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Abstract: Alien species are among the five drivers of environmental change with the largest relative
global impacts. In particular, horticulture is a major introduction pathway of alien plants, but,
together with intentional introductions, plants can also be introduced and spread via human-mediated
involuntary pathways as contaminants and stowaways. Recurring accidental introductions of alien
plants to new areas can be the prelude to invasion on a large scale. Agriculture represents a sector
that is severely impacted by invasive alien species and, at the same time, it is likely to be one of the
main factors responsible of biological invasions. So, the present review highlights risks related to
accidental introduction though human-mediated agricultural pathways of a politically relevant group
of alien plants, invasive alien plants of Union concern (IAPUC), that are species whose prevention
and management is mandatory in the European Union according to Regulation (EU) n. 1143/2014.
Even if most IAPUC have been primarily introduced as economic plants, several accidental pathways
related to agriculture can be identified for each one of them. The implementation of technologies
and the sharing of good practices, at a wide scale and at different levels of the society, would help in
overcoming several problematic issues related to the accidental transport of IAPUC.

Keywords: invasive alien species; pathways; Regulation EU 1143/2014; agriculture; invasive alien
species of Union concern

1. Introduction

Invasive alien species are among the five drivers of environmental change with the
largest relative global impacts [1]. Recently, Pyšek et al. [2] reviewed negative impacts
that severely affect invaded areas, warning that they are accelerating and will further
increase in the future: invasive alien species break down biogeographic realms, affect
native species richness and abundance, also increasing their risk of extinction, influence
the genetic composition of native populations, change native animal behaviour, alter
phylogenetic diversity across communities, and modify trophic networks. Many invasive
alien species also change ecosystem functioning and the delivery of ecosystem services by
altering nutrient and contaminant cycling, hydrology, habitat structure, and disturbance
regimes. Human health and economy can also be deeply altered by invasive alien species.
Intrinsically, an alien species is a taxon of which the presence in a region is attributable
to human transport, whether deliberate or accidental, which has enabled it to overcome
otherwise impassable biogeographical barriers of its native geographic distribution [3,4].
Consequently, biological invasions and their accelerating rate are a global consequence of
an increasingly connected world and the increase in human population size [2,5,6] .

In total, 13,168 plant species, corresponding to 3.9% of the extant global vascular flora,
have become naturalized alien species somewhere else on the globe as a result of human
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activity [7]. As a result of the increasing rate of biological invasion, the contribution of spe-
cific introduction pathways and their changes over time are receiving increasing attention
from scientists and policymakers [8]. Intentional introductions by man in new ranges have
been fundamental to alien plant spread and naturalization at global level [9]. Humans
have cultivated alien plants from the Late Pleistocene onwards, but the introduction of
alien plants of economic value drastically increased since the 15th century, when Euro-
peans started exploring the world [10]; today, biological invasions are synonymous with
international trade [6]. Generally, economic plants (ornamental, fodder, food, medicinal
plants, etc.) experienced major success and often became naturalized as they had more
opportunities for introduction and spread than most non-cultivated species, because they
are actively propagated and repeatedly planted in large numbers over large areas [10]. In
particular, horticulture is a major introduction pathway of alien plants [11].

However, together with intentional introductions, plants can also be introduced and
spread via involuntary human-mediated pathways. This is the case of plants or their propag-
ules accidentally being transported as contaminants and/or stowaways. Plants are not
among the organisms that are most frequently associated with these unintentional pathways
(e.g., insects); however, the risk of their introduction and spread through contaminated
commodities or as hitchhikers on means of transport has been recorded (today and in the
past) and cannot be overlooked [12,13]. Seeds, spores, fragments of plants, sister clones, or
plantlets are both viable propagules and resistance units suitable to be accidentally trans-
ported through various vectors along pathways, both for short and long distances. Recurring
accidental introduction of alien plants to new areas can be the prelude to an invasion on
a large scale; this has been the case, for example, of Ambrosia artemisiifolia L., which was
likely introduced as contaminant of grain commodities from North America to Europe and
elsewhere, and today it is a widespread invasive alien plant with highly detrimental effects
on human health and agriculture [14]).

As a historic epicentre of migration, tourism, trade, and agriculture, Europe represents
a hub for alien species introduction [15]. Beyond phytosanitary measures (Regulation
(EU) no. 2016/2031 on protective measures against pests of plants), since 2015, Regulation
(EU) no. 1143/2014 on the prevention and management of the introduction and spread of
invasive alien species came into force in the European Union (EU) to manage biological
invasions and mitigate their impacts [16]. Built on the statement that “prevention is
better than cure”, the regulation introduces some renown IAS management pillars into
the legislation corpus, such as the promotion of early-warning and surveillance systems,
rapid eradications to prevent establishment and long-term mitigation, as well as control
mechanisms; in addition, it recognizes the key role of both deliberate and accidental
introductions of invasive alien species and requires Member States to develop tailored
action plans to address priority pathways [17]. All efforts are addressed to manage a
list of priority species, classed as invasive alien species of Union concern. Following this
preventive approach, the list includes organisms, both occurring and absent, but that are
likely to be introduced into the EU. All invasive alien species of Union concern have severe
real or potential detrimental effects on biodiversity, economy, and health in the European
Union, as well as in other continents. According to the regulation, the adoption of a ban
at the Union level on intentionally or negligently bringing into the Union these species
is essential. Restrictions on reproducing, growing, transporting, buying, selling, using,
exchanging, keeping, and releasing invasive alien species of Union concern are key in the
strategy of regulation. Focusing in particular on invasive alien plants of Union concern
(IAPUC), as these species have been introduced and have spread mainly as ornamental
plants for a long time, restrictions have mostly translated to trade and possession bans.
However, for almost all IAPUC, an accidental pathways can be identified, which should be
managed in order to prevent proliferation, and a small percentage of these are taxa of which
introduction and spread is mainly related to unintentional human-mediated vectors (or not
clearly understood pathways). Nonetheless phytosanitary measures and efforts applied
at the EU level, criticisms in inspections, and implementation of biosecurity protocols
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remain, and risks to keep involuntary pathways active are not remote [6]. Agriculture, in
its widest meaning (including horticulture and sub-sectors as livestock, agro-forestry, and
aquaculture), represents a sector that is severely impacted by invasive alien species [18]
and, at the same time, is likely to be one of the main factors responsible of biological
invasions [13]. Pathways related to agriculture can be intentional, as already noted, but
they can also be unintentional, following overlooked or not easily detectable routes and
vectors. In the present review, we analyse the pathways related to agriculture that can
contribute to accidental transport of IAPUC in the European Union, or on other continents,
in order to give an overview of the risks associated with these unintentional ways of
introduction and spread.

