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Invasive non-native plants (INNP) cause severe impacts on nature and human well-being, and these are predicted
to increase. While management tools have been developed to control early-stage invasions or to clean particular
sites from INNP, they are only rarely available to halt and reduce large-scale invasions. Importation biological
weed control (IBWC; also termed classical biological weed control) offers a potentially effective tool, especially
when combined with other land management interventions. Here, we aim to bridge the gap between IBWC
advocates and critics by providing a state of the art of IBWC and exploring untapped opportunities and new ideas
to further increase efficacy and safety of this tool. We first present a decision tree to identify the circumstances
under which IBWC should be considered, either alone or as part of an integrated weed management approach.
We then address concerns raised against IBWC by contrasting historical approaches with recently suggested
improvements and outline a path forward. With two case studies, we emphasize that successful reduction of weed
densities using IBWC will specifically also contribute to environmental health and human well-being by restoring
ecosystem services without pesticide input and reaching areas with otherwise no INNP management options. We
hope that our compilation helps to reconcile advocates and critics of IBWC and lead to a more constructive
discourse and hopefully closer collaboration between the two groups. A joint effort is needed to further improve
IBWC and to consider it more often, as the increasing threats imposed by INNP are urgently awaiting sustainable
and affordable solutions.

1. Invasive non-native plants and their (unsuccessful)
management

Biological invasions are among the most pervasive drivers of global
change and arise from accidental or, notably for plants, from deliberate
introductions in areas outside their native range (van Kleunen et al.,
2020), with subsequent establishment and spread. Despite widespread
implementation of prevention policies, rates of introduction and estab-
lishment of non-native species across taxa are rising globally and show
no sign of abating (Seebens et al., 2017). Invasive non-native species are
a major threat to rare and endemic native species and protected areas,
alter ecological food webs, impact the provision of ecosystem services,
and can impair human health (Vila and Hulme, 2017).

Invasion science has developed into a rapidly expanding discipline
within general ecology over the past decades (Richardson, 2011), yet
little progress has been made with regard to developing and
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implementing sustainable and integrated management solutions,
particularly against invasive non-native plants (INNP) (Miiller-Scharer
et al., 2018). Furthermore, the fact that INNP often have been deliber-
ately introduced for expected benefits, e.g., as ornamentals, for erosion
control, wood, forage or fodder (van Kleunen et al., 2020), may in
general have delayed the awareness of a potential threat and thus also
the development and implementation of management interventions, as
compared to other non-native taxa. Moreover, while conservationists,
rangeland managers and other stakeholders confronted with large-scale
plant invasions possess tools to clear or reduce weed cover on a piece of
land, they are often left without cost-effective, environmentally friendly,
and sustainable management tools to manage the invasion process at the
landscape scale (e.g., several ten or hundred thousand ha). Experiences
from large-scale INNP management programmes show that imple-
mentation of manual and/or chemical clearing at the landscape level are
difficult both from a financial and logistical perspective (see Box 1, Case
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Study 1). This is especially true for INNP found in natural areas (Foxcroft
etal., 2013) or in areas with low-yield semi-natural habitats, such as dry
rangeland (Griffith and Lacey, 1991; Fig. 1). An uncontrolled spread of
INNP in rangeland is also critical from a conservation point of view; for
example, in Kenya, the rangeland managed by Community Conser-
vancies harbours higher total numbers of wildlife than all National Parks
together (https://kwcakenya.com/conservancies/). A further compli-
cation arises from the fact that INNP are often spread over a mosaic of
various land-use and habitat types that are managed by different
stakeholders with different management imperatives (Box 1: Case Study
2). Lack of coordination among stakeholders will greatly hamper
effective management at the landscape or regional scale, as failing
management by one will affect all (Miiller-Scharer et al., 2018).

2. There is a tool for managing large-scale plant invasions

Thus, persons or institutions involved in environmental protection or
natural resource management are often left with few options to manage
plant invasion processes at the landscape scale, and countries are unable
to meet the Aichi Biodiversity Targets addressing invasive species, or the
respective targets of the UNs' Sustainable Development Goals. As a last
resort, importation biological weed control (IBWC) (also referred to as
classical biological control) measures are sometimes proposed and
implemented, involving the deliberate release of specialist natural en-
emies, mostly arthropods and pathogens, from the weed's native range.
Here, we use the more recently proposed approach-based term
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‘importation biological control’ as being more self-explanatory (Heim-
pel and Mills, 2017). In contrast to other INNP management in-
terventions, the costs for developing and implementing IBWC are
usually covered by public funding and can thus be considered as a public
good, with the land users and society at large as beneficiaries (Naranjo
et al., 2015).

