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The 13" International Conference on Ecology and Management of Alien Plant Inva-
sions (EMAPi) was held in Waikoloa Village, Hawaii, 20—24 September 2015. EMAPi
is the only international conference that focuses exclusively on alien plants; its his-
tory and broad significance were outlined by Richardson et al. (2010). During EMAPi
2015, over 200 presentations were delivered by delegates hailing from 31 countries.
The presentations covered a wide range of topics in invasion biology, addressing organi-
zational levels ranging from the gene to global patterns. Connecting science with man-
agement emerged as a unifying theme across the conference program. Commonalities
emerged through lively discussions, giving new insights into research needs, manage-
ment strategies, and more effective implementation of biosecurity and control. A high-
light was the mid-conference field trip, where researchers, land managers, and policy
makers discussed collaboration and solutions in the stimulating back drop of Hawaii
Volcanoes National Park, Hakalau National Wildlife Refuge, and other conservation
sites that have evolving invasive plant management strategies. Invasions were often
observed in association with disturbance, but whether soil disturbance per se promotes
invasion, versus above- and below-ground removal of established plants, remains as a

Copyright Curtis C. Daehler et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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key question to be addressed for effective control and management (Leffler et al. 2016).
Other themes that featured prominently at EMAPi 2015 included long-term impacts
of invasions, importance of plant functional traits in invasion (Buru et al. 2016, Larrue
et al. 2016) and restoration, genomics of invasions, new perspectives from China, the
Cactaceae as invaders (Novoa et al. 2016), and biocontrol (Day and Winston 2016,
Day and Bule 2016). Many presentations discussed new approaches for managing in-
vasions, especially the importance of engaging all stakeholders in framing of problems
associated with invasive species — examples include the voluntary code for dealing with
invasive forestry trees in Europe (Brundu and Richardson 2016), and managing cross-
border introduction pathways in the context of rapidly expanding global trade (Wilson
etal. 2016). The full conference program and abstracts are available online (http://www.
emapi2015.hawaii-conference.com/program.html) or by request to daehler@hawaii.edu.
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Abstract

Planted forests of alien tree species make significant contributions to the economy and provide multiple
products and ecosystem services On the other hand, non-native trees now feature prominently on the lists
of invasive alien plants in many parts of the world, and in some areas non-native woody species are now
among the most conspicuous, damaging and, in some cases, best-studied invasive species. Afforestation
and reforestation policies, both on public and private land, need to include clearly stated objectives and
principles to reduce impacts of invasive trees outside areas set aside for forestry. With the intention of
encouraging national authorities to implement general principles of prevention and mitigation of the risks
posed by invasive alien tree species used in plantation forestry into national environmental policies, the
Council of Europe facilitated the preparation of a Code of Conduct on Planted Forest and Invasive Alien Trees.
This new voluntary Code, comprising 14 principles, complements existing codes of conduct dealing with
horticulture and botanic gardens. The Code is addressed to all relevant stakeholders and decision makers
in the 47 Member States of the Council of Europe. It aims to enlist the co-operation of the forest sector
(trade and industry, national forest authorities, certification bodies and environmental organizations) and
associated professionals in preventing new introductions and reducing, controlling and mitigating nega-

tive impacts due to tree invasions that arise, directly or indirectly, as a consequence of plantation forestry.

Keywords
Biological invasions, environmental management, forest management, invasion pathways, plantation forestry,
self-regulation, tree invasions
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Introduction

Planted forests make significant contributions to regional and national economies
and provide multiple products and ecosystem services that support livelihoods and
biodiversity conservation (Brockerhoff et al. 2008, FAO 2015a, 2015b). However,
many widely used forestry trees are invasive — i.e. they spread from planting sites into
adjoining areas, and some species cause substantial damage. The challenge is to manage
existing and future plantation forests of alien trees to maximize current benefits, while
minimising present and future risks, negative impacts and without compromising fu-
ture benefits and land uses. In many countries or regions, non-native trees planted
for production or other purposes often lead to sharp conflicts of interest when they
become invasive, and to negative impacts on ecosystem services and nature conserva-
tion (Dodet and Collet 2012, van Wilgen and Richardson 2012, Dickie et al. 2014).

A relatively small number of tree species form the foundation of commercial for-
estry enterprises in many parts of the world. Hundreds of other tree species are widely
planted for many purposes, including prevention of erosion and drift sand control, for
the supply of fuelwood and other products, for ornamentation, and in various forms
of agroforestry (Richardson 2011, Richardson and Rejmdnek 2011). As a result, the
different forms of forestry have provided very important pathways for the introduction
and dissemination of alien trees (Wilson et al. 2009, Richardson and Rejmdnek 2011,
Donaldson et al. 2014).

Non-native trees now feature prominently on the lists of invasive alien plants in
many parts of the world, and in some areas non-native woody species are now among
the most conspicuous, damaging and, in some cases, best-studied invasive species.
Twenty-one woody plant species feature on the widely cited list of “100 of the World’s
Worst Invaders” (Lowe et al. 2000), seven woody plants appear on a list of “100 of the
worst” invasive species in Europe (Richardson and Rejmdnek 2011), and many alien
tree and shrubs are black-listed or controlled in Europe, such as Acer negundo, Acacia
spp.» Ailanthus altissima, Pinus spp., Prunus serotina, Quercus rubra and Robinia pseudo-
acacia. Alien tree species can hybridise and introgress if the species have close relatives in
the native flora. This can be undesirable from a conservation point of view (Rhymer and
Simberloff 1996, Smulders et al. 2008, Felton et al. 2013, Kjer et al. 2014), especially if
the native species are rare in number compared to planted individuals of the introduced
tree (Ducci 2014). The impacts of non-native trees generally increase if the species es-
tablish themselves and spread in their new environment outside the area of cultivation,
but non-native tree species can have impacts even when they are not fully established or
widespread (Ricciardi and Cohen 2007, Jeschke et al. 2013, 2014). Indeed, non-native
tree species can have impacts as soon as they are introduced. For example, allergic pol-
len can affect human health, they can act as vectors of new pests or pathogens for other
plant species (e.g., Engelmark et al. 2001), they can modify ground vegetation, soil
properties and soil fauna (Finch and Szumelda 2007), water balance, fire resilience at
the stand level, within areas of their cultivation, relatively fast soon after being planted
in new environments (Woziwoda et al. 2014) and over very large areas.
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Besides the diverse ecological effects, tree invasions have many complex effects on
human livelihoods, both positive and negative. These have been clearly documented
in South Africa (especially for Australian Acacia and Prosopis species) and Papua New
Guinea (due to invasion of Piper aduncum). Prosopis invasions in sub-Saharan Africa
have led to considerable rangeland degradation, causing many problems for human
societies, especially those relying on subsistence agriculture (e.g., Mwangi and Swallow
2005, Shackleton et al. 2014). In Britain several introduced trees have become “cultur-
ally naturalised” (Peterken 2001) causing a change in the perception of nature (Mabey
1996). For example, Fagus sylvatica in northern and western Britain is widely accepted
by the general public as a native, and P. sylvestris is seen as a natural part of the scenery
in southern heathlands (Peterken 2001).

To encourage national authorities to implement general principles of prevention
and mitigation of the risks posed by invasive alien tree species into their national en-
vironmental policies, the Council of Europe has promoted the preparation of a Code
of Conduct on Planted Forest and Invasive Alien Trees (Brundu and Richardson 2015).
The hope is that this Code that provides guidelines focussing on key pathways and
core groups will be taken up by relevant sectors of society and eventually be included
in national legislation. The Code itself is voluntary and does not replace any statu-
tory requirements under international or national legislation. The Regulation (EU)
No 1143/2014 of the European Parliament and of the Council of 22 October 2014,
on the prevention and management of the introduction and spread of invasive alien
species, does not make any specific reference to the Forest sector as a pathway for plant
invasions. On the other hand, it encourages (art. 13) the use of codes of good practice
to address the priority pathways and to prevent the unintentional introduction and
spread of invasive alien species into or within the Union.

This paper summarises the main features of the traditional and specialised types
of plantations that were promoted in the past and that are now important pathways
and sources for the introduction and dissemination of alien tree species in Europe. We
describe the fourteen principles of the Code of Conduct with a main focus on Europe,
while using insights from other regions where relevant to illustrate the evolution of
problems and emergence of management approaches. Evidence has accumulated rap-
idly around the world on the factors that contribute to invasions of alien trees used
in different forms of forestry in the past few decades (Richardson et al. 2014). Impor-
tantly, insights on the drivers of such invasions have been shown to be, to some extent
and with due care, transferable between regions, and countries with recent plantings
can learn important lessons from environmentally similar regions in other parts of the
world with longer histories of plantings (Richardson et al. 2015).

Global trends in planted forests

The Food and Agriculture Organisation of the United Nations (FAO) through its
Forest Resources Assessments (FRA) has been collating data on forest areas for two
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main types of forests: natural forests and forest plantations since 1980. In 2010, the
total area of planted forest was estimated to be 264 million ha (about 7% of the total
global forest area; FAO 2010a), and this increased to around 278 million ha in 2015
(FAO 2015a, 2015b, Payn et al. 2015). Planted forests by definition comprise trees
established through planting and/or through deliberate seeding of native or alien tree
species, including the use of clonally propagated materials and genetically modified
trees. Establishment is either through afforestation on land previously not classified
as forest, or by reforestation of land classified as forest. East Asia, Europe and North
America hold the greatest area of planted forests, together accounting for about 75%
of global planted forest area, followed by South America and Southern and Southeast
Asia (FAO 2010a, Payn et al. 2015). At the global level, non-native tree species grow
on about a quarter of the planted forest area (FAO 2010a). More recently, Payn et al.
(2015), using FRA 2015 data (FAO 2015a, 2015b), estimated that only between 18%
and 19% of the planted forests comprise alien tree species.

Some parts of Europe, particularly in the south, lack highly productive native
tree species with timber or growth characteristics suited to plantation forestry, and
foresters rely largely upon non-native tree species. These species can be established
easily on certain sites, have better growth rates than native species, and have greater
physiological adaptability to site conditions, including drought tolerance (Savill et al.
1997). The area dominated by introduced tree species covers about 9.5 million has or
4.4% of the total forest area (excluding the Russian Federation, Forest Europe 2015).
In the Russian Federation less than 100,000 ha of its vast forest area was reported as
comprising non-native trees (66,000 ha in 2015, FAO 2015a). In Denmark, Iceland
and Iraly, introduced tree species are reported to occur also on other wooded land
(Forest Europe 2011).

Traditional and specialised types of plantations and introduced tree
species in Europe

The most important alien tree species traditionally used in Europe for timber pro-
duction include Pseudotsuga menziesii, Picea sitchensis, Pinus contorta and other Pinus
spp., Larix spp., Populus hybrids and clones, Robinia pseudoacacia, Quercus rubra and
a number of Eucalyptus species. Apart from “traditional” types of plantations, that are
the most important and widely distributed, alien trees have been used in “specialised”
types of plantations (sensu Savill et al. 1997, FAO 2010b) and for many other reasons,
such as gardening, protective functions, arboreta, erosion protection and for increasing
the forest area through afforestation of abandoned or derelict land (Table 1). Robinia
pseudoacacia has been widely used for purposes such as ornamentation, timber, fire-
wood, re-vegetation of dry land, soil stabilisation and to provide nectar for honey pro-
duction (EEA 2008). Ailanthus altissima, mainly used as an ornamental or for roadside
plantings, is one of the most widespread invasive plant species in Europe (Sladonja et
al. 2015). Acer negundo (Saccone et al. 2010, Erfmeier et al. 2011, ManusadZianas et
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al. 2014) and Prunus serotina (Starfinger 1997, 2010, Starfinger et al. 2003, Pairon et
al. 2010, Vanhellemont et al. 2010) are both ranked third and are invasive in several
European countries (Forest Europe 2011, 2015).

Plantations on disturbed land

Numerous industrial processes disturb land of which the principal ones are mining,
extraction of sand, gravel and clay, rock and limestone quarries, deposition of waste
products including landfill sites, road and railway construction (Savill et al. 1997).
The substrate to be reclaimed is almost always derived from mining or earth moving,
and it is largely undeveloped subsoil or rock or it is polluted. The nature of reclaimed
sites necessitates the use of species which are tolerant of exposure and undemanding
nutritionally, characteristics often associated with pioneer species including alien trees
(Savill et al. 1997). Non-native plants are widely used for revegetation in many parts of
the world (D’Antonio and Meyerson 2002, Li 2000) if they fulfil a temporary succes-
sional role to colonize and ameliorate severely degraded sites and facilitate colonization
and eventual dominance by native flora (Seo et al. 2008). Species with exceptional
physiological tolerances are needed to improve site conditions and initiate soil-forming
processes; species of Acacia, Alnus, Betula, Eucalyptus, Pinus, Salix and other pioneers
are frequently employed for this purpose (Evans 2009a).

Short-rotation forestry and short-rotation coppice

Short-rotation forestry is the practice of cultivating fast-growing trees that reach their
economically optimum size between eight and 20 years old; each plant produces a
single stem that is harvested at around 15 cm diameter. The crops tend to be grown on
lower-grade agricultural land, previously forested land, or reclaimed land; they typi-
cally do not compete directly with food crops for the most productive agricultural land
(McKay 2011). Fast-growing poplars and willows can be cultivated in short-rotation
forestry (SRF) cycles of 15-18 years, but in short-rotation coppice (SRC) this is re-
duced further by cut-back/coppicing at 3—5-year intervals (Karp and Shield 2008).
Of the approximately 400 species of willows, the shrub willows (especially Salix
viminalis in Europe) are deemed most suitable as bioenergy crops (Kuzovkina et al.
2008). Other species that are used include S. dasyclados, S. schwerinii, S. triandra,
S. caprea, S. daphnoides and S. purpurea, and many clonal varieties are interspecific
hybrids (e.g. S. schwerinii x S. viminalis; Karp et al. 2011, Raslavicius et al. 2013).
Among poplar species, Populus nigra, P. alba and their hybrids (e.g., P. maximowiczii
x P. nigra, P. maximowiczii x P. trichocarpa, P. trichocarpa x P. deltoides) are most
suitable for bioenergy (Karp and Shield 2008, Faasch and Patenaude 2012). Many
other alien species, including clones, hybrids and genetically modified trees, are used or
are being tested for SRF/SRC, e.g., Robinia pseudoacacia in Albania, Italy, Germany,
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Hungary and Spain (Griinewald et al. 2009, Gonzdlez-Garcia et al. 2011, Rédei et al.
2011a, Kellezi et al. 2012, Ciccarese et al. 2014), Acacia saligna in Israel (Eggleton et
al. 2007), and Eucalyptus spp. in Portugal (Knapic et al. 2014) and in the UK (Evans
1980, Leslie et al. 2012, Keith et al. 2015).

The European Union has agreed to ambitious targets in terms of renewable energy
that will probably promote a dramatic increase in the use of biofuels including short-
rotation forestry and short-rotation coppice. This expansion and the continuous search
for new species or genotypes may cause several direct and indirect undesired effects on
biodiversity, including an increase in the introduction of additional invasive alien tree
species into the region (Genovesi 2011).

Agroforestry

Agroforestry systems include both traditional and modern land-use systems where trees
are managed together with crops and/or animal production systems in agricultural set-
tings. Agroforestry is practiced in both tropical and temperate regions, for both wood
and non-wood products, including food and fibre for improved food and nutritional
security (Jama and Zeila 2005). The potential of agroforestry to contribute to sustain-
able development has been recognized in international policies, including the United
Nations Framework Convention on Climate Change (UNFCCC) and the Conven-
tion on Biological Diversity (CBD), justifying increased investment in its develop-
ment (FAO 2013). Agroforestry (or “silvoarable agroforestry”) has traditionally formed
important elements of European and Mediterranean landscapes, has the potential to
contribute towards sustainable agriculture in Europe in the future, and it is supported
by the Common Agricultural Policy (Eichhorn et al. 2000).

Nevertheless, many agroforestry systems, particularly those that depend on tree
planting in or near treeless landscapes, rely heavily on alien plant taxa. As is the case
in all endeavours based largely on non-native species, problems arise when these alien
trees spread from sites of introduction and cultivation to invade areas where their pres-
ence is, for various reasons, deemed inappropriate. In some areas, problems caused by
the spread of agroforestry trees from sites set aside for this land use pose a serious threat
to biodiversity that may reduce or negate any biodiversity benefit of the agroforestry
enterprise (Richardson et al. 2004).

Mediterranean plantations and sand dune stabilisation

Plantations in the Mediterranean have a long history. In mountainous areas, coniferous
plantations were once limited to land at risk from erosion, but these now cover large
areas of pastoral land and even agricultural land, either as a result of the establishment
of plantations (e.g., Pinus nigra) or through colonization of abandoned land. Pinus
radiata was planted in more than 300,000 has of old fields in Spain during the sec-



12 Giuseppe Brundu & David M. Richardson / NeoBiota 30: 547 (2016)

ond half of the 20th century, mainly in Atlantic areas. More recently, the species has
also been planted in acidic soils of the wet Mediterranean area in former agricultural
lands with lime-free soils and annual rainfall exceeding 700 mm (Romanya and Vallejo
2004). Plantations dominated by pines (Pinus halepensis, P pinaster, P pinea) are very
common in coastal areas and are increasing in extent, despite an increase in major
forest fires. Traditional forest activities (e.g., cork extraction, P pinaster sawmills) have
been replaced by multiple uses linked to tourism, hunting, and recreational activities
(Etienne 2000).

In Turkey, afforestation with P. pinaster was undertaken by the French for the pro-
tection of sand dunes around Terkos Lake in 1880 (Deniz and Yildirim 2014). Italian
foresters developed successful techniques for stabilizing sand dunes, and as a result of
their efforts several thousand hectares of dunes were fixed and afforested in Italy in the
1940s with Pinus spp., Acacia spp. and Eucalyptus spp. (Messines 1952).

Genetically improved and genetically modified alien trees

Diverse biotechnological methods are being intensively pursued to support plantation
forestry with alien trees. These include clonal propagation (e.g., Rédei et al. 2002,
2011a, 2011b), interspecific hybridization, the use of a variety of molecular tools
to intensify the selection of superior genotypes (DNA fingerprinting, genome map-
ping, gene identification and genome sequencing) and transformation (Grattapaglia
and Kirst 2008, Strauss et al. 2009). However, of this diverse array of technologies,
only transformation, defined by the use of direct modification and asexual insertion of
DNA into organisms in the laboratory (that is, genetic engineering or modification),
engenders attention from the Convention on Biological Diversity, strong government
regulation and controversy over its use, even for research (Strauss et al. 2009).

Traits introduced to genetically modified (GM) trees include modification (qual-
ity and quantity) of lignin and cellulose composition, optimised biomass for biofuel
production, resistance to pests and diseases, herbicide tolerance, altered growth and
reproductive development, among others (Strauss et al. 2009). Hence, GM technology
is clearly part of the toolbox for breeding of trees for agriculture and forestry use (Agu-
ilera et al. 2013, Ledford 2014). Ecological risks associated with commercial release
range from transgene escape and introgression into wild gene pools to the impact of
transgene products on other organisms and ecosystem processes. Evaluation of those
risks is confounded by the long life span of trees, and by limitations of extrapolating
results from small-scale studies to larger-scale plantations (Frankenhuyzen and Beard-
more 2004).

Many tree species are the focus of GM research. Frankenhuyzen and Beardmore
(2004) identified 33 species of forest trees that had been successfully transformed and
regenerated and additional species are reported by Higgman et al. (2013). Although
most field trials have involved Populus spp. because of the status of poplar as a model
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organism for tree genomics and biotech (e.g., Jansson and Douglas 2007), and most
have occurred in the United States, field tests have also been conducted in a number of
other tree species and geographies around the world. In Europe 44 confined field tri-
als for Populus spp. (30), Betula pendula (6), Eucalyptus spp. (4), Picea abies (2), Pinus
sylvestris (2) have been approved (Council Directive 90/220/EEC of 23 April 1990,
Strauss et al. 2009, Higgman et al. 2013).

The Council of Europe’s policy on invasive alien species and pathways

Founded in 1949, the Council of Europe (CoE) is the oldest European international
governmental organisation. It groups together 47 member states, 28 of which are
members of the European Union. For almost 50 years, the CoE has been helping to
build a set of rules, principles, and strategies related to culture, environment, ethics,
and sustainable development (Martin et al. 2013). The CoE has proposed 200 legally
binding European treaties or conventions, many of which are open to non-member
states on topics ranging from human rights, the fight against organized crime, and
the prevention of torture to nature conservation and cultural co-operation. It has
also developed many recommendations to governments, setting out policy guide-
lines with the intention to encourage national authorities to implement these general
principles into their national environmental policies (Lasén Diaz 2010, Martin et al.
2013). Importantly, the CoE also promotes actions to avoid the intentional intro-
duction and spread of alien species, to prevent accidental introductions and to build
an information system on invasive alien species. Since 1984 the Committee of Min-
isters of the CoE adopted a recommendation to that effect. Also, the Bern Conven-
tion (Convention on the Conservation of European Wildlife and Natural Habitats),
the main Council of Europe treaty in the field of biodiversity conservation, requires
its Contracting Parties “to strictly control the introduction of non-native species”
(Article 11, paragraph 2.b).

In 2003, the Bern Convention adopted the European Strategy on Invasive Alien
Species (Genovesi and Shine 2004), aimed at providing precise guidance to European
governments on issues relating to invasive alien species. The Strategy identifies Eu-
ropean priorities and key actions, promotes awareness and information on invasive
alien species (IAS), strengthening of national and regional capacities to deal with IAS
issues, taking of prevention measures and supports remedial responses such as reduc-
ing adverse impacts of IAS, recovering species and natural habitats affected. National
strategies have been drafted and implemented by many of the Parties following the
priorities set in the European Strategy. Many recommendations which specifically ad-
dressed invasive alien species and major pathways of introduction have been adopted
by the Standing Committee since 1997. The CoE has promoted and supported the
preparation of many codes of conducts for pathways, such as the ones on horticulture,
botanic gardens, recreational fishing, hunting, protected areas and zoological gardens.
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Target audience for the Code of Conduct

The Code is addressed to all relevant stakeholders and decision makers in the 47 Mem-
ber States of the Council of Europe. It aims to enlist the co-operation of the forest
sector (trade and industry, national forest authorities, certification bodies and environ-
mental organizations) and associated professionals in preventing new introductions
and reducing, controlling and mitigating negative impacts due to invasive alien tree
species in Plantation Forestry. It complements the Code of Conduct on Horticulture
and Invasive Alien Plants published by the Council of Europe (Heywood and Brunel
2009, 2011) aimed at the horticultural industry and trade and the European Code of
Conduct for Botanic Gardens on Invasive Alien Species (Heywood and Sharrock 2013).
These three codes should also be considered by private or public gardens or arboreta in
Europe with major collections of alien trees that are not considered forest plantations
in the narrow sense. The Code is voluntary and does not replace any statutory require-
ments under international or national legislation but should be seen as complementary
to them, and to general policies such as the Staze of Europes Forests 2015 report, and
as a soft-law standard (Hickey et al. 2006, MacKenzie 2012, Terpan 2015). Although
voluntary, it is important that such as many stakeholders as possible should adopt
the good practices outlined in this Code so as to reduce the likelihood of compulsory
legislation having to be introduced should self-regulation fail. Private forest enterprises
and public forest managers may wish to publicize their adherence to the Code through
adopting a symbol or logo indicating this. Some of the principles of this Code could
become part of forest certification schemes and sustainable forest management criteria
and indicators.

To be fully effective and to increase the likelihood of a long-term behaviour
change, a voluntary Code should be widely disseminated and translated into national
languages. A straightforward example is provided for by the implementation of the
Code of Conduct on invasive alien plants in Belgium during the AlterIAS LIFE+ pro-
ject (Halford et al. 2014). National authorities should acknowledge that the issue of
invasive alien trees is a major threat for species, habitats and ecosystems, and undertake
measures to ensure that all the available legislation established to prevent introductions
of invasive species from forestry is fully understood, and effectively transposed, imple-
mented and enforced. National authorities should develop strategies and protocols
for dealing objectively with conflicts of interest between those who benefit from the
introduction, dissemination and cultivation of alien trees, and those who perceive, and
are affected by, negative impacts of these invasion alien trees.

The principles of the Code of Conduct on planted forest

The fourteen principles of the Code of Conduct are clustered in five groups: (1) Awareness;
(2) Prevention & Containment; (3) Early Detection & Rapid Response; (4) Outreach;
(5) Forward Planning. They are the following;
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1.1 Be aware of regulations concerning invasive alien trees;

1.2 Be aware of which alien tree species are invasive or that have a high risk of becom-
ing invasive, and of the invasion debt;

1.3 Develop systems for information sharing and training programmes;

2.1 Promote — where possible — the use of native trees;

2.2 Adopt good nursery practices;

2.3 Modify plantation practices to reduce problems with invasive alien tree species;

2.4 Revise general land management practices in landscapes with planted forests;

2.5 Adopt good practices for harvesting and transport of timber;

2.6 Adopt good practices for habitat restoration;

3.1 Promote and implement early detection & rapid response programmes;

3.2 Establish or join a network of sentinel sites;

4.1 Engage with the public on the risks posed by invasive alien trees, their impacts and
on options for management;

5.1 Consider developing research activities on invasive alien trees species and becom-
ing involved in collaborative research projects at national and regional levels;

5.2 Take global change trends into consideration.

Table 3 summarizes the relationship between the plantation cycle and the fourteen
principles. The concepts of awareness, prevention, early detection and rapid response,
outreach and forward planning are also also in the Code of Conduct on Horticulture and
Invasive Alien Plants and in the European Code of Conduct for Botanic Gardens on In-
vasive Alien Species, but most of the principles of the Code of Conduct on Planted Forest
and Invasive Alien Trees are significantly different. This is due, for example, to the large
extent of many planted forests, which are often present in very fragile ecosystems, and
to the fact that planted forests make significant contributions to regional and national
economies and provide multiple products and ecosystem services that support liveli-
hoods and biodiversity conservation.

1.1 Be aware of regulations concerning invasive alien trees.

Those engaged in the planted forest sector need to be aware of their obligations under
regulations and legislation. The Regulation (EU) no. 1143/2014, the Plant Health
Directive 2000/29/EC, the Wildlife Trade Regulations (338/97/EC and 1808/2001/
EC) and the Habitats Directive (92/43/EEC) only apply to the 28 member countries
of the European Union. Many other international conventions addressing issues of
invasive alien species have been ratified by European and Mediterranean Countries
(Shine 2007, Srivastava 2011, Table 2). At the national (or subnational) level, some
countries have legislation and/or regulations aimed at preventing possession, transport,
trade or release in the wild of specific invasive alien trees (Suppl. material 1). For ex-
ample, in Norway, the 2005 white paper on the Government’s environmental policy
and the state of the environment in Norway (Report No. 21 — 2004-2005 - to the



Giuseppe Brundu & David M. Richardson / NeoBiota 30: 547 (2016)

16

"2NSST 2 UO 1USWINIISUT

9ATIE[SIZD] P2ILDIPIP B 01 N Y SHWWOD ¢ 193IB] 21 JO 9 UONIY * G MU JO TUIWYSI[LISI PUE UONINPOIIUT
a1 1u2421d 01 paSeurewr are skemyred pue parediperd 1o pajjonuod are sa193ds Airorrd ‘pasnirond pue paynuapr are
sfemyred 191 pue (Sy]) soradg udtfy aatseau] 0707 £q,, 18y saxmbar £8a1eng Lisioatporg N ayp Jo ¢ 1981e] YT

uorun) ueadoing o jo £3a1eng Lis1aarporg

suosear Arearueso1yd 01 anp parenar A[fedoymads 10 pa1dmsar oq 1ySrwr sapads 2011 SWOS Jo SUONINPONIUT YT,

uorup) ueadoing a1 ur owSNY YP[EIH IUB[]

‘uondNponUI Yons

11qryoxd £1essa0au 11 19PISUOD A1 JI PUE BIOP PUE BUNEJ JAIBU P 372 10 dZULI [BINIEU IOY) UTYIIM SILIIQEY [EINIBU
ao1pnford 01 10U se 0s Pa1ENFD1 ST AI0IT1IA J1DY) 01 JAREU 10U ST YOTYM $3102ds Aue JO P[Im 93 03UT UONONPOIIUT IBIII[IP
91 1BY) 2INSU | :[[BYS SA1IG TOqUIAJA] “DAND2II(T ST Jo suortsiaoid oy Sunuoswopdwr ur ‘q gz 2Ny 01 Surpiony

BIO[ PUE BUNEJ P[IM JO PUE
SIEIIQEY [BINIEU JO UONEBAIISUOD 3Y3 UO 766

AN 1T JO DFA/EF/T6 2A12911(] [PUNOD)

“pazruTuTUr

10 paproae aq ued s1oedwr aanedou se Suoj se 10 (1107 Te 22 Jyedmig) saanda(qo uoneiueld Suryoear 10§ saads snousSipur
01 1otradns A[enuelsqns are o1 a1oym pamoyye a1e saads uate 1nq ‘parrdjard semye ore sa102ds aAnIEN] “UONEISIIOJOI
puE uone1saIofe 10j sa103ds pue sanarrea ‘sadueuasold serrdordde Jo asn oYy 01 19Jo1 SPIEPUEIS UOIEIYTIID ISOJ]

UOIEdYNIAT) 18910

*$15210] [ernieu Jo uoneio[dxa oy pue saonoerd £11sa105 1N0qe sUIOUO [BQO[3 01 dsuodsar
ur ony UT ITWWNG YIIEF Y3 18 7661 Ul pardope sem s15210,] JO 1UdWISEUR]A 9[qEUTRISNG Y3 10 sA[dIOULL] JO JUIWDIRIG

uEuEuwwGNE 18310 wﬁn_wﬂ_wumzw

“anrwwo)) surpuelg 3y £q pardope usaq daey sa199ds UII[E JAISEAUT UO SUONEPUIWWOINY AULW /GG

2ours pue saadg uary 2atseau] uo A8a1eng ueadomy oy pardope uonuaauo)) UL oY ‘¢OOT U] * S20ads aAneu-uou jo
UONONPONUI 91 [011U0D APOLNS 01 sane] Junsenuol) s sarmbar ‘woneasasuos Ls1aarporq jo py ayp ur L1ean adoinyg
JO [Iouno)) urew oYy ‘(SILIqe] [eINIEN] PUe JI[P[IA\ UeadoIng Jo UONEBAT2SUOD) Y} UO UOIIULAUOY)) UONUIAUO)) UId Y],

UONUAUOY) UL / 0D

*1 reuew ‘[ddng ur papnpout are niSu viZaqIV(] PUC PUVINDLY VIPINDAY “IAISEAUT Oq AeW
e sapads paraduepua jo 1aysuen o) A1eMm3a1 10139q 10 1uaAa1d ued ‘sa102ds parauepua ut apen sassaIppe Arewtid

(SE.LID)
®BIO[ PUE BUNE] P\ JO soradg paraSuepuy

ur u.mv,murﬁ _.wﬁowuwﬁhuu—ﬁm U0 uonuaAu0) uﬂ.:L

"syue[d UDI[E 2ATSBAUT JO IS O JJH Y} UI PIISI] AT DULI04IS SHUNAT PUR DULISSH]D SHYIUVIY ‘DIVqIVap PIIVIy S9T USI[E U],

(Oddd) uonesiuedi) uon’oig
JUE[J UBSURIINIPIJN pue ueadornyg

"*DddI Y2 JO Wre o1 01 a1nseawr A31e[ ul spuodsariod saroads
uaIe jo uononponur a3 1uaa1d 01 (gD 2 jo wre Y7 ‘s1sad yuefd jo peards pue uononponur ay3 1uaA1d 03 swre I

(OddD)

UONUSAUOT) UONDII0IJ IUE[J [eUOIBUINUT

"6T/IX U0t 11 JOD Ay Tenonted uj “savads 2an uare jo 1uswadeuewr
21 03 JueAd[aT AI0211P 278 YPIYM Jo Aurw “sa102ds Ul 03 102dsa1 YIIM SUOISIIIP SNOIIWNU IPEW UONUIAUOY) Y],

(@gD) Ais1oai(] [es1do[org uo UONUIAUOY)

gm@ho.w Qcmu.wu-d—ﬁm 0} QUE.N>0~0M—

Juownnsug [eda

*(2010 SuTpUIq [€39] INOYIIM STUSWNISUT [e32]-Isenb

wﬁmun_ 1o13e] vﬂuv ME[-OS VCN -PIey Yyaoq sopnjour 3IsI] YT, .wuﬁﬁ—& UQIE SAISEAUT PUE S1S2I0] TBCNHQ 03 JUBAS[I syuawInasurt ﬂmwuH [euoneuINUl Ulew oyTJ, T d|qeL



17

Planted forests and invasive alien trees in Europe: A Code for managing existing...