2. Target Species, Definitions, Concepts and Literature Review
2.1. Invasive Alien Plants of Union Concern (IAPUC): Selection Criteria and
General Characteristics

Currently, Regulation (EU) no. 1143/2014 has been implemented for a list of 36 IAPUC.
For a plant to be included in the Union list, the following conditions have to be met, based
on scientific literature and adequate assessments by experts:

- The taxon has be alien to the EU (excluding the outermost regions);
- The taxon is capable of establishing a viable population and spreading in the envi-

ronment under current conditions and in foreseeable climate change conditions in
one biogeographical region shared by more than two Member States or one marine
subregion excluding their outermost regions;

- The taxon likely has a significant adverse impact on biodiversity or the related ecosys-
tem services, and may also have an adverse impact on human health or the economy;

- A concerted action at the Union level is required to prevent the introduction, estab-
lishment, or spread of the eligible taxon (a risk assessment is required);

- It is likely that inclusion on the Union list will effectively prevent, minimize, or
mitigate their adverse impact of the eligible taxon.

All these criteria are listed under article 4 of Regulation (EU) no. 1143/2014 and
represent the basis for the European Commission to evaluate new candidates to be included
in the Union list, as well as to periodically review current Union taxa to verify if they
continue to meet these conditions.

Taxa currently included in the Union list are listed in Table 1, which also reports a
general taxonomical overview together with information about their native range, life cycle,
growth form, environment (aquatic, amphibious, or terrestrial plant) and presence in the EU.
In the review, IAPUC are indicated with the scientific name reported in the Regulation (EU)
no. 1143/2014 (https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:
32016R1141&from=EN, accessed on 29 January 2022), which does not always match the
currently accepted scientific name or that used by other EU national checklists (Table 1).
It must be said that the Union list only includes terrestrial or freshwater plants; in fact,
currently, no marine plant or seaweed is included in the regulation, even if some species are
under consideration for inclusion in future revisions of the list. It is important to state that
IAPUC are a “policy group” of alien plants that are especially relevant in the EU context, but
they include invasive alien plants of global concern, of which the impacts are also evident in
other continents (e.g., Ailanthus altissima (Mill.) Swingle, Eichhornia crassipes (Mart.) Solms,
Myriophyllum aquaticum L. (Velloso) Verdc., Pueraria montana (Lour.) Merr.) [19].

https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32016R1141&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32016R1141&from=EN
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Table 1. General information about the invasive alien plants of Union concern (IAPUC).

Family
Name in the

Regulation (EU)
no. 1143/2014

Valid Name or
Name in Use in

Other EU
National

Checklists

Native
Range

Life
Cycle

Growth
Form Environment Status in

EU

Fabaceae
Acacia saligna

(Labill.)
H.L.Wendl.

Western
Australia perennial Tree or

shrub terrestrial Established

Simaroubaceae Ailanthus altissima
(Mill.) Swingle

Asia (China
and Northern

Vietnam)
perennial Tree or

shrub terrestrial Established

Amaranthaceae
Alternanthera

philoxeroides (Mart.)
Griseb.

South
America perennial Hydrophyte amphibious Established

Poaceae Andropogon
virginicus L. Americas perennial Graminoid terrestrial Established

Apocynaceae Asclepias syriaca L. North
America perennial Geophyte terrestrial Established

Asteraceae Baccharis halimifolia
L.

North
America perennial Shrub terrestrial Established

Cabombaceae Cabomba caroliniana
Gray

Cabomba caroliniana
A.Gray Americas perennial Hydrophyte aquatic Established

Sapindaceae Cardiospermum
grandiflorum Sw.

Central and
South

America
perennial Vine terrestrial Established

Poaceae
Cortaderia jubata

(Lemoine ex
Carrière) Stapf

Cortaderia selloana
subsp. jubata

(Lemoine) Testoni
& Villamil

South
America perennial Graminoid terrestrial

Present
only in

cultivation

Poaceae Ehrharta calycina
Sm.

Southern
Africa perennial Graminoid terrestrial Established

Pontederiaceae Eichhornia crassipes
(Martius) Solms

Pontederia crassipes
Mart.

South
America perennial Hydrophyte aquatic Established

Hydrocharitaceae Elodea nuttallii
(Planch.) H.St.John

North
America perennial Hydrophyte aquatic Established

Gunneraceae Gunnera tinctoria
(Molina) Mirbel

South
America perennial Geophyte terrestrial Established

Asteraceae

Gymnocoronis
spilanthoides

(D.Don ex Hook. &
Arn.) DC.

South
America perennial Hydrophyte amphibious Established

Apiaceae
Heracleum

mantegazzianum
Sommier & Levier

Western
Greater Cau-
casus(Russia,

Georgia)

perennial
(bien-
nal)

Forb terrestrial Established

Apiaceae Heracleum persicum
Fischer

Heracleum persicum
Desf. ex Fisch.,

C.A.Mey. &
Avé-Lall.

Western Asia
(Turkey, Iran,

Iraq)
perennial Forb terrestrial Established

Apiaceae
Heracleum
sosnowskyi

Mandenova

Western Asia
(from Turkey
to Caucasus)

perennial Forb terrestrial Established
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Table 1. Cont.

Family
Name in the

Regulation (EU)
no. 1143/2014

Valid Name or
Name in Use in

Other EU
National

Checklists

Native
Range

Life
Cycle

Growth
Form Environment Status in

EU

Cannabaceae Humulus scandens
(Lour.) Merrill.

Humulus japonicus
Siebold & Zucc.

Asia (Far
East Russia,

China,
Taiwan,

Japan, Korea,
Vietnam)

annual Vine terrestrial Established

Araliaceae Hydrocotyle
ranunculoides L.f. Americas perennial Hydrophyte aquatic Established

Balsaminaceae Impatiens
glandulifera Royle

Asia
(Himalaya) annual Forb terrestrial Established

Hydrocharitaceae Lagarosiphon major
(Ridley) Moss

Southern
Africa perennial Hydrophyte aquatic Established

Fabaceae
Lespedeza cuneata

(Dum.Cours.)
G.Don

Asia and
Eastern

Australia
perennial Shrub terrestrial

Present
only in

cultivation

Onagraceae
Ludwigia

grandiflora (Michx.)
Greuter & Burdet

Ludwigia hexapetala
(Hook. & Arn.)

Zardini, H.Y.Gu &
P.H.Raven

Central and
South

America
perennial Hydrophyte amphibious Established

Onagraceae Ludwigia peploides
(Kunth) P.H.Raven

Central and
South

America
perennial Hydrophyte amphibious Established

Lygodiaceae
Lygodium

japonicum (Thunb.)
Sw.

Asia and
Oceania

(Papua New
Guinea)

perennial Vine terrestrial
Present
only in

cultivation

Araceae
Lysichiton

americanus Hultén
and St. John

Lysichiton
americanus Hultén

& H.St.John

North
America perennial Hydrophyte amphibious Established

Poaceae
Microstegium

vimineum (Trin.)
A.Camus

Asia annual Graminoid terrestrial Absent

Haloragaceae
Myriophyllum

aquaticum (Vell.)
Verdc.

South
America perennial Hydrophyte

aquatic
(amphibi-

ous)
Established

Haloragaceae
Myriophyllum
heterophyllum

Michaux

North
America perennial Hydrophyte aquatic Established

Asteraceae Parthenium
hysterophorus L. Americas annual Forb terrestrial Absent

Poaceae
Pennisetum

setaceum (Forssk.)
Chiov.

Cenchrus setaceus
(Forssk.) Morrone

North and
Eastern
Africa,

Middle East,
Southwest

Asia
(Arabian

Peninsula),
Central Asia

(Afghanistan)

perennial Graminoid terrestrial Established
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Table 1. Cont.