While fighting fire with fire constitutes a well-approved remedy,
fighting invasive non-natives with non-natives remains confronted with
tenacious and continued critique, even from some invasion scientists
(see Table 1 for references), despite the widely reported impacts of IBWC
on the target INNP (Hinz et al., 2020; Fig. 2; cf. below). Here, we provide
a state of the art of IBWC, emphasizing the opportunities and needs for
IBWC, identifying yet untapped opportunities and reviewing new ideas
to further increase efficacy and safety of this approach. We primarily
focus on terrestrial habitats, but our general considerations also apply
for aquatic habitats, given the increased stakeholder demand for IBWC
and other non-chemical INNP management, and the highly successful
IBWC projects, of aquatic plants (Hill and Coetzee, 2017; Pratt et al.,
2021). We first present a decision tree to assign management goals and
approaches to the various stages and other aspects of INNP invasions,
and to specifically identify conditions under which IBWC is particularly
likely to lead to cost-effective and sustainable INNP management. We
then explore why IBWC, either alone or in combination with other
management measures, is not used more often. For this, we list some of
the often-cited concerns raised against this management tool, respond
by contrasting historical approaches with recent improvements, and
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Fig. 1. Decision tree to prioritise invasive non-native plant management approaches.

Priority consideration of invasive non-native plant INNP) management approaches (A) along the invasion process, building on the three-tiered management tactic (i)
prevention, (ii) early detection and rapid response and (iii) control, and (B) in the context of a spatially explicit management strategy, which integrates diverse
management approaches to achieve different management objectives (e.g., biological control to reduce INNP densities or seed production at large scale [red area];
chemical or physical control to slow down the spread of the INNP or to protect areas of high conservation or economic value [blue squares]). Note that the decision
tree serves to determine which management approach(es) should be considered first under which circumstances; the ultimate decision whether a particular approach
can and should be implemented depends on additional criteria, including characteristics of the target weed and of the invaded landscape. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Concerns raised against importation biological weed control (IBWC), historical approaches to conduct pre-release and post-release studies and recent
methodological improvements. BCA: biological control agents; INNP: invasive non-native plants; EDRR: early detection rapid response; (1) Augus-
tinus & Sun et al. 2020; (2) Dauer et al. 2012; (3) Caton et al. 2016; (4) Ehlers et al. 2020; (5): Havens et al. 2019; (6) Hinz et al. 2019; (7) Louda et al.
2003; (8) Lukey and Hall 2020; (9) Moran et al. 2021; (10) Miiller-Scharer et al. 2020; (11) Miiller-Schérer and Schaffner 2020; (12) NPCSC 2021; (13)
Ollivier et al. 2020; (14) Schaffner et al. 2020; (15) Shaw et al. 2018; (16) Simberloff 2012; (17) van Wilgen et al. 2020b; (18) Wapshere 1974.

Concerns (5,7,16)

IBWC lacks scientific

Historical approaches

Close ties between practitioners and academia since the 1960s
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Recently addressed improvements

International and interdisciplinary research teams composed of both
practitioners and academia continuously refine and improve these
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Fig. 2. (A) Published outcomes of releases of biological control agents (BCA) on invasive non-native plants (INNP) per country with established releases and (B)
counts of the published highest impact level for each INNP and country with BCA released and established. Numbers above the pies give the total number of events.
All unpublished impact records in the database are shown as “Unknown impact”. Analyses that also considered both published and unpublished impact records are
given in the Supporting Information Fig. S1. Data were retrieved from the weed biocontrol catalogue (Winston et al., 2021), see SI for details.
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then outline a path forward to further increase efficacy and safety in
future IBWC projects. Finally, we describe two case studies to emphasize
and illustrate that successful IBWC will specifically also promote envi-
ronmental health and human well-being and thus affect multiple sectors.
By this, we aim to reconcile the advocates and critics of IBWC and hope
that this will lead to a more constructive discourse and closer collabo-
ration between the two groups to further improve IBWC, and to consider
and apply it more often, as the increasing threats imposed by INNP are
urgently awaiting sustainable and affordable solutions.