*f315u5 9[qemaud 10 s1931e1 sadoiny 01 Apuedyrusis 21nqLIU0d 01 [ennuarod o sey £Nsa10]

uoneior-11oys pue 201ddod uoneI0I-110ys woij ssewoiq se ‘saa13 uaife Jo Sunuerd oyp sayowoid snyy JUSWNNSUI SIYT, "070T
£q saommos A31oud o[qemouar woiy oq 01 4310ud

Jo uondwnsuod [euy 5,07 Y1 JO 9407 10§ S[[ed (DF/8T/600T 2A1d211(]) 4321eng £S109U7 djqemauay suorun) ueadony ayy,

forjoq 43muF N7

(provovopnasd viurqoy pue -dds
snpdiqpangg *3°2) $9911 UDI[E JO AN Y IIM OS[e PUE| [eINI[NOLIZE JO UONEISIIOJAI 211 Aowrord 01 papuaiur seam 1] 2rmnoLde
Ul $2INseaw £135910J 103 PIE JO AWAYDS ATUNWWOY) & PAMINSUI 66T dUN[ O¢ JO 76/0807 "OU (D) Uonemsay [puno))

dVD pue £o1j0g £nsaro] Ng

*[sa190ds uatfe aarseAur jo peards pue uononponur Y1 jo JudwWSeUEW pue uonuaadld oy

uo $10g 1290100 77 JO [PUNoD) 3y Jo pue yuswerIe] ueadomny oy Jo F107/¢H 1T ON (NF) Uonem3any] saey ued sapads
25911 1e(]1 $10EdWI DIWOU0d 0 YI[BAY UBWNY Y1 NETNIW PUE dZIWIUTUW 01 PUE ‘SIIAIIS WISAS009 pue AISIATpOIq
aaneu 109101d 03 St 05 JoUTEW 2AISULYPIdWOD  UT $9109ds USITe JAISEAUT JO WA[qoTd Y1 SSIIPPE 03 S[99S IUSWNISUT STYT,

sa199dg uaI[y 2AISEAUT UO UONEINISY N

Ansazoy uoneyued 03 souEAS[Y

yuournnsur 32




Giuseppe Brundu & David M. Richardson / NeoBiota 30: 547 (2016)

18

*SONTUNUITIOD PUE SPUE] . [onuod
‘s10sse Jurpunoxmns pue suoneiued uo syuabe aewrep jo 1edwr o AsTWTUTI 01 UL 2q P[NOYS SINSEIUT UOIIN0Id 15210, ye aseasTp 29 152d ‘spaspy
*sasn pue| 3uLmoqysou pue sanea [1os Airs1aarporq «irenb 11em jo wonosiord pue sduruAUTRW . Surzmo
91 10J JIED YIIM PUE SIDUBISWNOID PUE SUONTIPUOD 211s o1 01 Aerrdordde aroym A[uo pasn oq PInoys s[edTWAYd pue ISINId] ye il
“001s ut sa102ds 921 dAIseAuT 10§ saonoerd
1uswoageurw-159q Surdofaadp £q pue saads aarseaur Arenuaiod Surpes pue Juonpoid dois 01 yorordde 1oy ur aanoeord Sunjpoisar
2q pnoys Ansnput £1asmu oy, “paonpoid aq pinoys sarads 221 dATSEAUT 01 SIANEUIN[E 2ANEN] *(SUI[[2QE] PUE UONEIYNUIPT Fard puUE JUSWYSI[qeIsd
a[qerjer pue sapads aaneu jo d3uer e Sunmbar) L1s1oarporq 2101591 01 9[qe A[eniuarod aq osfe pinoys 3oo1s Sunuey] uoneiueld KrosmNy
*sSurppim pue sumno s3urppass apnpur Aew yorgm pos Junued aqeamns sonpoid 01 aq pinoys 2aN2(qo [[E1940 YT,
*s1oedwr [BIUDWIUOIIAUD
as1oApe [enuaod Sursrurruru IS[Iym “YImoI13 pue JUSWIYSI[qeIsd 2211 [Nyssadons 10§ aerrdordde aq pinoys sonianoe voneredard e voneredrd ot
911G "sasn pue| SULMOQUSIoU MNBIPIWWI PUE SIN[EA [EITNI[ND PUE [EIUIWUOIIAUD JO UONI101d 9T J0J IED YIIM USSBIIPUN 9] yTet : 'S
PUE (1m013 pue JUDWYSI[qeIs 221 [Nyssadons 10§ Nerrdordde oq pnoys sanTAnOe 2dUBUNUTEW PUE JUSWIYSI[EISI UONEIUE]]
"B2TE () 01 2ANEU 2[qIssod a1oym pue 218
311 10§ 9[qEINS 3q ISNUI $3199ds A1 “SIUDWNUBQUID 1O S[[LJ ISI[ICEIS O1 PAST ST UOTILIAFIAT JIAY X\ "SIIII AISBAUT JO [es1dSIp 10] e o
SIOPIII0D St SUTIDE JO J[SII 3T} 2ONPAT 01 PUE ‘SIN[EA [EINI[ND PUE [EIUSWUOIIAUD U0 s1oedwr Surstwrruru o[rym A1ajes s[qeuosear sTYTET sprotonnurld
i oigen paedonue Suidires jo ajqedes prepueis € 01 paSeurw pue pauSisop 2q PINOYS SYOLN PUE SPLOT UONEIUE]]
*SOUIAYDS UONEDYNIAD pue soureping 2onoerd 1uswaFeuew-1saq ur parerodioour e, 3
2q 3snw pue 21IMOIATTS Jo 1red [e1321uT UL SW099q ISNUW UOMEAN[ND TI9Y1 T0J IPISE 195 SEITE 01 $211 U JO 1UIWUTLIUOD) €Tt UeIp toneItEld
'$9211 UDI[E JO SSOUDAISEAUT 10 SOLIEUADS JO Uonen(eAd L1o1edonue ue 10§ sppow st orut agueyd Newr) a1eiodioour e
o1 yuerrodur st 3 “dds zwwsy Luews pue vusssiyp snegpuvyryy 103 “3+9 sa10ads 9om UST[E AUBW 10 S[QRITEAR OTE SIUITUSSISSE ST TsTl FUISSISSE Y
“pa1apIsu0d sdempe 2q pynoys £1sa10§ uoneueld ur e uonoaas
soads uaipe aarseaut A[ySIy 10§ S2ATIBUIN[E SE $2199ds 2211 UDI[E JATSLAUI-SSI] JO UI[E JAISEAUI-UOU 10 52102ds dATIEU JO a5 oY, ree1 T sooueuaaoid pue saadg
OnIs us uonooas pue
pue udisop uoneiueld ur pa1oPISUOD SALM[E 9q ISNW SIIATIS WISAS00 PUE sansst LSIATPOIq ‘sadedspue] urym soon uarfe U1 swssosse :o:muﬂ.i pue g
Jo uoneannd 10§ sa1s aerdordde 1sow oy Anuapr o1 parjdde aq pnoys surpuyy yoreasar pue sowayds 11oddns-uorsoay : :
suonoe Suifyridwaxs pue syeod reuoneradp dpung uonerado ; A11anoe 15910
apoD)

“Suruue| ] premio] (¢) cyoear
-NQ () suodsay prdey 2¢ UONON(T A[Iey (€) IUWUTEIUOY) 29 UONUAI] (7) ‘ssauaremy (1) :sdnoid aay ur paroasnpo are sojdounid usoinoy ayy, 'soal] usyy
20ISVAUT PUD 15040,] porup]] 1o 1anpua?) Jo apor)y o jo sapdunid oy yam sdiysuoneppr 1oy pue ap4> uoneiueld 1s310j © Jo santanoe pue saseyd urew Y7 *¢ d|qe L



19

Planted forests and invasive alien trees in Europe: A Code for managing existing...

“paziwurw 10 paproae aq ued syedwr aanedou se uof se ‘saandalqo uoneiueld Suryoear 10y saads snouaFipur

sopod Areyunjoa

01 Jo11adns AJread are 51 219ym Pamo[[e dIe $a10ads UAI[E INQ ‘SAWAYDS UONBIYNIND Ul patrdjord sfemye are saroads aaneN 1 PUE SIWAYDS UONEBIYNIA)

*sopads . SVI PU® JJ 03 JUBAJ[2I

USITE DATSEAUT 01 SUnIE[aI SanssT pue JuawaFeuew voneiueld punos 10§ sajdourid pardoooe pue samef [re yam Ajdwod asnjy 1 SIoMaUIeT,] UONE[SIZo]
"UONEIdUI3aI 15910] 2AITBU INOAEJ 01 pare[ndruew aq 1w sryy moy pue suonerueld jo sorwreudp IS

uonerouadar oy ur 9aeY s212ds 2011 UDI[E PUE dANEU 1Y 2[01 2ANNAdW0d A1 pULISISPUN 01 PAIU SIPFEULW UONELIOISIT
Pue 15210, "$221 UaI[e A suonerue[d £q pardnooo Asnoradid s211s Jo UONEI0ISII AU 10J PaPaIdU Ak sauTPPINS oyIadg

‘9TCTTI

UOTBIOISNY

“uoIseAur jo a3e1s Ajrea £104 o ur £[uo [onuo0d 01 Ased A[PANE[RI 21¢ SFUIP[IM 2211 USI[Y "SIINSEIW [RIPIWI
pue 2anoa101d “oaneiusssrd aenrdordde Surdojdws £q paurerurewr pue parorruow aq pynoys yaesy [uoneiueld] 159107

(4
TECTTCTT

uonuaanug pider pue
Sururem Areqy ‘Suriouopy

*S90UBRISWNOID PIueyd
01 asuodsar ut 10 sjearaiur aerrdordde e pasiacr 9q pnoys ST J "UoneIddo Ue YIIM PAIBIDOSSE SSIT PUE LIISUAUT “OTeds

Y3 10§ SUNUNOOE 991 UdI[E Jo uonelueld o) ur 2Oudsa1d Y1 JuNEdoE O1uT SURYE) ‘PAASIYDE 3] [[IM $2ARA(qo wopdatord | ,m”N 3 eld
211y pue dueUAIUTeWw AFeITIDY [EININD DTed [EIUdWUOIAUD Jo sa[dpurid ayy moy arensuowap pinoys pue suonerado 01 yTETET JISHISSTUPIN HOREIUPId
1oud paredard aq pinoys sJAJ “SYeIqINO UaIfE 10§ sa1391ens MNerodiodur pinoys (ST ) sued JuswaSeurwr uoneIUR| ]

“pa1apisu0d aq Isnw spuan dJueyd-feqo[3 pue ‘ofe uo parued arom TS owdopss rEas
saads 2an uare Auew a1aym adony ur o[qrssod se saxrs Auewr se 1s1a1 <39 ‘29 Aq parroddns oq asnwr Ansazoy uoneiue[y | ‘T°G ‘I°€ ‘€T PP R 4 g}
‘sisaitog uopeueld ur Bupuing a1y paqudsard ‘uorssarddns
paquiosaid jo asn o Suruueyd uayM 1UNODOE 0IUT UYL 9q ISNw $9o1 UaTTe dnLydoiLd 10 1ueIajo1-a1y jo peards oy Sunoword ¥'C gpar Acoz:ow& dom
JO 3s11 2y sowr3a1 a11j 11]e os[e Aew suonendod 2an aarseau] ‘suonemndod san aarseaur ssorddns 10 sroword Aewr o11g : H
*SUOISEAUT ATEPU022S 10J STOPLLIOD St 108 Aet sAemIdIeA) “2oueqImsIp woij paioaroxd aq pinoys sielrqey uerredur pue onenbe o
pue s{eamiorem “1os ‘poaordur 10 POUTEIUTEW q SN YI[EDY IIATY “PIAIISUOD 9 IS $ISDI0J UTYILA SIISSE IBM PUE [10§ yeeeTt IR 108
“poureIUTRW . suoneiueld ur sanfea
aT€ $1S210§ UTIIA\ BUNEJ PUE BIO[ SALRU JO SONSHIIORIRYD [e150[002 oy pue Aisiaatp [edidojorg Juswadevew pue Juuued | .w.N [eIMMd pue (LISI9ATPOIq)
arerrdordde Aq pastwruru s1oedwr 2s19Ape pue s93e1s [[e 18 PAISPISUOD 9 P[NOYS SAN[EA [EINI[ND PUE [EIUIWUOIIAUD JUEIYIUSIG €TreTt [BrUSWIUOTIAUY
*SUOTITPUOD [e20] PUE $3152ds £2103s19pUN JANTSUIS JO syudwaIMbar e 3
a1 uoneIapIsuod owut upyel 29df1 15105 9y Jo syuswRIMbaI [£21801029 Y1 NS ISNW UONEIUIFT 10] SPOYIAW [EININITA[IS yeet HOREIUSY
‘JuowaFeurw pue UONESI[EI0]
sa11s Surssaooxd pue Surpue| 3of ‘vonoenxa pue Jurssadord ‘suonerado Jury sapnUT SIYT, "SAN[EA [EININD PUE [BIUSWIUOIIAUD STYT Sunsaarey quuIy,
uo suonerado Sunsaarey jo 1edwr oy asturrutur 01 pafeuew aq pue K(ayes pue A[[eSa] paonpuod aq 1snw Funsoarey PqUITT,
“DIWIVOPNISd vIu1qoy PUE puLsSIIY snyiuv)iy Kq UOISEAUT 9Y) JO IDALIP B aq 01 punoj sem Suniddoo e [13ua] uoneI0I1 pUE
‘o[durexs 10, 'sa199ds 201 udIe dAISEAUT JO PEaIds 9Y1 INOARJ 1BY) SANIATIOE JO AIBME 9] P[NOYS SIOUMO uonerue|d 15910, yeet Surunid Suruuny Guoedg
sadpunig

suonoe Suidyriduaxs pue sjeod reuonerado

2P°D

uonesado ; 31Anoe 35310




Giuseppe Brundu & David M. Richardson / NeoBiota 30: 547 (2016)

20

‘uaserIapun 3uraq ANANIOE O) 01 TUBAS[DI S[00) pue AFPa[mou| ‘S[[IYs A2 dAkY oym s1orerado

. CCe Cmye
pauren £q 1ouuewr 9[qisuodsaI PUE ofes B Ul PAONPUOD 3q ISNUW SINTANIE SUNSIATEY PUE TUIWIFELULW TUDWIYSI[eIST e Tt Bururey pue fioges
“pawIojur 'y
yoeannQ
1da3] 2q 3snw pue £11sa10] put $15910 Jo sanss [euoneu ur sdnoid 1opjoyasers uertodwr 1sow o Jo auo st orqnd [erduaS oYY | I°¢ ‘€T T'T
‘suoneorjdde Suruueld [eruswuoIAUS pUE [euOISaI ‘UeqIn Jo L191TeA B JO] UONEWLIOJUT [ENeds
o i . o - ! ‘ : e 'y uonedonred
a1e10U23 Ued S[003 parepar pue G5 uonedonred-orqnd pdurexs 10 *sar3a1ens yuswadeurw-jure[dwos pue wonESTUNWTIOD
‘Tecrcr| pue3uiddew 1opjoyaxerg
srerrdordde £q parroddns oq pue s1opjoyasyes pardage yiim 23eSus A[2ANOE ISNW SPOYIGW [0IIUOD PUE $1S210J PIRIUE[ ]
suonoe Suidpiidwoxs pue speoS reuoneradQ muimw“ﬂw uonerado ; A11ANOE 15930,




Planted forests and invasive alien trees in Europe: A Code for managing existing... 21

Storting), the new Forestry Act (Act of 27 May 2005, no. 31, relating to forestry), the
Nature Diversity Act (Act of 16 June 2009, no. 100), the Regulation on non-native
trees (Regulation of 15 March 2013, no. 284), the national Strategy on Invasive Alien
Species (published in May 2007) and the Norwegian Black List (Gederaas et al. 2012),
are the main national specific documents referring to non-native trees. The Guidelines
on trees, shrubs and plants for planting and landscaping in the Maltese Islands limit
the use of alien trees in afforestation projects on agricultural land (MEPA 2002). The
Iceland Forest Service has put forth a set of guidelines to afforestation planners: plant-
ing of aliens trees within natural woodlands is discouraged (Gunnarsson et al. 2005).
Planting in treeless land must be carefully assessed considering the phenomenal and
unique importance of the Icelandic breeding waterfowl populations which are at risk
from the forestry. The Swedish Forestry Act placed restrictions on the planting pro-
gramme of Pinus contorta in 1987, 1989 and 1991 due to extensive infection by Grem-
meniella abietina in high elevation areas in northern Sweden after periods of extreme
weather conditions from 1984 to 1987 (Karlman 2001).

1.2 Be aware of which alien tree species are invasive or that have a high risk of
becoming invasive, and of the invasion debt.

Over 430 alien tree species worldwide are known to be invasive, and the list is grow-
ing as more tree species are moved around the world and become established in novel
environments (Rejmdnek and Richardson 2013, van Wilgen and Richardson 2014).
Increasing awareness of problems associated with invasive forestry trees means that
information on invasive species and ways of dealing with them is becoming more eas-
ily accessible - on the Internet, in scientific and popular publications, and via special
interest groups. Ignorance is no longer an excuse for disseminating invasive alien trees
(Richardson 2011). Global lists of invasive alien trees are available (Richardson and
Rejmdnek 2011, Rejmédnek and Richardson 2013). “Invasive elsewhere” is one of the
most robust predictors of invasiveness in trees, and there is strong evidence that species
replicate invasive behaviour in environmentally-similar conditions in different parts of
the world (Wilson et al. 2011).

The fact that some alien forestry trees have not yet spread from given planting sites
should not be taken as evidence that invasions will not occur in the future. Experience
with the same species in other parts of the world, including areas where the species
have long residence times, should be evaluated to assess the extent of “invasion debt”
(Richardson et al. 2015; Rouget et al. 2016).

Some countries have national or sub-national black lists (Suppl. material 1), iden-
tifying those alien species whose introduction is prohibited or discouraged due to their
potential adverse effects on the environment or human, animal or plant health. Alien
tree species that appear on black-lists should not be used for new plantations. An alter-
native approach used in other countries relies on a “white list” approach (or red, green
and amber, see Perrings et al. 2005, Simberloff 20006) for identifying alien species that
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pose low invasion risk. Both listing systems have pros and cons (Simberloff 2006). For
example, black-lists should only be considered as guides and one should not assume
that non-listed alien tree species are safe. Additionally, in a huge country the translo-
cation of a species from one part to another is just as likely to lead to invasions as are
trans-continental introductions. For this reason, Notov et al. (2011) propose the adop-
tion of three-level system of sub-national lists called “black books” for Russia.
Nevertheless, lists offer a useful approach for both companies and government
agencies and could be used to fast-track approval of species or to reduce liability for
forest owners when using low-risk non-native trees for plantations. Only in a few
European countries are such lists supported by dedicated legislation (Essl et al. 2011);
in other cases they are not legally binding even if scientifically sound, with priorities
based on a rigorous risk assessment process. There are over 100 risk assessment models
for invasive plant species (Leung et al. 2012), with some decision schemes developed
specifically for trees or woody plants (Reichard and Hamilton 1997, Pheloung et al.
1999, Haysom and Murphy 2003, Widrlechner et al. 2004, Kfivdnek and Pysek 2006,
Gordon et al. 2011, 2012, Kumschick and Richardson 2013, Wilson et al. 2014). At
the same time, only a few risk assessment methods are in line with the requirements of

the Regulation (EU) No 1143/2014 (Roy et al. 2014).

1.3 Develop systems for information sharing and training programmes.

The efficacy of any strategy to address invasive alien trees, including the capacity to
produce reliable risk assessment reports (see principle 1.2), depends on the available
information, and on the sharing of data, knowledge and experience. Information shar-
ing systems would greatly improve the ability of authorities to prevent the introduction
and spread of invasive tree species (e.g., Katsanevakis et al. 2014). Also, invasive species
management requires specialist knowledge and skills which can only be developed over
time. The capacity and awareness of land owners, forestry officials and other stakehold-
ers are crucial for the effective implementation of the principles of the Code. There is a
need to strengthen training institutions and to revisit the training curricula of forestry
personnel and other stakeholders in silviculture, species and provenance identification,
reduced impact logging, resource assessment, and in the management of both natural
forests and non-native tree plantations.

2.1 Promote — where possible — the use of native trees.

The use of native species or non-invasive alien or less-invasive alien tree species as alterna-
tives for highly invasive alien species in planted forest should be always considered (Rich-
ardson 1998, FAO 2010c, Gordon et al. 2012, Lorentz and Minogue 2015, Peltzer at al.
2015), as should the precise provenance of seeds and germplasm (Aarrestad et al. 2014).
For example, Lorentz and Minogue (2015) remark that trait selection during breeding is
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potentially a very effective containment approach for managing Fucalyptus invasion risk.
The likelihood of spread can be reduced by decreasing fecundity or by increasing the age
to maturity, although the later method may negatively influence productivity (Gordon
etal. 2012). This strategy has been successfully implemented in other taxonomic groups,
including a triploid Leucaena hybrid in Hawaii (Richardson 1998). Likewise, elimina-
tion of seed production is thought to be a feasible goal for Eucalyptus (Gordon et al.
2012), and elimination of fertile pollen production has already been accomplished in the
transgenic hybrid E. grandis x E. urophylla (AGEH427) (Hinchee et al. 2011). Ensuring
containment of genetically modified trees through sterility could be significant because it
eliminates the need for costly, uncertain and complex ecological research to understand
and predict the impacts (FAO 2010d). However, the major limitation to this approach
is that the permanence of containment technology is still uncertain (FAO 2010d, Lor-
entz and Minogue 2015). An additional obstacle to this solution is that FSC regulations
currently expressly forbid any use of GM trees (Strauss et al. 2004, Brunner et al. 2007,
Meirmans et al. 2010, Richardson 2011). In addition, some invasive alien tree species
(Ailanthus altissima, Populus spp., Robinia pseudoacacia) also spread by vegetative propa-
gation. Plantations of non-native species of Acacia, Fucalyptus and Pinus and have typi-
cally been relatively free of pest problems during the early years of establishment due to a
separation from their natural enemies. This situation has however changed dramatically
recently, as pests are accidentally introduced, but also as native organisms have started to
infect and infest alien trees (Payn et al. 2015, Wingfield et al. 2015).

2.2 Adopt good nursery practices.

Best-practice methods relating to species and provenances of seed (Karlman 2001), seedling
production, weed, pest and disease control should be adopted (FAO 2011). Weeds should
be identified, recorded, and eradicated where possible, before planting. The EPPO standard
PP 1/141 (3) describes the conduct of trials for the efficacy evaluation of herbicides in
tree and shrub nurseries including nurseries within forest stands (EPPO 2009). Nurseries
can act as important sources of alien species into plantation sites. Many forest pests, both
insects and pathogens, have also entered new lands via nursery stock. Nurseries have a
fundamental role in promoting the use of native trees, stocking suitable provenances, and
proposing alternative native tree species in place of alien species (principle 2.1).

2.3 Modify plantation practices to reduce problems with invasive alien tree species.

Containment of alien trees to areas set aside for their cultivation must become an inte-
gral part of silviculture and must be incorporated in best-management practice guide-
lines and certification schemes (e.g., Engelmark et al. 2001, Richardson and Rejmdnek
2004, Richardson 2011, Dodet and Collet 2012, Felton et al. 2013). Silvicultural
practices can either enhance or hamper biological invasions (e.g. Sitzia et al. 2016).
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Wingfield et al. (2015) have called for a global strategy to promote the health and sus-
tainability of planted forests. Practices to reduce problems with invasive forestry trees
need to be incorporated in such a strategy.

Decision-support schemes and research findings should be applied to identify the
most appropriate sites for cultivation within landscapes; biodiversity issues and eco-
system services must be always considered in plantation design and site selection (e.g.,
Veldman et al. 2015). While some of these rules can be considered of general utility,
some other good practices refer to specific alien tree species and aim to mitigate specific
impacts, as in the case of the practices suggested by Finch and Szumelda (2007) for
Douglas fir in temperate forests of Central and Western Europe, by Ledgard (2002)
for the same species in New Zealand, by Engelmark et al. (2001) for lodgepole pine
in Sweden, by Rejmdnek and Richardson (2011), Calvifio-Cancela and Rubido-Bard
(2013), Lorentz and Minogue (2015) for Eucalyptus.

To avoid natural spread, eucalypts should not be planted near rivers and streams.
Temporarily flooded or eroded banks are suitable habitats for spontaneous establishment
of their seedlings. Moreover, their seeds can be dispersed over long distances by running
water (Lorentz and Minogue 2015). Calvino-Cancela and Rubido-Bard (2013) suggest
the establishment of a safety belt around eucalypt plantations in Spain to reduce eucalypt
spread from plantations in the absence of fire. This measure would require the elimina-
tion of all newly recruited individuals in this safety belt (e.g. a 15-m wide belt could
reduce the probability of eucalypt spread in more than 95%) before they mature and
start producing their own seeds, thus hindering the advance of the front line of invasion.
For this purpose, Calvino-Cancela and Rubido-Bard (2013) recommend interventions at
1-2-year intervals to uproot saplings and resprouts. Their results refer to a situation with-
out fire. Fire stimulates regeneration (Gill 1997) and could increase dispersal distances,
so that additional measures would probably be needed to control E. globulus spread after
fires. In addition, Catry et al. (2015) suggest planting sterile Eucalyptus trees and prior-
itizing control in regions with the highest probabilities of recruitment.

2.4 Revise general land management practices in landscapes with planted forests.

In many cases, options exist for managing plantations of non-native trees and adjoining
areas (invaded or potentially invasible) by manipulating disturbance regimes (e.g., fire
cycles, grazing levels) to impede invasion (e.g. van Wilgen et al. 1994). The manage-
ment of planted forests should also promote biodiversity (e.g., Zapponi et al. 2014),
both within the planted forest itself and in areas of natural forest that are retained
within the planted forest landscape (e.g. establish planted forests on degraded sites and
retain areas of high biodiversity value protected) as reccommended by the Secretariat of
the Convention on Biological Diversity (2009). Managers can modify the silviculture
of plantations in other ways to enhance diversity. For example, small variations in the
timing and type of site preparation can affect the development and composition of the
understory (Carnus et al. 20006).
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Specific attention and management practices should be followed in the case of
genetically modified tree plantations, such as hybrid or transgenic poplars and conifers
(Engelmark et al. 2001, FAO 2006, 2010c, 2011, Brunner et al. 2007, Strauss et al.
2009, Di Fazio et al. 2012, Higgman et al. 2013). In Canada and many other coun-
tries, regulatory guidelines have been created regarding the introduction of such plants
with novel traits (which in Canadian regulation includes alien species and transgenics;
Bonfils 2006, Meirmans et al. 2010).

Forest plantation owners should be aware of those forestry activities that favour
the spread of invasive alien tree species (Sitzia et al. 2016). For example, coppicing
was found to be a driver of invasions by Ailanthus altissima and Robinia pseudoacacia
in South Tyrol, Northern Italy. Radtke et al. (2013) concluded that currently applied
coppice management, involving repeated clear cuttings every 20-30 years, favours the
spread of both invasive tree species. They suggested an adaptation of the management
system to avoid further invasion.

The risk of promoting the spread of fire-tolerant or pyrophytic alien trees must be
taken into account when planning the use of prescribed burning in plantation forests.
For example, the resprouting ability and pyrophytic seeds of Acacia dealbata allows this
species to establish after fires in the northwestern Iberian Peninsula (Sanz Elorza et al.
2004, Gonzdlez-Munoz et al. 2011). Maringer et al. (2012) describe the colonization
of burned patches by Ailanthus altissima and Robinia pseudoacacia on the southern
slopes of the Alps. Todorovi¢ et al. (2010) suggest that the post-fire invasive potential
of Pauwlonia tomentosa can, at least partly, be explained at the germination level.

Finally, tailored management practices should be followed in plantations for bio-
energy production (SRF/SRC) to ensure the careful choice of new planting sites for
favouring biodiversity (Weih 2008, Framstad 2009), protecting hydrology (Christen
and Dalgaard 2012), conserving landscape values and for the restoration of the site
after the cultivation cycle (Hardcastle 2006, McKay 2011, Neary 2013, Caplat et
al. 2014). In Austria 10 principles for short-rotation forestry systems, from the view-
point of nature protection and environment, have been declared since 1998 (Trinkaus
1998). Principle 2 states that ... Indigenous plants should play an important part,
because non-indigenous plants (e.g., Robinia pseudoacacia and Ailanthus altissima) of-
ten show an undesirable tendency to spread”.

2.5 Adopt good practices for harvesting and transport of timber.

Harvesting activities such as road construction and movement of harvesting equip-
ment are well known to disperse seeds or propagules of invasive species and to cause
disturbances that help them to flourish (Kaplan et al. 2014).

Harvesting and transport of non-native trees should be planned, supervised and
undertaken by appropriately trained personnel. Good practices should minimise the
risk of further spread of invasive alien species, and the disturbance that could promote
the establishment of other invaders. Careful planning will substantially reduce the road
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density required within a forest, the number of temporary timber extraction tracks,
and minimise adverse environmental impacts such as soil disturbance, compaction
and erosion. Whenever feasible, alien trees should be harvested individually or in small
groups, to limit the risk of creating suitable habitats for other invaders.

Forest personnel should be trained to recognize and report unusual pests and
symptoms of diseased or infested trees, and to carry out practices that reduce the risk
of pest and weeds populations moving to other locations. Personnel should wear outer
layers of clothing and footwear that are not “seed friendly” to minimise the risk of
spreading alien species accidentally.

2.6 Adopt good practices for habitat restoration.

Specific guidelines for the restoration of sites previously occupied by plantations with alien
trees need to be adopted. Restoration objectives can be broadly classified into overarching
strategies, such as rehabilitation, reconstruction, reclamation, and replacement (see Stan-
turf et al. 2014). Only native plant species should be used for habitat restoration in areas
affected by plantations. Native tree species can grow in the understory of alien tree plan-
tations established for timber production or a variety of other forestry purposes. Not all
alien tree plantations develop species-rich understories; some remain as tree monocultures.
Low light intensity below the canopy, distance to seed sources, inhospitability to seed
dispersers, poor soil or litter conditions for seed germination or seedling growth, intensive
root competition with the planted alien species, chemical inhibition and other forms of
allelopathy and plant interactions, plantation design, or periodic disturbances by organ-
isms or any external factor are likely causes that require careful consideration (Lugo 1997).

Guidelines for restoration of sites previously occupied by plantations of Robinia
pseudoacacia have been produced in the Piedmont region of Italy. Sturgess and At-
kinson (1993) suggested management strategies for the restoration of near-natural
sand-dune habitats following the clearfelling of Pinus plantations in Britain, and
Brown et al. (2015) proposed approaches for plantations of alien conifers on an-
cient woodland sites. Szitdr et al. (2014) assessed the recovery of open and closed
grasslands over five years following the removal of alien pine plantations through
burning at an inland sand dune system in Hungary. Arévalo and Ferndndez-Palacios
(2005) proposed continuous elimination of Pinus radiata and enrichment with new
individuals of P. canariensis on Tenerife, Canary Islands (Spain). Hughes (2003) and
Moss and Monstadt (2008) propose management guidelines for the restoration of
floodplain forests in Europe.

3.1 Promote and implement early detection & rapid response programmes.

Early detection and initiation of management can make the difference between being able
to employ feasible offensive strategies (eradication) and facing the necessity of retreating
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to a more expensive defensive strategy (mitigation, containment, etc.). Proactive measures
to reduce the chances of invasions and to deal with problems at an early stage must be
incorporated in standard silvicultural practices. Developing watch lists of possible new
tree invaders can also enable more rapid reaction (Richardson 2011, Faulkner et al. 2014).

The relatively long initial lag phase between introduction and naturalization/in-
vasion and slow dynamics observed in many forest plantation tree species compared
with other plant species, offers opportunities to control the alien species while escaped
populations are still small (Finnoff et al. 2007, Dodet and Collet 2012). Any signs of
invasiveness reported inside the forest plantation or in its proximity should be carefully
monitored so as to avoid serious problems developing.

Conifer wildings are relatively easy to control in the very early stage of invasion, as
they are relatively easy to detect (most invasions are into grasslands and shrublands),
and their direction of spread (downwind), and age when significant seed production
begins (usually 10-15 years) is very predictable. There are therefore good opportunities
to intercept the spread sequence very early in the cycle, and prevent wildings becoming
dominant and uncontrollable outside the forest plantation (Froude 2011).

However, experience with introduced conifers in new environments indicates that
spread events could begin at any time, even if little significant spread had been ob-
served up to that time. Possible reasons could be synchronisation of all factors needed
for successful spread (e.g. plentiful seed, low herbivores/ pathogens, good germination
and seedling establishment conditions), arrival of suitable symbionts (notably mycor-
rhizae) to aid early establishment, and climatic change to conditions more suited to
the planted alien trees (Despain 2001; Engelmark et al. 2001). Widespread natural
establishment of Eucalyptus globulus plants in Portugal was recently documented by
Aguas etal. (2014) and Catry et al. (2015).

3.2 Establish or join a network of sentinel sites.

The idea of having a network of sentinel sites for monitoring or detecting biological
changes or phenomena is not new and has been most widely applied to monitoring
the spread of infectious diseases (e.g., Sserwanga et al. 2011, Vettraino et al. 2015).
This approach has also been advocated for detecting the arrival or initiation of spread
of alien species (Richardson and Rejmdnek 2004, Meyerson and Mooney 2007) and
a national system for detecting emerging plant invasions was proposed in the United
States (Westbrooks 2003), but has yet to be implemented.

Plantations of alien trees should form part of any sentinel site network for moni-
toring alien tree invasions. Other areas that are likely to act as sources of propagules
and sites of entry for new invasions are areas of human habitation where gardens have
been established, especially where these adjoin natural vegetation (Alston and Richard-
son 20006), and experimental plantings, arboreta or botanical gardens containing alien
tree species. Visser et al. (2014) have shown that Google Earth can be an useful tool for
establishing a global sentinel site network for tree invasions, because imagery is con-
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tinuously being updated, is free and low-tech. The wide availability of Google Earth
could enable monitoring of this network of sentinel sites as part of “citizen science”
efforts which could help to: (1) identify emerging trends in tree invasions; (2) provide
valuable locality information for particular alien tree species; (3) monitor changes in
alien tree species abundance and distribution over time; (4) help ensure legislative
compliance of land managers and plantation owners; and (5) track management ef-
forts over time (Visser et al. 2014). Besides such sentinel sites, new technologies such
as smartphone application software (apps) are increasingly used to reach a wider au-
dience on the subject of invasive alien species and to involve the public in recording
them (Adriaens et al. 2015).

4.1 Engage with the public on the risks posed by invasive alien trees, their impacts
and on options for management.

The general public is one of the most important stakeholder groups in national issues
of forests and forestry (e.g., Hemstrom et al. 2014). The active and informed participa-
tion of communities and stakeholders affected by plantation forest management deci-
sions is critical for the credibility and sustainability of management processes. Social
learning (Leys and Vanclay 2011), public awareness-raising and communication activi-
ties are crucial for informing and educating the public, thereby allowing them to more
effectively participate in decision making. Public participation GIS and related meth-
ods can be effectively used for decision-making processes related to planted forests
(Brown et al. 2015). Public support for control efforts directed at invasive alien trees
must be sought through carefully planned, long-term outreach initiatives involving,
among other things, meetings with stakeholders, local village leadership, employment
of villagers from areas adjacent to invaded sites, and the effective use of media outlets
(Andreu et al. 2009, McNeely 2001, Marchante et al. 2010, Schreck Reis et al. 2011).
Forestry has become more complex over the years. This form of land use now impacts
on a wider stratum of people and environments than ever before, and is subject to
many social and environmental demands.

Furthermore, an increasing number of tourists are interested not only in expe-
riencing unique natural and cultural environments and forest landscapes but also in
learning more about them. Forest-based tours are an ideal opportunity to share infor-
mation about different types of forest environments, native and non-native tree spe-
cies, restoration actions, wildlife and landscapes, and how they function.

5.1 Consider developing research activities on invasive alien trees species and be-
coming involved in collaborative research projects at national and regional levels.

Invasion biology is a complex multidisciplinary field and public and private plantations
of alien trees are good places to conduct research on topics such as the spread, control,
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management and risks posed by invasive alien trees in collaboration with national or
local environment agencies, research centres and appropriate regional or European
bodies. Great Britain, for instance, with its long history of tree introductions and large
plantings of many alien species (e.g. Picea sitchensis, the commonest British tree, Pe-
terken 2001), is a good natural laboratory for studies of the determinants of natu-
ralization and invasion in conifers and its consequences (Richardson and Rejmdnek
2004). It would be very informative to revisit as many sites as possible in Europe where
many alien tree species were planted long ago, e.g. the experimental plantings of many
conifers in Italy (Nocentini 2010), Portugal and Spain, and abandoned plantations
(Richardson and Rejmédnek 2004). The exchange of information on the management
experiences is another key aspect.

5.2 Take global change trends into consideration.

Forest management and conservation are expected to be strongly influenced by global
change. Besides forest species, strategies and references for environmental management
and conservation will be affected by global change trends (Jackson et al. 2005, Aitken
et al. 2008, Canadell and Raupach 2008, Diaz et al. 2009, Heller and Zavaleta 2009,
Thompson et al. 2009, Strassburg et al. 2010, Milad et al. 2013). For example, rapidly
changing climate patterns, altered disturbance and nutrient regimes, and increased
fragmentation are likely to favour the expansion of pine invasions worldwide (e.g.,
Higgins and Richardson 1999, Richardson and Rejmdnek 2004).