Family
Name in the

Regulation (EU)
no. 1143/2014

Valid Name or
Name in Use in

Other EU
National

Checklists

Native
Range

Life
Cycle

Growth
Form Environment Status in

EU

Polygonaceae Persicaria perfoliata
(L.) H.Gross Asia annual Vine terrestrial Absent

Fabaceae Prosopis juliflora
(SW.) DC.

Central and
South

America
perennial Tree or

shrub terrestrial Established

Fabaceae
Pueraria montana
(Lour.) Merr. var.

lobata (Willd.)

Pueraria lobata
(Willd.) Ohwi

Asia and
Northern
Australia

perennial Vine terrestrial Established

Salviniaceae Salvinia molesta
D.S.Mitch.

Salvinia ×molesta
D.S.Mitch., Salvinia

adnata Desv.

South
America perennial Hydrophyte aquatic Established

Euphorbiaceae Triadica sebifera (L.)
Small Eastern Asia perennial Tree terrestrial

Present
only in

cutivation

2.2. Distribution in the EU

The largest part of IAPUC is native to the Americas (58%), while a secondary per-
centage of taxa are native to Asia (36%); very few IAPUC come from Africa and Oceania
(Table 1). Twenty-two families are accounted for in the Union list. Poaceae is the most
represented family (14% of total species), followed by Fabaceae (11% of total species),
Asteraceae, and Apiaceae (8% of total species) (Table 1). Globally, Poaceae, Fabaceae, and
Asteraceae are known to be the main donor families to global alien naturalized flora and
they include numerous successful invaders [20,21].

Even if Poaceae is the most representative family among IAPUC, there are only three
IAPUC graminoids in the EU that occur in the wild: Andropogon virginicus L., Ehrharta calycina
Sm., Pennisetum setaceum (Forssk.) Chiov. These species have a different level of spread in
the EU and they are mostly recorded in Southwestern Europe: A. virginicus occurs only in
France, where it has a very localized distribution, even if it has shown to be very prolific and
invasive [22]; E. calycina has been recorded in Portugal and Spain (mainland and Balearic
Islands [23,24]; P. setaceum is a widespread and invasive alien species, especially in Portugal,
Spain (mainland, Balearic Islands, and Canary Islands), France (mainland and Corse), Italy
(mainland, Sicily, Sardinia, and minor isles) and Malta [25–27], but some confirmed records
also exist in Southeastern Europe, in Cyprus, where it is more localized [28,29]. Currently,
the other graminoids are not naturalized in the EU, but Microstegium vimineum (Trin.) A.
Camus has been recorded in the wild in nearby countries (it occurs in Turkey, Georgia,
and Russia [30,31]) and Cortaderia jubata (Lemoine ex Carrière) Stapf. is present within EU
borders, but only as cultivated plant, at least according to the best of identification issues
regarding this species or subspecies [32–34].

There are three Fabaceae of Union concern occurring in the EU: Acacia saligna (Labill.)
H.L.Wendl., Prosopis juliflora (SW.) DC. and Pueraria montana; Lespedeza cuneata (Dum.Cours.)
G.Don is not present in the EU or near its borders. A. saligna is a very widespread and
invasive species in the Mediterranean climate, and occurs in Portugal (mainland and Azores
Islands), Spain (mainland, Canary and Balearic Islands), France (mainland and Corse),
Italy (mainland, Sicily, Sardinia and minor isles), Croatia, Malta, Greece (mainland and
islands), and Cyprus [35–39]. The other two species have a more restricted range. In fact,
P. juliflora occurs only in Spain where it is known to be cultivated in the mainland (very
few cultivated plants in the province of Almeria) and is naturalized in a quite a restricted
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area in Gran Canaria (Canary Islands) [40–42]. P. montana is quite localized in the EU; it
mainly occurs at the border between Switzerland and Italy, where the largest nucleus of
the species is found [43] and other occurrences are scattered both in the aforementioned
countries and in some areas of Eastern Europe, both inside (Croatia, Slovenia) and outside
the EU (Bosnia and Herzegovina) [44–46].

Asteraceae of Union concern are Baccharis halimifolia L., Gymnocoronis spilanthoides
(D.Don ex Hook. & Arn.) DC. and Parthenium hysterophorus L.; only the first two species
occur in the EU, while P. hysterophorus is absent in the EU. However, P. hysterophorus has
been recorded as being causal in Belgium and Poland and it occurs not far from EU borders
(i.e., Israel) [31]. B. halimifolia occurs in Belgium, France, Italy, and Spain where it often
shows invasive behaviour [47]. For example, B. halimfolia has been significantly expanding
its range in Spain over the last 50 years. Along the Cantabrian coast, this alien species
appears in dense stands and outcompetes native and rare plant species [48]. G. spilanthoides
has a very localized distribution in the EU, occurring in a restricted area in Northern Italy,
and in Hungary and Belgium, where it is under eradication [31,49].

The Apiaceae family includes highly invasive IAPUC owing to the Heracleum L. genus,
which include Heracleum mantegazzianum Sommier & Levier, H. persicum Desf. ex Fisch.,
C.A.Mey. & Avé-Lall., H. sosnowskyi Manden. H. mantegazzianum is the most widespread,
occurring in almost all EU Member States, from France to the Central Europe states and in
Northern Europe [50] reaching high latitudes northward, but avoiding the Mediterranean
climate; H. persicum is limited to Northern EU (Denmark, Finland, Sweden); H. sosnowskyi
occurs more eastward than H. persicum, in Denmark, Central Europe (Poland, Hungary)
and Baltic States (Latvia, Lithuania) [31].

Beyond species owing to the most common families, other taxa are particularly relevant
among IAPUC. This is the case of Ailanthus altissima (Simaroubaceae), a worldwide invasive
alien plant, which is highly resistant to management measures and greatly affect ecosystems
and human activities, and is almost ubiquitous in the EU, even if there are limits in Northern
Europe where it is absent or casual [51,52]. Moreover, a very relevant group of invasive
alien taxa are hydrophytes: among these, aquatic, amphibious or helophytes species
are very widespread species and aggressive invaders, which either occur or are likely
to establish in the wild in the EU. Macrophytes represent a threat to a wide array of
habitats, from cold waters, Elodea nuttallii (Planch.) H.St.John (Hydrocharitaceae) that has
also colonized the northernmost latitudes in Europe [53], to warm conditions, Eichhornia
crassipes (Pontederiaceae) that shows invasive behavior in the Mediterranean region, while
it is usually ephemeral elsewhere in the EU [54]. An exhaustive overview of the distribution
of IAPUC in the EU and worldwide is available at the EASIN (https://easin.jrc.ec.europa.
eu/spexplorer/, accessed on 30 December 2021) and EPPO sites (https://gd.eppo.int/,
accessed on 27 December 2021).

All aquatic plants, but in general all IAPUC, are commonly found in disturbed en-
vironments (e.g., eutrophic waters, wasteland, linear infrastructure verges, watercourses,
ruderal areas), taking advantage of the unstable conditions generated by human or natu-
ral perturbation. Agricultural systems represent fertile land for their establishment due
to the substantial transformation of landscape matrices and changes in environmental
parameters [55,56].