3. IBWC: where and when to do it

INNP management usually follows a three-tiered management
approach: (i) prevention; (ii) early detection and rapid response (EDRR);
and (iii) control. When designing EDRR to eradicate recently established
INNP in a defined area, chemical or physical control practices are to be
prioritized (Fig. 1). Also, when INNP have already well established, but
so far have colonized only part of the suitable range in the new region,
chemical, physical, or cultural (e.g., restriction of livestock movement)
control measures may be implemented as a containment measure at the
invasion front to slow down or stop the further spread of the target weed
(Grice et al., 2011). With increasing INNP densities and areas invaded,
chemical and physical control practices reach their limits to control the
invasion process, but they continue to be useful tools for managing
particular sites invaded by an INNP, e.g., sites of high conservation or
economic value (Fig. 1). However, the management of an INNP at the
regional, national or landscape scales increasingly requires an approach
that i) reduces the population density and/or spread of the INNP across
multiple or all invaded habitats, and that is ii) affordable for land users,
iii) self-sustainable, and iv) environmentally friendly. The overall value
of semi-natural or natural areas, such as grasslands, also comprises
biodiversity conservation and ecosystem service values, which may not
generate short-term economic benefits to land users, or are not
marketable at all, but are of importance for other beneficiary groups (e.
g., Reyers et al., 2013). If these values are threatened by INNP, as e.g., in
the case of plant invasions in South Africa (van Wilgen et al., 2008; Box
1: Case Study 1) or Ethiopia (Shiferaw et al., 2019), the IBWC approach
becomes even more important (Fig. 1). Payment-for-ecosystem services
like the ‘Working-For-Water’ programme in South Africa can financially
support INNP management at a large scale, but such expensive pro-
grammes cannot be easily set up in low-income countries. Moreover,
evaluation of the ‘Working-For-Water’ programme indicates that even
well-funded INNP management programmes should emphasize IBWC as
a key component of an integrated management approach (Box 1: Case
Study 1). With regard to managing woody plant invasions on Robinson
Crusoe Island, globally the fourth most invaded island for woody spe-
cies, Smith-Ramirez et al. (2017) concluded that mechanical and
chemical control of invasive species seemed to be insufficient to prevent
biodiversity loss; thus, they recommended that developing alternatives
like IBWC is indispensable on this island, which is part of a World
Biosphere Reserve.

Besides the extent of invasion and economic and environmental
considerations, the selection of suitable management practices also de-
pends on the characteristics of the target INNP species (Paynter et al.,
2012). However, species characteristics do not a priori preclude the use
of biological control practices, as there are examples of successful IBWC
management of species with a wide range of characteristics (annuals/
perennials, clonal/sexual, ruderal/competitive, monocots/dicots, trees/
shrubs/herbs, taxonomically isolated/not isolated, genetically diverse/
uniform populations) (Winston et al., 2021). However, species charac-
teristics are used for prioritizing species for certain management prac-
tices or for designing individual management measures (e.g., seed-
feeding vs. root-feeding biological control agent) or integrated man-
agement approaches to specifically target critical plant vital rates, such
as e.g., survival and reproduction (Havens et al., 2019).

In most cases where widely established INNP cause serious
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environmental or socio-economic impacts, or the invaded ecosystem has
even undergone a regime shift (Shackleton et al., 2020), returning the
system to some historical condition is not a realistic objective. However,
adopting a ‘novel ecosystem’ approach should not be confounded with
taking no action to mitigate the negative impacts of INNP. If an un-
controlled population build-up and spread of INNP threatens key
ecosystem services (e.g., biodiversity, water availability; Box 1: Case
Study 1), food production (fisheries, pasture land, crops) or public
health (caused by allergenic plants; Box 1: Case Study 2), then man-
agement tools such as IBWC should be seriously considered, together
with attempts to adapt to the novel ecosystem (Morse et al., 2014). A
combination of mitigation and adaptation measures is already routine in
the combat against other drivers of global change, including climate
change (Smith et al., 2020).