Bernier and Schoene (2009) propose three possible approaches for adapting for-
ests to climate change: no intervention, reactive adaptation and planned adaptation.
Unfortunately, most current management belongs to the first or at best to the second
category. No intervention means business as usual, with tree species and site selection,
management targets and practices based on the premise that the planted forest will
adapt more or less as it has in the past. Reactive adaptation is action taken after the fact.
Planned adaptation, on the other hand, involves redefining planted forest goals and
practices in advance in view of climate change-related risks and uncertainties.

In planted forest, climate change could affect the dynamics of alien tree inva-
sions in many interacting ways, for example by: (a) causing modification in the native
ecosystems, promoting range changes, naturalisation and spread of both native and
alien trees (e.g., Iverson et al. 2008, McKenney et al. 2011); (b) favouring individual
traits of particular alien trees (e.g. Capdevila-Argiielles and Zilletti 2008, Kawaletz
et al. 2013, Castro-Diez et al. 2014); and (c) modifying introduction pathways and
promoting increased use of certain alien tree taxa (Courbet et al. 2012, Lindenmayer
et al. 2012), including a process of re-thinking the importance of the “always choos-
ing native species” principle. Managed relocation has been proposed as a means of
maintaining forest productivity, health, and ecosystem services under rapid climate
change (e.g., Schwartz et al. 2012). Discussion is intensifying in many countries on
whether and, if so, then to what extent, alien tree species should be used for afforesta-
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tion, especially when native species are no longer able to fulfil essential forest functions.
For example, in this regard, for the first time the growth potential of Cedrus libani
was evaluated under climatic conditions in Central Europe (Bayreuth, Germany) by
Messinger et al. (2015).

Finally, it is important to incorporate climate change into risk models for an antici-
patory evaluation of scenarios for invasiveness of alien trees. Risk maps that incorporate
the effects of climate change should help land managers and forest stakeholders with
longer-term planning activities. Management plans of nature reserves should incorporate
changes to invasion risk driven by global warming more explicitly. For example, Klein-
bauer et al. (2010) suggest that the area suitable for invasions by Robinia pseudoacacia will
increase considerably in Europe under a warmer climate. They argue that management
plans for European nature reserves should incorporate such changes to invasion risk by
species such as this one more explicitly. Reducing propagule pressure by avoiding plant-
ings of R. pseudoacacia close to protected areas and sensitive habitats would be a simple
way of reducing the risk of further invasions of this species under future climates. On
the contrary, Gonzélez-Munoz et al. (2014) found no evidence that climate change will
cause substantial changes to the invasion dynamics of A. dealbata in Spain.

Conclusions

The Code of Conduct on Planted Forest and Invasive Alien Trees is a voluntary tool and it
does not replace any statutory requirements under international or national legislation. It
should be seen as complementary to them and as a soft-law standard (Hickey et al. 2006,
Terpan 2015). Its principles should be considered in forest management to mitigate risks
related to use of invasive alien trees in plantations. Wood is often the most important
product of plantations but non-timber forest products and the provision of ecosystem ser-
vices also need to be considered in sustainable silvicultural systems. Long generation times
of forest trees and rotation cycles often preclude the rapid adoption of new management
regimes over large forested areas. Therefore, both the application of the suggested princi-
ples and the monitoring of the effects will need to be systematically phased in.

Alien tree invasions are currently more widespread outside Europe, especially in
the southern hemisphere. New insights on the factors that determine invasiveness and
on ways of managing tree invasions are emerging rapidly (Richardson et al. 2014).
Although socio-political factors in Europe demand unique approaches for dealing with
tree invasions, developments from elsewhere, especially regarding ways of dealing with
conflicts of interests and effective engagement with multiple stakeholders, provide
many useful lessons. For these reasons, and also because the role of “forestry in the
Anthropocene” in general is being actively debated (e.g. Lugo 2015), the Code will
need to be revised regularly.

Invasion biology is a complex multidisciplinary field and public and private plan-
tations of alien trees are good places to conduct research on topics such as the spread,
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control, management and risks posed by invasive alien trees in collaboration with
national or local environment agencies, research centres and appropriate regional or
European bodies. Key priorities for further research to enhance our ability to manage
tree invasions more effectively include: (1) better understanding of the edaphic, cli-
mactic anthropogenic and biotic factors that cause some tree invasions to succeed and
others to fail; (2) improved schemes of risk assessment for alien trees (including trans-
genic trees) that could reliably take into account impacts on ecosystem services and
effect of climate change on the invasiveness of alien trees in different biogeographical
regions; (3) novel and improved methods for early detection & rapid response; (4)
tailored decision-support schemes, adaptive strategies and silvicultural systems for the
management of new and existing plantations with alien trees and for the restoration
of sites after a change of the land use and in degraded areas; (5) management strate-
gies and tools for novel forest ecosystem dominated by alien species escaped from
cultivation (Lugo 2015); (6) how to better instigate behaviour change in owners and
stakeholders to enable and encourage a more co-operative approach to the manage-
ment of planted forests and build consensus with the public on controversial methods
and species.

Plantations and restored forest ecosystems are a key strategy not only for tackling
climate change, biodiversity loss and desertification, but can also yield products and
services that support local people’s livelihoods (Chazdon 2008). At the 2104 UN Cli-
mate Summit, an unprecedented alliance of governments, companies, and civil society
issued the New York Declaration on Forests, which aims to restore 350 million hec-
tares of deforested and degraded landscapes by 2030. This pledge complements and
extends the Bonn Challenge, an existing global effort to restore 150 million hectares by
2020, facilitating the implementation of several existing international commitments
that require restoration, including the CBD Aichi Target 15, the UNFCCC REDD+
goal and the Rio+20 land degradation target.

In the past, many restoration efforts have failed for a variety of reasons. Success in
restoration initiatives should not be reported and measured simply as number of trees
or hectares planted, as these measures do not necessarily imply long-term success and
the conservation or restoration of ecosystem services. Of course many factors can influ-
ence whether restoration initiatives will successfully achieve ecological and livelihood-
related goals, starting with the right selection of species, provenances and genotypes.
Importantly, the 12th Conference of Parties to the CBD adopted a decision in Octo-
ber 2014 that urged parties “to give due attention to both native species and genetic di-
versity in conservation and restoration activities, while avoiding the introduction and
preventing the spread of invasive alien species (Decision XII/19, 17 October 2014).

We propose that the principles of the Code of Conduct on Planted Forest and Inva-
sive Alien Trees could be considered as the foundation for a global strategy of planted
forest, forest management and restoration to mitigate the risks related to use of in-
vasive alien trees in forestry. Dedicated research, innovative solutions and a better-
coordinated global approach are needed to face this challenge.
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Abstract

The risk of introducing weeds to new areas through grain (cereals, oilseeds and pulses) intended for process-
ing or consumption is typically considered less than that from seed or plants for planting. However, within
the range of end uses for grain, weed risk varies significantly and should not be ignored. In this paper, we
discuss pathway risk analysis as a framework to examine the association of weed seeds with grain commodi-
ties throughout the production process from field to final end use, and present inspection sampling data for
grain crops commonly imported to Canada. In the field, weed seed contamination of grain crops is affected
by factors such as country of origin, climate, biogeography and production and harvesting practices. As it
moves toward export, grain is typically cleaned at a series of elevators and the effectiveness and degree of
cleaning are influenced by grain size, shape and density as well as by grade requirements. In cases where
different grain lots are blended, uncertainty may be introduced with respect to the species and numbers of
weed seed contaminants. During transport and storage, accidental spills and cross-contamination among
conveyances may occur. At the point of import to Canada, inspection sampling data show that grain ship-
ments contain a variety of contaminants including seeds of regulated weeds and species that represent new
introductions. However, grain cleaning and processing methods tailored to end use at destination also af-
fect the presence and viability of weed seeds. For example, grains that are milled or crushed for human use
present a lower risk of introducing weed seeds to new environments than grains that undergo minimal or
no processing for livestock feed, or screenings that are produced as a by-product of grain cleaning. Pathway
risk analysis allows each of these stages to be evaluated in order to characterize the overall risk of introduc-
ing weeds with particular commodities, and guide regulatory decisions about trade and plant health.

Keywords
Pathway risk analysis, pest risk assessment, weed seeds, contaminants, grain, imports, screenings, Canada
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Introduction

Internationally traded grain commodities are recognized as a pathway for the introduc-
tion of weed seeds into new areas (Hodkinson and Thompson 1997; Benvenuti 2007;
Shimono and Konuma 2008; Shimono et al. 2015). Grain is defined as “seeds intended
for processing or consumption and not for planting” (IPPC 2015) and grain commod-
ities typically consist of bulk shipments of cereal, oilseed or pulse crops destined for
use as human food, livestock feed or industrial products. Many weed seeds associated
with grain crops in the field are harvested along with the crop and can be difficult to
remove due to similarities in shape and size of the seeds (Benvenuti 2007; Michael et
al. 2010; Salisbury and Frick 2010). Depending on the destination and intended end
use of the grain some of these seeds may be introduced into new environments suitable
for growth and establishment. Because large volumes of grain are traded internation-
ally each year, this pathway may represent a considerable contribution to the spread of
new agricultural pests around the world. Several studies have reported large numbers
of contaminant weed species found in sampled grain commodities (Pheloung et al.
1999a; Kurokawa 2001; Shimono and Konuma 2008; Darbyshire and Allison 2009;
Mekky 2010) and a number of globally important weeds of agriculture are thought
to have been spread as contaminants in grain (e.g., Jehlik and Hejny 1974; Jehlik and
Dostalek 2008).

Regulating the spread of weeds via this pathway is the responsibility of individ-
ual countries under the guidelines of the International Plant Protection Convention
(IPPC), and many countries have legislation and import requirements that mitigate
the risk of introducing new weed species to some degree. However, according to the
principles of the IPPC, regulations must be based on risk analysis and characterizing
the risk associated with complex pathways such as this one remains a challenge. Inter-
national standards for pest risk analysis are well developed for addressing individual
species in terms of the likelihood they will enter, establish and spread in a new area,
and the impacts they may have (IPPC 2007; 2013). Likewise, a number of weed risk
assessment methods have been published and evaluated for their ability to separate
weeds from non-weeds and predict which plant species are likely to be most invasive
(e.g., Pheloung et al. 1999b; Dachler et al. 2004; Gordon et al. 2008; McClay et al.
2010; Koop et al. 2011). Such approaches are used by countries around the world
to guide the development of plant health regulations, and are helpful for identifying
and preventing the introduction of particular pests of concern; however, they are less
well developed for addressing the risk associated with pathways. A species-by-species
approach is often impractical for commodities like grain where a single shipment could
be harbouring hundreds of different weed contaminants.

More recently, a pathways approach to pest risk analysis has been proposed
(NAPPO 2012), which shifts the focus onto the characteristics of the pathway it-
self and events along the pathway that may have significance for pest prevalence
or pest risk. In this context, a pathway is defined as “any means that allows the
entry or spread of a pest” (IPPC 2015), and risk is characterized in terms of events
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Figure 1. Conceptual diagram of imported grain as a pathway for the introduction of weed seeds. Six
points, or events, along the pathway that have relevance for weed risk are illustrated from left to right
along a timeline from point of origin to end use at destination. Factors that increase the risk of introduc-
ing new weed species to Canada are shown in red boxes, while factors that decrease the risk are shown in
green boxes.

that affect the whole suite of pests associated with the pathway, without requiring
a species-by-species focus. To do this, the pathway must first be described, and the
individual events of interest identified. Each “event” can then be examined in terms
of its implications for pest risk and whether it offers potential for risk mitigation.
Although pest risk inherently depends on both the likelihood and consequences of
pest introduction, the focus of a pathway risk analysis is often on the likelihood of
pest introduction and/or spread, with consequences assumed or understood from
prior studies (NAPPO 2012).

In this paper we discuss the association of weed seeds with imported grain from
point of origin to end use at destination, and provide a qualitative description of the
pathway that can be used as a framework for pathway risk analysis. We identify six
points, or events, along the pathway that have relevance for weed risk, namely: crop-
weed associations at the point of origin; farming practices; grain handling practices;
transport and storage; import requirements; and end use of grain in the country of
destination (Canada) (Figure 1). We discuss each of these in further detail below. We
also present inspection sampling data for weeds in ten grain crops most commonly
imported to Canada: corn, rice, soybean, cereals, pulses, canola or rapeseed, sunflower,
flax, millet and sorghum. Canada imports about 2 million metric tonnes of these crops
combined each year (FAO 2015; Statistics Canada 2016) (Table 1).

Crop-weed associations at the point of origin

The pathway for weed seed dispersal in grain begins in the field where the crop is
grown in the country of origin. The majority of Canadian grain is imported from
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the U.S., although significant amounts are also brought in from other countries,
and trade patterns frequently shift to meet market demands (FAO 2015; Statistics
Canada 2016) (Table 1). On a broad scale, weed communities and species assem-
blages are determined by geography and vary according to the crop species and
conditions (e.g., climate, soils) in the country or area of origin. This information
is usually available from import documentation and using this, along with nation-
al or regional floras, agricultural statistics and published literature on weed-crop
associations, an initial analysis can be made of the weed communities and species
expected to be associated with the crop in the field. For example, most corn import-
ed to Canada originates in the U.S. Data from the U.S. Department of Agriculture
shows that corn is harvested for grain in 41 states, with the majority coming from
the Midwest, from states such as Iowa, Illinois, Nebraska, Minnesota and Indiana
(USDA-NASS 2010, 2012). A large amount of information exists on weeds of the
U.S. corn belt, and lists of common species are readily available (e.g., velvetleaf
(Abutilon theophrasti Medik.), lamb’s-quarters (Chenopodium album L.), wild proso
millet (Panicum miliaceum L.), woolly cupgrass (Eriochloa villosa (Thunb.) Kunth),
foxtails (Sezaria spp.), and pigweeds (Amaranthus spp.)) (Forcella et al. 1992; For-
cella et al. 1996; Forcella et al. 1997; Myers et al. 2004; Clay et al. 2005; Davis et al.
2005; Gibson et al. 2005; Davis 2008). Although the exact species and numbers of
weeds present will vary from field to field and season to season in response to local
conditions, farming practices and weather, it is possible to use this type of informa-
tion to develop a preliminary picture of the weeds likely to be associated with the
crop at the point of origin.

The risk of introducing new weed species to Canada depends not only on the
number of weed seeds contaminating imported grain, but on the particular species
assemblages present, and the likelihood they will end up in suitable environments for
establishment and spread. Many contaminants moving in the international grain trade
may be common weeds already present in Canada, and thus do not present a risk of
new species introductions. Others may be weeds from tropical climates unlikely to
survive through Canadian winters, or weeds associated with crops not widely grown in
Canada (e.g., rice). At a broad scale, information about the point of origin allows for
generalizations about risk. For example, the risk of new species introductions is gener-
ally considered lower from countries with similar weed floras (i.e., fewer new species)
or different climates (i.e., species less likely to survive), and higher from countries with
different weed floras and similar climates. At this stage there is also the opportunity to
determine whether particular weed species of concern (e.g., regulated species) occur in
the area of origin. The level of risk will vary for each crop/country combination pro-
posed for importation, and the more detailed the information about point of origin
(e.g., state, county), the more specific the analysis can be. However, it should be noted
that the value of a very detailed analysis at this stage may be compromised by industry
practices further along the pathway, for example blending of grain lots from different
origins (see Grain handling, below).
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Farming practices

At smaller scales, crop production practices can also impact the diversity and preva-
lence of weeds at the field level and at harvest.

Crop production: Prior to planting, factors such as previous land use, crop rota-
tion, pre-planting tillage, herbicide application, seed bank composition and crop seed
purity can play a role in characterizing a field’s weed flora for a particular year (Thomas
and Dale 1991; Blackshaw et al. 2006). At planting time, grower decisions about crop
type, planting date and planting density will influence the crop’s ability to compete
with weeds (Swanton and Weise 1991). Throughout the growing season, climatic fac-
tors, fertilization and weed control decisions can further affect the performance of both
weeds and crops. In general, weeds with similar biology and requirements to those of
crops tend to be favoured (Thomas and Dale 1991), with well-known examples in-
cluding jointed goatgrass (Aegilops cylindrica Host) in wheat, Johnson grass (Sorghum
halepense (L.) Pers.) in sorghum, and wild mustard (Sinapis arvensis L.) in canola.

Some crops and crop cultivars are inherently more competitive than others. Crop
competitive ability varies from region to region, but a general ranking puts cereals first,
followed by canola and then pulses (Blackshaw et al. 2002). Highly competitive crops
are able to germinate, emerge and accumulate biomass more rapidly than weeds and
have an advantageous height and canopy structure for intercepting light (AAFC 2015).
Winter annual crops generally have an advantage over spring-seeded crops in that
they overwinter as seedlings and are poised for rapid growth in spring (AAFC 2015).
Conversely, with the exception of field pea, pulse crops are generally poor competitors
against weeds due to slow initial growth, short stature and inability to quickly close
the crop canopy (Saskatchewan Pulse Growers 2000; Pulse Crop Work Group 2002;
McKay et al. 2003; Corp et al. 2004).

Chemical weed control options also vary by crop. In general, broadleaved weeds
are easier to control in cereals and other monocot crops, while grass weeds are easier to
control in broadleaved crops. For some crops, such as flax and pulses, herbicide options
tend to be more limited than those for others, such as cereal grains or corn (OMAFRA
2009). Herbicide tolerant cultivars of crops such as corn, soybean and canola allow
more comprehensive weed control than many conventional varieties, reducing the
number of weeds in the field (Shaw and Bray 2003; O’Donovan et al. 2006) and
changing the species composition of weed communities (Webster and Nichols 2012).
On the other hand, the rise of herbicide resistant weeds may reduce the advantages of
herbicide tolerant cultivars over time, as herbicide resistant weed seeds are dispersed as
seed and grain contaminants around the globe (Shimono et al. 2010).

In the case of organically grown crops, a variety of non-chemical weed control
options, such as mechanical and thermal methods, mulching and intercropping, may
be employed to keep weeds in check (Bond and Grundy 2001). Floral diversity is
promoted and the presence of some weeds at acceptable levels may be beneficial to
the system in terms of nutrient cycling and pest and disease control (Stockdale et al.
2001). As a result, the quantity and composition of weed seeds in organic grain can
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differ significantly from that which is conventionally grown (e.g., Marshall et al. 2003;
Bengtsson et al. 2005).

Harvest: At harvest, critical factors contributing to weed contamination levels in-
clude timing, weather conditions, crop vs. weed height, weed maturity and combine
settings (Forcella et al. 1996; Davis 2008; Shimono and Konuma 2008). Grain crops
are usually harvested by direct combining or a sequence of swathing then combining,
and weeds most likely to be harvested with the crop are those that are taller than
cutting height at the time of harvest, with mature seed retained in the seed heads.
Early maturing weed species shed most or all of their seeds prior to harvest, though
some seed may be retained during cool years (e.g., Sinapis arvensis in corn, Forcella
et al. 1996). Volunteer crops can also be problematic at harvest, as they are usually
resistant to shattering (Shimono and Konuma 2008). In taller crops, seeds from short
species are generally eliminated during harvesting (Shimono and Konuma 2008). For
example, sunflower is one of the cleanest grains taken into a mill when the combine is
set high at harvest (Pierce 1970). On the other hand, pulse crops are low-growing and
harvested close to the ground, making them more likely to be contaminated with weed
seeds. In crops that are swathed prior to combining (e.g., canola), weeds of any height
with mature seeds attached may be subsequently harvested with the swaths.

The action of the conventional combine includes reaping, threshing (separating
the grain from the husks) and winnowing (blowing off fines and other foreign materi-
al). Weed seeds that have a pappus are easily dislodged and dispersed at harvest time
and are more readily eliminated during the cleaning process (Shimono and Konuma
2008). The amount of weed seeds in grain can be reduced at harvest with correct
combine sieve and fan adjustment (Humburg et al. 2009). This tends to be easier with
large-seeded crops like corn and soybean than for smaller-seeded crops like cereals,
canola, flax and millet. For example, in a two year study of timing and measurement
of weed seed shed in four corn plots from west central Minnesota, it was observed
that harvested corn grain samples were free of weeds, indicating that most had been
dispersed by the harvesting machinery (Forcella et al. 1996). In contrast, a study of
the effect of harvesting and cleaning on weed seed contamination in wheat reported a
significant level of contamination (Shimono and Konuma 2008).

Opverall, knowledge of crop production and harvesting practices can be helpful for
considering their effect on grain contamination at source. Although weed levels and
species complexes vary from farm to farm, with different agronomic, harvesting and
cleaning practices, generalizations can be made based on the information available and
applied to the evaluation of risk. For example, crops that are typically more competi-
tive, treated with herbicides, harvested at a greater height or have large seeds might be
expected to harbour less weed seed contaminants (lower risk) than crops that are less
competitive, grown organically, harvested close to the ground, or that have small seeds
that are difficult to separate from weed seeds (higher risk). This information can be
combined with that collected about point of origin to develop a more refined picture
of the species and levels of weed contamination that might be expected with a particu-
lar grain crop after harvest.
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Grain handling

From the farm, harvested grain typically moves through a series of elevators on its way
to export, where it is cleaned and graded to determine its market value.

Cleaning: Cleaning removes dockage, which is material that can readily be removed
from grain prior to grading, such as stones, straw, chaff, broken grains, contaminant
seeds, dust and hulls (CGC 2015). It may be done on-farm, at local, sub-terminal
or export elevators, or when grain is received at feed mills or processing plants (Lin
and Lin 1994; Lin 1996; Wilson et al. 2000; U.S. Soybean Export Council 2008).
Conventional seed cleaning includes the use of aspirators, screens, gravity tables and
other separators to remove debris and weed seeds from the crop based on size, shape or
weight. As with harvesting, larger-seeded crops (e.g., corn, soybean) are relatively easier
to clean than smaller-seeded crops (e.g., flax, millet), as there tends to be less overlap
with weed seeds in terms of seed dimensions and weight (Salisbury and Frick 2010).

Grading: The extent to which grain is cleaned is typically determined by grade
requirements to meet government regulations, export standards or contract condi-
tions. Numerical grades are a measure of grain quality and cleanliness and help deter-
mine the value of grain on the market (Lin and Lin 1994; Lin 1996; U.S. Soybean
Export Council 2008; USDA-FGIS 2015). Allowances for quality (e.g., minimum
test weight, heat damaged kernels) and cleanliness (e.g., percent foreign material) are
specified for each grade of a given crop, with the highest grade representing the highest
quality. Weed seeds form a component of the dockage or foreign material (FM) of the
grain. In some cases, maximum limits by grade of certain weed species are also stipu-
lated (USDA-FGIS 2015).

The percentage of FM allowed in a grade can be an indicator of the level of con-
tamination with weed seeds. For example, U.S. No. 1 grade soybeans must contain no
more than 1% FM by weight, U.S. No. 2 grade no more than 2%, U.S. No. 3 grade
no more than 3%, and so on (USDA-FGIS 2015). Using import data by grade, it is
possible to estimate the maximum amount of FM that might be imported along with
the crop. It is important to note that this represents a maximum, and some imports
may have contamination levels below the allowable limits. In addition, FM consists
of more than just weed seeds and the proportion may vary from crop to crop and
shipment to shipment (Bell and Shires 1980; Hill et al. 1994; Lin and Lin 1994; Lin
1996). However, it is a useful indicator of scale; for example, for grain commodities
that are imported in the range of 100,000 MT (e.g., cereals, pulses) - 1 million MT
(e.g., corn) per year, 1% would represent 1000-10,000 MT of associated FM includ-
ing weed seeds.

Blending: In commercial trading, the quality of grain in demand fluctuates with
changing markets and intended uses. Producers, handlers and exporters must balance
the costs of cleaning grain against the value it will have on the market. In some cases
there may be an incentive for producers or exporters to clean grain to the highest
grade or value; however, in many cases there may be market demand for lower quality
grain and the incentive is to clean only to the targeted level of the grade or contract
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(Johnson and Wilson 1993). To achieve this, many grain elevators use the practice of
blending to produce grain with the desired level of FM; that is, rather than cleaning all
grain delivered, a portion of high-FM grain is cleaned to a level well below the desired
limit and then blended with the rest to achieve the targeted level in the final product
(Lin and Lin 1994; Lin 1996). It is unclear to what extent grain lots from different
origins are typically blended prior to export, but this could create highly unpredictable
weed assemblages in blended grain shipments. The addition of FM back to grain after
cleaning is another concern but is prohibited in some countries (e.g., the U.S.) (U.S.
Congress Office of Technology Assessment 1989).

Opverall, the variation in composition of FM and the practice of blending are sig-
nificant sources of uncertainty with respect to the potential numbers and species of
weed seeds found in grain. Blending of grain lots from different origins with distinct
weed floras has the potential to greatly increase the number of weed species in the
resultant lot. Unfortunately, information on whether or not a particular grain lot has
been blended and the origins of the original grain lots is very difficult, often impos-
sible, to obtain.

Transport and storage

Transport and storage of grain at every stage along the pathway introduces the pos-
sibility of cross-contamination and spills. The pathway may be simple or complex in
terms of the number of transfers and conveyances prior to arrival at destination. From
the point of origin, grain may be moved by truck, rail car and/or ship as it moves
towards export and final destination, and may be unloaded and reloaded at a series
of intermediate elevators and storage facilities along the way. Each step contributes to
uncertainty with respect to the potential for cross-contamination and the risk of spill-
age post-import.

Cross-contamination: ldeally, good sanitation requires the thorough cleanout of all
grain harvesting, transporting, and handling equipment between loads (McNeill and
Montross 2003). Practically, however, the cleaning of combines, transportation vehi-
cles and storage facilities between different lots of grain is difficult and often incom-
plete, resulting in some carryover (Howell and Martens 2002; Shimono and Konuma
2008). The different lots may represent different grades, origins or even crop types. For
example, Howell and Martens (2002), report that after careful cleaning of a combine,
three bushels of red corn (the original crop harvested) were found in the subsequently
harvested yellow corn. In a similar way, weed seed contaminants can get trapped in
machinery and end up in subsequent loads of grain.

Accidental spills: Accidental spills are also an unfortunate reality of the grain han-
dling system, as evidenced by the weed and volunteer grain flora along railway tracks,
roadsides, ports and around mills and other grain processing facilities (Karnkowski
2001; Dostilek and Jehlik 2004; Jehlik and Dostilek 2008; Hecht et al. 2014; Shimo-
no et al. 2015). Accordingly, roadsides and railways are often included in the habitat
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description of ruderal plants (e.g., Darbyshire 2003). In Canada, several occurrences
of jointed goatgrass (Aegilops cylindrica), a regulated weed, have been reported and
subsequently controlled or eradicated along railroad tracks and near port facilities,
likely from spills of imported winter wheat (CFIA 2013a). Similarly, in Czechoslo-
vakia, Jehlik and Hejny (1974) documented the main migration routes of adventi-
tious plants into the country with imported grain and agricultural products, showing
that many weeds of cereal crops from the U.S.S.R. entered Czechoslovakia following
the construction of key railway lines, and subsequently colonized railway stations and
warehouses and scattered across the country.

An example of a grain spill on a grand scale is that of a Malaysian cargo ship that
went aground in Alaska in 2004, spilling most of a shipment of over 60,000 tons of
U.S. No. 2 grade yellow soybeans produced in North Dakota and destined for pro-
cessing and human consumption in China (Darbyshire and Allison 2009). The soy-
beans accumulated in large drifts on the shore of Unalaska Island. A 0.25 kg sample
of screenings from this shipment was found to contain seeds of more than 46 species
of plants, 98% of which were non-native to Unalaska Island, and 85% of which had
not previously been reported to occur on the island. Strangely, the sample contained
seeds of woolly cup crass (Eriochloa villosa (Thunb.) Kunth), which is not naturalized
in Alaska or North Dakota. It is unclear how it got into the soybeans, although several
possibilities include contamination in transit or in handling facilities, or the blending
of soybeans produced in North Dakota with soybeans from states where the species
occurs.

As with grain cleaning and blending, the possibility of cross-contamination of con-
veyances and spills during the transport and storage of grain illustrates the complexity
of the pathway and introduces a significant element of uncertainty with respect to the
species of weed seeds that might be found in imported grain.

Import requirements

Import requirements are an important means by which countries can reduce the risk of
introducing new pests and protect their domestic industries and environments. Cur-
rently, all grain imported to Canada is expected to arrive free of soil and regulated pests,
and a range of different requirements (e.g., import permits, phytosanitary certificates,
treatment certificates) exist for particular crops and countries of origin (CFIA 2015).
Pests of concern in imported grain include a number of crop pathogens and stored
product pests in addition to weeds (CFIA 2015). Regulated weeds include 20 taxa that
have been identified as quarantine (i.e., prohibited) pests under Canada’s Plant Protec-
tion Act, based on pest risk analysis (CFIA 2013b) (Table 2). The absence of regulated
pests in imported consignments is typically determined on the basis of area freedom
(i.e., pest not present in the area of origin), or where required, certification of official
laboratory testing, or acceptable treatment (e.g., heat treatment for devitalization of
weed seeds). Non-compliant consignments, when detected, can be prohibited entry or
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Table 2. Plants currently regulated as quarantine (i.e., prohibited) pests under Canada’s Plant Protection

Act (CFIA 2013b).

Scientific name

Common name

Aegilops cylindrica Host

Jointed goatgrass

Alopecurus myosuroides Huds.

Slender foxtail

Centaurea iberica Trevir. ex. Spreng.

Iberian starthistle

Centaurea solstitialis L.

Yellow starthistle

Crupina vulgaris Cass.

Common crupina

Cuscuta spp.(except native species)

Dodder

Dioscorea polystachya Turcz.

Chinese yam

Echium plantagineum L.

Paterson’s curse

Eriochloa villosa (Thunb.) Kunth

Woolly cup grass

Microstegium vimineum (Trin.) A. Camus

Japanese stiltgrass

Nassella trichotoma (Nees) Hack. ex. Arechav.

Serrated tussock

Orobanche spp. and Phelipanche spp. (except native species)

Broomrape

Paspalum dilatatum Poir.

Dallis grass

Persicaria perfoliata (L.) H. Gross

Devil’s-tail tearthumb

Pueraria montana (Lour.) Merr. Kudzu

Senecio inaequidens DC. South African ragwort
Senecio madagascariensis Poir. Madagascar ragwort
Solanum elacagnifolium Cav. Silverleaf nightshade
Striga spp. Witchweeds
Zygophyllum fabago L. Syrian bean-caper

required to be treated. These measures are aimed at reducing the risk of introducing
regulated pests and do not necessarily address all pests moving in a pathway.
Inspection sampling data: Compliance with import requirements is monitored

through inspection and sampling at the point of import. During the period 2007—
2015 an import sampling program focussed on weed seeds in grain was initiated to
monitor for regulated species and to gather information about contaminants moving
in imported grain. In total, 947 samples were taken from imported shipments of the
10 grain commodities most commonly imported to Canada (see Introduction), and
analyzed for presence of weed seeds (Table 3). Sampling was carried out opportunis-
tically by inspectors so the number of samples per crop is uneven (ranging from 7 to
251), making direct comparisons between crops somewhat difficult. However, some
broad patterns can still be observed.

Overall, 438 different contaminant taxa were reported in the samples analyzed,
including 84 crops present as volunteer weeds or commodity handling contaminants,
288 common weeds already present in Canada, and 66 species which are absent from
Canada or very locally introduced (i.e., less than 5 individual locations reported in less
than 3 provinces), representing possible new introductions. A number of contamin-
ants were only identified to genus and a few to family; for convenience they are referred
to as ‘species’ from here on. The complete list of contaminants cross-referenced to the
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Table 3. Data from a Canadian sampling program showing weed seed contaminant species reported
in imported grain 2007-2015. Crop species are provided in Table 1. Contaminant species are separated
into: “other crops” (other crop species present as volunteer weeds or commodity handling contaminants);
“common weeds” (common weeds and species already established in Canada), and; “new species” (species
which are absent from Canada or very locally introduced, representing possible new introductions).

Sampl. Range of contaminant Total number of unique contaminant species
Imported ampres species reported per sample reported in all samples

grain Size Other | Common | New species | Total
kg | " # Crops (#) | Weeds () | (#) @
Corn 1.0 198 0-22 29 74 7 110
Rice 0.5 11 0-12 5 18 4 27
Soybean 1.0 70 0-36 35 99 30 164
Cereals 1.0 | 223 0-35 55 188 24 267
Pulses 1.0 | 251 0-36 36 120 4 160
Canola 0.5 52 0-18 18 57 3 78
Sunflower | 1.0 42 0-24 22 45 0 67
Flax 0.5 7 0-13 5 21 3 29
Millet 0.5 69 0-18 17 42 3 62
Sorghum 0.5 24 0-16 12 21 1 34
Total 947 0-36 84 288 66 438

crops they were found in is included in Suppl. material 1. All crops sampled contained
contaminants, ranging from 27 species in 11 samples (rice) to 267 species in 223
samples (cereals). There was a significant and positive Pearson correlation between
the number of samples taken for each crop (n) and the total number of contaminant
species reported (correlation = 0.79; p=0.006; n=10), indicating that in general, more
sampling is likely to result in more contaminant species reported.

The number of contaminant species per sample ranged from 0 for all crops to be-
tween 12 (rice) and 36 (soybean and pulses) (Table 3). Frequency distributions show-
ing the percentage of samples with varying levels of contamination for each crop are
included in Suppl. material 2. Rice and soybean had the highest percentage of samples
with no contaminants (45.5% and 42.9%, respectively), followed by millet (21.7%),
corn (21.2%), sorghum (20.8%) and sunflower (19.0%), while cereals, pulses and
canola had the lowest (1.8%, 6.3%, 7.6%, respectively). Patterns for corn and soybean
show a relatively high number of samples with no contaminants followed by a steep
drop-off, compared with cereals, pulses and canola which have a more even distribu-
tion of samples across contaminant levels. Other patterns are less clear (e.g., sorghum,
millet, sunflower) or questionable due to limited sample size (e.g., flax, rice). Overall
the patterns seem to reflect the relative ease of cleaning large-seeded crops such as corn
and soybean compared to those with smaller seeds like cereals and canola. In the case
of soybean, the contrast between the large number of samples with no contaminants
and the small number of samples with very high numbers of contaminant species (e.g.,
up to 36 per sample) could be explained by recent trends towards importing organic
soybeans; organic grain might be expected to have higher levels of weed seed contam-
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Table 4. Top 20 most frequently reported contaminant species in imported grain crops examined in a
Canadian sampling program 2007-2015. #Reports (%) indicates the number of samples a species was
reported in of a possible 947 with percentages in parentheses, and #Crops indicates the number of crops

it was reported in, of a possible 10.