2.3. Accidental Pathways and Their Relevance in Agriculture

Technically a pathway is a suite of processes that results in the introduction of an
alien species from one geographical location to another [57], indicating geographic routes
through which a species is moved outside its natural range (past or present), corridors of
introduction (e.g., road, canal, tunnel), and/or human activities that give rise to an inten-
tional or unintentional introduction [58]; a “vector” means the physical means or agent
(i.e., aeroplane, ship) in (or on) which a species moves outside its native range (past
or present) along a pathway [59]. There are several classifications of pathways [13],
the present work is based on the hierarchical classification of pathways of introduc-

https://easin.jrc.ec.europa.eu/spexplorer/
https://easin.jrc.ec.europa.eu/spexplorer/
https://gd.eppo.int/
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tion and spread of the Convention on Biological Diversity [60], as interpreted by the
IUCN [59]. The CBD classification defines accidental pathways in transport category as
follows: “transport—contaminant”: the unintentional movement of live organisms as
contaminants of a commodity that is intentionally transferred through the movement
of people and goods, e.g., as a consequence of travels and trade, and similar activities;
“transport—stowaway”: the unintentional or accidental movement of live organisms as
stowaway or hitchhikers, attached to a multitude of means of transport and associated
equipment and media) [59]. Based on explicatory notes of categories of CBD classifica-
tion [59], pathways considered relevant to agriculture in the present review are listed in
Table 2. The classification does not always allow a highly detailed classification of pathways
(e.g., it does not allow to differentiate hay, soil, wool contaminants), but insights are noted
in the text of the review. For each species, the role of pathway in their introduction (I)
and/or spread (S) has been specified, and the likelihood that a species follows a given
pathways has been indicated with one to three asterisks (* = low likelihood, ** = medium
likelihood, *** = high likelihood). Results are reported in Table 3.

Table 2. Accidental pathways sub-categories, in the transport category, related to agriculture accord-
ing to the classification of the Convention on Biological Diversity (CBD, 2014), as interpreted by the
IUCN (2018).

3.1 Contaminant nursery material

Species released unintentionally as a contaminant on plants or plant
material associated with the commercial nursery trade excluding
contaminants transported by seeds or contaminants that are parasites.
This subcategory includes contaminants of any habitat materials
associated with cultivated or transported plants (e.g., soil, peat, mulch,
leaf litter) around roots or in pots, etc. This is limited to situations
where the habitat material is in limited quantities.

3.2 Contaminated bait Species introduced unintentionally as contaminants in/of bait.

3.3 Food contaminant (including of live food)

Species introduced unintentionally as a contaminant of food including
live food. Any seeds destined for human consumption (as seed or seed
products such as flour) should be assigned to the food contaminant
pathway, while contaminants of seed destined for any other use should
be assigned to the seed contaminant pathway.

3.4 Contaminant on animals (excluding
parasites and species transportedby host and
vector)

Species introduced unintentionally as contaminants on animals
transported through human related activities. The pathway also
includes contaminants on material associated with the species and
required to ensure its comfort and safety during transport; any
contaminant on organisms transported to be farmed, raised, before
being used as food for animals, etc., should be assigned into the
relevant pathways (contaminant nursery material, contaminant on
animals, parasites on animals, contaminant on plants, parasites on
plants) for their immediate fate, even if they will ultimately be used for
food consumption, for instance, after further cultivation.

3.6 Contaminant on plants (excluding
parasites and species transportedby host and
vector)

Species introduced unintentionally as contaminants on plants or plant
products transported through human related activities (excluding
parasites). Plants are those used in several sectors, such as agriculture,
forestry and horticulture. This pathway therefore is specific to plants
that are not currently part of the commercial nursery trade, for instance,
plants being transported for non-commercial reasons or plants
originally from the commercial nursery trade that have left the trade
and been purchased and used/planted by an end user.

3.8 Seed contaminant
Species introduced as contaminants of seed with the exception of seed
being used for human consumption (which are more commonly
indicated as grain).

C
on

ta
m

in
an

t

3.9 Timber trade Species unintentionally introduced as contaminants on timber, wood,
or wood-derived products.
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Table 2. Cont.

3.10 Transportation of habitat material (soil,
vegetation, wood, etc.)

Species unintentionally introduced as contaminants of habitat material
that includes soil, vegetation, wood products such as chips and mulch,
straw, etc., when these products are the focus of trade and not simply
transported with plants.

4.1 Angling/fishing equipment Species introduced unintentionally as stowaways on equipment used
by recreational anglers or commercial/professional fishermen.

4.4 Hitchhikers on ship/boat (excluding
ballast water and hull fouling)

Species that have been introduced unintentionally by being a hitchhiker
in or on ships, boats or other watercraft (e.g., hovercraft, submarines),
but excluding species transported in ballast water or via hull fouling.

4.5 Machinery/equipment Species that have been introduced intentionally by being a hitchhiker
in or on machinery or equipment being transported between locations.

4.6 People and their luggage/equipment (in
particular tourism)

Species that have been introduced unintentionally by being a
stowaway in or on people and their personal luggage or equipment

St
ow

aw
ay

4.10 Vehicles (car, train, etc.)
Species that have been introduced unintentionally by being a
hitchhiker in or on vehicles such as cars, vans, lorries, trucks, trains,
etc., that are not covered by the other stowaway pathways.

Table 3. Accidental human-mediated pathways of introduction (I) and spread (S) of IAPUC in the
EU (the likelihood of a given pathway for a species is indicated with one or more asterisk (* = low
likelihood, ** = medium likelihood, *** = high likelihood).

ALIEN
SPECIES

Transport Contaminant Transport Stowaway

3.1 Con-
taminant
Nursery
Material

3.3 Food
Contami-

nant
(Includ-
ing of
Live

Food)

3.4 Con-
taminant

on
Animals

3.8 Seed
Contami-

nant

3.9
Timber
Trade

3.10
Trans-

portation
of

Habitat
Material

(Soil, Veg-
etation,
Wood,
etc.)

4.1 An-
gling/Fishing

Equip-
ment

4.4 Hitch-
hikers on
Ship/Boat

4.5
Machin-
ery/Equipment

4.6
People

and Their
Lug-

gage/Equipment

4.10
Vehicles

(Car,
Train,
etc.)

Acacia saligna
(Labill.)

H.L.Wendl.
S * S * S *** S ** S *

Ailanthus
altissima
(Mill.)

Swingle

S * S *** S * S **

Alternanthera
philoxeroides

(Mart.)
Griseb.

I/S ** I * S ** S ** S ** S **

Andropogon
virginicus L. S ** I */S * I */S ** I */S ** S *

Asclepias
syriaca L. S * S * S **

Baccharis
halimifolia L. S ** S **

Cabomba
caroliniana

A.Gray
I/S * S * S *

Cardiospermum
grandiflorum

Sw.
S * S * S *

Cortaderia
jubata

(Lemoine ex
Carrière)

Stapf

I/S * S ** S * S ** S **

Ehrharta
calycina Sm. S ** I */S * S ** S **

Eichhornia
crassipes

(Martius)
Solms

S * S * S *
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Table 3. Cont.