4. Addressing concerns raised against IBWC and its historical
approach

Critiques of IBWC that have been repeatedly put forward include its
lacking efficacy and being too risky, taking too long to meet public
expectation and being too expensive (e.g., Louda et al., 2003; Simberl-
off, 2012; Havens et al., 2019; Table 1A). Admittedly, while chemical
and mechanical control management can be stopped, this is hardly
possible with biological control that involves the release of non-native
organisms. This, however, also holds true for biological invasions that
do not stop at national borders and also most often cannot be reversed.
Therefore, risks and benefits associated with IBWC interventions need to
be assessed relative to the risks and benefits of an unregulated invasion
of the target INNP or to those of alternative management measures
(Downey and Paterson, 2016; Miiller-Scharer et al., 2018; Hanley and
Roberts, 2019). In Table 1 we address some of the concerns raised
against IBWC and contrast its historical approaches with how science
and policy have addressed them more recently. IBWC of plant invaders
has a history dating back over 150 years. From the late 1960s onwards, it
has developed in conjunction with fundamental research on antagonist-
plant relations to the benefit of both (Miiller-Scharer and Schaffner,
2020; Table 1A). This led to the development of guidelines for pre-
release assessment of non-target risks in IBWC, which are based on co-
evolutionary processes between plants and their antagonists, and on
chemotaxonomy (Wapshere, 1974), and more recently also on insights
derived from applying -omics tools (Miiller-Scharer and Schaffner, 2020,
cf. below and Table 1B). As a result, IBWC has reached a high level of
efficacy and safety with substantial returns on investment. Hinz et al.
(2020) reported that of the 313 established biological control agent
(BCA) species recorded until 2012 and for which impact could be
assessed, pre-release testing predictions for non-target attack are more
than 99% accurate (Table 1B). Re-analysing all available data for control
efficacy from the weed biocontrol catalogue (Winston et al., 2021;
https://www.ibiocontrol.org/catalog/) by treating unpublished impact
records in the database as unknown outcome, we found that more than
75% of releases that led to establishment resulted in at least slight
impact (Fig. 2A). These results are very similar to earlier published re-
cords that also included unpublished impact data (Hinz et al., 2019,
2020) (Fig. S1). Focussing on the target weed and taking the highest
impact level per target weed and country where at least one of the IBWC
agent releases led to establishment, we found that 85% of INNP expe-
rienced at least a slight impact and 35.8% experienced heavy impact
(Fig. 1B; details on the method, impact definitions and data source are
given in the Supporting Information).

5. Recent improvements in IBWC and as-yet untapped
opportunities

Two special journal issues have recently reviewed and reported the
developments reached so far in making biological control more safe,
effective and sustainable, one on next generation biological control
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Box 1

Case Study 1: Invasive non-native tree species in South Africa

Invader impact on multiple sectors

South Africa is one of the countries most seriously affected by INNP (Fig. 3). For example, South Africa has more invasive non-native tree species
recorded per unit area than anywhere else in the world (Richardson et al., 2020). In 1995, South Africa established the large ‘Working-for-
Water’ programme to meet the dual demands of poverty alleviation and conservation (van Wilgen and Wannenburgh, 2016). The main
environmental reason why this programme has been supported by significant and continuous governmental funding was that it aimed to reduce
the loss of surface and ground water to INNP. Nationwide, INNP were estimated to reduce annual water runoff by approx. 3.3 million m?,
thereby also affecting Cape Town's water security (Le Maitre et al., 2020). In addition, economic losses due to INNP in South Africa are
attributable to grazing and to other biodiversity-related values (van Wilgen and De Lange, 2011).