Name of Contaminant Common name | # Reports (%) | # Crops
Chenopodium album L. Lamb’s-quarters 356 (38%) 10
Fallopia convolvulus (L.) A. Love Wild buckwheat 306 (32 %) 9
Amaranthus retroflexus L. Redroot pigweed 287 (30%) 9
Setaria italica (L.) P. Beauv. subsp. viridis (L.) Thell. Green foxtail 262 (28 %) 9
Avena fatua L. Wild oat 241 (25 %) 9
Triticum aestivum L. Wheat 229 (24 %) 9
Bassia scoparia (L.) A. J. Scott Kochia 222 (23 %) 9
Thlaspi arvense L. Stinkweed 198 (21 %) 8
Brassica napus L. subsp. napus Canola or rapeseed | 190 (20%) 8
Echinochloa crus-galli (L.) P. Beauv. Barnyard grass 177 (19%) 10
Sinapis arvensis L. Wild mustard 143 (15 %) 8
Setaria pumila (Poir.) Roem. & Schult. subsp. pumila Yellow foxtail 127 (13 %) 9
Bromus tectorum L. Downy brome 122 (13 %) 4
Hordeum vulgare L. subsp. vulgare Barley 111 (12 %) 7
Descurainia sophia (L.) Webb ex Prantl Flixweed 103 (11 %) 6
Helianthus annuus L. Sunflower 103 (11 %) 8
Persicaria lapathifolia (L.) Delarbre Pale smartweed 90 (10%) 10
Salsola tragus L. Russian thistle 83 (9 %) 8
Cirsium arvense (L.) Scop. Canada thistle 82 (9 %) 5
Avena sativa L. Oats 79 (8 %) 8

ination. Pulse samples appear to range fairly evenly across levels of contamination,
perhaps because pulses in this case are a mixture of crops of different seed sizes (e.g.,
beans, peas, chickpeas, lentils). Data for number of contaminants per sample (rather
than number of species) were not available at this time.

The 20 most frequently reported contaminant species for all crops combined are
shown in Table 4, along with the number of times they were reported and the number
of crops they were reported in. All 20 are common crops or weeds in Canada, and not
species of phytosanitary concern. Among all 438 contaminant species reported, 58
(13%) were reported in 5 crops or more (>50%), while 241 (55%) were reported in
only one crop and 159 (36%) were only reported once (Suppl. material 1). This sug-
gests there is a pool of common weeds moving in multiple crops in the international
grain trade, as well as a pool of less common weeds that have specific associations
with particular crops or areas of origin. Most “new” contaminant species of phyto-
sanitary concern fall in the latter group. A detailed analysis of contaminant profiles
in individual crops would be an interesting area for further study and would support
crop-specific risk analyses from different areas of origin. This would allow for com-
parisons between the weed profiles expected based on field conditions in the country
of origin and contaminants found in imported samples. For example, many of the
weeds commonly reported in the U.S. corn belt (see Crop-weed associations at the
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point of origin, above) are found among the most frequently reported contaminants in
imported samples of corn and soybean (e.g., lamb’s-quarters, redroot pigweed, green
and yellow foxtail, velvetleaf and pigweeds). However, contaminants reported also in-
cluded less common species, and some surprising associations, e.g., ash (Fraxinus spp.)
and linden (77lia americana L.) (see Suppl. material 1).

The 66 species that represent potential new weed introductions to Canada are
shown in Table 5, along with the number of times they were reported and the num-
ber of crops they were reported in. The most frequently encountered were jointed
goatgrass (Aegilops cylindrica), golden dock (Rumex maritimus) and dodder (Cuscuta
spp.). Jointed goatgrass and dodder are regulated pests under Canada’s Plant Protec-
tion Act and Regulations but are both very difficult to detect and remove from grain,
perhaps explaining why they are so frequently reported here. Jointed goatgrass is a
crop mimic with seeds that are extremely similar in size and shape to those of wheat
and therefore very difficult to clean out of imported wheat commodities (e.g., Chao
et al. 2005). Likewise, Cuscuta spp. have very small seeds that are difficult to detect
and remove, particularly from small-seeded crops (Quasem 2006). The crops with the
highest number of “new” species reported were soybean and cereals (Table 3). The
list of species in Table 5 could be a useful tool for focussing species-specific pest risk
analyses in future.

Opverall these results are similar to other studies which have reported large numbers
of contaminant weed species in imported grain (Pheloung et al. 1999a; Kurokawa
2001; Shimono and Konuma 2008; Mekky et al. 2010), and indicate that imported
grain commodities represent a significant pathway for the introduction of weed seeds
regardless of seed size and in spite of cleaning and grading efforts. As with other stud-
ies, the contaminants reported here represent a wide range of seed dimensions from
very small seeds (e.g., Amaranthus retroflexus L. (-1.0 mm) and Chenopodium album
L. (-1.3 mm)) to larger ones (e.g., Xanthium strumarium L. (8—15 mm)) both among
and within crops, further suggesting that the effects of grain cleaning on the basis of
size, shape and weight is being counteracted along the grain pathway by blending and
cross-contamination in transit and storage.

End use of grain in the country of destination

Grain commodities imported to Canada are used for human and animal food as well as
industrial products. Wheat, rice, pulses, soybean, canola, sunflower and flax grain are
primarily used for human food products in Canada, while corn, barley, oats and sor-
ghum grain are mainly used for livestock feed, and millet grain for bird feed (Small 1999;
AERC 2008; ANAC 2012). However, grains are generally multi-purpose and cross over
into other usage streams. For example, in addition to its use as animal feed, corn is used
for a myriad of human food (e.g., flour, starch, syrup, oil, hominy, grits) and industrial
products (e.g., plastics, fabrics, ethanol). Similarly, significant amounts of barley are used
in the malting industry. Interestingly, almost any type of grain can end up in the animal
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Table 5. Contaminants that represent potential new weed species introductions to Canada, reported

in imported grain crops examined in a Canadian sampling program 2007-2015. #Reports indicates the

number of samples a species was reported in of a possible 947, and #Crops indicates the number of crops

it was reported in, of a possible 10.

Name of contaminant #Reports | # Crops Name of contaminant #Reports | # Crops
Aegilops cylindrica Host 54 2 Anchusa azurea Mill. 1 1
Rumex maritimus L. 22 3 Anoda spp. 1 1
Cuscuta spp. 10 4 Blainvillea acmella (L.) Philipson 1 1
Commelina benghalensis L. 7 1 Bromus sterilis L. 1 1
Digera muricata (L.) Mart. 5 1 Codonopsis spp. 1 1
Phaseolus spp. (except crops) 5 1 Crambe spp. 1 1
Rapistrum rugosum (L.) All. 5 1 CGyanotis axillaris (L.) D. Don 1 1
Euphorbia heterophylla L. 4 1 Cynodon dactylon (L.) Pers. 1 1
Apera spica-venti (L.) P. Beauv. 3 1 Dactyloctenium aegyptium (L.) Willd. 1 1
Consolida regalis Gray 3 1 Gaillardia megapotamica (Spreng.) ] !

Baker
Digitaria ciliaris (Retz.) Koeler 3 2 Galium tricornutum Dandy 1 1
Dinebra retroflexa (Vahl) Panz. 3 1 Ipomoea hederacea Jacq. 1 1
Eleusine indica (L.) Gaertn. 3 1 Ipomoea lacunosa L. 1 1
Hirschfeldia incana (L.) Lagr.- 3 ] Lepyrodiclis holosteoides (C. A. Mey.) ] !
Foss. Fenzl ex Fisch. & C. A. Mey.
Alisma plantago-aquatica L. 2 2 Pedaliaceae spp. 1 1
Bromus arvensis L. 2 1 Pennisetum spp. 1 1
Bmmm’ catharticus Vabl var. 2 1 Perilla frutescens (L.) Britton 1 1
catharticus
Celosia argentea L. 2 2 Persicaria nepalensis (Meisn.) H. Gross 1 1
Corchorus olitorius L. 2 1 Phyllanthus spp. 1 1
Cucumis spp. (except crops) 2 1 Rapistrum perenne (L.) All. 1 1
Euphorbia davidii Subils 2 1 Rapistrum spp. 1 1
Glaucium corniclatum (1.) 2 1 Reseda odorata L. 1 1
Rudolph
Nicandra physalodes (L.) Gaertn. 2 2 Rorippa islandica (Oeder) Borbds 1 1
Panicum psilopodium Trin. 2 2 Salvia hispanica L. 1
Phyllanthus urinaria L. 2 1 Sesbania exaltara (Raf.) Rydb. 1 1
Rottboellia cochinchinensis ) ] Setaria pumila (Poir.) Roem. & Schult. ] ]
(Lour.) Clayton subsp. subtesselata (Biise) B. K. Simon
Salvia columbariae Benth. 2 2 Sida spinosa L. 1 1
i[;yzzn;gegfﬁ Zzzomzm (@) 2 1 Sisymbrium orientale L. 1 1
Sida rhombifolia L. 2 2 Spermacoce spp. 1 1
g:;fil;ﬂg %[Vﬂuilsxr)lii. E 2 2 Stachys annua (L.) L. 1 1
Achyranthes aspera L. 1 1 Trifolium reflexum L. 1 1
Alternanthera ficoidea (L.) P. ] 1 Verbena officinalis L. ] I
Beauv.
Amaranthus caudatus L. 1 1 Veronica hederifolia L. 1 1

feed stream, either in whole or by-product form. Distillers’ grains, a by-product of corn
ethanol production (Heuzé et al. 2015) and canola meal, a by-product of canola oil pro-
duction, are just two examples among many (Casséus 2009).
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Human and industrial uses: Grain for human consumption or industrial uses is
typically cleaned to a very high standard. Beyond the cleaning undertaken to meet
grade or contract specifications prior to export, imported grain for human food or
industrial end uses typically undergoes further cleaning in order to ensure quality and
consistency of the resultant products (Matz 1991; Catania et al. 1992; Delcour and
Hoseney 2010). The by-product of any cleaning process is screenings, discussed sep-
arately in the next section. Grain processing for food or industrial products may be
partially to totally destructive, and can include decortication, polishing, milling, ex-
traction, malting, fermentation, cooking, parboiling, and other commercial processes
(Delcour and Hoseney 2010). Many of the commodities resulting from these processes
are categorized according their level of pest risk in an international standard produced
by the IPPC (ISPM 32) (IPPC 2009). In general, the initial grain cleaning in conjunc-
tion with these destructive mechanical, chemical and thermal treatments seems almost
certain to reduce the number of contaminating viable weed seeds in the ensuing prod-
ucts and by-products to negligible levels, thereby mitigating any significant risk for
the introduction of weed seeds. Direct evidence for this is lacking and further research
into the effects of these processes on weed seed viability would be useful to clarify the
relative level of risk.

In Canada, many imported grain commodities are used as livestock feed (AAFC
2009; AAFC 2010; Gabruch and Gietz 2014). Compared with grain used for human
food or industrial processes (and their by-products), grain used for animal feed may
be cleaned and processed to lesser degrees (CGC 2015). With some exceptions, most
grains can be fed whole, although they are more often ground or rolled to improve the
feed value and digestibility (Marx et al. 2000). Livestock feed that undergoes minimal
or no processing is of particular concern, as it may contain weed seeds that can be sub-
sequently spilled on the ground or pass through the digestive tracts of animals while
retaining their viability (Blackshaw and Rode 1991; Kurokawa 2001). The most im-
portant livestock feeds in Canada are barley grain in the west and corn grain in the east
(Small 1999). Feed peas, wheat, oats, and canola and soybean meal are also important
inputs in Canadian livestock feeds (Small 1999; Hickling 2003; Newkirk 2010). The
other grains covered in this document, including flax, millet, rice, sorghum, sunflower,
and pulses other than feed peas, are only of minor importance for use in livestock feed
in Canada. However, it should be noted that millet, sunflower and sorghum grain used
for bird feed are unlikely to undergo any processing at all.

Livestock feed that is processed can undergo a number of transformative processes
including particle size reduction by grinding or rolling with a hammer or roller mill,
conditioning, pelleting and extrusion (Guyer 1973; Canadian Feed Industry Associa-
tion 1984). Particle size reduction processing significantly reduces, but does not elim-
inate the viability of contaminating weed seeds in grain (Zamora and Olivarez 1994).
Conditioning refers to the addition of moisture to bring the grain to an optimum level
for processing, usually in the presence of heat (82100 °C) (Canadian Feed Industry
Association 1984). Pelleting and extrusion are similar processes in which feed mixtures
are forced through the holes of a die plate, and also involve the generation of or ex-
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posure to heat (about 80 °C for pelleting and up to 200 °C for extrusion) (Levi¢ and
Sredanovi¢ 2010). Pelleting or extrusion in combination with particle size reduction
has been shown to be more effective at reducing the viability of contaminating weed
seeds than particle size reduction alone (Cash et al. 1998; Zamora and Olivarez 1994).
Zamora and Olivarez (1994) tested the viability of alfalfa seeds after grinding and/
or formation of grain pellets using steam. From an original viability of 94%, ground
unpelleted alfalfa seeds were still 91.5% viable whereas ground and pelleted seed were
52.5% viable. In a study by Cash et al. (1998), only very small quantities of alfalfa
seed (0.01-0.50%) germinated after typical commercial feed manufacturing process-
es, which included grinding and pelleting. Each step in the feed processing sequence
resulted in fewer viable seeds, with the majority of seed mortality being attributed to
grinding and the adjustment of settings to achieve smaller particle size.

End use processing can clearly mitigate the risk of weed seed introduction in many
cases, and is an important consideration in a pathway risk analysis for imported grain.
Grain subject to cleaning and processing for human consumption and industrial uses
presents a low risk of introducing weeds into new environments, as weed seeds are
either removed during cleaning or devitalized during processing. In contrast, livestock
and bird feeds subject to minimal processing represent a higher risk for the transmis-
sion of viable weed seeds. It is expected that the greater the degree of processing, the
less likely the feed will contain viable weed seeds.

Screenings as a by-product of grain cleaning: Grain screenings represent a high risk
relative to the grain they originate from, because they represent a concentration of
the non-grain fraction that includes weed seeds and other material that remains after
the grain has been cleaned. In Canada, grain screenings are most frequently used as
components in livestock feed. The raw screenings are often processed by grinding and
pelleting to reduce problems with feeding and handling. One study in Saskatchewan
indicated that weed seed viability was almost completely destroyed in grain screen-
ings that had been ground and steam pelleted and/or treated with ammonia (Janzen
1995). Likewise, the Canadian Food Inspection Agency (CFIA) monitors domestic
grain screening pellets exported to the U.S. to ensure they meet phytosanitary require-
ments and has shown that grinding and heating during pelletization renders weed
seeds non-viable (CFIA 2012; CFIA Saskatoon Laboratory Seed Science and Technol-
ogy Section, pers. comm.).

However, screenings that are unprocessed or ground but not further processed
present a potential risk for the introduction of weed seeds to farm properties and else-
where. Studies have shown that sheep and steers fed unprocessed grain screenings had
viable weed seeds in their manure (Janzen 1995). Similarly, Scott et al. (1950) found
refuse screenings that had been ground on a 3/8 inch screen contained several contam-
inant species, with amounts varying from 453 seeds per pound of screenings (wild oats
(Avena fatua L.), mustard (Brassica spp.), fiddleneck (Amsinckia spp.)) to 44,492 seeds
per pound (lamb’s-quarters (Chenopodium album L.)). In another study, samples of
screenings were collected from eleven grain elevators in Saskatchewan, separated into
fine, medium and coarse particle-size fractions, and processed through various settings
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on hammer-mills and roller mills and then tested for seed germination. The results
showed that the effectiveness of hammer and roller mills for destroying weed seeds
increased with decreased screen mesh size and roller spacing, respectively. However,
none of the treatments were 100% effective at destroying weed seeds in the fine frac-
tions, which would have contained the tiniest weed seeds (AFMRC and PAMI 2000).

Of all the end uses of grains, unprocessed or minimally processed screenings
present the highest risk for containing viable weed seeds, and potentially large num-
bers of them. The weeds seeds in screenings can be unintentionally spilled in a variety
of environments conducive to germination, including areas around mills, bins and
farm properties, or be fed to livestock and dispersed into pastures. To address the risk
posed by imported, unprocessed screenings and grain for cleaning (which generates
screenings), import requirements have been established in Canada (CFIA 2013c), re-
quiring the material to be transported in such a way as to avoid spillage or spread, and
cleaned (in the case of grain) or pelleted or milled (for screenings) as soon as possible
after entry. Furthermore, residual materials must be securely contained and disposed
of, such as by burning or burial. This suggests that much of the risk posed by imported
screenings and grain for cleaning has been mitigated through regulation, however, it
is unclear to what extent this applies to imported grain designated for other end uses.

Conclusions

In summary, imported grains represent a very complex pathway for the possible intro-
duction of new weed species to Canada. Weed-crop associations at the point of origin,
along with crop production and harvesting practices, can be researched to develop pre-
dictions of what weed species might be associated with which imports; however, sub-
sequent steps along the pathway such as grain cleaning, blending, and the potential for
cross-contamination in transport and storage mean the weeds found in import sam-
pling programs are not always the ones that might be expected. Import interception
data presented here shows that all imported grain commodities sampled were a source
of associated weed contaminants, however information about end use indicates that
grain destined for human food or industrial purposes in Canada likely presents a neg-
ligible risk of introducing new weeds into the environment, due to extensive cleaning
and processing at destination. Further research on the effects of specific processes on
weed seed viability would be useful to confirm this. However, the greater risk lies with
imported grain that is direct-fed or minimally processed for livestock feed, and the
fate of dockage or screenings that are removed from grain during the cleaning process.

The pathway risk analysis approach provides a useful framework for characterizing
the nature of a pathway, identifying events that affect pest risk, and highlighting possi-
bilities for risk reduction or mitigation. In this case, a qualitative description of the
pathway from point of origin to end use at destination provides a better understanding
of the multiple interacting factors that may affect weed seed contamination in grain
imports, and this may help to focus plant protection efforts in future. For example,
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future risk analyses on specific grain commodities may call for less focus on the analysis
of crop-weed associations at the point of origin and production and harvesting practi-
ces and more focus on end use. Likewise, risk mitigation efforts might be most usefully
focused on grain used for livestock feed and management of screenings, as compared
to grain for human consumption or industrial purposes which present little risk of
introducing new weeds to the environment.
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Explanation note: Complete list of weed seed contaminant species reported in 947
samples of 10 imported grain crops in a Canadian sampling program 2007-2015,
cross-listed to number of times reported and crops reported in.

Copyright notice: This dataset is made available under the Open Database License
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(ODDL) is a license agreement intended to allow users to freely share, modify, and
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original source and author(s) are credited.
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Frequency distributions showing percentage samples with number of contaminant
species reported per sample for 10 imported grain crops examined in a Canadian
sampling program 2007-2015
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Data type: Frequency distribution graphs

Explanation note: Ten frequency distribution graphs (one per crop) shown in a multi-
panel.
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use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Abstract

Many recent studies in invasion science have identified species traits that determine either invasiveness or
impact. Such analyses underpin risk assessments and attempts to prioritise management actions. However,
the factors that mediate the capacity of an introduced species to establish and spread (i.e. its invasiveness)
can differ from those that affect the nature and severity of impacts. Here we compare those traits correlated
with invasiveness with those correlated with impact for Cactaceae (“cacti”) in South Africa.

To assess impact magnitude, we scored 70 cacti (35 invasive and 35 non-invasive species) using the
Generic Impact Scoring System (GISS) and identified traits correlated with impact using a decision tree
approach. We then compared the traits correlated with impact with those identified in a recent study as
correlated with invasiveness (i.e. native range size and growth form).

We found that there is a significant correlation between native range size and both invasiveness and
impact. Cacti with larger native ranges were more likely to become invasive (p=0.001) and cause substan-
tial impacts (p=0.01). These results are important for prioritising efforts on the management of cactus
species. Understanding when and why impact and invasiveness are correlated (as they appear to be for
Cactaceae) is likely to be an important area of future research in risk assessment.
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Introduction

Humans have moved species to areas outside their native ranges for millennia, and alien
species are now common components of most ecosystems (van Kleunen et al. 2015).
Although only a small proportion of introduced organisms establish and spread in new
areas, alien species can cause significant negative environmental and socioeconomic im-
pacts (Richardson 2011, Simberloff and Rejmdnek 2011). These include loss of biodi-
versity (Powell et al. 2013), changes to ecosystem functioning (D’Antonio and Vitousek
1992), large economic losses (Pimentel et al. 2000, Pimentel et al. 2005, Holmes et
al. 2009) and impacts on human health (Hulme 2014). To minimize such negative
impacts, strategies for managing alien species have been developed in many parts of the
world (Pysek and Richardson 2010). Given the high economic, cultural or aesthetic
value ascribed to many alien species and the limited availability of resources to manage
their negative impacts (Hester et al. 2013), a key challenge for managers is to identify
future invaders and those alien species that are likely to cause the most damage.

In this study we define invasive species in a strictly biogeographic sense (sensu
Richardson et al. 2011); this definition excludes connotations relating to impact. This
is in contrast to the definition often used by policy makers, especially in Europe and
North America, where invasive species are defined as those alien species that have
negative impacts. Much work has recently focussed on identifying potentially invasive
species. For example, several studies have compared known invasive and non-invasive
alien species within particular taxonomic groups searching for traits associated with in-
vasion success (Rejmdnek and Richardson 1996, Pysek and Richardson 2007, Kiister
etal. 2008, van Kleunen et al. 2010). Studies following this approach typically identify
alien species with certain reproductive traits, growth forms, physiology, or character-
istics of their native ranges as species with a high likelihood of becoming invasive (e.g.
Muth and Pigliucci 2006, Feng et al. 2008, van Kleunen et al. 2010, Castro-Diez et al.
2011, Gallagher et al. 2011, Novoa et al. 2014).

Although this approach has been reasonably successful in identifying likely invad-
ers, species thus flagged are not necessarily those likely to cause the most damage — in-
vasiveness often does not correlate with impact (Ricciardi and Cohen 2007). The traits
that influence invasiveness (the capacity to establish and spread) are different to those
that determine impact (the capacity to alter features of invaded ecosystems or the ser-
vices they deliver). Although the magnitude of impacts is a function of how abundant
and widespread a species is (Parker 1999), an alien species with limited distribution
can still have greater impacts than an abundant widespread invader. However, traits
for invasiveness and impact are usually assessed either separately, or together, but with-
out clearly separating which traits affect invasiveness and which affect impacts (e.g.
Pheloung et al. 1999). Strategies for managing alien species require an understanding
of both sets of traits, and in particular how they overlap. For example, species in a
particular taxonomic group of plants might be much more likely to become invasive
if they have small seeds (they are easily dispersed), while in the same group of species
those with high pollen production cause the greatest impacts (by causing hay fever).
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If pollen production and seed size are independent traits, then we need to prioritise
management efforts against taxa with both small seeds and high pollen production. An
additional complication is that effects can be in different directions, e.g. a trait might
increase the chance of a species being introduced but reduce the chance of an intro-
duced species becoming invasive (Moodley et al. 2013).

Progress has, however, been made in terms of categorising and comparing the
wide variety of mechanisms by which an introduced species can cause negative im-
pacts (Blackburn et al. 2014). To identify species traits associated with impact to in-
form alien species management, Nentwig and colleagues (2010) developed a Generic
Impact Scoring System (GISS) [subsequently extended by Kumschick and Nentwig
(2010) and Kumschick and colleagues (2012) and modified by Blackburn and col-
leagues (2014)] which allows for comparison of the magnitude of impact between
species and taxonomic groups. The GISS has proven useful for comparing the impact
of alien birds, mammals, fish, arthropods and plants in Europe (Nentwig et al. 2010,
Kumschick and Nentwig 2010; Kumschick et al. 2012, Kumschick et al. 2015), and
the impact of birds in Australia (Evans et al. 2014).

We use the family Cactaceae in South Africa as a case study to assess how traits
related to invasion success differ from traits related to impact. Thirty-five of the ap-
proximately 250 cacti species that have been introduced to South Africa are currently
recorded as invasive (Novoa et al. 2015). The impacts of cactus invasions on South
African biodiversity, resource availability, national economy, and human health have
been recognized for well over a century (e.g. Walters et al. 2011). Consequently, a
broad assessment of the determinants of invasiveness and impacts of the family Cac-
taceae in South Africa is an important requirement for the formulation of a national
strategy for the management of alien cactus species.

Novoa and colleagues (2014) looked at invasive and non-invasive species within
the family Cactaceae and found that invasive species tended to have larger native range
sizes, come from certain genera (especially Opuntia), and have certain growth forms
(cylindrical, flattened-padded, sprawling, leaf-like or angled in particular). In this
study, we applied the GISS to assess and compare impacts of cacti in South Africa and
other non-native ranges, and analysed the results to identify species traits correlated
with the magnitude of the impacts. Finally, we compare the traits associated with spe-
cies invasiveness in South Africa with those associated with negative impacts outside
their native range, and make recommendations for the management of current and
future cactus invasions.

Cactaceae (“cacti”) is a family of 1919 species, with all but one species native to
the Americas (Novoa et al. 2014). Cacti have been moved to regions outside their
native ranges mainly as ornamental species (Walters et al. 2011) since the fifteenth
century (Howard and Touw 1981). Some cactus species have become invasive and are
among the most damaging invasive species worldwide (Weber 2003), with hotspots of
invasion in Australia, South Africa, and Spain (Novoa et al. 2014). We focus on the
invasion of cacti in South Africa, the region for which the history of introductions and
impact of cactus species is best documented.
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Methods

Species selection

The first alien cactus species (Opuntia ficus-indica) was introduced to South Africa in
the 18th century (Annecke and Moran 1978). Since then, many more species have
been introduced for ornamental purposes (Walters et al. 2011). We recently surveyed
the ornamental trade of Cactaceae in South Africa. The six main wholesale nurseries
supplying cacti predominately produce plants for sale directly from imported seed.
Records of seed importation therefore provide a reliable estimate of propagule pressure.
We selected 70 cactus species introduced to South Africa: the 35 cactus species cur-
rently listed as invasive under South African national regulations (Novoa et al. 2015),
and the 35 non-invasive cactus species which are most prominent in the ornamental
trade, as determined by numbers of seeds imported (Novoa et al. unpubl. data).

For each species, we searched the ISI Web of Knowledge and internet (using
Google and Google Scholar) for publications and datasets. From the data collated
we determined: the taxonomic identity, dispersal potential of each species [vegetative
growth (yes/no), fleshy/edible fruits (yes/no), growth form (drawn from Novoa et al.
2014)], maximum height, native range size (in latitudinal degrees; Novoa et al. 2014),
and the presence of spines (yes/no) (Table 1 and Suppl. material 1).

Impact assessment

To compile information on the impacts of the 70 species, we searched the ISI Web of
Knowledge and internet (using Google Scholar) for publications, websites, datasets,
and grey literature on the negative impacts of cactus species outside their native ranges
(see Suppl. material 2). We did this using the scientific and common species names
as search terms, and screening the titles and abstracts of the resulting papers and
those papers cited in their reference lists. All the sources of information were given
equal weight; by using the maximum impacts reported we employ a precautionary
approach. Often the only evidence of impact was reported in the grey literature and
on websites.

The GISS used for this study considers 12 impact categories divided into two
main groups. The first group consists of environmental impacts, including impacts (1)
on vegetation, (2) on animals, (3) through competition, (4) through transmission of
diseases or parasites to native species, (5) though hybridization and (6) on ecosystems.
The second group deals with socioeconomic impacts, on (7) agriculture, (8) animal
production, (9) forestry, (10) human health, (11) human infrastructure and admin-
istration, and (12) human social life. Within these 12 categories, impact is assessed
using a semi-quantitative scale (Kumschick et al. 2015), with six impact levels ranging
from zero (no impact known or no data available) to five (highest impact possible at a
site). The impact levels in each category are described verbally with scenarios to assure
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consistency between assessors. All impact records found in the literature were assigned
an impact level accordingly. The highest scores found per species, category and group
(environmental and socioeconomic) were used for the analysis. More detail on the
GISS can be found in Kumschick and Nentwig (2010), Kumschick et al. (2012) and
Kumschick et al. (2015).

Following Kumschick et al. (2015), we assigned all impact records found in the
literature to a category and score them. As suggested by Blackburn et al. (2014), we used
the maximum impact over all categories as a measure of magnitude of impact. We cal-
culated each measure for impacts in South Africa only and impacts through the entire
introduced range, including South Africa (to also assess the potential impact of those
species introduced to South Africa but with no known impact yet). For each species, we
calculated each of these measures for environmental impact and socioeconomic impact
separately (including six categories each). This led to four measures: (i) maximum envi-
ronmental impact; (ii) maximum socioeconomic impact; (iii) maximum environmental
impact in South Africa; and (iv) maximum socioeconomic impact in South Africa.

Finally, we conducted a decision-tree analysis using the rpart package (Therneau
et al. 2009) included in the Rattle package (Williams 2009) in R (version 3.0.2) to
identify which species traits are associated with the observed maximum impact scores.
We also conducted a t-test in R to explore the differences in native range size between
non-invasive and invasive species, and an ordinal logistic regression to study the cor-
relation between the native range size and the impact scores.

Results

Impact assessment

Despite their long history of introduction around the world, as expected, we found
no evidence of impacts for the 35 cactus species considered as non-invasive in South
Africa (Suppl. material 4). Among the 35 invasive species, Opuntia aurantiaca Lindl.,
O. ficus-indica and O. pubescens H.Wendl. ex Pfeiff. had the highest scores for impact
in most categories, but O. stricta (Haw.) showed the highest impact scores in the overall
environmental category.

We found no evidence of impacts of any cactus species through the transmission of
diseases or parasites or through hybridization outside their native range. Moreover, in
South Africa we found no evidence of impacts on ecosystems (e.g. chemical, physical or
structural changes) or social life (Table 2). Overall, impacts on animals and animal pro-
duction were the most important environmental and socioeconomic impacts respectively
due to the spines of cactus species causing serious injury to native animals and livestock.

Of the six traits analysed (Table 1), native range size consistently emerged as the
main trait associated with the observed impact scores. Species with large ranges tended
to have larger impacts. The decision tree for environmental impact in South Africa
identified two splits, both due to range size: large ranges with many impacts vs. smaller
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Table 2. Maximum environmental and socioeconomic impacts of invasive cacti (n= 35) in South Africa
and over the entire non-native range. The impact scores are based on the Generic Impact Scoring System
(GISS) and range from 0-5. No invasive cacti had no recorded impacts.

Categories South Africa | Whole non-native range
On vegetation 3 3
On animals 4 4
Through competition 3 3

Maximum environmental

impacts Transr.nlssmn of.dlseases. or 0 0
parasites to native species

Through hybridization 0 0
On ecosystems 0 3
On agriculture 3 3
On animal production 5 5
) ) ) On forestry 3 3
Maximum socioeconomic X health
impacts On human healt 1 2
On human infrastructure
.. ) 2 3
and administration
On human social life 0 4

ranges with fewer impacts; and secondly small ranges with no or few impacts vs. me-
dium ranges with some impacts (Figure 1). This relationship is probably log-linear
(Figure 2). We also found a relation between native range size and invasiveness (Figure
3) and maximum environmental and socioeconomic impact of cacti in South Africa
and over the whole non-native range (Figure 2). Additionally, species with flattened
cladodes had the highest socioeconomic impacts over the entire non-native range.

Discussion

Our results suggest that native range size of species in the family Cactaceae is correlated
with both invasiveness (p<0.001, Figure 3) and impact (p=0.01, Figure 2). Many stud-
ies have shown positive relationship between native range size and invasiveness (e.g.
Duncan et al. 2001, Forsyth et al. 2004, Shah et al. 2012, Allen et al. 2013, Bates et
al. 2013). One potential explanation is that widespread species are more likely to be
encountered and introduced to other regions (Pysek and Richardson 2008). However,
as we indicated before, this is not true for cactus species. From records of seed imports
of the last 50 years (Novoa et al. unpublished data) it is clear that the non-invasive
species considered here have been widely cultivated in South Africa. Indeed, these
species are likely to have had a greater propagule pressure from horticulture than the
invasive species. For example, approximately 8 million seeds of Echinocactus grusonii
have been brought to South Africa since the 1960s. By contrast, only 636 000 seeds of
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Figure |. Conditional decision tree identifying the cactus traits responsible for the scores obtained from
the Generic Impact Scoring System. Growth forms: A = Angled, C = Cylindrical, F = Flattened-padded,
G = Globose, SP = Sprawling. Native range size is expressed in latitudinal degrees.

Cereus hildmannianus have been introduced over the same period. Both species have
only been used for horticulture but C. hildmannianus is invasive and E. grusonii is not.
The native range of C. hildmannianus is, however, about forty times that of E. grusonii.

Several studies have argued that species with large native ranges possess a suite of
traits that contribute to fitness and dispersal (Booth et al. 2003), and have wide en-
vironmental tolerances which improves their ability to handle different conditions in
new areas (Allen et al. 2013, Lavoie et al. 2013). We believe that this is especially true
for the family Cactaceae, one of the families with the highest number of endangered
species in the plant kingdom (Hernandez and Barcenas 1996, Goettsch et al 2015).
Most cacti (especially those with a globose growth form and therefore limited dispersal
rates) have small native ranges and need specific climatic and environmental condi-
tions to germinate, grow and spread (Anderson 2001, Godinez-Alvarez et al. 2003,
Drezner and Lazarus 2008). It is therefore not surprising that only those cactus spe-
cies that are able to establish and spread under a variety of conditions (and therefore
become widespread in their native range) are able to successfully establish and become
invasive when introduced to new regions.

Moreover, Novoa and colleagues (2015) found that species in certain genera (Aus-
trocylindropuntia, Cylindropuntia, Harrisia, Hylocereus and Opuntia) and with certain
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Figure 3. Relationship between native range size and invasiveness. Of the 70 cactus species introduced
to South Africa explored here, invasive species have significantly (p<0.001) larger native range sizes than
non-invasive species. Native range size is expressed in latitudinal degrees.
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growth forms (flattened-padded and angled) are also likely to become invasive, and
that growth form plays a role in socioeconomic impacts (species with a flattened-
padded growth form showed the highest socioeconomic impacts). Consequently, risk
assessment protocols for cacti should consider not just native range sizes but should
also evaluate taxa according to genera and growth forms. In addition, the cactus spe-
cies with the greatest impacts outside their native ranges (especially socioeconomic
impacts) were Opuntia species which are the most common invasive cacti (Novoa
et al. 2014). Therefore, management of taxa in this genus should be a top priority.
Fortunately for the management of cacti, Opuntia species are probably the most easily
identified of all cactus species (Lloyd and Reeves 2014) due to their distinct flattened-
cladode growth form (Novoa et al. 2014).

Odur results also suggest that the highest negative impacts of cactus species are those
related to animal production. Cactus invasions cause injuries to livestock, contaminate
wool and prevent access to grazing land (e.g. Walters et al. 2011, Lloyd and Reeves
2014). Therefore, areas where livestock farming is important should be prioritized
when managing cactus invasions. This is especially important for South Africa, since
69 % of South Africa’s land surface is suitable for grazing, and livestock farming is the
largest agricultural sector in the country (Goldblatt 2010).

Although South Africa is the region where the introduction and impact history of
cactus species is best documented (e.g. Walters et al. 2011) studies on this topic are still
scarce and it is likely that not all negative impacts of cacti have been detected and record-
ed yet. For example, although some studies in South Africa mentioned that invasive cacti
might have potential impacts on ecosystem functioning (e.g. Walters et al. 2001), this
remains to be conclusively demonstrated. There are no documented examples of impacts
on ecosystems or social life. Such a lack of knowledge is, however, a common problem
when assessing risks associated with alien species (Hulme et al. 2013).