ALIEN
SPECIES

Transport Contaminant Transport Stowaway

3.1 Con-
taminant
Nursery
Material

3.3 Food
Contami-

nant
(Includ-
ing of
Live

Food)

3.4 Con-
taminant

on
Animals

3.8 Seed
Contami-

nant

3.9
Timber
Trade

3.10
Trans-

portation
of

Habitat
Material

(Soil, Veg-
etation,
Wood,
etc.)

4.1 An-
gling/Fishing

Equip-
ment

4.4 Hitch-
hikers on
Ship/Boat

4.5
Machin-
ery/Equipment

4.6
People

and Their
Lug-

gage/Equipment

4.10
Vehicles

(Car,
Train,
etc.)

Elodea
nuttallii

(Planch.)
H.St.John

I/S * S ** S *** S **

Gunnera
tinctoria
(Molina)
Mirbel

S * S ** S * S * S *

Gymnocoronis
spilanthoides
(D.Don ex
Hook. &

Arn.) DC.

S * S * S * S * S *

Heracleum
mantegazz-

ianum
Sommier &

Levier

I/S * S * I/S * I */S ** I/S ** S ** S **

Heracleum
persicum
Fischer

I/S * S * I/S * I */S ** I/S ** S ** S **

Heracleum
sosnowskyi

Mandenova
I/S * S * I/S * I */S ** I/S ** S ** I/S **

Humulus
scandens

(Lour.) Merr.
S * S *

Hydrocotyle
ranunculoides

L.f.
I/S * S * S ** S ** S *

Impatiens
glandulifera

Royle
S ** S * S * S *

Lagarosiphon
major (Ridley)

Moss
I/S * S ** S ** S **

Lespedeza
cuneata

(Dum.Cours.)
G.Don

S * I/S ** S ** S **

Ludwigia
grandiflora
(Michx.)

Greuter &
Burdet

I/S * S * S ** S ** S **

Ludwigia
peploides
(Kunth)

P.H.Raven

I/S * S * S ** S ** S **

Lygodium
japonicum

(Thunb.) Sw.
I * I/S * S ** S * S *

Lysichiton
americanus
Hultén and

St. John

S * S * S *

Microstegium
vimineum
(Trin.) A.
Camus

S * S ** I/S * I */S * I/S ** S *

Myriophyllum
aquaticum L.

(Vell.) Verdc.
I/S * I * S * S ** S ** S **

Myriophyllum
heterophyllum

Michaux
I/S * S * S ** S ** S **
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Table 3. Cont.

ALIEN
SPECIES

Transport Contaminant Transport Stowaway

3.1 Con-
taminant
Nursery
Material

3.3 Food
Contami-

nant
(Includ-
ing of
Live

Food)

3.4 Con-
taminant

on
Animals

3.8 Seed
Contami-

nant

3.9
Timber
Trade

3.10
Trans-

portation
of

Habitat
Material

(Soil, Veg-
etation,
Wood,
etc.)

4.1 An-
gling/Fishing

Equip-
ment

4.4 Hitch-
hikers on
Ship/Boat

4.5
Machin-
ery/Equipment

4.6
People

and Their
Lug-

gage/Equipment

4.10
Vehicles

(Car,
Train,
etc.)

Parthenium
hysterophorus

L.
I/S * S * I/S ** S * I/S ** S * S *

Pennisetum
setaceum
(Forssk.)
Chiov.

S ** S *** I/S ** I */S ** I **/S *** I */S ** S **

Persicaria
perfoliata (L.)

H.Gross
I/S * I/S * S * I/S **

Prosopis
juliflora (SW.)

DC.
S * S * S *

Pueraria
montana

(Lour.) Merr.
I * I/S * I/S * S ** S ** S **

Salvinia
molesta

D.S.Mitch.
S * S ** S **

Triadica
sebifera (L.)

Small
I * S *

As already noted, agriculture here defined in its widest meaning. Agriculture is the
most comprehensive word used to denote the many ways in which plants and animals are
cultivated and raised to sustain the global human population by providing food and other
products [61] and it also includes a series of agricultural services [62]. Plant agriculture itself
already includes different kinds of production, from the cultivation of grains, speciality
crops (fruits and vegetables, tree nuts, dried fruits, and horticulture and nursery crops,
including floriculture), field crops to forages, bio-energy crops, oil-seed crops [63]. Clearly
agriculture does not end with plant cultivation and other key subsectors are livestock, agro-
forestry, and aquaculture [64]. Consequently, pathways related to the accidental transport
of invasive alien species in agriculture can be varied, but most of them are not exclusive to
agriculture. Their mechanisms and vectors can also be found in other production sectors
and can be referred to as a wide spectrum of activities that also includes agriculture. This is
particularly evident for pathways related to transport of invasive alien species as stowaway.
For example, pathways categorized as “4.1 Angling/fishing equipment” or “4.6 People and
their luggage/equipment (in particular tourism)” obviously do not include practices and
vectors exclusive to agriculture, but they are also relevant to agriculture: both natural and
artificial freshwater environments can be found in agricultural landscapes, with the risk
of workers accidentally transporting viable propagules of plants via unclean equipment
or garment (clothes, shoes, etc.), as can happen to leisure anglers, tourists, and hikers in
other contexts. In addition, the transport of invasive alien plants along pathways related
to machinery, equipment, boats, and vehicles is not exclusive to agriculture, nor is the
transportation of habitat material, but both pathways can be highly relevant to agriculture
due to the extensive use of means of transportation and devices in fields and the frequent
displacement of soil, vegetation, and wood products during agricultural practices.

In order to give an exhaustive overview, historical and actual uses and intentional
human-mediated pathways of introduction and spread are reported in Table 4, together
with mechanisms of natural dispersal. Despite involuntary pathways being identified for
all IAPUC, most species have been primarily introduced in their invasive range through
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voluntary pathways. Horticulture played a key role in this process, which is in accor-
dance with findings by Hulme [6] and Guo et al. [11]. For a few IAPUC, the main path-
way of introduction is involuntary and, remarkably, most of these species are not yet
present in the EU and they are likely to be introduced as contaminants or stowaway
(Microstegium vimineum, Parthenium hysterophorus, Persicaria perfoliata (L.) H.Gross) (Table 3).

Table 4. Historical and actual uses and related intentional human-mediated pathways of introduction
and spread of IAPUC and their natural vectors.