IBWC and its importance in integrated weed management

South Africa is also one of the five nations that have been — and continue to be — at the forefront of development in IBWC (together with Australia,
Canada, New Zealand and the United States of America; Moran and Hoffmann, 2015). As of 2018, South African scientists have tested and
released IBWC agents against 69 INNP, and 87 agents established on 66 of the target weeds (Zachariades, 2018; Moran et al., 2021). Those
responsible for managing and implementing the ‘Working-for-Water’ programme have long recognized the importance of biological control and
have set aside a significant proportion of funding to support the identification, testing and release of new biological control agents against a range
of invasive plant species (van Wilgen, 2020). This has resulted in numerous successes in reducing the invasiveness and impacts of several major
weed species (Hill et al., 2020). For example, Henderson and Wilson (2017) found that during the first 23 years of the programme the increase in
invasion range of those INNP against which IBWC was successfully incorporated in the management toolbox has slowed down, and in a few cases
even led to range contractions. In contrast, other interventions had no detectable effect on the target INNP range expansion. When considering
those 54 INNP that have been targeted for IBWC and on which agents have been established for at least 10 years, in 28% biological control has
been assessed as being very successful with the weed suppressed below a tolerable threshold for all parameters considered (density, biomass, area
and rate of spread) and in all habitats in which the target weed occurs. In 46% of the cases, biological control has resulted in a mix of various
degrees of success for different parameters and habitats, and 26% of the cases are considered to be least successful or failures (Moran et al., 2021).

Collaboration between academia and practitioners

A large number of well-designed post-release studies to assess the impacts of released IBWC agents on the target weed, as well as changes in
ecosystem functioning and the provision of ecosystem services, have been conducted in South Africa (e.g., Hoffmann et al., 2020). In contrast to
many other countries implementing IBWC, post-release evaluation became the focus of several research teams in South Africa. Before the
involvement of the ‘Working for Water’ programme, post-release monitoring conducted at the universities was largely funded through the National
Research Foundation. More recently, the ‘Working for Water’ programme has also allocated significant funding to post-release monitoring (van
Wilgen et al., 2020a). To date, no significant non-target effects have been reported from the IBWC agents released in South Africa (Hill et al., 2020).

Fig. 3. (A, B) Invasion of non-native tree species in South Africa and integrated weed management, including (C) biological, (D) chemical and (E) me-
chanical control.

Case Study 2: Common ragweed, Ambrosia artemisiifolia, in Europe and China

Invader impact on multiple sectors

Native to North America, Ambrosia artemisiifolia L. (Ambrosia in the following) has invaded different parts of the world and its spread and impact
are likely to increase with changing climate (Sun et al., 2017; Fig. 4). It has particularly raised awareness due to its production of a large number
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of highly allergenic pollen grains, resulting in huge health costs, and as a major agricultural weed, especially in spring-sown crops (Miiller-
Scharer et al., 2018). A recent case study of its effects on public health reports that some 13.5 million persons suffer from Ambrosia-induced
allergies in Europe, causing costs of € 7.4 billion annually (Schaffner et al., 2020).

IBWC and its importance in integrated weed management

There is a long history of IBWC attempts against A. artemisiifolia in different parts of the world, including eastern Europe (Russia, former
Yugoslavia, Georgia, Ukraine), Australia and Asia (China and Kazakhstan) (Gerber et al., 2011).

Europe: IBWC of Ambrosia outside the native range started in the former Soviet Union in the 1960s, when more than 30 insect species from North
America were introduced into quarantine, of which only a few were released and only two established, but both have been unsuccessful as BCA (Gerber
et al., 2011). The North American native chrysomelid beetle Ophraella communa LeSage (Ophraella in the following) was first observed in Europe in
2013 (Miiller-Scharer et al., 2014). Field studies in Italy proved evidence that Ophraella can reduce Ambrosia pollen production by 82%. A recent study
projected that once the leaf beetle has colonized its environmental niche, it will reduce the number of patients by 2.3 million and the health costs by
Euro 1.1 billion per year. Augmentative biological control through mass rearing and targeted releases of Ophraella, together with the importation of
other agents might be needed to cover cooler regions with expected lower number of Ophraella generations and thus reduced impact of IBWC. Habitat-
and region-specific Ambrosia management interventions have been developed to combine IBWC by Ophraella with establishing a competitive grass-
legume vegetation (Cardarelli et al., 2018) and to identify when to mow Ambrosia-infested vegetation most cost-effectively (Lommen et al., 2018).
Extensive host-specificity studies have been carried out in Europe and China, showing no negative effect on sunflower production and no evidence of
substantial non-target effects on native European plant species (Kim and Lee, 2019; Augustinus et al., 2020a, 2020b). Further host-specificity tests are
presently under way in Europe, possibly leading to deliberate releases in areas where Ophraella has not yet spread to naturally.