While the correlation between native range size, invasiveness, and impact observed
here is a useful starting point for prioritising cactus management, more work is re-
quired to understand the underlying mechanisms. Does the dispersal capacity of differ-
ent cactus species influence native range size and both invasiveness and impact? How
would this relate to environmental (e.g. impacts on ecosystem functioning), economic
(e.g. economic losses in animal production) and social (e.g. impacts on social life)
consequences of cactus invasions? While we are not able to address all these questions
here, we believe that analyses that explicitly examine both invasiveness and impact of-
fer an opportunity to further both our theoretical understanding of invasions and how
we manage them in practice.
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Abstract

Cat’s claw creeper vine, Dolichandra unguis-cati (L.) Lohmann (syn. Macfadyena unguis-cati (L.) Gentry)
(Bignoniaceae), is a major environmental weed in Australia. Two distinct forms of this weed (‘long’ and
‘short’ pod), with differences in leaf morphology and fruit size, occur in Australia. The long pod form
has only been reported in less than fifteen localities in the whole of south-east Queensland, while the
short pod form is widely distributed in Queensland and New South Wales. This study sought to compare
growth traits such as specific leaf area, relative growth rate, stem length, shoot/root ratio, tuber biomass
and branching architecture between these forms. These traits were monitored under glasshouse condi-
tions over a period of 18 months. Short pod exhibited higher values of relative growth rates, stem length,
number of tubers and specific leaf area than long pod, but only after 10 months of plant growth. Prior
to this, long and short pod did not differ significantly. Higher values for these traits have been described
as characteristics of successful colonizers. Results from this study could partly explain why the short pod
form is more widely distributed in Australia while long pod is confined to a few localities.
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Introduction

Invasive plant species continue to threaten biodiversity and ecosystem function
globally (Heckel 2004; Pimentel et al. 2005). A fundamental objective of invasion
ecology is to identify a suite of plant traits that may determine invasion success in
novel environments (Py$ek and Richardson 2007; Richardson and Pysek 2006; van
Kleunen et al. 2010). An outcome of this search can be traced back to Baker’s ideal
weed hypothesis, in which Baker (1965) proposed a set of plant traits most likely to be
exhibited by invasive species . Comparative studies between exotic invasive species and
their native non-invasive congeners have contributed immensely to our understanding
of traits that promote colonisation and invasion success by some species (e.g. van
Kleunen et al. 2011).

It has proven difficult to consistently find a correlation of the same set of traits with
invasiveness, likely because of the varying effects of environmental factors on different
plant species (Alpert et al. 2000; Burns 2006). Studies have shown that no particular
trait solely confers invasiveness on a species, rather it is how a species responds to
different environmental conditions that contributes to its fitness and abundance
(Firn et al. 2012; Leishman et al. 2010; Osunkoya et al. 2010; Pattison et al. 1998).
Plastic responses of invasive plants to varying environmental conditions increase their
competitiveness and fitness (Claridge and Franklin 2002). Therefore, multiple factors
likely explain the success of invasive plant species (Blumenthal 2005; Dachler 2003;
Lamarque et al. 2011; Leffler et al. 2014; Leung et al. 2004; MacDougall et al. 2009).
For example, Burns (2006) found that invasive species had higher specific leafarea (SLA)
and relative growth rates (RGR), but only under certain environmental conditions.
Nevertheless, a pattern of relatedness to invasiveness has been reported for some plant
traits (PySek and Richardson 2007). Mostly, traits that have direct relatedness to plant
physiological performance such as leaf area ratio, growth rate, shoot/root allocation
and propagule pressure show marked differences between evidently invasive and non-
invasive species (Grotkopp et al. 2002; van Kleunen et al. 2010).

Invasive species were shown to have higher values of traits like SLA (Burns 2006;
Lake and Leishman 2004), RGR (Dawson et al. 2011), and more biomass allocated to
organs like stems, resulting in taller plants (Gallagher et al. 2015; Stanisci et al. 2010;
van Kleunen et al. 2015). High SLA is often associated with high RGR (Grotkopp and
Rejmdnek 2007), although other studies have not found that trend (see, for example,
Garcia-Serrano et al. 2005). Overall, fast growing plants have generally been found to be
more likely to be invasive than others (Blumenthal and Hufbauer 2007; Lake and Leish-
man 2004; Richardson 1998). Higher values for these traits in invasive species compared
to less invasive ones imply different strategies for capturing and using resources such
as light, carbon, nitrogen and moisture (Gallagher et al. 2015). Because resources are
almost always limiting in the environment (Cordell et al. 1998), efficient use of limiting
resources by invasive species can enhance their colonizing success (Pattison et al. 1998).
In disturbed environments, species that are better able to exploit fluctuating resources will
likely invade the system (Cordell et al. 1998; Leffler et al. 2014; van Kleunen et al. 2010).
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Most studies aimed at understanding differences in traits associated with invasion
success have used native species as control plants (Muth and Pigliucci 2006). The
limitation of this approach is that these native species may already be invasive elsewhere
(van Kleunen et al. 2010). For example, some native species used in a comparative
study by Godoy et al. (2011) were reported to be invasive in other parts of the world.
Other studies have also shown that these traits do not always differ between invasive
and non-invasive species (Meiners 2007; Smith and Knapp 2001; Thompson et al.
1995). An assessment of 122 species including non-native invasive and native species
that occupy disturbed areas did not find significant differences in these traits (Leish-
man et al. 2010). Muth and Pigliucci (2006) argue that some native species were
shown to have invasive tendencies in their native range, implying that introduced
vs native species comparisons may not always be informative (but see Blossey and
Notzold 1995; Callaway and Ridenour 2004; Dawson et al. 2015; Keane and Craw-
ley 2002; van Kleunen et al. 2011). There could also be a bias in choosing highly
competitive invasive species and comparing them with known weak native competitors
in pairwise experiments (Vila and Weiner 2004) or comparing phylogenetically non-
related species (Burns 20006).

Our understanding of invasiveness traits could be better enhanced by comparing
related non-native species of varying levels of colonization success (Kolar and Lodge
2001; Muth and Pigliucci 2006; van Kleunen et al. 2010). In this study, we compare
different traits between two forms of an invasive vine, cat’s claw creeper, that appear to
have significantly different levels of invasion success. Cat’s claw creeper, Dolichandra
unguis-cati (L.) Lohmann (syn. Macfadyena unguis-cati (L.) Gentry) was introduced
as an ornamental into Australia from South America in the 1800s (Dhileepan
2012; Downey and Turnbull 2007; Gentry 1976). D. unguis-cati is now a declared
environmental weed and considered formally as a Weed of National Significance
(WoNS) in Australia (Thorp and Lynch 2000).

Dolichandra unguis-cati prefers forested and riparian habitats, although it also
grows vigorously on dry road side sunny environments. It also appears to thrive in most
soil types, tolerating a wide range of soil pH (Downey and Turnbull 2007). Two forms
of this species with distinct leaf morphology occur in Australia (Dhileepan 2012; Shor-
tus and Dhileepan 2011). The two forms of D. unguis-cati were named long pod (LP)
and short pod (SP) due to differences in their average fruit (pod) length at maturity
(LP: 700.2 + 23.5 mm; SP: 300.9 + 89.6 mm) (Shortus and Dhileepan 2011). While
LP occurs in isolated localities of south-east Queensland (Qld), SP occurs extensively
in Qld and New South Wales, often in dense infestations (Dhileepan 2012; Downey
and Turnbull 2007). These two forms appear to prefer similar habitats, although there
is general lack of research on the ecology of this species (Osunkoya et al. 2009). The
LP and SP forms have been shown to carry an average of 120 + 10 and 60 + 23 seeds
per pod at maturity, respectively (Shortus and Dhileepan 2011). Seeds of both forms
are two-winged, papery and flattened/oblong in shape, 10-18 mm long, 4.2-5.8 mm
wide. The average seed biomass is not significantly different between the forms of D.
unguis-cati (mean seed biomass for LP: 16.60 + 0.65 mg and for SP: 15.65 + 0.83 mg)
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(Shortus and Dhileepan 2011). Previous studies have found that the two forms showed
differences in some life history traits. Boyne et al. (2013) found a wide variety of leaf
morphology for this species, but also reported that SP had significantly more simple
leaves than LP.

In a field experiment using plants generated from tuberlings, Taylor and Dhileepan
(2012) found that LP produced greater total dry mass (hence higher RGR) than SP
although the study did not measure such parameters as specific leaf area (SLA) and
leaf area ratio (LAR). SP was shown to have rapid and higher germination rates than
LP at varying temperature regimes (Buru et al. 2014). SP was also reported to exhibit
significantly higher frequencies of polyembryony than LP, at times one seed producing
quadruplet seedlings (Buru et al. 2016). The only study on the seed bank ecology of
the most prevalent form (SP) by Vivian-Smith and Panetta (2004), found it to have
low seed longevity, usually less than 12 and 1% at 1 year for soil-surface (< 1 cm
depth) and 5 cm depth buried seeds, respectively. Osunkoya et al. (2009) also noted
some differences in stem density of genets and ramets between the two forms in field
samples, but decried lack of data on growth rates and reproductive capacity for the
two forms.

Herbarium records and field surveys suggest that LP is widely distributed in the
native range, occurring from Mexico, Nicaragua, Costa Rica, Columbia to Brazil,
whereas SP appear to be restricted to Paraguay (Dhileepan 2012; K. Dhileepan, per-
sonal observations). In Australia, previous field surveys have revealed that there were
seven sites in south-east Queensland (Qld) where LP has been reported, two at which
it co-occurs with SP (Boyne et al. 2013; Dhileepan 2012; Shortus and Dhileepan
2011). Recently, seven more sites were identified, bringing the total number of known
sites to 14 in south-east Qld where LP occurs (Liz Snow (Biosecurity Queensland),
pers. comm. 7/03/2016).

The cause for the observed differences in abundance levels between LP and SP is
not yet established, but introduction pressure may be one explanation. Reconstructing
the invasion history of this exotic species (or the two forms) is not possible because
there are no records of their introduction, except that the species was first reported in
a Melbourne Nursery catalogue in 1865 (Downey and Turnbull 2007). Introduction
history of most ornamental plants is generally not or poorly recorded (Harris et al.
2007; Prentis et al. 2009). Studies on whether there has been any deliberate breeding
selection of the species that resulted in the two forms are yet to be done.

Another explanation could be differences in growth strategies between LP and
SP. Rapid growth and efficient resource allocation enhance success in colonization,
especially during the early stages of plant life history (Bachmann et al. 2012; Luo et al.
2015). Considering that LP and SP show marked abundance differences in Australia,
comparing important functional traits of the two forms may assist with understanding
whether different growth strategies explain the different populations. Significantly
higher values of growth related traits for one form could infer different strategies of
resource use (Dawson et al. 2011; Godoy et al. 2011). Here we sought to compare
traits such as SLA, RGR, stem length, shoot/root ratio, tuber biomass and branching
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architecture between the two forms of D. unguis-cati plants grown from seeds. We did
this to develop a type of prospectus on the growing strategies of the two forms of D.
unguis-cati that may begin to explain differences in their distributions and abundance.

Methods

Experimental design

In 2013 seeds of LP and SP were collected from various sites around the greater Brisbane
area in southeast Queensland, Australia. Sites were chosen based on accessibility and
availability of mature seeds at the time of experimentation. Once collected, seeds were
stored for two weeks at room temperature in paper envelopes that were placed in
containers with silica gel to ensure they were dry before germination commenced.
Seeds were sterilised by soaking in 1% sodium hypochlorite (NaOCI) for 5 minutes
followed by rinsing in water for 3 minutes (Mijani et al. 2013). Seed germination
dynamics of the two forms carried out in growth chambers were discussed in detail in
Buru et al. (2016).

After two weeks of germination, seedlings were transferred into plastic pots
(dimensions: Width = 200 mm, Height = 190 mm, Length = 200 mm) filled with
locally available commercial multi-purpose potting mix (Osmocote) containing a
professional wetting agent and trace elements. This seedling growth experiment was set
up at the Ecosciences Precinct glasshouse facilities (GPS coordinates: 27°29'41.5248"S;
153°1'49.2132"E) in Brisbane, Australia. The average temperature during the warmer
months (October — April) ranged from 18 °C to 35 °C while during the cooler
months (May — September) it was between 10 °C and 23 °C. Relative humidity
ranged between 50 — 60% during this study. Plants were watered once a day but
no additional fertilizer/nutrients were added. For this experiment, plants were left to
grow without any support. Seedlings were left to grow in a light environment (range:
60-250 pmol.m™.s™) over 18 months (October 2013—March 2015), with sub-samples
of plants taken at 5 and 10 months. Seven seedlings (replicates) were used per form
(LP and SP) at each observation time. These replicates were randomly selected from an
initial pool of over 100 plants raised from seeds. The remaining plants were used for
other eco-physiological studies.

At observation time, vernier callipers were used to measure basal stem diameter
(BSD) at the root-stem junction. Leaf area was determined by taking leaf pictures
against a graduated background using a Panasonic DMC-ZS7, Lumix camera and then
using the open access software Image J 1.47v (www.imagej.nih.gov/ij) to calculate the
leaf area in cm?. Two mature leaves (including petiole) per replicate were used for this
purpose. Fresh and dry masses of these leaves were also determined.

For each replicate plant, stem length, number of primary branches and ramifications
(secondary branches), number of tubers and tuber fresh weight were also recorded.
Apical dominance index (ADI) was calculated by dividing the number of ramifications
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by the total length of the branch in metres according to Pérez-Harguindeguy et al.
(2013). At each harvest period, whole plants were separated into above- and below-
ground parts. Shoots, roots and tubers were separated and then dried in an oven at 80 °C
for 72 hours (Cornelissen et al. 2003). Dry weights were measured using an electronic
analytical model AUW120D, Mettler Toledo digital scale. Root, shoot and tuber dry
weights were divided by the total dry weight to determine root, shoot and tuber mass
ratio respectively (Garcia-Serrano et al. 2005). RGR was estimated by absolute change
in total dry weight, above- and below-ground tissue dry weight, tuber dry weight and
stem length between the 10* and 18" month divided by the number of months (see
Taylor and Dhileepan 2012). Other resultant parameters such as specific leaf area (SLA)
and leaf dry matter content (LDMC) or leaf matter per area (LMA) were calculated
following Cornelissen et al. (2003) and Pérez-Harguindeguy et al. (2013).

Statistical analysis

Differences in RGR and other traits such as SLA, LDMC, total dry mass, belowground/
aboveground biomass ratio, number of tubers, tuber mass ratio (TMR), shoot mass
ratio (SMR) and root mass ratio (RMR) were compared using two-way MANOVA
model, with form and age of plant as independent variables. Interactions of form and
age of plants were also included in the model. When significant differences were found,
a Tukey LSD post-hoc test was performed to check differences between specific means.
Differences or similarities in plant traits between LP and SP were further analysed
using a Principal Component Analysis (PCA). The clusters were projected on the
graphical representation of the first two PCA axes. All statistical tests were conducted
using R version 3.1.0 (R Development Core Team 2014). PCA was performed using
an add-on vegan package (version 2.3-4) in R (Dixon 2003).

Results

Biomass production and allocation

The overall total dry mass differed significantly between the two forms after 18 months
of plant growth (F L= 73802, p < 0.001). There was a significant interaction between
form and age of the plant on the total dry mass (F, , = 6.371, p < 0.004). During the
earlier stages of growth up to 10 months, there was no significant difference between
the two forms in terms of total dry mass accumulation, although generally SP weighed
more (Table 1 and Fig. 1a).

Above- and below-ground biomass allocation (also shown by shoot/root ratio) did
not vary significantly between forms (F L3 = 2.568, p > 0.08), and no significant inter-
actions of form and age of plant were detected on this trait. A Tukey test of multiple
comparisons of means showed that the proportion of dry biomass allocated to shoots,
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Figure 1. Total biomass production and allocation patterns (+ SE; N = 7) to tubers and leaves for long
pod and short pod over time. a Total dry mass b Specific leaf area (SLA) ¢ Tuber/root ratio d Tuber dry
mass and e leaf area ratio. The legend in panel a applies to the rest of the panels.

roots and tubers differed significantly between LP and SP after 18 months of plant
growth (2 < 0.0005, 0.021 and 0.002, respectively). SP allocated more biomass to
tubers, shoots (leaves + stems) and roots than LP, especially after 18 months of growth
(Fig. 1b).

LP appears to have allocated a significantly higher percentage of its biomass be-
lowground at 5 months; while, SP invested significantly more biomass to tubers than
LP at the same time (Table 1 and Fig. 1d). Belowground biomass ratio (BMR) in LP
gradually decreased while it increased in SP between 10 and 18 months respectively.
After 5 and 10 months of growth, the proportion of tuber to root ratio (TRR) was
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significantly higher for SP than LP, but after 18 months TRR values were similar (Fig.
1¢). There was no significant difference in the shoot mass ratio (SMR) between the
two forms (Table 1); however the leaf area ratio (LAR) for LP was significantly higher
than that of SP over time (Fig. le). Specific leaf area (SLA) did not differ significantly
at 5 months but differed significantly after this age, with SP having a higher SLA than
LP. Leaf dry matter content (LDMC) or leaf area matter (LMA) was not significantly
different between the two forms, except at 10 months when LP showed significantly
higher LDMC than SP (Fig. 1 and Table 1).

Growth parameters

Except for BSD, other growth related traits such as number and size of tubers, length
of stems, and number of branches differed significantly between 10" and 18" month
old LP and SP (Fig. 2a, b, ¢, d). ADI, an indicator of branching architecture was
significantly different only after 18 months (Table 1), but could not be calculated

for 5 and 10 months due to lack of branching in LP and an insignificant number of
branches for SP (Fig. 2b).
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Figure 2. The pattern of resource allocation of LP and SP plants of varying ages in months, (mean + SE,
N=7). @ Maximun stem length (cm) b Number of branches ¢ Number of tubers d Basal stem diameter
— (BSD) (mm).
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Figure 3. Comparison of absolute change of variables between long pod (LP) and short pod (SP) plants
in the glasshouse (mean + SE, N = 7) calculated between 10 and 18 months: a change in total dry
weight per month b change in basal stem diameter (BSD) per month ¢ change in stem length per month
d change in tuber dry weight per month and e increase in the number of branches per month.

Estimates of growth rate such as change in total biomass (F, ,; = 47.03, » < 0.001),
stem length (F, , = 47.05, p < 0.0001) tuber dry weight (F| /= 19.43, p <0.005) and
number of branches (F, ,,=61.49, p < 0.0001) differed 31gn1ﬁcantly between the two
forms over time (Fig. Sa, ¢, d, e). SP showed a higher rate of change in total biomass,
stem length and tuber biomass than LP (Table 1). Change in BSD did not differ
significantly between the two varieties over time (Fig. 3b).

Overall, the observed differences between LP and SP can be summarized by the
PCA graphical representation (Fig. 4), where traits of both forms largely overlap at 5
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Figure 4. Graphical representation of the first and second PCA axes of different plant traits analysed for
form (LP vs SP) and age of the plants (5, 10 and 18 months).

and 10 months but SP can be clearly distinguished at 18 months. PC1 (the principal
axis of variation) together with PC2 explained about 60% of the total variation of the
data (see Fig. 4 and Table 2). Some of the traits that were positively associated with
PC1 were total dry mass, tuber dry mass, number of branches, stem length and basal
stem diameter. These traits are indicators of relative growth of a plant, in terms of mass
and height. PC2 was positively correlated with apical dominance index, root mass ratio
and number of tubers while negatively associated with shoot/root ratio, shoot mass
ratio and basal stem diameter (Table 2).

Discussion

The SP form, which is more widely distributed within eastern Australia, showed faster
growing strategies. Higher values of RGR, stem length, number of tubers, and SLA
are often indicators of successful colonizers (Gallagher et al. 2015; Holaday et al.
2015). Higher values of RGR normally correlate with high values of leaf area ratio
(LAR) and SLA (Garcia-Serrano et al. 2005). These results are in accordance with the
predictions of the ‘leaf economic spectrum’ (LES) hypothesis (Wright et al. 2004),
which suggests a fundamental trade-off in the traits held by fast- and slow-growing
plant species. According to the LES theory, where a species can be found within the
spectrum is associated with strategies for resource capture and use. At one extreme are
faster growing and highly productive species while on the other end slower growing
and more conservative species occupy (Holaday et al. 2015).

Recent evidence, however, suggests the same carbon assimilation strategies are
used by invasive and non-invasive plants (Leishman et al. 2010), but invasive plants
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Table 2. Principal component loadings of the data set, eigenvalues and their contributions to the correla-

tions, showing only the first four components.

Traits PC1 PC2 PC3 PC4

Total dry mass (g) 1.037 0.211 0.184 -0.086
Shoot dry mass (g) 1.021 0.089 0.134 -0.061
Root dry mass (g) 0.994 0.272 0.292 -0.099
Tuber dry mass (g) 0.942 0.424 0.206 -0.124
Shoot mass ratio 0.294 -0.749 -0.492 -0.243
Root mass ratio -0.632 0.417 0.704 0.222
Tuber mass ratio 0.465 0.334 -0.328 -0.002
Shoot/root ratio 0.409 -0.471 -0.671 -0.095
Tuber/root ratio 0.647 0.042 -0.548 0.001
Number of tubers 0.838 0.460 -0.037 -0.229
Basal stem diameter (mm) 0.927 -0.266 0.232 0.129
Stem height (cm) 0.844 0.217 -0.083 -0.114
Number of branches 0.974 0.116 0.035 -0.040
Apical dominance index 0.588 0.528 0.109 -0.245
Leaf area (cm?) 0.517 -0.757 0.457 0.313
Leaf area ratio (cm’g") -0.637 -0.128 0.268 -0.173
Specific leaf area (cm’g") 0.285 0.354 -0.402 0.569
LDMC (mg g) 0.275 20.232 0.422 20.878
Importance of components

Eigen values 11.811 4,729 3.523 2.220
Proportion explained 0.422 0.169 0.126 0.079
Cumulative proportion 0.422 0.591 0.717 0.796

have a tendency to cluster towards the ‘high return on investment’ end of the world
wide leaf economic spectrum (Funk et al. 2013). Although SP seems to lean towards
this end of the spectrum for some traits at 18 months, there were significant overlaps
with LP earlier in the plants’ growth. Most studies simply consider ‘adult’ traits (e.g.
Bachmann et al. 2012; Burns 2006; Hulshof and Swenson 2010), so we know very
little about younger plants (but see Luo et al. 2015). In this study, there is evidence
that trait differences are minimal up to 10 months old, but after this age our results
suggest that they begin to differ between LP and SP. In our study, PCA shows that the
two forms are different at 18 months with the variation mostly explained by growth
related traits (PC1), followed by difference in how biomass is allocated below- and
above-ground (PC2).

Odur results also seem to contradict findings by Taylor and Dhileepan (2012) who
observed that LP had higher growth rates than SP in the field. These differences could
be attributable to environmental (Evans and Hughes 1961) and growing conditions
(field vs glasshouse) (Limpens et al. 2012). Moreover, whilst we generated experimental
plants from seeds (seedlings) in our experiments, Taylor and Dhileepan (2012) used
plants grown from tuberlings. Also, in the current experiment, plants were not
supported while in Taylor and Dhileepan (2012) they were supported with trellises.
Our study could also be limited by lack of additional nutrients in the commercial
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potting mix, although all individuals in the experiment were treated the same and
therefore growth and response is comparable.

Although SP had slightly higher values of SLA, it had lower values of LAR when
compared to LP. Because LAR is a measure of the leafiness of a plant (Radford 1967),
our results imply that although LP might be leafier, SP invests more biomass to branches
and stems, which could be a benefit for growing taller and spreading wider. Higher SLA
has been positively correlated with high RGR and more rapid turnover of leaf material
(Grotkopp et al. 2002). By rapid growth and quick tissue turnover, plants ensure that
they outcompete others for limited resources (Gallagher et al. 2015). High growth rates
by more successful species are particularly important in the seedling stage of a plant’s
life history (Grotkopp et al. 2002). Developing more branching is highly advantageous
for vines as it is a way to increase LAR and LMR for maximum harvesting of light in
order to optimise photosynthesis. Our results partly corroborate this hypothesis as we
found that SP displayed higher values for SLA and LMR (but not for LAR) than LP. By
developing more branches than LP (indicated by higher ADI values), SP can effectively
out-compete other competitors in the environment for limiting resources.

Transformer plants such as vines like D. unguis-cati, thrive in growing vertically and
spreading horizontally to monopolise light environments (Heckel 2004). The negative
impacts of this group of plants lie in their ability to smother host tree canopies that they
use as supporting structures (Harris and Gallagher 2011; Harris et al. 2007; Zhang et
al. 2004). Dolichandra unguis-cati forms thick mats of intertwining creeping stems and
branches on forest floors (Osunkoya et al. 2009). Thus, ensuring rapid elongation of
stems and a higher branching architecture may be central to the successful colonization
of empty habitats by SP. This pattern of growth reduces light availability to low lying
vegetation and may prevent recruitment of native plants (Downey and Turnbull 2007;
Schnitzer and Bongers 2002; Zhang et al. 2004).

This study shows that SP develops subterranean tubers early in its development while LP
seems to delay tuber development. Tubers are used as a sink or storage organs for moisture
and photo-assimilates and they may also regenerate producing new plants (Jane¢ek and
Klime$ova 2014; Orthen 2001; Schubert and Feuerle 1997). Apart from seed germination
(Buru et al. 2014; Vivian-Smith and Panetta 2004), D. unguis-cati propagates vegetatively
through tubers (Downey and Turnbull 2007; Osunkoya et al. 2009). Horizontal stems and
branches trailing along the ground develop roots at nodes, which in turn develop tubers.
If the new plants regenerating at the nodal tubers are severed from the mother plant, they
grow independently as genets. This study shows that SP develops significantly more tubers
per plant than LP, which could be a clonal survival strategy to increase its competitiveness.
Clonal growth of a species may enhance its invasion success by way of rapid formation of
monocultures (Aguilera et al. 2010; Pysek and Richardson 2007). Liu et al. (2006) found
a positive relationship between clonality and invasiveness. They found that more than
66% of the most invasive plants they studied in China were clonal. Resource storage by
clonal plants function as a back-up measure in case of adverse alterations in the growth
conditions of the plant (Suzuki and Stuefer 1999). Tubers can also remain dormant for
extended periods belowground as a stress tolerance strategy (Orthen 2001).
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Conclusion

Previous studies have shown SP to exhibit more rapid and higher germination rates than
LP at various temperatures (Buru et al. 2014) and a higher frequency of polyembryony
than LP (Buru et al. 2016). Seeds of the two forms do not differ in their average mass
(Shortus and Dhileepan 2011). This study has shown that SP displayed superior values of
traits known to be associated with successful invaders (Chun et al. 2007; van Kleunen et
al. 2015). Therefore it may be safe to assume that were the two forms to be introduced into
novel environments at the same time, SP would likely be more successful in colonizing the
habitats than LP (Gallagher et al. 2015; Godoy et al. 2012; Kolar and Lodge 2001; Pysek
and Richardson 2007; van Kleunen et al. 2010). Thus, our results partly explain why SP
seems to be abundant in Australia, although LP is postulated to also have a potential to
become widespread if not carefully managed (see Taylor and Dhileepan 2012).
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Abstract

The annual grass Bromus tectorum has invaded millions of hectares in western North America and has trans-
formed former perennial grass and shrub-dominated communities into annual grasslands. Fire plays a key
role in the maintenance of B. fectorum on the landscape but the type of disturbance responsible for initial
invasion is less well understood. We conducted an experiment in a perennial shrub/grass/forb community
in eastern Idaho, USA to examine the roles of plant community and soil disturbance on B. fectorum emer-
gence and establishment prior to state-changing fires. Our experiment consisted of a plant community dis-
turbance treatment where we (1) removed the shrub component, (2) removed the grass/forb component, or
(3) removed all shrubs, grasses, and forbs. We followed this treatment with seeding of B. tectorum onto the
soil surface that was (1) intact, or (2) disturbed. Each experimental plot had an associated control with no
plant community disturbance but was seeded in the same manner. The experiment was replicated 20 times
in two sites (high and low aboveground biomass). We measured emergence by counting seedlings in late
spring and establishment by counting, removing, and weighing B. rectorum individuals in mid-summer.
We also examined the influence of plant community disturbance on the soil environment by measuring
extractable NH," and NO," four times each summer. Soil disturbance greatly influenced the number of B.
tectorum individuals that emerged each spring. Plant community disturbance, specifically disturbance of
the grass/forb component, increased N availability in the late growing season and biomass of B. tectorum
the following summer. We conclude that soil disturbance and plant community disturbance interact to

promote the initial invasion of B. fectorum in Intermountain West valley ecosystems.

Copyright A. Joshua Leffler et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Disturbance is widely appreciated as one of the critical factors leading to invasion by
non-native plants worldwide (D’Antonio and Vitousek 1992, Lonsdale 1999, Davis
et al. 2000, Jauni et al. 2015). Ecological theory suggests that disturbance ‘resets” suc-
cession, leading to establishment by r-selected species (Elton 1958, Jauni et al. 2015),
many of which are non-native. Disturbance however is a feature of all ecosystems and
it is critical in maintaining the ‘typical structure of some ecosystems such as grasslands
(Anderson 2006). Consequently, the timing or nature of the disturbance, relative to
the historical disturbance regime, is likely more important than disturbance alone in
triggering non-native plant invasion (Sher and Hyatt 1999).

Cheatgrass (Bromus tectorum L.) is one of the most widespread invasive plants in
North America often replacing communities dominated by sagebrush (Artemisia triden-
tata) and other perennial grass and forb species (Stewart and Hull 1949, Knapp 1996,
Chambers et al. 2007). While the annual grass B. teczorum is found throughout North
America, it is invasive primarily in the Great Basin of the Intermountain West (Knapp
1996, Chambers et al. 2007) and may become problematic in the western Great Plains
due to climate change (Concilio et al. 2015). Invasion by B. tectorum often results in a
state change from a perennial-dominated system with infrequent fire (> 100 year return
interval) to one with abundant annuals and a fire-return interval as little as 3—5 years
(Knapp 1996, Mensing et al. 2006, Chambers et al. 2007, Bagchi et al. 2013, Cham-
bers et al. 2014). Restoration of B. tectorum invaded systems is exceedingly challenging
because of changes in fire frequency, loss of native perennial species, and altered nutri-
ent cycling (Chambers et al. 2007, Hooker et al. 2008, Brabec et al. 2015, Stark and
Norton 2015).

The invasion—fire cycle is well understood as the primary paradigm of B. rectorum
dominance on the landscape (D’Antonio and Vitousek 1992, Chambers et al. 2007).
However, the type of disturbance that triggers the initial stage of B. tectorum invasion
— seed arrival and colonization (Theoharides and Dukes 2007) of perennial sagebrush
communities prior to fire — is less well understood. Grazing by domestic livestock is
thought to contribute to colonization (Reisner et al. 2013) although A. #ridentata com-
munities vary in susceptibility regardless of livestock presence (Chambers et al. 2007).
Grazing may disperse seeds (Schiffman 1997), reduce abundance of native grasses that
compete with B. tectorum (Briske and Richards 1995), decrease biological soil crust
cover (Ponzetti et al. 2007), or create safe sites for establishment (Fowler 1988, Pon-
zetti et al. 2007). Regardless of the exact mechanism or the role played by livestock,
disturbance to the plant community and soil surface is important for invasion by B.
tectorum (Reisner et al. 2013).
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Several studies document the importance of intact perennial communities and soils
in resisting B. tectorum invasion. Large gaps between perennial bunchgrasses (Rayburn
et al. 2014) and low perennial grass cover (Chambers et al. 2007) can promote B. tec-
torum establishment. Presence of the native grass Elymus elymoides, even with above-
ground biomass removal, can enhance resistance to invasion (McGlone et al. 2011).
Cover by B. tectorum is highest in areas with low cover and species richness of biological
soil crusts (Ponzetti et al. 2007), and lichen crusts can reduce B. tectorum abundance by
85% (Deines et al. 2007). In integrating samples from 75 study sites in Oregon, Reisner
et al. (2013) demonstrated the importance of diverse bunchgrass cover and intact soil
crusts in conferring resistance to invasion. Intact plant communities can provide compe-
tition with B. rectorum while bare soils may provide an ideal substrate for germination.

Invasion by non-native species is often linked to changes in resource availability
following disturbance (Davis et al. 2000, Davis and Pelsor 2001). Disturbance of veg-
etation, such as biomass removal, slows N acquisition by plants and can result in high
N soils favored by short-lived annual species (Davies et al. 2007). Mowing A. triden-
tata communities as a restoration technique increased B. tectorum density and nutrient
availability and sequential removal of functional groups from rangelands sequentially
increased available NO3’ and NH N (Davies et al. 2007, Davies et al. 2011). Annual
grasses such as B. tectorum more rapidly use soil N than native perennial grasses (Leffler
etal. 2011, 2013) and are more capable at exploiting pulses of N (James et al. 2006).
Moreover, NO,~and NH,* forms of N appear to affect growth of B. tectorum seedlings
differently (Monaco et al. 2003).

We examine the importance of two disturbance types, soil surface and plant com-
munity disturbance, in the initial establishment of B. reczorum in a mixed sagebrush/
perennial grass system in the Intermountain West. We address the initial stages of B.
tectorum invasion, before fire removes the perennial component of the system and
causes a state change to a B. tectorum dominated landscape. Specifically, we ask if soil
and plant community disturbance influence (1) the number of B. reczorum individu-
als that germinate and emerge and (2) the biomass of established individuals in mid-
summer. We also ask if plant community disturbance influences soil N resources that
may contribute to B. tectorum establishment. We hypothesize that these disturbances
act in concert and that both are necessary for initial invasion by B. rectorum.

Methods

We conducted this experiment at the United States Department of Agriculture Sheep
Experiment Range near Dubois in eastern Idaho, USA (44.3° N, 112.7° W, eleva-
tion 1800 m) in an Intermountain West valley ecosystem. The study area is a mesic
sagebrush (Artemisia tridentata) and perennial grass (Festuca idahoensis) community
widespread in northern Intermountain West (i.e., sagebrush-steppe, West and Young
2000). The site has a long history of light grazing for experimental purposes. The sys-
tem has warm summers (July mean 20.6 °C) and cool winters (January mean —7.2 °C)
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and receives ca. 330 mm of annual precipitation, primarily during winter (ca. 225
Oct.—May). Soils are fine-loamy or loamy-skeletal of the Maremma (Pachic Haplox-
erolls), Pyrenees (Typic Calcixerolls), and Akbash (Pachic Argixerolls) series with basalt
parent material and loam or clay loam surface texture (Moffet et al. 2015). While
parent material differs throughout the Intermountain West, soil texture in valley bot-
toms throughout the region tends toward finer particles observed here. Individuals of
B. tectorum are present at the Experiment Range, but large, monospecific stands of
this invasive species are not present. Lichen, moss, and cyanobacterial soil crusts were
evident beneath dense vegetation but were not quantified.