Alien Species
Historical an Actual Uses and
Intentional Human-Mediated
Pathways of Introduction and Spread

Primary and Secondary
Natural Vectors

Acacia saligna (Labill.) H.L.Wendl.
soil protection and stabilization,
afforestation-reforestation, ornamental
plant, tannins, multipurpose species

mirmechory, barochory,
anemochory, hydrochory,
zoochory

Ailanthus altissima (Mill.) Swingle

ornamental plant, soil protection and
stabilization, pulp and biomass
production, honey plant, multipurpose
species

anemochory, hydrochory,
zoochory

Alternanthera philoxeroides (Mart.) Griseb. unknown (aquarium plant, food?) hydrochory

Andropogon virginicus L. unknown (tested as forage?) anemochory, hydrochory,
zoochory

Asclepias syriaca L. ornamental plant, honey plant,
multipurpose species

anemochory, hydrochory,
zoochory

Baccharis halimifolia L. ornamental plant, soil protection and
stabilization anemochory, hydrochory,

Cabomba caroliniana A.Gray aquarium plant hydrochory

Cardiospermum grandiflorum Sw. ornamental plant, nutraceutical plant anemochory, hydrochory,

Cortaderia jubata (Lemoine ex Carrière) Stapf ornamental plant, soil protection and
stabilization (mines)

anemochory, hydrochory,
zoochory

Ehrharta calycina Sm. forage, soil protection and stabilization anemochory, hydrochory,
zoochory

Eichhornia crassipes (Martius) Solms.

ornamental and aquarium plant,
phytoremediation, biomass, forage
plant, nutraceutical plant, multipurpose
species

hydrochory, zoochory

Elodea nuttallii (Planch.) H.St.John aquarium plant hydrochory, zoochory

Gunnera tinctoria (Molina) Mirbel ornamental plant, multipurpose species anemochory, hydrochory,
zoochory

Gymnocoronis spilanthoides (D.Don ex Hook. & Arn.) DC. ornamental plant, aquarium plant,
"butterfly" plant, phytoremediation hydrochory

Heracleum mantegazzianum Sommier & Levier ornamental plant, honey plant, forage
plant, soil protection and stabilization anemochory, hydrochory

Heracleum persicum Fischer ornamental plant, honey plant, forage
plant anemochory, hydrochory

Heracleum sosnowskyi Mandenova ornamental plant, honey plant, forage
plant anemochory, hydrochory

Humulus scandens (Lour.) Merr. ornamental plant hydrochory, barochory,
zoochory

Hydrocotyle ranunculoides L.f. ornamental plant, aquarium plant,
phytoremediation hydrochory, zoochory
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Table 4. Cont.

Alien Species
Historical an Actual Uses and
Intentional Human-Mediated
Pathways of Introduction and Spread

Primary and Secondary
Natural Vectors

Impatiens glandulifera Royle ornamental plant, honey plant bolochory, hydrochory,
zoochory

Lagarosiphon major (Ridley) Moss aquarium plant hydrochory, zoochory

Lespedeza cuneata (Dum.Cours.) G.Don
ornamental plant, forage, soil
protection and stabilization, habitat
restoration

anemochory, zoochory

Ludwigia grandiflora (Michx.) Greuter & Burdet ornamental plant, phytoremediation hydrochory

Ludwigia peploides (Kunth) P.H.Raven ornamental plant, phytoremediation hydrochory

Lygodium japonicum (Thunb.) Sw. ornamental plant anemochory, hydrochory

Lysichiton americanus Hultén and St. John ornamental plant hydrochory, zoochory

Microstegium vimineum (Trin.) A. Camus unknown hydrochory, zoochory

Myriophyllum aquaticum L. (Vell.) Verdc. ornamental plant, aquarium plant,
phytoremediation hydrochory

Myriophyllum heterophyllum Michaux ornamental plant, aquarium plant hydrochory

Parthenium hysterophorus L. unknown anemochory, hydrochory

Pennisetum setaceum (Forssk.) Chiov. ornamental plant, soil protection and
stabilization

anemochory, hydrochory,
zoochory

Persicaria perfoliata (L.) H.Gross unknown zoochory, hydrochory

Prosopis juliflora (SW.) DC. ornamental plant, reforestation, timber,
forage, multipurpose species hydrochory, zoochory

Pueraria montana (Lour.) Merr.
ornamental plant, forage, fiber ,
nutraceutical plant, soil protection and
stabilization, multipurpose species

barochory, hydrochory,
anemochory, zoochory

Salvinia molesta D.S.Mitch.
ornamental plant, phytoremediation,
scientific research, multipurpose
species

hydrochory, anemochory,
zoochory

Triadica sebifera (L.) Small ornamental plant, oil, multipurpose
species hydrochory

2.4. Viable Propagules Likely to Be Transported to New Areas

To be successfully transported along accidental pathways, especially over long dis-
tances, species need to count on resistant, long-living dispersal units. IAPUC can rely on
different types of viable propagules (Table 5). Generally, seeds are considered the main
dispersal unit in human-mediated dispersal [65,66]. Most IAPUC can produce seeds that
maintain viability for a quite long time, an element that positively contributes to successful
human-mediated transportation. Among IAPUC, the minimum seed viability has been
estimated for Cortaderia jubata of which seed viability seems not to exceed 4 months [33]. Ex-
ceptionally, seeds of Acacia saligna and Gunnera tinctoria can maintain viability for 50 [67,68]
and 70 years, respectively [69]. For both species, such long-lasting viability usually regards
only a small percentage of seeds (most seeds germinate earlier or they are predated or
destroyed), but is potentially large enough to originate new individuals.
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Table 5. IAPUC viable propagules likely to be accidentally transported along spread pathways (and
natural dispersal).

Alien species
Viable Propagules

Seeds/Spores Plant
Fragments

Plantlets/ Ramets/
Gametophythes Viability/Resistance

Acacia saligna (Labill.)
H.L.Wendl. x x seed viability up to 50 years

Ailanthus altissima (Mill.)
Swingle x x seed viability up to 5 years

Alternanthera philoxeroides
(Mart.) Griseb.

x (not in the
invasive range) x x fragments resistant to desiccation

and hypoxic conditions

Andropogon virginicus L. x persistent soil seed bank

Asclepias syriaca L. x x seed viability up to 5 years

Baccharis halimifolia L. x x x seed viability up to 5 years

Cabomba caroliniana Gray
x (rarely observed

in the invasive
range)

x fragments resistant to desiccation

Cardiospermum grandiflorum
Sw. x x seed viability up to 2 years

Cortaderia jubata (Lemoine ex
Carrière) Stapf x x seed viability up to 4 months

Ehrharta calycina Sm. x x seed viability up to 5 years

Eichhornia crassipes (Martius)
Solms

x (rarely observed
in the invasive

range)
x seed viability up to 20 years; little

ramets resistant to desiccation

Elodea nuttallii (Planch.)
H.St.John

x (not in the
invasive range) x fragments resistant to desiccation

Gunnera tinctoria (Molina)
Mirbel x x

Some seeds can be viable up to
70 years, even if high percentage

(>70%) of seeds can germinate after
one year from dispersal under

natural conditions.

Gymnocoronis spilanthoides
(D.Don ex Hook. & Arn.) DC. x x seed viability up to 16 years

Heracleum mantegazzianum
Sommier & Levier x seed viability less than 7 years

Heracleum persicum Fischer x no information

Heracleum sosnowskyi
Mandenova x seed viability up to 3 years

Humulus scandens (Lour.) Merr. x seed viability up to 3 years

Hydrocotyle ranunculoides L.f. x (uncertain in the
invasive range) x fragments resistant to desiccation;

unknown longevity of seeds

Impatiens glandulifera Royle x x seed viability up to 4 years

Lagarosiphon major (Ridley)
Moss

x (not in the
invasive range) x fragments resistant to desiccation

Lespedeza cuneata (Dum.Cours.)
G.Don x seed viability up to 20 years (?)