China: Five insect herbivores were introduced into China from 1987 to 1989 for managing Ambrosia, but only the tortricid moth Epiblema
strenuana (Walker) (Epiblema in the following) established (Wan et al., 2005). Ophraella, which was introduced accidentally, was first discovered
in Eastern China in 2001. In an augmentative strategy, 32 mass producing centres were established with an annual mass-producing of 800
million insects (Ophraella and Epiblema) which were subsequently released in 16 provinces in China. Release densities of 0.7 Ophraella/Ambrosia
and 0.4 Epiblema/Ambrosia reduce Ambrosia density by >90% when assessed 70 days after release (Zhou et al., 2015).

International and interdisciplinary network

The successful EU-COST-SMARTER research programme illustrates the inherent demand for an interdisciplinary and international approach
interconnecting experts in weed management, plant distribution monitoring, plant invasion biology, aerobiology, public health, and economics
(Miiller-Scharer et al., 2018). This international research programme, together with the fast spread and use of Ophraella as a most successful BCA of
Ambrosia in Asia, greatly boosted studies on the Ophraella-Ambrosia interaction, mirrored by 16 publications before 2010, but 82 publications after
2010 (WOS with the term “Ophraella communa”). By this, it has become a research model for exploring aspects of both basic ecology and evolution,
but also for its application in IBWC, either alone or as a part of integrated weed management. This specifically resulted in new approaches for
improving pre-release studies to better predict safety and effectiveness (e.g. Sun et al., 2020a, 2020b, 2020c), including novel experimental
evolution studies (e.g., Miiller-Schérer et al., 2020), as well as post-release studies to estimate benefits (e.g., Sun et al., 2017; Mouttet et al., 2018;
Schaffner et al., 2020) and to better understand and enhance spread and impact (e.g., Wan et al., 2019; Zhao et al., 2018; Augustinus et al., 2020a,
2020b; Litto et al., 2021; Zhang et al., 2021), also under climate change conditions (Sun et al., 2020a, 2020b, 2020c) (cf. also Tables 1, 2).

©Bugwood.org

Fig. 4. (A) Common ragweed, Ambrosia artemisiifolia whole plant; (B) highly allergenic pollen; (C) its BCA Ophraella communa collected in north Italy; (D)
damage on an individual plant; (E) rapid control using IBWC in China.
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(editorial overview by Le Hesran et al., 2019) and one specifically on the
biological control of plant invaders (editorial overview by Miiller-
Scharer and Schaffner, 2020). These extensive literature reviews are a
follow-up of two international conferences and provide evidence for the
continuous refinement and improvement of IBWC measures (Table 1A).
Molecular technologies are now routinely incorporated in IBWC projects
to identify the genetic diversity in the target weed both in its native and
introduced ranges, to detect invasions of cryptic INNP species and of
potential BCA (Paterson et al., 2019; Kumaran et al., 2020), as well as for
developing molecular phylogenies to establish more relevant and
meaningful test plant lists and to better interpret results of host-
specificity tests (Table 1B). Further improvements are proposed by
conducting pre-release experimental evolution studies that combine
field selection experiments with molecular analyses and bioassays to
anticipate potential evolutionary outcomes of the intended species in-
teractions (Miiller-Scharer et al., 2020; Sun et al., 2020b) and to select
better BCA (Lirakis and Magalhaes, 2019) (Table 1B). Also, studies on
network ecology have recently been proposed to decipher tri-trophic
interactions in both the native and the introduced ranges to minimize
risks of indirect non-target effects (Ollivier et al., 2020), and various
approaches have been elaborated to better predict the impact of
climate change on species interactions and thus on future IBWC
efficacy (Sun et al., 2020c; Table 1C). Demographic models are not
only used to identify most sensitive transitions in the life cycle of the
target weed that can be targeted by BCA (Dauer et al., 2012; Catton
et al,, 2016, Table 1D), but they are especially important also to
monitor biocontrol effectiveness and impact post-release (Havens
et al., 2019) (Table 1F; cf. also below and Table 2). Furthermore, de-
mographic models for BCA also have been used in combination with
species distribution models to identify where an IBWC agent can build
up high densities (Augustinus et al., 2020a, 2020b; Table 1D). In the
past, among-population variation in ecological traits of BCA was

