struc-
tured boundary management processes. For instance, to our knowledge there are to date no
transdisciplinary research projects on biotic invasions. In transdisciplinary research the framing
of adequate research questions is itself a topic of the research project (Pohl and Hirsch Hadorn|
. Participatory methodologies that guide deliberations among stakeholders have also rarely
been employed in invasion research, with the notable exceptions of a few examples, such as the
use of scenario planning (Binimelis et al} [2007} [Chapman et al] 2001} Higgins et al} [1997)), multi-
criteria assessment (Binimelis et al. [2007} [Cook and Proctor] [2007)), or agent based modelling of
conflicts of interests (Macpherson et al. [20006)).
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8 Conclusions

We have argued that problem-oriented research may assist problem-solving in three ways by, re-
spectively, analysing casual relationships (systems knowledge), clarifying conflicts of interests and
values (target knowledge), or contributing to the development of appropriate means for action
(transformation knowledge). We have shown that an interest in all three knowledge forms has
evolved in invasion research. In the beginning, research on systems knowledge dominated the field,
but increasingly the three knowledge forms have been treated more equally. We interpret this evo-
lution towards a more balanced research focus on systems, target and transformation knowledge
as an important learning process that has enhanced the effectiveness of the research field. The
increased interdisciplinarity and context-specificity of invasion research are in our view two other
aspects that have emerged through learning and are critical for the effectiveness of problem-oriented
research (compare [Kueffer| 2006; [Pohl and Hirsch Hadornl [2007)).

In contrast to these advances, we see in particular three shortcomings of the field that hinder
the effectiveness of invasion research. First, the existing theoretical frameworks are currently only
partly able to integrate natural and social sciences research on the processes underlying invasions.
For instance, research on biotic invasions needs to be reconsidered in the context of global change,
or human agency has to be incorporated into theoretical frameworks. In the case of transportation
processes, vector science has made first important steps towards an integrative framework, but
other invasion phases are not covered by this approach. Thereby it may be fruitful to revisit research
approaches pre-dating the formation of an explicit research field in the late 1950s, such as the
European tradition of ‘adventive floristics’ that had in the late 19th and early 20th centuries already
considered the role of human agency in biotic invasions (cf. . Second, a clarification
of the normative thinking about alien plant invasions is needed as discussed in the section on the
native/alien debate. Third, research on transformation knowledge has so far not fundamentally
challenged the existing conceptual framing and institutional setup of invasive species management.
However, because biotic invasions are a novel type of complex, multi-scale socioecological processes,
that involve a large number of different actors and stakeholders, institutional innovations are
needed.

We postulate that these three shortcomings can only be overcome through formal boundary
management processes such as transdisciplinary research or participatory processes, which are to
date scarce in invasion research. This is because in all three cases, innovations may substantially
challenge the problem understanding both in the scientific and management contexts, and power
relations among experts and stakeholders may be fundamentally reshaped (cf. . Such
inherently post-normal problem framing processes, where both epistemological and social bound-
aries are fundamentally challenged, require boundary management processes that integrate not
only thinking from different disciplines, but also non-academic perspectives. Boundary manage-
ment must also explicitly address the reshuffling of power relations among experts and stakeholders
through processes that are perceived to be fair and impartial by all participants. Over the past
decades, transdisciplinary scholarship has developed appropriate methodologies for such processes
(see e.g. [www.transdisciplinarity.ch| or [www.anu.edu.au/iisn).

In summary, the long-term problem-orientation of the field of invasion research has allowed
for a number of innovations that have significantly enhanced the effectiveness of the science for
management. However, for the development of the field, research and management may have to
be substantially reconfigured, and this will need structured and explicit boundary management
processes such as transdisciplinary research.
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