Ludwigia grandiflora (Michx.)
Greuter & Burdet x x x seed viability up to 4 (-10) years (?)

Ludwigia peploides (Kunth)
P.H.Raven x x x seed viability up to 4 (-10) years (?)
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Table 5. Cont.

Alien species
Viable Propagules

Seeds/Spores Plant
Fragments

Plantlets/ Ramets/
Gametophythes Viability/Resistance

Lygodium japonicum (Thunb.)
Sw. x x x

spore viability up to 5 years; root
and rhizome fragments may remain
viable for several days if embedded

in soil

Lysichiton americanus (Hultén
and St. John) x x seed viability up to 6 years

Microstegium vimineum (Trin.)
A.Camus x seed viability up to 5 years

Myriophyllum aquaticum L.
(Vell.) Verdc.

x (not in the
invasive range) x fragments resistant to desiccation

Myriophyllum heterophyllum
Michaux

x (not in the
invasive range) x fragments resistant to desiccation

Parthenium hysterophorus L. x seed viability up to 10 years

Pennisetum setaceum (Forssk.)
Chiov. x x x seed viability up to 6 years

Persicaria perfoliata (L.) H.Gross x seed viability up to 6 years

Prosopis juliflora (SW.) DC. x seed viability up to 40 years

Pueraria montana (Lour.) Merr.
var. lobata (Willd.) x x seed viability up to 7 years

Salvinia molesta D.S.Mitch. x (not in the
invasive range) x fragments resistant to desiccation

Triadica sebifera (L.) Small x seed viability up to 7 years

Beyond seeds, a relevant number of IAPUC can also rely on, or exclusively need, the
dispersal of vegetative propagules through plant fragmentation (stem, rhizome, leaves, etc.).
Especially, for aquatic IAPUC, the release of vegetative propagules is the main strategy
of dispersal in their invasive range, where the production of seeds is absent or scarce
for most of them due to reproductive or environmental limits [70,71]. Macrophytes can
also produce viable vegetative fragments from tiny pieces of plants, maintaining a high
regenerative capacity. Propagules usually come from the auto- or allo-fragmentation of
the stem or root and rhizome system [70], but new clonal individuals can also originate
from one single leaf, as in the case of Ludwigia sp.pl. or Gymnocoronis spilanthoides [49,72,73].
Similarly, Myriophyllum aquaticum, can rely on the release of very small (5 mm) fragments
of the stem with regenerative potential [72]. A large number of IAPUC can release small-
sized fragments that can hardly be detected and, thus, are more likely to be accidentally
transported. Furthermore, most aquatic IAPUC can release viable propagules that are
resistant to desiccation (Table 5), which is a key aspect in the process of successful spread,
including through overland routes [73].

Other types of viable propagules that could be accidentally transported are plants in
their juvenile stages (seedlings or ramets). In the first case, rooted seedlings of
Baccharis halimifolia [74] have been cited as potential units of dispersal, even if this could also
be valid for other IAPUC; Eichhornia crassipes relies mainly on small clonal individuals for its
dispersal in its invasive range [75]. Additionally, gametophytes of Lygodium japonicum (Thunb.)
Sw. have been found as contaminants or hitchhikers on different means of transportation [76].
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2.5. Literature Review

Data have been extrapolated from available scientific and grey literature about IAPUC. Key
data sources have been pest risk analysis (PRA) and reports compiled by EPPO (https://gd.eppo.
int/, accessed on 27 December 2021), as well as technical notes prepared by the IUCN for the Euro-
pean Commission (available at https://www.iucn.org/regions/europe/our-work/biodiversity-
conservation/invasive-alien-species/eu-regulation-technical-support/management-ias, accessed
on 27 December 2021). Sources of data reported in Tables 3–5 are listed in the Supplementary
Materials (Table S1).

3. Accidental Introduction and Secondary Spread in Agriculture-Related Activities:
Contaminants’ and Stowaways’ Pathways

The most frequently cited agricultural pathways of accidental transportation for IAPUC
are listed in Table 3 (for references see Table S1), while Figure 1 gives a simplified overview.

Figure 1. IAPUC introduced and spread as contaminants and/or stowaway in agriculture: represen-
tativeness of unintentional pathways of introduction and spread and their likelihood (grey = low,
blue = medium, orange = high).

Sub-category “4.5 Machinery/equipment” resulted to be the most frequent pathway of
accidental transportation of IAPUC as stowaway, followed by the contamination of habitat
material (“3.10 Transportation of habitat material (soil, vegetation, wood . . . )”). Both are
quite general pathways (not requiring specific plant adaptations or conditions) that are
easy to detect or infer, as are those involving the transport on vehicles (“4.10 Vehicles (car,
train, etc.)”) and vessels (“4.4 Hitchhikers on ship/boat (excluding ballast water and hull
fouling”), which is particularly relevant for aquatic IAPUC. The role of machinery and
equipment was already found to be important for plants by Pergl et al. [13], especially for
their secondary spread rather than their primary introduction in the EU, and the same can
be said for pathway related to the transportation of habitat material and contamination
of nursery plans. On the contrary, pathways related to the contamination of seeds, foods,
and animals were less frequently cited for IAPUC, while, for Pergl et al. [13], at least
seed contamination had a main role in the introduction and spread of alien plants. Such
discrepancies are likely related to the different samples of the analysed species with respect
to the broad group of alien plants analysed by Pergl et al. [13]. A few IAPUC are crop
weeds, a category which usually includes species that most likely become “contaminants”.

https://gd.eppo.int/
https://gd.eppo.int/
https://www.iucn.org/regions/europe/our-work/biodiversity-conservation/invasive-alien-species/eu-regulation-technical-support/management-ias
https://www.iucn.org/regions/europe/our-work/biodiversity-conservation/invasive-alien-species/eu-regulation-technical-support/management-ias
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The likelihood of IAPUC being introduced or spread through a new range through
one of the considered accidental pathways is generally not very high (Table 3, Figure 1). In
particular, this is true for their introduction to a new area, as, for the most part, voluntary
IAPUC introduction pathways are more likely (e.g., ornamental plant trade). With respect
to the introduction stage, accidental pathways are more likely to act in the spread of IAPUC;
however, the likelihood is meanly low or moderate. In few cases there is a high chance that
species could be spread via accidental pathways, but it can happen in the case of transporta-
tion and spread via habitat materials (mostly soil) (e.g., Acacia saligna, Ailanthus altissima),
machinery and equipment (e.g., Pennisetum setaceum), and marginally through animals
(e.g., livestock), as seed contaminant and hitchhiker on vessels. More often, pathways
related to transportation of habitat material and presence as hitchhikers on machinery and
equipment, vehicles and other means of transportation are moderately likely. However,
even if the likelihood is not always high, attention on agriculture-related pathways should
be maintained. Insights about involuntary pathways are given in following sections.