Table 2
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exploited to increase genetic diversity by collecting BCA from distinct
populations in their native range. They were subsequently combined to
promote adaptation post-release and increase establishment and control
efficacy. Modern guidelines for IBWC no longer allow this practice and
further insist that single populations are separately assessed for potential
efficacy and safety before their introduction (USDA-APHIS/TAG, 2021;
Miiller-Schérer et al., 2020; Sun et al., 2020a; Table 1D). While some
countries with a long history of biological invasions, such as Australia,
New Zealand, South Africa, United States or Canada, have well-
established review processes for the release of BCA (Ehlers et al.,
2020; Lukey and Hall, 2020), such regulations are only now underway
in most other countries, e.g., in Asia, Africa, and Europe (Shaw et al.,
2018; NPCSC-Standing Committee of the National People's Congress,
2021; Table 1E).

As emphasized by both critics and advocates of IBWC, there remains
an urgent need for more well-designed post-release studies monitoring
the realized non-target effects by the introduced BCA, their population
dynamics and impacts on the target weed, as well as changes in
ecosystem functioning and the provision of ecosystem services (Carson
et al., 2008; Havens et al., 2019; Schaffner et al., 2020) (Table 1F).
Demographic models have been used to analyze in parallel both the
effectiveness of the BCA on the target weed and on non-target species at
risk (Catton et al., 2016) (Table 1F), but clearly such studies need to
become an integral part of a modern post-release monitoring pro-
gramme (cf. below and Table 2). There is agreement by both biological
control experts (McFadyen, 1998; Blossey, 1999; Delfosse, 2005) and
the broader scientific community (Carson et al., 2008; Maron et al.,
2010) that well-designed post-release studies are essential to monitor
and interpret the outcomes of IBWC, both for target and non-target
impact, as well as for changes in ecosystem functioning and the provi-
sion of ecosystem services. A more rigorous system for categorizing the
degree of success of biocontrol has been proposed by Hoffmann et al.

Steps in a modern importation biological weed control (IBWC) programme and the ways forward to increase efficacy, safety, and outcome evaluation (adapted from

Miiller-Scharer and Schaffner 2008).

Steps in a IBWC programme

Proposed outline of future IBWC projects

At onset of project, define goals of overall invasive weed management and the contribution of IBWC, and formulate science-based working

hypotheses.

Perform detailed taxonomic, demographic, population genetic and species distribution studies both in the native and introduced range to
account for ecological and evolutionary changes post-introduction and to efficiently search for suitable BCA.

Conduct biogeographic studies on trophic interactions and use network theory to make predictions regarding indirect non-target effects of

the BCA in the target region.

target INNP populations in novel environments.

Pre-release

Consider genotype by genotype interactions in view of selecting the most efficient populations for introductions and release on specific

Combine host-specificity tests in containment with (multiple) carefully designed open-field tests in the native range to assess target fidelity
under natural conditions and consider bioassays and -omics tools to explore evolvability of non-target use.

Develop physiology-based demographic models to predict under which conditions the BCA will affect weed population densities.

Petition for field release includes falsifiable predictions regarding efficacy and non-target effects of the BCA in the new environment, and

indicators to be included in post-release monitoring.

Strengthen coordination at the regional/ continental level (e.g., in Europe or Africa) to account for natural spread of released BCA. Collect
environmental, social and economic baseline data in the target region prior to the release of the BCA.

Experimental releases (varying genotypes/ populations, number of releases and sites) at replicated sites across target habitats should

Carefully design post-release studies to monitor the BCA’s population dynamics and impacts on the target weed, its realized non-target

]

(%)

]

EJ routinely be initiated and monitored. Consider setting up control plots where BCA is excluded. Establish a thorough EDRR system for BCA.
o

[7]

o

a

effects and changes in ecosystem functioning and the provision of ecosystem services. For this, demographic analyses of the BCA, the
target INNP and of non-target plants potentially at risk must become an integral part of a modern post-release monitoring programme.
This will allow predictions made pre-release to be tested, for more quantitative evaluations of biocontrol projects and to better understand
the underlying reasons for spatial or temporal variation in outcomes.
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(2019) and recently implemented by Moran et al. (2021). This will not
only allow for more quantitative economic evaluations of biocontrol
outcomes, but also help to better understand the underlying reasons for
spatial or temporal variation in biocontrol outcomes, to test hypotheses
based on pre-release studies and to assess when IBWC can be effective by
itself and when it should be combined with other management options
(Schaffner et al., 2020; van Wilgen et al., 2020b; Table 1G).