We established two study sites, separated by ca. 4.5 km and 80-m elevation, at the
Experiment Range that differed in standing biomass and vegetation height to general-
ize our study to multiple Intermountain West communities. The ‘Low’ site had an
average dry mass of ca. 109 g m™ while the ‘High’ site had an average dry mass of ca.
129 g m™. Vegetation height was 37 and 61 cm in the Low and High sites, respec-
tively. The largest difference, however, was dominance by A. #ridentata; at the High
site, 81% of the dry mass was A. tridentata, while at the low site 53% of the dry mass
was A. tridentata. Other common species included the forb sulpher-flower buckwheat
(Eriogonum umbellatum), the grass Idaho fescue (Festuca idahoensis), and the shrub bit-
terbrush (Purshia tridentata).

Within each study site, we randomly selected 60 study plots in June and July
2010. Plots were placed with a random-point generator prior to visiting the field sites
but potential plots were rejected if cover and species composition in the surrounding
1-2 m was not representative of the community. Each plot (3 m x 1.5 m) consisted
of two directly adjacent sub-plots (1.5 m x 1.5 m), one designated as the community
treatment and randomly assigned, the other as the control. Three community treat-
ments were imposed: (1) ‘Shrub’ — removal of the woody-shrub component of the
plant community; (2) Forb’ — removal of the grass and forb (i.e., the non-woody)
component of the plant community; and (3) ‘All' — removal of all plant material. We
removed plants in 2010 by clipping to the ground and followed up clipping by tar-
geted application of glyphosphate herbicide (Roundup, Monsanto Co., Creve Coeur,
MO) to grass and forb species when any re-growth occurred; no shrub growth was
observed following clipping and clipping did not disturb the soil surface. Plots were
maintained with additional clipping and herbicide application during summer 2011.

In Autumn 2010 and 2011, we added seed of B. tectorum to microplots within
each sub-plot at both study sites. Six microplots (10 cm x 10 cm) in each sub-plot
received 100 seeds (locally collected, germination > 90%) yielding 1440 microplots
between the two sites. Prior to seeding, one of the microplots in each sub-plot was
scraped with a laboratory spatula to a depth of 5 ¢cm to remove any vegetation and lit-
ter, and provide a bare substrate for seed germination. Removed material was collected
and returned to a greenhouse to monitor for background germination of B. rectorum,
which was minimal (data not shown).

Data were collected in 2011 and 2012. We visited plots in mid-spring to count B.
tectorum individuals that emerged, and again in early summer to remove individuals
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that established. All individuals removed were dried and weighed for biomass. We col-
lected soil for measurement of inorganic N content (NH,* and NO,") four times each
summer (in 2011; mid-June, mid-July, mid-August, late-September: in 2012, mid-
May, late-June, late-July, mid-September) to describe the changes in available N fol-
lowing our plant community treatments; microplots were too small and numerous for
soil inorganic N analysis. Soils were collected using 2” diameter steel conduit to 15-cm
depth. Tons were extracted from soils using 2M KCl, shaking, and filtration (Mulvaney
1996). All extractions took place in the field within 8 hours of sample collection. The
filtrate was analyzed for NO,~ by reduction of NO,~ to NO,~ with VCI,, which was sub-
sequently captured with the Griess reagents (Doane and Horwdth 2003). Absorption at
540 nm was measured with a benchtop spectrophotometer after eight hours of color de-
velopment. We analyzed the filtrate for NH,* using the Berthelot reaction (Rhine et al.
1998) and measurement of absorption at 660 nm after one hour of color development.

Data were analyzed using mixed and zero-inflated Poisson models. All mixed mod-
els included main effects of study site (High or Low), plant community treatment (All,
Shrub, Forb), and their interaction. Analysis of biomass of B. tectorum included an effect
for soil treatment (i.e., Intact or Disturbed microplot) and the interaction of soil treat-
ment with study site and soil treatment with plant community treatment. Analysis of
soil NH,* and NO," content included a time effect (multiple measurements each sum-
mer), and interactions of time and plant community treatment, and time and study site.
We did not examine three-way interactions due to difficulty of interpretation. Plot was
treated as a random effect for all analyses. Data were transformed as necessary to satisfy
normality. Seedling counts of B. tectorum were analyzed with a zero-inflated Poisson
model. Counts of individuals follow a Poisson distribution rather than a normal distri-
bution and typical methods of analysis include Poisson regression. However, our seed-
ling establishment data included numerous zeros, which can result in a highly biased re-
sult. A zero-inflated model (Martin et al. 2005) combines a Poisson (i.e., discrete counts)
with a binomial (i.e., presence/absence) to improve parameter estimation. We examined
all models for significance using a likelihood-ratio test (Zurr et al. 2009). We initially fit
a full model for each response with all main effects and interactions then removed effects
to determine if model fit significantly declined. Confidence intervals (95%) of parameter
estimates were obtained by bootstrapping the full model. Models were fit separately for
2011 and 2012 data. All analyses were conducted with packages NLME and PSCL in
the R statistical computing environment (R Development Core Team 2013).

Results

The number of B. tectorum individuals emerging each spring following autumn addi-
tion of seed was highly influenced by soil disturbance and less so by plant community
disturbance and study site (Table 1). In both years, the strongest effect in the model was
soil disturbance but the other main effects and most interactions were statistically signif-
icant. In 2012, emergence of B. tectorum was nearly four-fold greater in microplots that
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Table I. Analysis of number of B. rectorum individuals using a zero-inflated Poisson model.

2011 2012
Effect df* X? ? X2 ?
Soil 5 6243 <0.001 2356 <0.001
Treatment 9 4183 <0.001 93.25 <0.001
Site 5 1833 <0.001 19.12 <0.001
Treatment*Site 3 226.9 <0.001 16.83 <0.001
Soil*Site 1 0.0139 0.993 7.057 <0.001
Treatment*Soil 3 105.7 <0.001 13.35 <0.001
*Full model df'= 15, reported dfis the difference between full and reduced models.
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Figure 1. The number of B. zectorum seedlings and biomass during two years of sampling following

seeding of B. rectorum the previous autumn. Values represent bootstrapped median and 95% confidence

intervals of a zero-inflated Poisson model (number of seedlings) or mixed-model (seedling biomass) analy-

sis. Note difference in scale for seedling count between 2011 and 2012.

received soil disturbance and emergence both years in disturbed soil was clearly lower
in plots from the high site compared to the low site (Fig. 1). Moreover, sub-plots that
received no community disturbance had lower B. rectorum emergence when soils were
intact in both years, and when soils were disturbed in 2012. Emergence in 2011 was
greater than emergence in 2012, although this difference was not statistically examined.
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Table 2. Analysis of B. tectorum biomass using a mixed-model.

2011 2012
Effect df* X2 ? X2 ?

Soil 5 138.3 <0.001 138.4 <0.001
Treatment 9 21.46 0.011 121.4 <0.001
Site 5 12.94 0.024 19.92 0.001
Treatment*Site 3 3.567 0.312 4.096 0.251
Soil*Site 1 0.013 0.910 7.786 0.005
Treatment*Soil 3 0.246 0.970 8.659 0.034

*Full model df'= 15, reported dfis the difference between full and reduced models.

Table 3. Analysis of extractable NH, " using a mixed-model.

2011 2012

Effect df* X ? X ?
Month 15 221.5 <0.001 947.5 <0.001
Treatment 15 77.30 <0.001 14.99 0.453
Site 7 87.48 <0.001 112.9 <0.001
Month*Treatment 9 29.79 <0.001 10.25 0.331
Site*Treatment 3 19.60 <0.001 2.138 0.544
Month*Site 3 67.29 <0.001 55.41 <0.001

*Full model df'= 25, reported dfis the difference between full and reduced models.

The biomass of B. tectorum in early summer was most strongly influenced by soil
disturbance but plant community disturbance and study site were also significant
effects (Table 2). In both years, greater biomass was observed in the soil disturbance
site but the role of plant community disturbance was only obvious in 2012 (Fig. 1).
During this second year of the experiment the least biomass of B. rectorum was ob-
served when the plant community was intact while the most biomass was observed
when both the grass/forb and the shrub community was removed. Removal of the
shrub component of the plant community resulted in only slight increases in B. recro-
rum biomass, but removal of both components greatly enhanced B. tectorum growth.
Despite more B. tectorum individuals observed in 2011, similar biomass was observed
both years.

Extractable NH,* was influenced by plant community disturbance in 2011 but
not in 2012, and NH,* declined each growing season and differed among study sites
in both years (Table 3). In 2011, the treatment effect clearly indicates high NH,* con-
centration associated with disturbance of both the grass/forb and shrub components
of the plant community at the Low site (Fig. 2). At the High site, disturbance had a
lesser effect except in September when shrub and grass/forb removal increased [NH,']
by ca. 50% over the control. In 2012, the most pronounced experimental difference
was between the high and low study sites in the late spring and early summer. The high
site had ca. 60% more NH,* than the low site in mid-May.
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Figure 2. Extractable N as NH,* in soils four times each year of observation. Values represent boot-

strapped median and 95% confidence intervals of a mixed-model analysis.

Table 4. Analysis of extractable NO, using a mixed-model.

2011 2012

Effect df* X2 ? x ?
Month 15 401.1 <0.001 676.8 <0.001
Treatment 15 401.6 <0.001 433.9 <0.001
Site 7 110.9 <0.001 322.7 <0.001
Month*Treatment 9 217.1 <0.001 232.1 <0.001

Site*Treatment 3 7.227 0.065 11.08 0.011

Month*Site 3 69.48 <0.001 229.1 <0.001

*Full model df'= 25, reported df is the difference between full and reduced models.
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Figure 3. Extractable N as NO, in soils four times each year of observation. Values represent boot-

strapped median and 95% confidence intervals of a mixed-model analysis.
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Extractable NO,~ differed through time, among plant community treatments, and
between study sites in both years of the experiment (Table 4). In both years, high soil
NO," was observed in mid to late summer and consistent differences among plant
community treatments were evident in July (Fig. 3). As with NH o when differences
among treatments were clear, the highest NO," was observed when both the grass/forb
and shrub components were removed and the lowest NO,~ was observed in the control
and shrub removal plots. In the absence of disturbance, NO," remained below 1 ug N
g soil throughout both years and at both sites.

Discussion

Invasion is a complex process with many stages and each stage may be driven by dif-
ferent ecological factors. We examine the early stages of B. tectorum invasion and dem-
onstrate the relative importance of both plant community and soil surface disturbance
in promoting establishment of this annual grass. While our statistical tests suggest the
importance of both disturbance types for emergence and subsequent growth, each
disturbance appears to play a distinct role in invasion. The soil disturbance likely cre-
ated ‘safe sites’ (Fowler 1988) for germination of B. tectorum while disturbance of the
plant community, specifically the grass and forb functional groups, appears to be most
important for post-emergence growth. Our data suggest increased N availability, espe-
cially in autumn when germination occurs, may be responsible for enhanced growth of
this invasive grass. Consequently, at our sites in the northern Great Basin, two different
disturbances appear to interact to promote the establishment of B. tectorum before fire
results in a state change.

Disturbance of the soil surface results in bare ground with good seed-substrate
contact, allowing an emerging radicle to rapidly reach critical water and N resources.
Soil disturbance removes litter and breaks up soil crusts. Litter can promote establish-
ment if it acts primarily to protect seedlings from frost, full sun, or excessive water loss
(Evans and Young 1972, Rotundo and Aguiar 2005, Loydi et al. 2013). An approxi-
mately 1.5-fold increase in litter depth resulted in a 2 to 4-fold increase in B. tectorum
density (Davies et al. 2012) and other species often respond positively to litter cover
although the importance of litter varies with environmental conditions (Loydi et al.
2013). Litter can also hinder establishment if it prevents seed contact with the soil
(Rotundo and Aguiar 2005, Loydi et al. 2013). In disturbed forests, deep litter hin-
dered B. rectorum recruitment and growth (Pierson and Mack 1990). Beckstead and
Augspurger (2004) found litter enhanced establishment of B. zectorum but was neutral
at other life stages.

Disruption of biological soil crusts (BSC) clearly promotes invasion by B. tectorum.
We did not examine BSC coverage in this study but lichen, moss, and cyanobacterial
crusts were present and our soil surface disturbance removed these BSC. Lichen crusts
can reduce the abundance of B. tectorum by 85% possibly through reducing germina-
tion percentage or inhibiting root penetration of soil (Serpe et al. 2006, Deines et al.
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2007). Disruption of BSC was likely more important than litter presence in hindering
B. tectorum establishment in this study although the interaction of BSC removal and
litter presence is largely unexplored.

Once B. tectorum was established the role of plant community disturbance became
clear. We observed the greatest biomass increase by B. tectorum over controls when both
the shrub and grass/forb plant communities were removed. However, independent re-
moval of these components demonstrates that removal of the grass/forb component
was most important. Our results are broadly consistent with numerous studies showing
intact perennial communities can resist invasion by B. tectorum (e.g., Chambers et al.
2007). Cover by E. elymoides, a native bunchgrass, at as little as 20% can nearly exclude
B. tectorum (Booth et al. 2003b) and there is generally a negative relationship between
B. tectorum and perennial cover at another site in eastern Idaho (Anderson and Inouye
2001). Despite finding greater importance of the grass/forb component here, others
have demonstrated that removal of A. #ridentata from the system promotes invasion by
B. tectorum and non-native forbs in southeastern Idaho (Prevéy et al. 2010). Moreover,
mowing tall A. #ridentata communities as a restoration technique to improve grass/forb
dominance appears to promote B. fectorum invasion despite accomplishing the stated
goal of the treatment (Davies et al. 2011, Davies et al. 2012). Consequently, site-specif-
ic factors are likely important in local invasion and broadly speaking, a complete peren-
nial community composed of grasses, forbs, and shrubs in the Intermountain West will
be most invasion resistant (Pokorny et al. 2005, Leffler et al. 2014).

Previous research strongly links increased soil water and N to invasion by B. zec-
torum. Soil water made available by removal of A. tridentata enhanced B. tectorum
abundance (Prevéy et al. 2010), and soil N and B. tectorum success were positively
correlated (Jones et al. 2015). Furthermore, numerous studies show B. tectorum to
respond more to high N availability than native species (Monaco et al. 2003, James
et al. 2008, Leffler et al. 2011, 2013). Here, we show that disturbance of A. tridentata
and the grass/forb component of plant communities can differentially influence soil
inorganic N resources. As with our observation of biomass, disturbing both compo-
nents yielded a similar increase in N as disturbing the grass/forb component, and this
increase was larger than that produced by the removal of the woody shrub component
alone. We primarily observed this pattern in the late summer or early autumn which
coincidentally is when this annual grass germinates (Knapp 1996, Chambers 2007).
Furthermore, B. tectorum dominated communities can maintain high soil N among
years (Booth et al. 2003a, Hooker et al. 2008, Stark and Norton 2015). This raises
the possibility that B. zectorum may facilitate its own persistence on the landscape if its
early senescence in summer increases N availability (due to lack of N uptake by other
species) in autumn when it germinates (Lefler et al. 2011, Jones et al. 2015). A similar
enhancement of soil water was observed in B. tectorum compared to perennial com-
munities in western Utah (Ryel et al. 2010).

The interaction between soil and plant community disturbance as a mechanism
for initial B. rectorum establishment likely applies broadly to valley ecosystems of the
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northern Intermountain West of the USA where the A. tridentatal F. idahoensis as-
sociation is widespread. We conducted this experiment simultaneously in two plant
communities at the Experiment Station and the influence of soil and plant community
disturbance was qualitatively similar at both sites. In both cases, soil disturbance en-
hanced emergence and disturbance of the grass/forb component resulted in enhanced
soil N and biomass.

The Intermountain West was historically an ecosystem that received infrequent
disturbance. The fire return interval was likely greater than 100 years and may have
reached 500 years in some locations (Mensing et al. 2006) and frequent fires appear
to hasten B. tectorum spread on the landscape (D’Antonio and Vitousek 1992, Cham-
bers et al. 2007). Additionally, the plant communities of the Intermountain West do
not have a recent evolutionary history of grazing by large mammals such as the Great
Plains does with bison (Mack and Thompson 1982, Anderson 2006). Consequently,
removal of vegetation and soil surface disturbance differs from the historical regime.
A recent meta-analysis suggests that soil disturbance may influence non-native plant
diversity, but that plant removal did not influence diversity or abundance (Jauni et al.
2015). While we recognize our result is a single case study, our finding of the impor-
tance of the interaction between soil and plant disturbance indicates that these distur-
bances should not be examined in isolation.

Conclusion

Invasion is often described as a multi-stage process and different factors influence in-
vasion at each step (Theoharides and Dukes 2007). Numerous processes interact for
a non-native species to become invasive. For B. tectorum, the early stages of invasion
require an interaction between soil and plant community disturbance and the broader
state change on the landscape requires an interaction with fire. Theoretically, prevent-
ing further spread requires removing only one of the interacting processes although
invasion resistance was not complete in the absence of soil or plant community dis-
turbance. For B. tectorum invasion, limiting soil disturbance can suppress emergence,
limiting plant community disturbance can suppress growth, and preventing fire can
slow spread.
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Abstract

Successful invasion is often due to a combination of species characteristics (or invasiveness) and habitat
suitability (or invasibility). Our objective was to identify preferred habitats and suitable environmental
conditions for the African tulip tree Spathodea campanulata (Bignoniaceae), one of the most invasive alien
trees on the tropical island of French Polynesia (South Pacific Ocean), in relation to its distribution and
photosynthesis capacity. Spathodea abundance and leaf chlorophyll fluorescence Fo’, ETR__, and Y(II)
effective were examined in relation to topography and micro-climate along elevational transects between
140 m and 1,300 m. Results showed that Spathodea is (1) present up to 1,240 m with lowest maximum
July—October (cool season) temperature of 9.4 °C and an average July-October temperature of 14.6 °C,
(2) is able to colonize slope steepness of more than 45°, (3) is well represented in the elevational range of
140-540 m as well as in the native forests between 940 m and 1,040 m, suggesting a high threat for native
and endemic plants species. Along one of the transects, in the elevation range of 541-940 m, Spathodea
was under-represented, Chl fluorescence Fo’ increased significantly while Y(II)effective decreased signifi-
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cantly supporting the hypothesis that this range is a non-preferred environment, probably due to micro-
climate conditions characterized by punctual air dryness. Among Spathodea plants surveyed along a wetter
transect, Y(II)effective and ETR _ were comparable from low elevation to mid-high elevation indicating
that the potential photosynthesis rate of Spathodea may be similar from sea level until mid-high elevation.
Major infestations on the island of Tahiti were reported on the leeward (drier and urbanized) west coast,
but Spathodea has also been recently found on the slopes of the windward (wetter) east coast. Chlorophyll
fluorescence measurements indicate a high photosynthetic capacity among Spathodea in wet environments
suggesting that Spathodea will become invasive across most of the island of Tahiti.

Keywords
Invasive species, Spathodea campanulara, elevation ranges, micro-climate, leaf chlorophyll fluorescence,

island of Tahiti

Introduction

Invasive species pose threats to native biodiversity and ecosystems on tropical is-
lands, especially at high elevation where endemic species are currently more frequent
(Denslow 2003, Meyer 2004, Dachler 2005, Loh and Dachler 2007, Reaser et al.
2007, Kueffer et al. 2010). Therefore, it is important to identify potential plant invad-
ers at high elevation so that they can be targeted as priorities for control.

The African tulip tree Spathodea campanulata P. Beauv. (Bignoniaceae, hereafter
Spathodea) has been reported as an invasive tree on many Pacific islands including
Hawaii, Guam, Vanuatu, New Caledonia, Fiji, and French Polynesia, but is also in-
vasive on Caribbean islands (e.g. Cuba, Puerto Rico, Martinique, Guadeloupe) and in
continental areas (Australia, India) (Pacific Islands Ecosystems at Risk 2011). Spatho-
dea has substantial ecological plasticity (Florence 1997, Francis 2000); it is frequently
observed growing in different soils and forests types, e.g. in the lowland secondary
rain forest, or in native rain forests where it modifies forest structure and reduces light
incidence at the ground (Weber 2003, Kress and Horvitz 2005, Bito 2007, Labrada
and Diaz Medina 2009). Spathodea is also reported at higher elevations ranging from
sea level up to 1,000 m in the Hawaiian Islands (Smith 1985) and 1,200 m in Puerto
Rico (Francis 1990).

Spathodea is assumed to decrease native species richness by shading, which reduces
native species richness under its canopy (Weber 2003). Previous studies in Hawaii
have shown that Spathodea seedlings are able to grow in low light environments with
a positive net carbon gain at 50 umol photons m?s" photosynthetically active radia-
tion (PAR) and an estimated mean compensation point below 10 pmol photons m?s!
PAR, indicating shade tolerance (Larrue et al. 2014), which may allow seedlings to
establish in the understory of closed-canopy native rainforests of Pacific islands.

Spathodea was first introduced in 1932 on the island of Tahiti (Society Islands,
French Polynesia) as an ornamental species in a botanical garden (Meyer et al. 2008).
In the late 70’s and early 80’s Spathodea was naturalized and observed from sea level
up to 1,200 m (Levot 1979, Florence 1983). Fosberg (1992) reported that Spathodea
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was widely naturalized on Tahiti. The species was finally included in the official list of
invasive species threatening the biodiversity in French Polynesia (decree 244 CM of
the 12 February 1998, extended by the decree 65 CM of 23 January 2006, Meyer et al.
2008), and as a result, its introduction to new islands, its cultivation, and transporta-
tion is legally forbidden. Spathodea now covers at least 1,100 ha on the island of Tahiti
(Pouteau et al. 2015).

The island of Tahiti harbours 224 endemic vascular plant species (Florence 1993)
among which 63% are found in general above 800-900 m elevation up to 1600-1800
m in tropical montane cloud forests on Tahiti Nui (Florence 1986, Meyer 2010).
Endemic species in tropical montane cloud forest are highly vulnerable to invasion
by alien plant species due to the restricted habitat of these endemic species (Meyer
2010). Furthermore, mid-high elevations below 900 m in French Polynesia, where
naturalized non-native species co-occur with native species, also harbour many rare
and threatened native plants (Meyer et al. 2015). Understanding the elevational range
potential and which abiotic factors may limit Spathodea invasion at mid-high elevation
is therefore crucial. Here, atmospheric humidity, temperature, and topography could
play an important role in distribution of Spathodea on the island of Tahiti:

1. Atmospheric humidity: on the tropical island, atmospheric drought differs with
elevation (e.g. Juvik and Ekern 1978, Loope and Giambelucca 1998) and this vari-
ation may affect the growth and spread of Spathodea. Dew-point temperature is
the air temperature at which atmosphere is saturated with water vapour (Laurence
2005). Below the dew point, water begins to condense on solid surfaces or in the
atmosphere, forming fog or clouds (Wallace and Hobbs 2006). Plants may utilize
this water supplement (e.g. Zangvil 1996), and it may affect plant water use ef-
ficiency (Ben-Asher et al. 2010).

2. Temperature: temperature is one of the most important abiotic factors control-
ling the spatial pattern of plants by influencing evapotranspiration, mineralization
and photosynthesis (e.g. Chen et al. 1999, Richardson et al. 2000). Temperature
decreases with elevation (lapse rate) and this key factor regulates germination and
growth (Baskin and Baskin 2014),

3. Topography: slope steepness may be an important factor in species distribution
because it influences water drainage, evaporation, soil thickness, sun and wind
exposure (e.g. Moore et al. 1993, Pouteau et al. 2015).

Many workers have used leaf chlorophyll fluorescence to assess plant performance
in relation to abiotic factors such as temperature, water deficit, and air drought (see
Brestic and Zivcak 2013 for review). It is well documented that leaf chlorophyll fluo-
rescence is a valuable parameter to identify stressed and healthy plants (e.g. Demming
and Bjérkman 1987, Percival 2004, 2005, Oukarroum et al. 2009) providing, directly
or indirectly, information about the overall fitness of the plant in relation to various
abiotic stresses (e.g. Galmés et al. 2007, Longenberger et al. 2009, Brestic and Zivcak
2013, Guidi and Calatayud 2014). Here, we used leaf chlorophyll fluorescence to pro-
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vide information about suitable environmental conditions for Spathodea at different
elevation ranges.

In this study, we examined topography and micro-climate in relation to abun-
dance and leaf chlorophyll fluorescence of Spathodea at mid-high elevation. We hy-
pothesized that several abiotic stressors limit the elevational distribution of Spathodea
on the slopes of the volcanic island of Tahiti.

Methods
Study site

The Society Islands (French Polynesia) include fourteen tropical islands stretching
between 16°29'40" — 17°52'30"S and 148°04'21" — 151°44'26"W for a total land
area of 1,593 km? among which the high volcanic island of Tahiti occupies 1,045 km?
(66%; Dupon et al. 1993). The geology of the volcanic island of Tahiti is dominated
by basaltic lavas with a geological age ranging from 300,000 years on the Peninsula of
Tahiti Iti to one million years on the larger volcano of Tahiti Nui (Brousse et al. 1985).
The climate of Tahiti is characterized by the persistence of trade winds, an average
annual temperature of 26 °C and the existence of two seasons: a dry season (May to
October) with lower rainfall and temperatures (20 to 22 °C), and a rainy season (No-
vember to April) dominated by higher precipitation and temperatures (28 to 29 °C)
(Laurence et al. 2004). Tahiti has a leeward dry west coast and a windward wetter east
side exposed to the dominant southeastern trade winds. Thus, rainfall ranges from
1,000 mm year™ at sea level on the leeward coast to more than 5,000 mm year" on the
windward coast. Tahiti has three summits above 2,000 m, the highest peak reaching
2,241 m (Mt Orohena). Different plant formations are found according to elevation
and rainfall: coastal vegetation near sea-level, mesic to moist forests (< 3,000 mm/year)
at low- to mid-elevation and on exposed ridges, moist to wet forests (> 3,000 mm/year)
at low- to mid-elevation, montane cloud forest starting at ca. 900 m on the leeward
coast and 300-400 m on the windward coast, and subalpine shrubland found above
1,800 m (Papy 1954, Florence 1993, Meyer and Salvat 2009, Meyer 2010).

Study species

Spathodea is a large evergreen tropical tree reaching more than 30 m in height (Unwin
1920) with a trunk diameter of 0.50-1.75 m and a dense crown (Holdridge 1942,
Little and Skolmen 1989). Spathodea originated from lowlands of Equatorial region,
from west coast of Africa to central Africa between 12°N and 12°S (Irvine 1961), in
areas with a wet and warm equatorial climate characterized by abundant rainfall and a
monthly mean temperature above 26 °C (Francis 1990). Spathodea can be found on acid
or basic soils, from loamy sands to clayey soils, with excessive to poor soil drainage and
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can survive in areas with a dry season of one to three months (Eliovson 1962). Success-
ful reproduction has been reported at a minimum of 1,300 mm year” (Francis 1990).

Spathodea produces numerous red-orange flowers pollinated by birds and bats in
its native range (Keay 1957) but requires cross-pollination (Bittencourt et al. 2003). It
reproduces mainly by seeds but can also reproduce via suckers from roots or branches
(Little and Skolmen 1989). The wind-dispersed seeds are contained in a brown pod,
each pod containing about 500 seeds (Little and Skolmen 1989, Fosberg et al. 1993)
able to breach the ‘barrier effect’ of the trees present in forest edges (Staples et al. 2000,
Labrada and Diaz Medina 2009). Spathodea has been listed as one of the world’s worst
invasive alien species (Invasive Species Specialist Group 2004) and is considered as a
major threat to native biodiversity in many Pacific islands (Pacific Islands Ecosystems
at Risk 2011).

Distribution of Spathodea in relation to topography

We counted the number of Spathodea (abundance) along a 6.2 km long elevational
transect located on the leeward coast of Tahiti Nui from 140 to 1,300 m (between
Belvédeére road and Mt Aorai trail, lower end of the transect: 17°32'54"S-149°32'35"W,
upper end of the transect: 17°32'5"S-149°30'30"W) (Figure 1). The number of Spath-
odea plants (= 3 m in height) was counted in plots from observation points on both
sides of the elevational transect in a corridor ca. 20 m wide. Each counting point obser-
vation (n = 124 plots) included an area ca. 200 m? (-20 m x 5 m on left and right sides
of the elevational transect) with a mean distance ca. 50 m between each point. These
124 points were geo-referenced with a handheld Global Positioning System (GPS
Trimble” GeoXH™). Along the elevational transect, slope steepness was assessed with
a 5 m-resolution Digital Elevation Model (DEM) of Tahiti processed in a Geographic
Information System (GIS Mapinfo® Professional version 10, WGS 1984 projection).

Micro-climate along the elevational transect

The micro-climate was characterized at different elevation ranges by using temperature
(°C), atmospheric humidity (%), and dew-point temperature (°C) recorded by iBut-
tons (Hygrochron DS 1923). Dew-point temperature has been used to estimate the
presence of extra precipitation from fog at different elevations. For example, on the
island of Maui (Hawaiian Islands) fog may add important amounts of precipitation
between the lifting condensation level at ca. 1,000 m elevation and the upper cloud
limit set by the tradewind inversion at ca. 1900 m (Juvik and Ekern 1978, Kitayama
and Muller-Dombois 1994, Loope and Giambelluca 1998).

Among the 124 plots surveyed, 10 iButtons were placed in ten plots along the
elevational transect from 140 to 1,300 m. The number of Spathodea ranged from 0 to
18 in plots fitted with iButtons. They were programmed to record data every two hours
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(12 recordings per day) and then set on a tree trunk at 2 m above the ground. IButtons
were exposed to the north in the understory. Measurements were recorded during 84
days from July to October, i.e. during the coldest and driest season in French Polynesia.
Stress experienced during the dry season could limit survival or growth of Spathodea,
thus we expect that a record of micro-climate during this critical period may provide
useful information about environmental tolerances of Spathodea at mid-high elevation.

Photosynthetic characteristics of Spathodea along the elevational transect

We measured 77 situ some aspects of leaf-level photosynthesis of Spathodea using a Pulse
Amplitude Modulation fluorometer (PAM, Walz GmbH Chlorophyll-Fluorometer).
PAM is a rapid, non-invasive tool to investigate physiological indicators of photosyn-
thetic rate or stress (Bité et al. 2007, Guidi and Calatayud 2014). In this study, we
measured leaf chlorophyll (Chl) fluorescence parameters for plants exposed to ambient
light conditions. We used the following light curve-derived parameters:

1. Chl fluorescence Fo’ is the minimal fluorescence yield of illuminated sample with all
photosystem PS II centers open (Guidi and Calatayud 2014). Chl fluorescence Fo’
is inversely correlated to photosynthetic efficiency (Bité et al. 2007), thus provid-
ing information about plant health (e.g. Percival 2005, Nikoli¢ et al. 2008);

2. Maximum electron transport rate (ETR ) reflects maximum flow of electrons, a
measure of how quickly electrons can move through the photosystem (Bité et al.
2007). It is related to maximum photosynthetic rate (Edwards and Baker 1993,
Eichelman et al. 2004);

3. Effective quantum yield Y(II) [Y(IT)effective = (Fm’-F’)/Fm’], where Fm’ is the
maximum Chl fluorescence yield in light conditions recorded immediately after a
saturating pulse of light and F”is the value where Chl fluorescence reaches a steady-
state level, a measure of the photochemical conversion in light exposed leaves (i.e.
the photosynthetic efficiency of photosystem II) (Guidi and Calatayud 2014). It
assesses how efficiently the light is being used in photochemistry (Genty et al.
1989, Maxwell and Johnson 2000). Note that Y(II) effective is strongly correlated
with the maximum quantum yield of PSII (e.g. Demming and Bjorkman 1987,
Adams et al. 1995) commonly used as an indicator of both the leaf potential pho-
tosynthetic capacity and abiotic stresses (e.g. Kitajima and Butler 1975, Demming
and Bjorkman 1987, Percival 2004, 2005, Galmés et al. 2007, Oukarroum et al.
2009, Guidi and Calatayud 2014).

We measured these leaf-level photosynthetic properties of Spathodea plants (1 m to
5 m in height) localized on the leeward coast of Tahiti Nui and Tahiti Iti. We report
fluorescence results for leaves partially and fully in sun during measurements. A total of
50 Spathodea plants were measured in the field with 1 to 3 replicate leaves per individual.
These leaf-level photosynthetic measurements were done at different elevations (Figure 1):
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locations used for photosynthesis measurements (white circles).



134 Sébastien Larrue et al. / NeoBiota 30: 127-149 (2016)

1. In order to provide a control of photosynthetic properties of Spathodea in presumed
favorable conditions at low elevation, we selected some Spathodea plants (n = 10;
< 125 m a.s.l.) located in suitable conditions (i.e. deep volcanic soil in the bottom
of a valley with slope < 5°, near a stream and not exposed to strong wind) on the
leeward coast of Tahiti;

2. Along the Tahiti Nui elevational transect, accessible Spathodea plants (n = 26) were
sampled between 180 m and 990 m elevation;

3. Finally, along a wetter elevational transect on the Peninsula of Tahiti Iti, accessible
Spathodea plants (n = 14) were measured at elevations between 245 m and 850 m
(Figure 1).

Statistical analysis

Along the elevational transect of Tahiti Nui (here after ETTN), we used stepwise regres-
sion to observe the relationship between the abundance of Spathodea against elevation
and slope steepness in the 124 plots (XLStat® software v. 2009). Spathodea distribution
was examined more closely by plotting frequency of Spathodea into elevation ranges.
Frequency [0-1] was calculated by grouping number of Spathodea into elevation range
from 140 to 1,300 m a.s.l.. We then divided the total number of Spathodea observed
in each elevation range by the total of Spathodea counted along the elevational transect
(n = 2,274). We assessed whether some elevation ranges are more or less frequently
colonized by Spathodea.

Along the ETTN, the distribution of temperature, air humidity, and dew-point tem-
perature in the elevation ranges of Spathodea was investigated in ten plots (Box plots,
PAST" software v. 3.10). IButtons may experience some fluctuations in temperature and
air humidity due to unpredictable periods of high light during sunflecks in the understory
(Chazdon 1988, Canham et al. 1990, Pearcy et al. 1994). So, we provided all data for the
night (no possible sunflecks from 8:00 pm — 4:00 am) and used interquartile ranges with
Box plots to delete outliers and extreme values for the day (6:00 am — 6:00 pm). We then
calculated average temperature and average air humidity for site by summing all daily
measurements (based on a midnight-to-midnight day) for every day (n=84) and then di-
viding the total by the number of summed values. The highest and the lowest maximum
temperature observed at the site was identified, and the same for the highest and the low-
est maximum air humidity. The total number of values below the dew-point temperature
(meaning condensation) was also investigated for every day (based on a midnight-to-mid-
night day) of the total data set and then converted into percent. We then used stepwise
regression to observe the strongest relationships between micro-climate and abundance of
Spathodea in the 10 plots fitted with iButtons (XLStat” software v. 2009).

Finally, ANOVA and the Dunnett test (XLStat” software v. 2009) were used
to identify significant differences in photosynthesis responses of Spathodea (i.e. Fo’,
ETR__ and Y(ID)effective) between elevation ranges along the ETTN and between
similar elevation ranges on the wetter Peninsula of Tahiti Iti.
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Results

Abundance of Spathodea with elevation and steepness

A total of 2,274 Spathodea plants (> 3 m) was recorded along the ETTN. The Spatho-
dea observed at the highest elevation was found at 1,240 m. Abundance of Spathodea
decreased with increasing elevation (P < 0.0001, Figure 2a). Spathodea was observed
on slope steepness ranging from 0.3° to 73.5° and its distribution was not influenced
by the steepness (P = 0.95, Figure 2b). Within the elevation ranges of 140-540 m
and 941-1,040 m the frequency of Spathodea was high, whereas it was less frequent
between 541-940 m (Figure 3).
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Figure 2. Abundance of Spathodea (number of individuals) in relation to elevation (a) and slope
steepness (b) in the 124 plots (ca. 200 m? per plot) along the elevational transect of Tahiti Nui.
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Figure 3. Frequency of Spathodea plants (n=2,271) along the 6.2 km transect from 140 to 1,300 m above
sea level (a.s.l.) on the leeward coast of Tahiti Nui (Society Islands, French Polynesia). The increment of
elevation range categories is 100 m, error bars refer to Standard deviation.

Temperature and air humidity along the elevational transect

We provided average and extreme values of micro-climate for the 84 days surveyed
from July to October in the data set (Table 1). Spathodea was found in an area with
average July-October temperatures ranging from 24.5 °C (at 140 m) to 14.6 °C (at
1,241 m), whereas minimum and maximum temperatures ranged from 9.2 °C to
18.8 °C and 21 °C to 31.8 °C, respectively (Table 1). In Spathodea’s distributional
range, average July-October air humidity was very high across all elevations ranging
from 85.7 to 99.8%, whereas minimum air humidity values were observed at 653 m
and ca. 900 m (Table 1, Figure 4a-d). Similarly, a lower percentage of values below
the dew-point temperature (meaning poor condensation) was observed around 900 m
elevation (Table 1). Thus, the elevation around 900 m seems to experience some air
dryness along the ETTN. Among factors of micro-climate, the lowest July-October
humidity and the lowest July-October temperature were significant in explaining vari-
ation observed in abundance of Sparhodea in the 10 plots (Table 2).

Photosynthesis responses of Spathodea

At low elevation, under presumed low stress conditions, mean Chl fluorescence Fo’ was
75.8 umol photons m™s"' (Table 3). Mean ETR __ was 185.2 Kmol electrons m?s™!
and the mean value of Y(II)effective was 0.52 relative units (Table 3). These values were
targeted for comparison with values along the elevational transects.
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Table I. Mean temperature, mean air humidity, and mean dew-point temperature recorded in 10 plots

(among the 124 plots) during 84 days between July to October along the elevational transect of Tahiti
Nui (140-1,300 m).

Elevation (m) 140 | 452 | 650 | 653 | 916 | 976 | 977 | 1221 | 1241 | 1300
Average temperature (°C) 245|221 | 211 | 209 | 17.8 | 16.8 | 16.8 | 14.6 | 14.6 | 14.3
Highest temperature 31.8 | 285 | 27.8 | 26.5 | 25.8 | 22.3 | 22.7 | 22.7 | 21.0 | 204
Lowest temperature 18.8 | 18.1 | 15.8 | 15.6 | 135 | 12.7 | 128 | 9.6 | 94 | 9.2
Average air humidity (%) 95.4 1 99.8 | 99.4 | 98.6 | 85.7 | 96.2 | 96.5 | 99.1 | 99.3 | 98.2
Highest air humidity 100.0 { 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0
Lowest air humidity 70.0 | 91.1 | 86.7 | 45.3 | 48.1 | 71.1 | 72.0 | 55.7 | 84.2 | 67.1
Average dew-point temperature (°C) | 23.7 | 22.0 | 21.0 | 20.6 | 153 | 16.1 | 16.2 | 144 | 144 | 14.0
Dew-point temperature %(1) 57 94 81 84 33 41 40 91 77 83
(1) Percentage of values below the dew-point temperature (meaning condensation)
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Figure 4. Box and whiskers plot. Temperature and air humidity recorded in 10 plots along the elevational

transect between 140 and 1,300 m during 84 days of the dry season from July to October during night (a, b)
and day (c, d) on the leeward coast of Tahiti Nui. Whiskers in the box plots show 95% of the data values.
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Table 2. Abundance of Spathodea (number of individuals) in relation to micro-climate in 10 plots (among
the 124 plots) along the elevational transect of Tahiti Nui (steepwise regression, XLStat® software v. 2009).

Micro dimate | Value gt | ¢ pespq | e omecbound| Upperbound
Average temperature (°C) ns
Highest temperature ns
Lowest temperature 1.014 | 0.240 |4.217| 0.006 |0.534 0.426 1.603
Average air humidity (%) ns
Highest air humidity s
Lowest air humidity 0.164 | 0.057 |2.876| 0.028 | 0.772 0.024 0.303
Dew-point temperature s

Table 3. Mean value and standard deviation (parentheses) of chlorophyll fluorescence of Spathodea leaves
with Fo’, ETR _, and Y(I)effective at: 1) presumed favorable low elevation conditions, and 2) mid-high
elevation along the elevational transect on Tahiti Nui and on the wetter Peninsula of Tahiti Iti.

Fo’ ETRmax Y(IT) effective

Chl fluorescence (umol photons m?.s") | (umol electrons m?.s”) | Relative units

1) Low elevation < 125 m (n=10) 75.7 (12.9) 185.2 (64.6) 0.52 (0.04)

2) Mid-high elevation:

Along the elevational transect of

Tahiti Nui 181-990 m (n=24) 86.5 (26.8) 166.6 (68.6) 0.47 (0.06)
On the Peninsula of Tahiti Iti
244-850 m (n=14) 77.2 (16.23) 211.0 (62.5) 0.51 (0.04)

No significant difference between ETR _ and Y(II)effective against elevation range
was found on the wetter Peninsula of Tahiti Iti (Table 4; Figure 5e, f). Photosynthesis
measurements of Spathodea at mid-high elevation on the Peninsula of Tahiti Iti were
very similar to those observed at low elevation. On the Peninsula of Tahiti Iti, we only
observed a significant difference in Chl fluorescence Fo’ between low elevation and the
elevation range of 181-540 m (Table 4; Figure 5d).

Along the ETTN, photosynthesis measurements were different compared to
those at low elevation. Chl fluorescence Fo’ increased by 14% while Y(II)effective
and ETR_ decreased by 9.6% and 10%, respectively (Table 3). Chl fluorescence
Fo’ was significantly high in the range of 541-940 m (Table 4, Figure 5a). Finally,
both ETR and Y(II)effective decreased significantly in the ranges of 541-940 m and
941-990 m compared to low elevation (Table 4; Figure 5b,c).
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Figure 5. Comparison of photosynthesis measurements with ANOVA: low elevation (< 125 m) vs.
181-540 m, 541-940 m, and 941-990 m along the elevational transect on Tahiti Nui (a, b, ¢) and on
the wetter Peninsula of Tahiti Iti (d, e, f). Error bars refer to Standard deviation.
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Table 4. ANOVA test for differences between photosynthesis measurements at low elevation (< 125 m)
vs. 181-540 m, 541-940 m, and 941-990 m along the elevational transect on Tahiti Nui and on the

wetter Peninsula of Tahiti Iti.

Elevation range (m)

Chl fluorescence < 125 vs. 181-540 < 125 vs. 541-940 < 125 vs. 941-990
Along the elevational transect of Tahiti Nui:
Fo’
Difference 4.2 -18.8 -12.2
Pr > Diff (Dunnett) s * ns
ETRmax
Difference 24.8 22.9 2.7
Pr > Diff (Dunnett) s s s
Y(II)Effective
Difference 0.0 0.1 0.1
Pr > Diff (Dunnett) ns wox rox
On the Peninsula of Tahiti Iti:
Fo’
Difference -19.0 3.0 -
Pr > Diff (Dunnett) * s -
ETRmax
Difference 55.5 -51.3 -
Pr > Diff (Dunnett) ns ns -
Y(II)effective
Difference 0.0 0.0 -
Pr > Diff (Dunnett) s ns -

ns = not significang; P < 0.05% P < 0.01**

Discussion

Elevational distribution of Spathodea

Overall, our findings show that the alien tree Spathodea has a broad ecological range.
As reported by Fosberg (1992), it can be viewed as an “aggressive species”. However,
the abundance of Spathodea differed with elevation and this pattern seemed related to
the lowest maximum temperature and humidity.

Along the ETTN, the elevation range between 140 m and 540 m was highly colo-
nized by Spathodea. Average air humidity (around 95-99%) and average temperature
of 24.5°-22.1° seems to provide suitable conditions for Spathodea establishment. In
addition, at this elevation range of 140-540 m, the soil is both moist and thick and
generally less exposed to strong wind (Larrue pers. obs.). Major invasion of Spathodea
on the island of Tahiti is currently reported on the leeward (drier) coast, mainly at
low and mid-elevation on the slopes of the northwestern valleys found above the main
cities of the urban area of Papeete (Larrue 2008). This pattern might indicate a signal
of introduction history rather than preferred ecological conditions because the most
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invaded valleys are also the ones where Spathodea has had a longer time to spread from
adjacent cities and homegardens (Pouteau et al. 2015). Thus, major populations of
Spathodea observed on the leeward coast of Tahiti may be related with the past land
use and forest disturbance due to the relative proximity of urban areas, but the climate
also provided suitable growing conditions.

Spathodea was also well represented at upper elevations between 940-1,040 m in
less disturbed areas of native rainforests and cloud forest dominated by native and en-
demic trees such Metrosideros collina, Weinmannia parviflora, Glochidion spp., Alstonia
costata, Coprosma taitensis, Myrsine spp., Fitchia nutans, and tree ferns Cyathea spp.
(Florence 1986, 1993, Meyer 1996, 2010). At ca. 900 m elevation, the angiosperm
flora comprises 44% of indigenous species and 15% endemic species, reaching 67%
endemic species at 1,000 m (Blanchard 2013). Along the ETTN 82% of endemic
species were found between 900-1,000 m. Abundances recorded along the ETTN
indicate that Spathodea is able to spread in these forests with an average temperature of
16.8°C and high air humidity.

Abundance of Spathodea was lower in the 541-940 m elevation range along the
ETTN, showing that this range was less frequently colonized. Minimum values of
both air humidity and dew-point were recorded in this range indicating that this eleva-
tion experiences greater air dryness, especially ca. 900 m. Temperature and humidity
patterns across Tahiti is not uniform even at the same elevation due to local contrast
and diversity in topography of valleys, plateaus, and mountains (Doumenge, pers.
com.). In addition, the land-sea breeze system and the foehn wind blowing on the lee-
ward coast may affect the air humidity and temperature pattern (Méndez-Lazaro et al.
1995, Oliphant et al. 2001). However, details of how climate is affected by the land-
sea breeze system, foehn wind, lifting condensation level, and the upper cloud limit set
by the tradewind inversion are still very poorly documented on Tahiti.

At the highest elevation at which Spathodea was observed along the ETTN (1,241
m) average temperature was 14.6 °C with the lowest maximum temperature of 9.4 °C.
Average humidity was 99.3% with lowest humidity of 84.2% and 77% of values below
the dew-point temperature. So, this elevation was a very wet environment with a high
frequency of condensation and potential supplemental water from fog. Despite high
humidity, Spathodea was less abundant at the highest elevations ranging from 1,040
to 1,300 m. Decreasing temperature, with lowest maximum temperature around 9 °C
may be a limiting stressor for Spathodea invasion at high elevation.

Invasion by tropical alien plants are probably limited in tropical montane cloud
forests of French Polynesia due to the decreasing propagule pressure at increasing dis-
tances from urban areas as well as the decreasing in temperature with the increasing
elevation (lapse rate) (Pouteau et al. 2013). In the context of global warming, mean
annual temperature has increased by 0.0343 °C per year on Tahiti between 1958 and
2002 (Laurent et al. 2004). While the environmental lapse rate can differ slightly
according to authors, it is often reported at 0.0058 °C.m™ (Baruch and Goldstein
1999). Considering the increasing temperature on Tahiti and this lapse rate, the cur-
rent upper limit of Spathodea may increase by ca. 200 m in 2050 reaching ca. 1,450 m
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elevation as upper limit on the leeward coast. Thus, Spathodea is an important threat
to native species currently and will likely be an even greater threat in the future; there
is an urgent need to target this species for biological control.

Patterns among photosynthetic parameters

While Y(I)effective of Spathodea observed at low elevation was the highest observed
in the sample on Tahiti, Y(II)effective was everywhere below the optimum estimated
at 0.84 (Genty et al. 1989). This suggests that photosynthesis rate of Spathodea during
the dry season on Tahiti was not at the optimum potentially due to lower rainfall.

Among Spathodea plants surveyed, Y(Il)effective and ETR__ were comparable
from low elevation to mid-high elevation up to 850 m on the Peninsula of Tahiti Iti.
This indicates that the potential photosynthesis rate of Spathodea may be similar from
sea level until mid-high elevation on the Peninsula of Tahiti Iti.

Along the ETTN, Chl fluorescence Fo', ETR__, and Y(I)effective were similar
in the elevation range of 181-540 m compared to low elevation. These results are
indicative of a similar photosynthetic capacity of Spathodea plants from sea level until
ca. 540 m along the ETTN. These findings are congruent with the high frequency of
Spathodea plants observed in this range. This leads us to classify this elevation range as
a preferred environment for Spathodea on the leeward coast of Tahiti.

In contrast, in the elevation range of 541-940 m Chl fluorescence Fo’ was sig-
nificantly higher, potentially indicating unhealthy plants (Percival 2005, Nikoli¢
et al. 2008) while ETR _ was low suggesting drought stress (Li et al. 2008). These
results are supported by the significant decrease of Y(II)effective observed at this
range showing that photochemical conversion decreases at 541-940 m compared to
low elevation. Y(IT)effective is often described as a valuable physiological indicator of
water stress (e.g. Genty etal. 1989, Lietal. 2010) or a mild leaf drought stress due to
a drop in air humidity (Bunce 1991). Authors have shown that the decreasing of leaf
photosynthesis efficiency due to mild water stress was firstly related to the progres-
sive closure of stomata, leading to a decreased rate of net photosynthesis (Medrano et
al. 2002, Brestic and Zivcak 2013, Yordanov et al. 2003). Considering these results
and the low frequency of Spathodea observed in the elevation range of 541-940 m,
this range may be viewed as a non preferred environment for Spathodea along the
ETTN. In addition, the low frequency of Spathodea observed in the elevation range
of 541-940 m could be explained by greater competition from pre-existing vegeta-
tion or from other invasive species as Miconia calvescens also found along the ETTN.
The reduced photosynthetic capacity of Spathodea observed in this range may also
be related to punctual variation of air humidity and decreased supplemental water
from fog drip during the dry season. In the elevation range 941-1,040 m, Chl fluo-
rescence Fo’ was similar to that observed at low elevation indicating that Spathodea
plant seems to be in similar health to those at lower elevation. Because of both the
relative abundance of Spathodea in the elevation range 941-1,040 m and Chl fluo-
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rescence measurement supporting healthy Spathodea plants, we identified this range
as a suitable environment for Spathodea. However, Y(Il)effective was significantly
less efficient compared to low elevation. Considering that air temperature is one of
the key factors controlling carbon gain and the photosynthesis efficiency (Chen et
al. 2003, Richardson 2004), the decrease inY(II)effective was possibly due to lower
temperatures than those observed at low elevation.

Photosynthetic differences between Tahiti Nui and the Peninsula of Tahiti Iti

Y(IDeffective and ETR__ observed on the Peninsula of Tahiti Iti at mid-high elevation
were greater compared to mid-high elevation along the ETTN. Both transects have
similar ferralitic soils derived from weathering of the volcanic rocks as the basalt (Jamet
1987), but the main difference in environmental conditions between the leeward coast of
Tahiti Iti and Tahiti Nui is that Tahiti Iti is wetter (air humidity and rainfall) than Tahiti
Nui (Pasturel 1993, Laurent et al. 2004). Based on the rainfall map of Tahiti, the ETTN
started in an area ca. 2,350 mm of mean annual rainfall, increasing up to ca. 3,500 mm
vs. 3,000 mm to 5,000 mm year' at similar elevations on the Peninsula of Tahiti Iti
(Pasturel 1993). Furthermore, major populations of Spathodea are usually observed on
the wet windward coast of tropical islands, e.g. Smith (1985) and Loope et al. (1992)
reported major infestations along the valley of northern and eastern slopes of Oahu and
Kauai as well as in almost every rainforest in East Maui (Hawaiian Islands). This suggests
that total rainfall may be an important factor for Spathodea establishment at mid-high
elevation, where sun irradiance and wind are important stressors (Laurent et al. 2004).

Conclusion

Along an elevational transect, Spathodea was abundant between the elevation range
of 140-540 m, and 941-1,040 m, but less abundant at the range of 541-940 m. A
significant decrease of Y(II)effective, increase in Fo’ and lower ETR _ observed in the
latter range may indicate leaf drought stress or water stress. We suggest that punctually
dry air with a low frequency of fog observed during the dry season may limit Spazho-
dea invasion in the elevation range of 541-940 m on the leeward coast of Tahiti Nui,
while it is limited at an upper elevation of 1,240 m by lower temperatures. Invasion of
Spathodea has been mainly observed for now on the drier leeward coast of Tahiti Nui.
However, more recently, Spathodea has also been found on the slopes of the windward
coast of Tahiti (including Tahiti Iti), but it is currently scattered in distribution, prob-
ably due to later arrival and naturalization on this less urbanized coast. Chl fluores-
cence measurements indicated high photosynthetic capacity among Spathodea in wet
environments from sea level until mid-high elevation. Our results of photosynthesis
measurements lead us to predict an important range extension of Spathodea on the wet
windward coast of Tahiti Nui in the future.
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Abstract

Biological control of weeds in Vanuatu began in 1935, with the introduction of the tingid Zeleonemia
scrupulosa to control Lantana camara. To date, nine biological control agents have been intentionally
introduced to control eight weed species. Seven of these agents have established on their respective hosts
while an eighth, Zygogramma bicolorata, an agent for Parthenium hysterophorus has only recently been
released and establishment is unlikely. The fate of a ninth agent, Heteropsylla spinulosa, released for the
control of Mimosa diplotricha is unclear. Six other biological control agents, including Epiblema strenuana
which was first detected in 2014 on P hysterophorus on Efate have spread into the country unintention-
ally. Control of the target weeds range from inadequate to very good. By far the most successful agent has
been Calligrapha pantherina which was introduced to control Sida acuta and Sida rhombifolia. The beetle
was released on 14 islands and managed to spread to at least another 10 islands where it has effectively
controlled both Sida spp. Control of the two water weeds, Eichhornia crassipes by Neochetina bruchi and
N. eichhorniae and Pistia stratiotes by Neohydronomus affinis, has also been fairly good in most areas. Two
agents, 1. scrupulosa and Uroplata girardi, were released on L. camara, and four other agents have been
found on the weed, but L. camara is still not under adequate control. The rust Puccinia spegazzinii was first
released on Mikania micrantha in 2012 and successfully established. Anecdotal evidence suggests that it
is having an impact on M. micrantha, but detailed monitoring is required to determine its overall impact.
Future prospects for weed biological control in Vanuatu are positive, with the expected greater spread of
recently released agents and the introduction of new agents for P hysterophorus, L. camara, Dolichandra
unguis-cati and Spathodea campanulata.
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Introduction

For many farmers in Vanuatu and the South Pacific in general, weeds are a major
problem, outcompeting or smothering food crops, and decreasing food security and
income. Conventional control of weeds is not always feasible, as herbicides are ex-
pensive and beyond the means of most subsistence farmers, while manual control
through slashing or hand-pulling is labour intensive (Orapa 2001, Day et al. 2012).
Both means of control require constant follow-up, as not all plants are killed or plants
can regrow from fragments left behind following slashing. Chemicals can also affect
other plant species, contaminate water supplies and have human health issues, as safety
equipment is not always available to farmers (Orapa 2001, Day et al. 2012). Thus,
biological control is often seen as the only safe, feasible long-term management option
for many exotic weed species in Vanuatu.

Biological control of weeds was first undertaken in Vanuatu in 1935, with the in-
troduction of the tingid, 7eleonemia scrupulosa Stal (Hemiptera: Tingidae) to control
Lantana camara L. sens. lat. (Verbenaceae). Teleonemia scrupulosa had been originally
introduced into Hawaii in 1902 (Swezey 1923), before being released into Fiji and
then from there into Vanuatu (Winston et al. 2014).

A total of nine biological control agents have been introduced into Vanuatu to con-
trol eight of the major exotic weed species present (Winston et al. 2014). In addition
to L. camara, these species are the pasture weeds, Sida acuta Burm. £., S. rhombifolia L.
(Malvaceae), Mimosa diplotricha C. Wright (Fabaceae) and Parthenium hysterophorus
L. (Asteraceae), a fast growing vine Mikania micrantha Kunth (Asteraceae), which can
quickly smother other vegetation, and two aquatic weeds, Eichhornia crassipes (Mart.)
Solms (Pontederiaceae) and Pistia stratiotes L. (Araceae) (Winston et al. 2014). All of these
weed species are native to tropical America and had been introduced either intentionally
as ornamentals or accidentally into Vanuatu through contamination of imported goods.

The nine biological control agents were deliberately introduced and had been thor-
oughly tested and released elsewhere prior to their introduction into Vanuatu to en-
sure the introduced species are host specific and would not be a risk to crops or native
species. In addition to the nine deliberate introductions, five other known biological
control agents have found their way unintentionally into Vanuatu (Winston et al.
2014), possibly on imported plants or on machinery.

This paper reports on the biological control agents introduced into Vanuatu and
provides an update on their distribution within Vanuatu and their status in controlling
their respective target weed species.

Materials and methods

The nine intentionally introduced biological control agents were first imported into the
quarantine facility at the office of Biosecurity Vanuatu in Port Vila. There, the agents
were reared through one generation by Biosecurity Vanuatu staff before being mass-
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reared and field-released on their target weed. For the aquatic weeds, E. crassipes and P
stratiotes, insects were reared on their respective target weed in above-ground swimming
pools similar to those outlined by Julien et al. (1999). Insect biological control agents
for the terrestrial weeds were reared on potted plants of their respective hosts in organza-
mesh screened, aluminium-framed cages (90 x 45 x 45 high cm), using methods similar
to those used by the research organisation from which the particular biological control
agent was imported. The rust Puccinia spegazzinii De Toni (Pucciniales: Pucciniaceae),
an agent introduced to control M. micrantha, was cultured in a similar way to that out-
lined in Day et al. (2013b). Rearing and culturing methods were adapted to local condi-
tions but maintained the general essence of maintaining an adequate supply of healthy
pest-free plants, keeping insect generations separate and maintaining good records.

The distribution of weeds that are or have been targeted for biological control in Vanu-
atu was recorded in a database which documents the date each weed was first recorded in a
particular location, as well as location data, including a GPS waypoint and features of the
infestation such as its size and the land type infested. The database was compiled following
weed surveys conducted by staff from Biosecurity Vanuatu and the Ministry of Agriculture
over 2000-2015 during which biological control agents were released. The presence of
agents, such as 7. scrupulosa or Uroplata girardi Pic (Coleoptera: Chrysomelidae), which
were released prior to the establishment of the database, was also recorded for each site.

All biological control agents were released on their target weed in as many places
as possible by Biosecurity Vanuatu staff, using similar techniques and numbers used by
other organisations experienced with the agents. Records of all field introduced were
documented for each biological control agent. For the agents that were released prior to
the establishment of the database, releases were only recorded for new releases at sites
where the agents were not already present during the field surveys. Release sites were
later monitored to determine establishment of each agent and other known sites of the
weeds were checked to determine if the agents had naturally spread to these sites. For
all weeds and in particular the aquatic weeds, photos were taken before and at intervals
after the release of biological control agents to help document the impact of the agents.

More detailed monitoring of some of the biological control agents on weeds on
Efate was conducted by Biosecurity Vanuatu staff. This included the monitoring of Ne-
ochetina eichhorniae Warner (Coleoptera: Erirhinidae) on E. crassipes and Calligrapha
pantherina Stal (Coleoptera: Chrysomelidae) on S. acuta. More recently, monitoring
of P. spegazzinii on M. micrantha and the moth Epiblema strenuana (Walker) (Lepi-
doptera: Tortricidae) on P. hysterophorus, is documenting the impact of these recently
introduced biological control agents on their respective targets. At each site, plant
parameters such as plants per unit area and height were measured, while the number
individual insects, feeding scars, galls or pustules were recorded, depending on the
biological control agent.

To capture the benefits of releasing C. pantherina, a socio-economic study was
conducted eight years after the first release of the insect, to determine whether there
was more or less S. acuta after C. pantherina was released, as well as the level of change
in weed density, control effort, crop or beef production and income.
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By constantly updating where biological control agents had established and to
where they had spread naturally, sites where the agents were absent could be targeted
for future releases, paying particular attention to climatic and habitat requirements of
each agent. This ensured a more efficient use of biological control agents and that they
were not released in areas where they were already present. This is particularly impor-
tant as the numbers of biological control agents reared is limited and there are a large
number of islands where field releases need to be conducted.

Changes in plants/m* and stem height of weeds following releases were assessed
using t tests using Genstat (Version 16 2014).

Results

To date, seven of the nine biological control agents deliberately released in Vanuatu
have established (Table 1). One agent, Zygogramma bicolorata Pallister (Coleoptera:
Chrysomelidae), recently introduced to control P hysterophorus, failed to establish. The
establishment of a ninth agent, the psyllid Heteropsylla spinulosa Muddiman, Hodkin-
son & Hollis (Hemiptera: Psyllidae), for the control of M. diplotricha, is unconfirmed.

A further six biological control agents, which have been introduced in other
countries, have been found in Vanuatu, presumably being introduced unintentionally
on cargo or by natural spread from elsewhere in the Pacific. Four of these agents were
found on L. camara and one each on P. hysterophorus and Elephantopus mollis Kunth
(Asteraceae) (Table 2).

Over 720 sites, covering 30 islands, including all major islands have been surveyed
over the last 15 years (Fig. 1a). However, many of the smaller or remote islands were
not covered, due to the difficulty in accessing them.

Opverall, control of the target species by all biological control agents, including
the unintentionally introduced agents, ranges from inadequate to very good. By far
the most successful agent is the leaf-feeding beetle C. pantherina for the control of
S. acuta and S. rhombifolia. The beetle was introduced into Vanuatu in 2005 from
Fiji, following its introduction first into Australia in 1989 (Winston et al. 2014).
It was deliberately released at 45 sites on 14 islands and established at 41 sites on
11 islands. Field releases on three islands in the Torres Group were conducted only
recently, in August 2015, so it is too early to determine if the beetle has established
at those sites.

Calligrapha pantherina subsequently spread from sites where it established to a
further 365 sites, covering 21 islands, with complete control of S. acuta being reported
at almost all sites where the beetle is present (Fig. 1b).

At one site, at Rentabao (17°47'07.4"S, 168°26'19.3"E), Efate, where intensive
monitoring was conducted, the beetle significantly reduced the populations of S. acuza
from 29 plants/m? in March 2005, just after the beetle was released to less than 4
plants/m? seven months later (t=4.08; p<0.001) (Fig. 2).

A socio-economic study conducted eight years after the release of C. pantherina,
found that the percentage of farmers who had to control S. acuta decreased from 96%
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Table I. A list of the target weed species and all biocontrol agents that have been deliberately introduced
into Vanuatu, along with the year of introduction, their status and the degree of impact on the target

weed.
Weed Biocontrol agent Year of Established?  Impact
release
Araceae
Pistia stratiotes L. Coleoptera: Curculionidae
Neohydronomus affinis Hustache 2006 Yes Variable
Asteraceae
Mitkania micrantha Kunth Pucciniales: Pucciniaceae
Puccinia spegazzinii De Toni 2012 Yes v aliscgtling
Parthenium hysterophorus L. Coleoptera: Chrysomelidae
Zygogramma bicolorata Pallister 2014 No None
Fabaceae
Mimosa diplotricha C. Wright Hemiptera: Psyllidae
Heteroﬁ)(/) l(/ﬁ(fl lszt:fog? I_l\;[;iﬁ;ilman, 1994 Unknown Unknown
Malvaceae
Sida acuta Burm. f. Coleoptera: Chrysomelidae
Calligrapha pantherina Stal 2005 Yes High
Sida rhombifolia L. Coleoptera: Chrysomelidae
Calligrapha pantherina Stal 2005 Yes High
Pontederiaceae
Eichhornia crassipes (Mart.) Solms Coleoptera: Erirhinidae
Neochetina bruchi Hustache 2013 Yes ,Still,
validating
Neochetina eichhorniae Warner 2004 Yes High
Verbenaceae
Lantana camara L. sens. lat. Hemiptera: Tingidae
Teleonemia scrupulosa Stdl 1935 Yes Slight
Coleoptera: Chrysomelidae
Uroplata girardi Pic 1983 Yes Slight

before C. pantherina was released to 14% after the beetle was released and controlled
the weed. Furthermore, 78% of farmers thought their production had increased by
over 50% since the release of the beetle (Fig. 3).

Calligrapha pantherina will also attack S. rhombifolia, although to a lesser extent
than S. acuta. Sida rhombifolia is widespread throughout Vanuatu but it is not found
in the same densities as S. acuta. It is expected that S. rhombifolia will be kept at such
low densities by C. pantherina that it will not be considered a problem.

The biological control of P. stratiotes by Neohydronomus affinis Hustache (Coleop-
tera: Curculionidae) was also highly successful. The beetle was introduced into Va-
nuatu in 2006 from Papua New Guinea, following its introduction first into Australia
in 1982. It was deliberately released at 14 sites on six islands and establishment has
been confirmed on five islands. On a sixth island, releases were only conducted in
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Table 2. A list of the target weed species and all known biocontrol agents that were not deliberately
introduced into Vanuatu but have been found in the country.

Weed Biocontrol agent Year first Established? Impact
reported
Asteraceae
Elephantopus mollis Kunth Diptera: Tephritidae
Tetraeuaresta obscuriventris (Loew) 1984 Yes Unknown
Parthenium hysterophorus L. Lepidoptera: Tortricidae
Epiblema strenuana (Walker) 2014 Yes Still validating
Verbenaceae
Lantana camara L. sens. lat. Diptera: Agromyzidae
Calycomyza lantanae (Frick) 2012 Yes Slight
Lepidoptera: Tortricidae
Crocidosema lantana Busck 2012 Yes Slight
Lepidoptera: Erebidae
Hypena laceratalis Walker 2012 Yes Slight
Diptera: Agromyzidae
Ophiomyia lantanae (Froggatt) 2012 Yes Slight

November 2014 and the site has yet to be checked for establishment. The beetle has
spread naturally to another 20 sites on three of the islands (Fig. 1c).

Control of P. stratiotes was generally very good in open, sunny areas. At one site at
Belmol (15°35'02.1"S, 167°06'07.3"E) on Espiritu Santo, control was achieved three
years after V. affinis was released (Fig. 4). However, control has not been achieved where
P. stratiotes is growing in ponds and creeks sheltered by large trees. In fact, in a small
pond shaded by trees, 500 m from the lake at Belmol where control was achieved, 2.
stratiotes completely covers the water surface and little beetle activity has been observed.

At other sites e.g. Tagabe River (17°42'27.8"S, 168°19'09.7"E), Port Vila and Mele
Stream (17°41'14.0"S, 168°16'04.2"E) (both on Efate), P. stratiotes infestations fluctu-
ate. Plants heavily damaged by N. affinis can be flushed out during heavy rains, but in-
festations can reappear, having developed from small plants remaining or from seeds in
the soil. In these situations, V. affinis may need to be re-released. Neohydronomus affinis
also needs to be released on four islands where recent surveys found new infestations of
the weed (Fig. 1¢). An additional 15 sites containing only small infestations of P. stra-
tiotes were observed and local landholders were advised to remove the plants by hand.

Two biological control agents, V. eichhorniae (2004) and N. bruchi Hustache
(2013) were introduced into Vanuatu for the control of E. crassipes, following numer-
ous reports that control is more effective if both beetle species are utilised (e.g. Julien et
al. 1999). Together, the beetles have been released on nearly half of the 25 sites on six
islands where E. crassipes has been reported. At least one of the beetles has established
at six sites covering three islands (Fig. 1d). Complete control of E. crassipes has oc-
curred at only three sites to date. However, with the recent introduction of N. bruchi,
the number of sites controlled is expected to increase. At eight other sites, landholders
have been advised to remove the weed by hand, as populations are small and confined.
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Figure |. Maps showing all sites in Vanuatu where surveys for weeds have been conducted over the
past 15 years (a), the distribution of Sida acuta and where Calligrapha pantherina has established and
is absent (b), the distribution of Pistia stratiotes in Vanuatu and where Neohydronomus affinis has estab-
lished and is absent (includes sites where eradication has been advised) (¢), the distribution of Eichhornia
crassipes in Vanuatu and where Neochetina spp. have established and are absent (includes sites where
eradication has been advised) (d), the distribution of Mikania micrantha in Vanuatu and where Puccinia
spegazzinii has established, been released but establishment not confirmed and where no releases have
been conducted (e), and the distribution of L. camara in Vanuatu (f).

For several sites e.g. Mele Stream, E. crassipes populations, as with P. stratiotes,
fluctuated dramatically, as infestations get flushed out during heavy rain, only to re-
appear from any small plants remaining or from seeds in the soil. In other situations,
E. crassipes occurs in ephemeral ponds (e.g. at Belmol) which dry out occasionally.
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Figure 2. The effect of Calligrapha pantherina on the numbers of plants/m? of Sida acuta at Rentabao,
Efate.
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Figure 3. The percentage of respondents in Vanuatu who observed categories of percent change in pro-
duction following the release of Calligrapha pantherina on Sida acuta.

Any beetles which are present either disperse away from the ponds or die. When the
ponds refill after rain, the infestation returns from seeds germinating from the soil.
However, in both situations, the insects may no longer be present and may have to be
re-introduced.

At Teouma River (17°47'22.1"S, 168°23'02.7"E), Efate, there was a significant
reduction in the average length of the second petiole within 12 months, following the
release of V. eichhorniae in November 2004 (93.3 + 4.9 cm versus 37.7 + 2.2 cm) (t=
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Figure 4. Belmol Pond, Espiritu Santo in 2005 before (top) and in 2008 after (bottom) Neohydronomus
affinis was released to control Pistia stratiotes.
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Figure 5. Teouma River, Efate in 2004 before (top) and in 2008 after (bottom) Neachetina eichhorniae
was released to control E. crassipes.
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10.68; p<0.001). The overall percentage cover by E. crassipes decreased from 100% in
November 2004 to <5% in 2008, following the release of N. eichhorniae (Fig. 5).

In 2012, the rust P. spegazzinii was introduced to Vanuatu from Papua New
Guinea where it had been found to be highly damaging to M. micrantha (Day et
al. 2013c). The rust was released widely in Vanuatu, at over 150 sites, covering 25
islands and establishment has been confirmed so far at over 50 sites on seven islands,
including the main islands of Efate, Malekula, Espiritu Santo and Tanna. Puccinia
spegazzinii has also spread up to 20 km to over 100 sites, covering five islands (Fig.
le). The remaining 18 islands still need to be checked for establishment. Detailed field
monitoring has been initiated on Efate but it is too early to evaluate the impact of the
rust. However, anecdotal observations have suggested that some populations of M.
micrantha, especially those in higher altitude areas on Efate, have decreased following
the establishment of P. spegazzinii.