6. An outline for future IBWC projects as a path forward to
increase their efficacy and safety

The framework of an IBWC project generally consists of a clear
sequence of stages ranging from target weed ecology and genetics,
exploration for potential control agents, testing for efficacy and safety
up to agent releases and agent evaluation (Table 2). On each of these
topics, a large body of literature has accumulated over the past 150-year
history of IBWC. Acknowledging the concerns raised against IBWC and
considering the most recent improvements and the yet untapped op-
portunities (Table 1), we list key points to be considered more rigorously
for each step. By this, we propose an outline for future IBWC projects to
further improve efficacy and safety (Table 2). Besides the need for more
detailed post-release monitoring to evaluate efficacy and potential non-
target impacts and retrospective socio-economic analyses, pre-release
benefit-to-cost estimates are also still lacking but need to be estab-
lished to raise public awareness and compel policymakers to ensure
appropriate funding. We acknowledge that specialist knowledge and
appropriate funding for implementing IBWC may not always be avail-
able in resource-poor countries, but knowledge transfer and capacity
building can be achieved through international cooperation and support
by international funding agencies (e.g., Mersie et al., 2019).

7. Successful IBWC: beyond reducing target weed densities

The goal of sustainably managing INNP is firstly to reduce weed
densities or slow down their spread and thereby to restore or conserve
the provision of ecosystem services, including food production and
biodiversity, and to halt land degradation, thereby addressing several of
the targets of the UN Sustainable Development Goal No 15 ‘Life on land’.
Beyond this and most importantly, successful biological control,
including IBWC, has significant indirect effects to further contribute to
environmental health by, e.g., reducing synthetic pesticides with their
negative environmental impact on biodiversity, and on soil and water
quality (van Lenteren et al., 2018). Moreover, it can offer solutions that
promote environmental or human health in situations where chemical
or physical control is unlikely to be implemented at a large scale (cf.
Case Studies below). In essence, IBWC and other forms of biological
control greatly contribute to the ‘One Health’ concept, which is based on
the recognition that the health of people is closely connected to the
health of animals, plants, and our shared environment, and which has
regained special attention in the era of global change (Essack, 2018).

Two ongoing case studies (Box 1) highlight (i) the above-mentioned
effect of IBWC on multiple sectors, and (ii) the crucial role of IBWC in
integrated weed management. They also demonstrate the benefit, but
also the need for (iii) international and interdisciplinary networks and
(iv) collaborations between academia and practitioners.

8. IBWC: do it more rigorously and more often

IBWC directly addresses a main anthropogenic driver of global
change, i.e., biological invasions. It has an excellent track record for
safety, but both IBWC advocates and critics agree that post-introduction
monitoring clearly needs to be improved for both target and non-target
impact, as well as for changes in ecosystem functioning and the provi-
sion of ecosystem services. This is a great, but yet largely untapped
opportunity to strengthen the scientific basis of IBWC by testing hy-
potheses based on pre-release studies. As a management tool, IBWC has
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proven to be highly effective, but obviously not in all cases, as based on
published records, only little more than one third of the targeted INNP in
a given country experienced ‘heavy impact’, i.e., when the need for
other control methods was stated as greatly reduced or no longer
necessary. Our analysis is based on the impact of single BSA, but many
INNP have multiple BCA established on them and thus, the combined
impact of all BCA species on a single INNP may be higher (see Moran
et al,, 2021). Recent reports clearly highlight that the sustainable
management of INNP is often only achievable if IBWC is part of an in-
tegrated management approach (van Wilgen et al., 2020a; Box 1: Case
Study 1); however, there was no recent increase in number of studies
integrating IBWC studies with other management measures worldwide
(Lake and Minteer, 2018). We hope that our compilation helps to
reconcile the supporters and critics of IBWC and lead to a more
constructive discourse and hopefully closer collaboration between the
two groups, as concerns raised against IBWC need be taken up jointly by
the scientific community and the IBWC practitioners to continuously
improve this crucial tool in INNP management (Tables 1, 2), not to
forbear in doing it.
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