Biological control of L. camara in Vanuatu has been inadequate, despite six agents
being found. Lantana camara has been found on 18 islands and at least one agent is
present on 15 of these islands (Fig. 1f). On many islands, L. camara is not considered a
major weed, as it is found in only small clumps, often along roadsides and fence lines.
However, on Tanna and Espiritu Santo, there are some very large infestations. Two
agents, 1. scrupulosa (1935) and U. girardi (1983), were deliberately introduced, with
the latter being the most common and widespread, being found on 15 islands. The
remaining four species, Ophiomyia lantanae (Frogatt) (Diptera: Agromyzidae) (first
reported in Vanuatu in 1983), Calycomyza lantanae (Frick) (Diptera: Agromyzidae),
Crocidosema lantana Busck (Lepidoptera: Tortricidae) and Hypena laceratalis Walker
(Lepidoptera: Erebidae), all first found in 2012, were either introduced unintention-
ally or spread naturally from elsewhere in the Pacific. These are less common and it’s
possible that they may have been missed in earlier surveys. Together, they have little
impact on L. camara and additional agents are required to control the large infestations
on Tanna and Espiritu Santo.

The leaf-feeding beetle, Z. bicolorata was imported into Vanuatu in early 2014 to
control P. hysterophorus, when infestations became too numerous and widespread to
effectively eradicate the species. The beetle was obtained from Queensland, Australia,
where it is aiding control of P. hysterophorus in central Queensland (Dhileepan and
McFadyen 2012). The beetle was released at two sites on Efate and one site on Tanna.
However, cyclone Pam, which hit Vanuatu in March 2015, destroyed the three sites,
as well as the rearing facilities at Port Vila and the rearing colony was lost. The beetle
will be re-introduced in early 2016.

In late 2014, the stem-boring moth E. strenuana was found attacking P. hystero-
phorus at several sites near Port Vila. It is not known how the moth arrived in Vanuatu,
but it is suspected that it may have come in on imported machinery from Queensland,
much the same way as P. hysterophorus came into the country. Field monitoring has
been established at one particularly large infestation near Port Vila to document the
impact of the agent on P. hysterophorus.
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The psyllid, H. spinulosa was introduced into Vanuatu in 1994 for the control of
M. diplotricha. Surveys from 2012 to 2015, recorded many sites covering four islands
with damage similar to that caused by the psyllid but no adults have ever been found.
In some areas on the island of Malekula, which receive high rainfall, it is possible that
adults are washed off regularly and so are not always visible. However, on other islands
such as Efate, Espiritu Santo or Tanna, rainfall is not so great and adults have still not
been observed. Despite the damage to M. diplotricha, the plant is not under control
and consideration will be given to re-importing the psyllid if additional planned sur-
veys fail to confirm its presence.

Another biological control agent, Tetracuaresta obscuriventris (Loew) (Diptera: Te-
phritidae) naturally spread into Vanuatu with its target weed, Elephantopus mollis, but
neither have been found during weed surveys.

Two other weeds, which are planned for biological control, are being recorded
more widely over time. Dolichandra unguis-cati (L.) L. G. Lohmann (Bignoniaceae)
was originally thought to occur at only one site, on Efate but it has now been found at
seven sites, covering three islands and it is feared that birds will spread it further with
time. Spathodea campanulata P. Beauv. (Bignoniaceae) is present on eight islands but
recording infestations of this weed began in only 2013. Infestations of S. campanulara
on islands surveyed prior to this date, would not have been recorded, as the species was
not on the list to document.

Discussion

Nine biological control agents have been deliberately released against eight target
weeds in Vanuatu, with the establishment of seven agents being confirmed. A further
six biological control agents have found their way into Vanuatu, either through natural
means or introduced unintentionally. Overall, these agents are controlling some of the
most important exotic weeds in Vanuatu, resulting in little or no active control by land
managers. The flow-on effects of successful biological control of these species include
better access to water, reduced costs of managing weeds and increased production,
resulting in increased income and food security (Dovey et al. 2004; Day et al. 2013a).

All of the biological control agents deliberately released in Vanuatu had been pre-
viously tested and released in other countries, and were considered to be highly damag-
ing to their respective host plant in at least one other country (Winston et al. 2014).
There are several significant benefits in targeting biological control agents that have a
proven record of specificity and controlling the target weed. First, the utilization of
host specific agents is highly efficient (Dodd and Hayes 2009, Paynter et al. 2015),
as the testing of a single potential biological agent may cost upwards of US$200,000,
which could be prohibitive for many countries. Second, in many countries, the in-
frastructure in the form of a secure quarantine and glasshouses, as well as technical
expertise may be lacking to import biological control agents and to conduct their own
host specificity testing prior to an agent’s release (Dovey et al. 2004).
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Third, the probability of the agent being effective in a new country is greater if
it has been successful in other countries, especially those with similar climatic ranges
(Julien et al. 2007). This makes the use of proven biological control agents extremely
cost-effective, with very little risk to non-target species (Dovey et al. 2004; Julien et
al. 2007; Paynter et al. 2015). Numerous biological control agents have been released
in the Pacific following detailed host specificity testing in Australia or elsewhere. In
addition, once an agent has been released in one country in the Pacific, it has often
been released in other countries e.g. C. pantherina was first introduced into Fiji from
Australia, prior to then being introduced into Vanuatu. Teleonemia scrupulosa was
introduced into Hawaii then Fiji and then to several other countries in the Pacific,
including Vanuatu (Winston et al. 2014).

A final benefit in utilizing proven biological control agents is that it allows re-
searchers, especially those in countries with little experience in biological control, to
develop basic skills and techniques in rearing and field release of agents, prior to tack-
ling new targets where little work has been already conducted.

Many biological control projects in the Pacific are donor-funded and there is a ten-
dency to invest in projects with a high chance of success i.e. utilizing tried and proven
agents rather than investing in novel projects where the chance of success is not guar-
anteed (Paynter et al. 2015). Consequently, countries may end up targeting weed spe-
cies, which are not the most important weeds in the country. This is because the most
important weeds in a country may not be targets for biological control anywhere else
or there are no effective agents and so attract a much higher cost to research due to the
additional steps of exploration and host specificity testing of potential agents (Julien et
al. 2007). Thus, there is a higher level of uncertainty, as good agents may not be found
or may not be host specific, than with targeting weeds which have readily available and
effective biological control agents (Julien et al. 2007; Dodd and Hayes 2009).

Following a series of regional workshops, M. micrantha was only rated as the sec-
ond most important weed in the Pacific, after Merremia peltata (L.) Merr. (Convol-
vulaceae) but had better prospects for successful biocontrol than M. peltata, which is
deemed a native plant in some countries. Consequently, a biological control project
targeting M. micrantha and involving P. spegazzinii was initiated. Since P. spegazzinii
had been previously tested against over 170 plant species, only a relatively few species
needed to be tested, thus making its introduction very cost effective and resulting in
its release in PNG and Fiji (Day et al. 2013b), prior to its introduction into Vanuatu.

However, even within these donor-funded projects, there are limitations to what
can be effectively achieved. This is partly because these projects have a limited life span
and secondly, countries such as Vanuatu, Fiji and PNG consist of many islands which
may be hard and/or costly to reach. Consequently, it may not be possible to release
biological control agents into all areas where the target weeds exist and/or check release
sites for establishment in the time frame of a project. Hence, biological control agents
still need to be released into many areas, long after projects have been completed. Puc-
cinia spegazzinii has been released on 25 islands in Vanuatu, but establishment has
been confirmed on only seven islands, with 18 islands still to be checked. Without
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additional donor funds, the re-distribution or checking of P. spegazzinii and other
biological control agents is severely hampered.

Despite such limitations, there is no doubt that the introduction of biological con-
trol agents into Vanuatu has been of enormous benefit to both weed management in
the country and capacity building. The success of biological control in Vanuatu to date
creates a strong platform on which to build and develop future projects. Capacity in
weed biological control has increased significantly over the years, as well as the linkages
with other organisations which conduct biological control.

Researchers in Vanuatu will continue when possible to monitor for agent establish-
ment and release biological control agents into areas where they are not already present.
For example, Epiblema strenuana, which is one of the most damaging agents on P.
hysterophorus in Queensland (Dhileepan and McFadyen 2012), will continue to be re-
distributed by Biosecurity Vanuatu in the hope that P. hysterophorus will be contained,
if not controlled, on the only three islands on which the weed has been reported.

Researchers in Vanuatu will also continue to monitor the impact of agents against
their target weeds. It is hoped that P. spegazzinii will have a similar impact to M. mi-
crantha in Vanuatu as it did in PNG, where weed populations were reduced to less
than 40% of their original size (Day et al. 2013c).

As well as the release and monitoring of biological control agents, there is still a need
to maintain a campaign of public awareness, so that weeds are controlled before popu-
lations become too large and are not spread by people. This particularly applies to the
water weeds where plants are often found in drains or maintained in small ponds. While
the plants may not be a real problem in these areas, it is still desirable to have them
controlled or even eradicated. Birds can move seeds or plants could be moved by people
to new ponds or to other islands, thus creating new infestations elsewhere, possibly in
areas where the impacts are greater (Parsons and Cuthbertson 1992; Julien et al. 1999).

In addition to on-going projects, consideration has already been given to introducing
several more biological control agents for the control of L. camara, as well as agents for
D. unguis-cati and S. campanulata. For L. camara, possible agents include the budmite,
Aceria lantanae Cook (Acari: Eriophyidae), which is showing great promise in reducing
flowering and seed set in South Africa and the herring-bone fly Ophiomyia camarae Spen-
cer (Diptera: Agromyzidae), which is widespread both in South Africa and north Queens-
land and has been responsible for defoliating stands of L. camara (Winston et al. 2014).

Three biological control agents for D. unguis-cati have been released in Queensland
and two of these, Carvalhotingis visenda Drake & Hambleton (Hemiptera: Tingidae)
and the leaf-feeding beetle Hedwigiella jureceki (Obenberger) (Coleoptera: Bupresti-
dae), show the most promise (Winston et al. 2014). A permit to import C. visenda has
been issued by Biosecurity Vanuatu and the insect is likely to be introduced in early
2016 (S. Bule Biosecurity Vanuatu 2015).

Field surveys in the native range of S. campanulata in West Africa have found sev-
eral insects that are showing potential for use as biological control agents. These insects
are currently undergoing host specificity testing in South Africa to determine their
suitability for introduction into the Pacific (S. Neser pers. comm. 2014).
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The next big challenge for Vanuatu is to secure funding to be able to tackle their most
important weeds that have not yet been the target of biological control elsewhere. These
species include Solanum torvum Sw. (Solanaceae) and Senna tora (L.) Roxb. (Fabaceae),
which are each found in about 15 Pacific island nations, infesting grazing lands and re-
ducing production. Extensive exploration on both species in their native ranges to locate
potential biological control agents is required, prior to any host specificity being conduct-
ed. Due to the increased complexities and costs of such projects, it may be prudent to join
with other countries to establish a regional project rather than tackle these weeds alone.

The continual release and re-distribution of current biological control agents in
Vanuatu should help control their respective target weeds in areas where the weeds
are presently unchecked. The introduction of effective agents for P. hysterophorus, L.
camara, D. unguis-cati and S. campanulata should help reduce the impact of these
weeds on agriculture and boost food security and income in Vanuatu. The successful
implementation and biological control of several weed species in Vanuatu provides an
excellent example and opportunity for other countries in the Pacific that also wish to
manage similar weed species.
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Abstract

Biological control of introduced weeds in the 22 Pacific island countries and territories (PICTs) began in
1911, with the lantana seed-feeding fly introduced into Fiji and New Caledonia from Hawaii. To date, a to-
tal of 62 agents have been deliberately introduced into the PICTs to control 21 weed species in 17 countries.
A further two agents have spread naturally into the region. The general impact of the 36 biocontrol agents
now established in the PICTs ranges from none to complete control of their target weed(s). Fiji has been
most active in weed biocontrol, releasing 30 agents against 11 weed species. Papua New Guinea, Guam,
and the Federated States of Micronesia have also been very active in weed biocontrol. For some weeds such
as Lantana camara, agents have been released widely, and can now be found in 15 of the 21 PICTs in which
the weed occurs. However, agents for other commonly found weeds, such as Sida acuta, have been released
in only a few countries in which the weed is present. There are many safe and effective biocontrol agents
already in the Pacific that could be utilised more widely, and highly effective agents that have been released
elsewhere in the world that could be introduced following some additional host specificity testing. This pa-
per discusses the current status of biological control efforts against introduced weeds in the 22 PICTs and re-
views options that could be considered by countries wishing to initiate weed biological control programmes.
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Introduction

Introduced invasive weeds are of increasing concern and importance in the Pacific
region, which is reflected by the growing number of publications and websites docu-
menting their distribution and impacts (e.g. Swarbrick 1997, Waterhouse 1997, Mey-
er 2000, Shine et al. 2003, PIER 2013). Weeds decrease food security and income by
smothering crops, infesting plantations, and overgrowing grazing lands (Waterhouse
and Norris 1987, Orapa 2001, Day et al. 2012). Weeds also affect ecosystem processes
through impacts such as degrading soil and reducing water quality and quantity, and
are second only to land clearing as a major threat to biodiversity (Meyer 2000, Sherley
and Lowe 2000, Dovey et al. 2004). Since 1985, at least six workshops have been held
in the Pacific region to prioritise weeds for improved management (e.g. Waterhouse
and Norris 1987, Sherley 2000, Shine et al. 2003, Dodd and Hayes 2009, Day 2013).

Biological control is a long-term, self-sustaining and feasible option for managing
many weeds (Dovey et al. 2004, Julien et al. 2007). Biocontrol of weeds is particu-
larly beneficial and applicable to many Pacific island countries and territories (PICT)
where the capacity to tackle major weed problems is often restricted due to limited
infrastructure, resources, and skills (Dovey et al. 2004). The earliest case of the delib-
erate introduction of biocontrol agents from their native range to control a weed was
in 1902 when 23 insect species were imported into Hawaii from Mexico to control
Lantana camara (Swezey 1923). One agent, the seed-feeding fly Ophiomyia lantanae,
which successfully established in Hawaii, was subsequently introduced into Fiji and
New Caledonia in 1911 (Guiterrez and Forno 1989), becoming the first weed biocon-
trol agent released in the PICTs.

Over 60 weed biocontrol agents have since been introduced deliberately into 17
of the 22 PICTs, not including Australia, New Zealand, or Hawaii (Winston et al.
2014). However, for most biocontrol agents, the number of PICT's in which they have
been introduced or naturally spread is only a fraction of the number of PICTs where
the target weeds occur. Consequently, there is great potential for further introductions
within the PICTs. In addition, there are many more weeds present for which biocon-
trol has not been attempted in the PICTs. Effective biocontrol agents for some of these
are available elsewhere and could be introduced.

One of the limiting factors for weed biocontrol in many PICTs is the knowledge
of what agents are available and effective. Numerous workshops involving the PICT's
have been conducted, with the last being held in Auckland in 2009 (Dodd and Hayes
2009) where potential biocontrol agents were discussed. These workshops have often
resulted in new biocontrol programs being implemented, with new or existing agents
being introduced into one or more countries (Winston et al. 2014).

This paper reviews the current status of biocontrol efforts against introduced weeds
in the PICTs and identifies existing biocontrol agents that could be moved around the
Pacific as well as additional effective biocontrol agents that could be introduced into
the region. This information provides a platform for PICTs to identify the best and
most appropriate weed biocontrol opportunities to pursue, and should be considered
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against other factors such as weed importance and available resources in each country.
Australia, Norfolk Island (a territory of Australia), New Zealand, and Hawaii are not
included in this paper as they already have well-established biocontrol programmes,
and extensive reviews on their programmes have already been conducted (Conant et
al. 2013, Fowler et al. 2000, 2010, Funasaki 1988, Julien et al. 2012, Smith 2002,
Trujillo 2005).

Materials and methods

The number of weed biocontrol agents introduced into the 22 PICTs, their estab-
lishment status, and their current impact were extracted from Winston et al. (2014)
and supplemented by recent publications and personal communications with local
researchers to provide an updated account through to 2015. The assessment did not
include Australia, Norfolk Island (a territory of Australia), New Zealand, Hawaii, and
Easter Island (a territory of Chile).

From the compiled dataset, we determined the weed biocontrol effort of each
country, including the number of weeds targeted and the number of agents deliber-
ately introduced. We also analysed the dataset by target weed to determine how many
biocontrol agents have been introduced into the region, how many have established,
and their overall level of impact against their target weeds. The level of impact was
obtained from Winston et al. (2014) or from the perception of local researchers and
took into consideration varying habitats and climates, with the understanding that a
weed may not be under the same level of control in all areas where it exists. The two
analyses allowed us to ascertain which weeds were most amenable to biocontrol, and
which biocontrol agents were the most widespread, damaging, and effective against
their target weed.

Numerous sources were utilized to determine the distribution of weeds in the Pa-
cific, including workshop reports, websites, and personal communications with local
land managers (Swarbrick 1997, Waterhouse 1997, Meyer 2000, Shine et al. 2003,
Dodd and Hayes 2009, PIER 2013, Endemia 2015). Some of the weed biocontrol
prioritisation workshops utilized herein asked participants to list the top 10 weeds in
their country. In these circumstances, not all weeds present in a country were captured.
The weed lists were then collated into a comprehensive compilation of weeds occurring
in each country and cross-checked against weed species that have already been targeted
for biocontrol worldwide (Winston et al. 2014), as well as against weed species being
evaluated as potential new candidates now or in the near future (Q. Paynter, Landcare
Research pers. comm. 2015, T. Johnson, US Department of Agriculture, pers. comm.
2015). Weed species not targeted for weed biocontrol were deleted from the dataset.

After combining the two datasets, we determined which biocontrol agents could
be introduced into particular countries where the target weed occurs but no biocon-
trol agents have established to date. In doing so, we only considered those biocontrol
agents that had been deliberately released into at least one country. This excluded spe-
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cies that had found their way into countries naturally but had never been deliberately
introduced into any country. The rationale behind excluding these species is that they
are not bona fide biocontrol agents, nor have they been subjected to detailed host
specificity testing; consequently, there is a risk of non-target impacts if introduced into
a new region. There are no native species in the Pacific region that have been used as
weed biocontrol agents.

Results were separated into three lists based on whether 1) the agent is already es-
tablished in at least one of the PICT's and is having at least a medium impact (weed is
partially or fully controlled in most areas) on the target weed, 2) the agent is not yet in
any PICTs but has at least a medium impact on the target weed elsewhere, and 3) the
agent has only a slight impact (may cause damage but does not reduce weed popula-
tions) on the target weed either in any of the PICTs or elsewhere. A fourth list docu-
ments the agents that have been recently released and are still being evaluated, and any
new target weeds for which agent exploration or host specificity testing of new agents
are currently being conducted. As much of the data on weed presence or importance
by country is not well defined, no attempt was made to suggest specific actions.

Our analysis excluded agents that did not establish in any country in which they
were introduced, agents that had established in at least one country but were consid-
ered to have no impact against the target weed, and agents that have caused significant
impacts to non-target species. We determined that these agents were unlikely to suc-
ceed in terms of achieving establishment and causing a significant impact to the target
weed and/or had great potential to damage non-target species in a new country (Julien
et al. 2007, Paynter et al. 2015).

Results

Seventeen of the 22 PICTs have deliberately introduced at least one biocontrol agent
(Table 1). Fiji (30 biocontrol agents introduced against 11 weed species) and Papua
New Guinea (19 agents released against 12 weed species) have been the most active.
Guam (16 agents against 4 weed species), Federated States of Micronesia (13 agents
against 3 weed species), and Palau (11 agents against 4 weed species) have also been
actively involved in weed biocontrol. Five countries, namely Kiribati, Pitcairn Islands,
Tokelau, Tuvalu, and Wallis and Futuna, have not deliberately introduced any weed
biocontrol agents to date. These countries mainly consist of small, low-lying atolls, and
weeds may not be at sufficient densities to warrant biocontrol.

Since 1911, there has been a steady stream of biocontrol agents introduced into
the PICTs (Fig. 1). A total of 62 biocontrol agents targeting 21 weed species have been
deliberately released into at least one country in the PICTs (Table 2). Of these, 32
agents have established on 17 weed species. Two biocontrol agents, Neogalea sunia and
Epiblema strenuana, did not establish when deliberately introduced into the region,
but were later found to have spread into some PICTs of their own accord (Table
2). In addition, Acalitus adoratus and Maravalia cryprostegiae also self-introduced into
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Table I. The number of weed species targeted for biocontrol and the number of biocontrol agents that

have been deliberately introduced (intentional) and agents that were not deliberately introduced but have

been found (unintentional) in the PICTs.

. . . Unintentional Combined
Intentional introductions X . . R
introductions introductions
No. of No. of No. of No. of No. of No. of No. of
Country weed agents agents weed agents weed agents
species released establ. species establ. species establ.
American Samoa 2 2 2 0 0 2 2
Cook Islands 4 11 2 0 0 4 2
Fef:lerated. States of 3 13 10 ) 2 3 L
Micronesia
Fiji 11 30 17 0 0 11 17
French Polynesia 2 3 3 0 0 2 3
Guam 4 16 9 2 4 4 13
Marshall Islands 1 1 1 0 0 1 1
Nauru 1 1 0 0 0 1 0
New Caledonia 4 7 6 3 4 5 10
Niue 2 4 3 1 1 3 4
Northern Mariana 4 8 7 2 5 4 12
Islands
Palau 4 11 6 2 4 4 10
Papua New Guinea 12 19 12 3 6 13 18
Samoa 4 5 3 1 1 4 4
Solomon Islands 5 7 4 2 2 5 6
Tonga 3 6 5 2 2 4 7
Vanuatu 8 9 8 3 6 9 14
70 A
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Figure I. Cumulative number of deliberate biocontrol agent introductions in the PICTs since 1911. The

values include those introductions where the agent failed to establish in any country.
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some PICTs. In total, 36 weed biocontrol agents are now confirmed as present in the
PICTs, attacking 19 weed species. The overall impact of these biocontrol agents ranges
from no damage to high impact on the target weed, depending on country and region
(Tables 2, 3).

Of the weed species on which at least one biocontrol agent has established, seven are
deemed to be under complete control overall, due to the high impact of the agent(s) (Ta-
ble 3). A further six weed species are deemed to be under partial to full control. The im-
pacts of biocontrol agents on two weed species have been variable. For four weed species
where biocontrol agents have only recently established, the establishment and impacts of
biocontrol agents are still being evaluated. There are three weed species for which agents
have either not established, or there s little, no, or unknown impact of biocontrol agents.

The most widespread and damaging biocontrol agent in the PICTs is the psyl-
lid Heteropsylla spinulosa, which was introduced and has established in 13 of the 16
countries where its target weed Mimosa diplotricha occurs. In most areas within most
countries, M. diplotricha is under control (Tables 2, 3). However, in high rainfall areas,
control is not always achieved because heavy rain can wash the psyllids from plants.

Sida acuta and S. rhombifolia are deemed under control in three of the four coun-
tries where the leaf-feeding beetle Calligrapha pantherina was intentionally introduced
and established. The establishment of C. pantherina in the fourth country, Samoa,
is not known. Calligrapha pantherina has recently been reported in New Caledonia,
although its mode of entry and impact on the Sida spp. are unknown. Other weeds
considered under control by biocontrol agents in the PICTs include Salvinia molesta,
Tribulus cistoides, Opuntia stricta, and unspecified Opuntia spp. (Tables 2, 3).

Eichhornia crassipes and Pistia stratiotes are generally under a high degree of control
in each of the countries where their respective biocontrol agents have been released and
established (Tables 2, 3). Control of E. crassipes is generally higher if both Neochetina
cichhorniae and N. bruchi are present. Control of both aquatic weeds appears to be
incomplete in shaded locations.

Cecidochares connexa has established and is aiding the control of Chromolaena odo-
rata in all five countries in which it has been introduced (Tables 2, 3). However, C.
connexa appears to be less effective at altitudes greater than 1000 m above sea level or
in areas where rainfall is high, such as West New Britain, Papua New Guinea.

Of the two agents introduced to control Clidemia hirta, only Liothrips urichi estab-
lished. This agent appears to be effective at controlling C. hirza in only sunny areas of
the three countries in which it has established (Tables 2, 3); there is little impact where
C. hirta is growing in shaded areas.

Three agents have been released against Coccinia grandis, but only two have estab-
lished. Melittia oedipus has been released in Guam and the Northern Mariana Islands,
and is having a high degree of impact in both countries. Acythopeus cocciniae is having
a high degree of impact in Guam, while its establishment in the Northern Mariana
Islands has not been confirmed (Tables 2, 3).

Twenty biocontrol agents have been intentionally introduced against L. camara
in the PICTs. Of these, nine agents have established in at least one country (Table 2).
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Table 3. Summary of the biocontrol effort against each target weed species, including the number of
PICTs where biocontrol agents have established without being deliberately released. For weeds where

multiple agents have been released, numbers have been pooled.

. . No. countries | °- agents No. countries | impact
Weed family Weed species weed occurs established in |  all agents on weed™
the Pacific established
Apocynaceae Cryptostegia grandiflora 8 1 1 unknown
Araceae Pistia stratiotes 9 1 2 medi.um o
high
Chromolaena odorata 7 3 5 rnedi.um 0
high
Elephantopus mollis 14 1 4 variable
Asteraceae Mitkania micrantha 20 1 4 still evaluating
Parthenium hysterophorus 3 1 1 still evaluating
Xanthium strumarium 7 0* 0 still evaluating
Acanthocereus tetragonus 1 0 0 none
Cactaceae Opuntia spp. 1 1 1 high
Opuntia stricta 3 1 1 high
Cucurbitaceae Coccinia grandis 11 2 2 me(}illlum ©
igh
Cyperaceae Cyperus rotundus 21 3 2 none
Fabaceae Mz‘mo‘m d¢l¢ﬂichﬂ 16 1 13 . high .
Mimosa pigra 1 0* 0 still evaluating
Malvaceae Sida acuta 18 1 4 high
Sida rhombifolia 22 1 3 high
Clidemia hirta 9 1 3 low to high
Melastomataceae — -
Miconia calvescens 3 1 1 variable
Pontederiaceae Eichhornia crassipes 15 2 4 meilil;}:l t©
Salviniaceae Salvinia molesta 7 4 2 high
Verbenaceae Lantana camara 21 10 15 slight to high
Zygophyllaceae Tribulus cistoides 8 1 1 high

* Biocontrol agents have recently been released, but establishment is not confirmed

** Rating is based on the overall level of control as per Winston et al. (2014)

Uroplata girardi and Teleonemia scrupulosa have been released and have established in
13 countries; both reportedly have a moderate to high overall impact in most coun-
tries where they have established. Crocidosema lantana, Lantanophaga pusillidactyla,
and Ophyiomyia lantanae have a moderate impact in some countries but only a slight
impact in other countries. The remaining agents have little or no impact on L. camara.

Of the biocontrol agents that have established in the PICT's and are having a me-
dium to high impact on the target weed, many have not been released in all PICT's
where their respective target weed has been recorded. For example, C. pantherina has
proven very effective against S. acuta and S. rhombifolia in three countries, and could
potentially be introduced into 14 and 18 additional countries, respectively. Likewise,
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N. bruchi and N. eichhorniae could potentially be introduced against E. crassipes in 13
additional countries, while the biocontrol agents for C. grandis could be introduced
into nine countries.

Cactoblastis cactorum was introduced into New Caledonia to control O. stricta.
However, the agent also attacks Opuntia monacantha, and so could be released in the
13 countries in which this weed occurs. Similarly, Microlarinus lypriformis was released
against Tribulus cistoides, but could also be used against 77ibulus terrestris in Fiji and
Papua New Guinea. The countries in which established and effective agents within
the PICTs could potentially be redistributed are listed in Table 2. Because biocontrol
agents can spread naturally between islands, it is recommended that countries conduct
surveys to determine what biocontrol agents are present prior to any introductions.

There are also opportunities to introduce biocontrol agents that have proven effec-
tive outside the PICT's (Table 4), provided target weed densities are sufficiently high to
warrant this. Additional agents attacking L. camara, O. stricta, and Parthenium hystero-
phorus could be introduced in the PICTs to supplement the biocontrol agents already
established against these species. There are also effective agents for weeds that have not
been targeted for biocontrol in the PICTs to date. These weed species include Arundo
donax (present in 12 countries), Dolichandra unguis-cati (7 countries), and Melaleuca
quinquenervia (7 countries) (Table 4).

Because biocontrol agents may do poorly in one region and have spectacular suc-
cess elsewhere, agents having slight or variable impacts on their target weed(s) in at
least one country within or outside the Pacific region are listed in Table 5.

Numerous weed species occurring in the PICTS are currently weed biocontrol tar-
gets elsewhere, but the agents have either been only recently released and not yet evalu-
ated or not yet released (Table 6). In addition, there are several previously targeted
weeds (e.g. C. odorata, E. crassipes, and L. camara) for which new agents were recently
released and are currently being evaluated for establishment and/or impact (Table 6).
Should any of these agents prove to be specific and effective against their target weeds,
they could also be considered for introduction in the PICTs in the future.

Discussion

Biological control of weeds has been practiced in the PICTs for over 100 years, with
over 20 weed species targeted. In that time, 17 countries have deliberately introduced
at least one biocontrol agent (Winston et al. 2014). In addition to agents deliberately
released into the PICTs, four biocontrol agents have found their way into the Pacific
region either through natural means or unintentionally on imported goods. For over
half the weed species targeted, biocontrol agents are having a medium to high impact.
Consequently, weed biocontrol to date has been very cost-effective and has provided
relief to farmers and land managers trying to control those weeds, and has resulted in
increased production and income (e.g. Julien and Orapa 2001, Day et al. 2013a, Day
and Bule this edition).
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However, many biocontrol agents that have established in the PICTS are only
found in a fraction of the countries in which their respective target weed occurs. This
could be because weed densities in countries where agents are not present are not
high enough to warrant biocontrol, or because human population base, infrastructure,
expertise, experience and funding to implement biocontrol programmes are limited
(Dovey et al. 2004).

Both the Secretariat of the Pacific Community (SPC) and the South Pacific Re-
gional Environmental Program (SPREP) have a responsibility in helping member
countries in agricultural and environmental issues respectively, and could therefore
assist in coordination of biocontrol programmes, while Australia, the USA and New
Zealand could help in a technical capacity, especially regarding the additional testing
of biocontrol agents (Dovey et al. 2004).

Another constraint to successfully implementing biocontrol in the PICTs is due to
the nature of the Pacific. The Pacific region covers 30 million km?, of which only 2%
is landmass and is spread over 7,500 islands (Shine et al. 2003). Therefore, releasing
biocontrol agents into all countries and on all islands where target weeds occur can
be challenging and expensive (Dovey et al. 2004, Day et al. 2013a, c). This contrasts
greatly with Asia or Africa where biocontrol agents have readily spread within and to
other countries, as weed populations are often contiguous (Winston et al. 2014). To
help overcome these logistical difficulties, many biocontrol programs in the Pacific
region have been funded by donor organisations from Australia, Europe, the USA and
New Zealand and/or have involved the assistance of the SPC.

Within these programs, substantial funds are frequently allocated to conducting
weed and biocontrol agent distribution surveys in order to identify locations where
a target weed is present but no agents have established. Such surveys have been con-
ducted recently in Papua New Guinea and Vanuatu, with funding from the Australian
Government. Program funds are also frequently spent on increasing capacity, such as
improving infrastructure and training staff, as well as releasing biocontrol agents.

A cost-effective solution to weed biocontrol research in the PICTs is to redistribute
effective agents already established in the region (Dovey et al. 2004, Julien et al. 2007,
Paynter et al. 2015). In general, redistribution of agents within the Pacific requires
little to no extra host specificity testing because plant assemblages are often similar be-
tween countries, and many agents have been established long enough to both identify
the most highly effective agents and to detect any non-target impacts. Utilising tried
and proven agents overcomes the considerable cost of host specificity testing of new
agents, and reduces the likelihood of agents not establishing or having minimal impact
on the target weeds (Julien et al. 2007, Paynter et al. 2015).

Countries wishing to introduce any biocontrol agent from within the Pacific re-
gion should conduct surveys to determine what agents are already present in their
country. There are many examples of agents previously not reported, being found in
countries following the conduct of dedicated or even opportunistic surveys (Winston
et al. 2014). Regardless of the mode of entry into a country, once established within
the region, biocontrol agents can spread naturally to new islands and/or countries. Ca/-



Biological control of weeds in the 22 Pacific island countries and territories... 189

ligrapha pantherina was released onto only 14 islands in Vanuatu and is now present
on 21 islands (Day and Bule this edition). Within the PICTs, Calycomyza lantanae was
deliberately released into only Fiji for the control of L. camara, but it is now found in
seven countries in the PICTs. Incidentally, although C. lantanae has only ever been
deliberately released into three countries (Australia, Fiji and South Africa), it is now
found in 28 countries worldwide (Day et al. 2003, Winston et al. 2014).

In addition to redistributing agents already established within the PICTS, there
are many more biocontrol agents released outside the PICTs that cause medium to
high impacts on their target weed(s) and could be considered for introduction into the
PICTs (Winston et al. 2014). However, such agents may not have the same efficacy
in the PICTs, so climate-matching and other suitability studies may need to be con-
ducted prior to their consideration. More importantly, because host specificity testing
of these agents may have occurred in regions with very different plant assemblages,
PICTs wishing to import particular agents from outside the region should determine
if additional host specificity testing is required prior to the agents’ importation.

Under an Australian Government funded programme, Puccinia spegazzinii was
tested against an additional 17 local plant species by CABI prior to its introduction
into PNG and Fiji. This was despite the agent being tested against 170 species on
behalf of India and China prior to its introduction into those countries (Day et al.
2013b). Conversely, both Neochetina spp. and C. pantherina were introduced into the
PICTs without any additional testing following their testing and subsequent release in
Australia (Julien et al. 2007).

Biocontrol is seen as the most cost-effective, environmentally friendly, and sustain-
able option to manage many weeds in the Pacific and elsewhere. Utilising tried and
proven agents that are both host specific and effective against the target weed species in
other countries maximises the chance of success in new countries while minimising the
risks of non-target impacts (Dovey et al. 2004, Julien et al. 2007, Paynter et al. 2015).
With over 60 agents already deliberately released against more than 20 weed species,
biocontrol of weeds in the PICTs is not a new concept. However, as many of these
agents are found in only a few countries, there is great potential to manage the target
weeds in other countries in the Pacific through their redistribution. In addition, highly
damaging and host specific agents established outside the Pacific could be introduced
to control those weed species not yet targeted.

Through coordinated responses, possibly involving the SPC and the SPREP, as
well as Australia, the USA and New Zealand, the impacts of weeds in the Pacific region
can be reduced through biocontrol, and food security for its inhabitants increased.
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