3.1. Stowaways: Machinery, Equipment, Vehicles and Vessels

The main routes that could lead to the introduction and spread of IAPUC as stowaways
are “4.5 Machinery/equipment”, followed by “4.10 Vehicles (car, train, etc.)” and “4.4 Hitch-
hikers on ship/boat (excluding ballast water and hull fouling)”, which is of key importance
for macrophytes; minor pathways for IAPUC are “4.1 Angling/fishing equipment” and
“4.6 People and their luggage/equipment (in particular tourism)” (Figure 1, Table 3).

In agriculture, machinery and equipment can refer to a broad selection of items eligible
to work as stowaway vectors, both on land and on inland waters. Firstly, this category
can include both machinery and powered (e.g., trimmers) or hand tools (e.g., hoes, rakes,
spades). Devices can be specific for agriculture or employable also for other activities, such
as loaders, excavators on land or weed cutting buckets, dredges in inland waters can also
be used, for example, in construction sites, channels cleaning, etc. All these vectors have in
common that viable plant propagules can be accidentally transported directly, nested in the
machine body or implements (e.g., embedded in cracks, crevices, and components) or with
the litter, soil, or mud attached to external or internal parts of the machines and devices
(e.g., tire treads, tracks). Because of their structure and size, large-sized machinery is more
viable to be an efficient stowaway vector than small-sized powered or hand tools, of which
the dimensions and body structure are generally not highly suitable for the attachment of
high amounts of viable propagules; despite this, their role as stowaway vectors should not
be neglected.

This pathway has clear affinities with another important pathway for IAPUC,
“4.10 Vehicles (car, train, etc.)” (Figure 1, Table 3), which is related to the accidental in-
troduction and spread of IAPUC via means of transportation (cars, vans, lorries, trucks,
trains) [59]. Even if not exclusively related to agriculture, vehicles for transportation are
commonly used in farming and forestry contexts; furthermore, in the patchwork of culti-
vated lands that characterize wide regions of the EU, agricultural areas are often crossed by
linear infrastructure (from highways to rural or forest roads), with a consequent potential
of remarkable propagule pressure from this kind of pathway. The mechanism of transporta-
tion of IAPUC as hitchhikers on vehicles is the same as in the “machinery/equipment”
pathways (physical attachment to the body or components of the vehicle); seeds can be
accumulated differently in different parts of vehicles [77]. Vehicles can accrue a wide variety
of seeds and plant propagules, and driving surface, road conditions, and seasons affect the
rate of accrual. The type of vehicle also has relevance; for example, it has been observed
that, on unpaved roads (where the risk of gaining propagules is likely to be higher than
on paved roads), tracked vehicles accrue more seeds than small and large 4-wheel-drive
vehicles and that the rates of accrual dramatically increase under wet conditions, which
make surfaces muddy [78]. These considerations can also be extended to the machinery
pathway, whose contribution to propagules dispersal can be affected by machinery types,
as well as soil conditions [79,80].



Agronomy 2022, 12, 423 18 of 28

It is very important to underline that the risk of transporting viable plant propagules
via vehicles, machinery, and equipment (VME) is strictly related to previous “in field”
use in invaded sites, condition that would allow the attachment of viable propagules
of plants to vehicles, machines, and tools. Consequently, the second-hand VME trade
has a predominant role with respect to brand-new articles on the market in introducing
and spreading IAPUC [81]. This pathway has relevance both at small and large scales.
Locally, VME can be routinely used at different sites, following operational relocations,
with a consequent spread or introduction of propagules in different places at a small scale;
Ansong and Pickering [77] found that seeds can be dispersed over hundreds of kilometres
by cars, even if they usually fall off after shorter distances. At a wider scale, the second-
hand VME trade can work as vectors of introduction at the international level thanks to the
resistance of viable plant propagules (Table 5).

In France, the spread of Andropogon virginicus has been assumed to be related to the
movement of forest machinery in pinewoods management [82]. Lygodium japonicum is a
climbing fern that is likely to be transported as a stowaway via VME with certain ease.
Rhizomes and roots fragments may remain viable for several days if embedded in soil
within machinery or equipment, which protects them from desiccation [83], but spores
are viable for longer (up to 5 years; Table 5), and are likely to be found on the surfaces
and crevices of VME, as well as on quite small powered and hand tools. A thorough
analysis by Hutchinson and Langeland [76] revealed the presence of spores (also attached
to fern micro-fragments) and gametophytes of L. microphyllum, especially on chainsaws,
sprayers, and machetes, used in controlling exotic ferns in the USA; operators themselves
resulted in being active pathways of transportation of viable propagules (Figure 1, Table 3).
This is also expected to happen with spores of L. japonicum, due to the similarities in life
history, reproductive biology, habitus and living environments between these two con-
gener ferns [84]. Other successful cases of transportation through VME can be associated
with many other plants. For example, seeds of Impatiens glandulifera Royle, a very prolific
annual plant, can be successfully transported as hitchhikers on agricultural machinery
(e.g., mowers, tractor wheels) [85], as well as those of Asclepias syriaca L. that are not
dispersed by wind [86]; seeds and fragments of plants of Pueraria montana can be acciden-
tally introduced or spread via VME, both in agricultural and other contexts, including
snow removal activities [87,88]. Information about the likelihood of being transported as
stowaways on VME can come from different sources, and are linked both to scientific in-
vestigations and anecdotal and case-specific observations. Furthermore, evidence can also
come from data gathered in sectors other than agriculture and forestry, representing valid
information as the mechanisms and vectors types are comparable to those employed in
farming and silviculture. An exemplificative case is represented by Microstegium vimineum,
of which transportation and spread as a stowaway on machinery and vehicles has been
investigated during routine rural road maintenance along a forest road in the USA [79].

Additionally, vehicles may promote the spread of viable propagules of invasive alien
plants thanks to the airflow created by their passage [88]. This mechanism of human-
mediated dispersal is usually relevant, especially for species producing seeds adapted to
anemochory (winged or plumed seeds/fruit) (Table 5). For example, samaras of A. altissima
can be transported for more than 150 m in the slipstream of vehicles along highways [89];
dried seed-containing pods of Acacia saligna (as other Fabaceae) have the potential to be
moved by vehicle passage and by wind [90–92]. The potential of being moved by airflow
should not be disregarded for other species producing seeds that are not specialized to
anemochorous dispersal, but that can be wind-dispersed, even if more slowly and for
smaller distances, as demonstrated for the non-IAPUC Brassica napus (round and smooth
seeds) and Ambrosia artemisiifolia (hooked cypselae) according to von der Lippe [88].

In freshwater environments, seeds, but more than often fragments of macrophytes, with
highly regenerative capacity and resistance to desiccation, can be successfully transported
as hitchhikers to new sites on VME [71]. Obviously, together with VME, the transport
of hitchhikers on vessels is a highly relevant pathway for aquatic or amphibious IAPUC
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(“4.4 Hitchhikers on ship/boat (excluding ballast water and hull fouling)”); in fact, for
all of them, this is a potential pathway (Figure 1; Table 3). Pathways related to VME and
vessels can operate both in aquatic and terrestrial (riparian) environments; transportation
can occur entirely along watercourses (natural and artificial) or banks, but it can also include
overland routes as well, both at local and international scales (e.g., international trade,
second-hand market). Among aquatic IAPUC, Elodea nuttallii, Lagarosiphon major, and
also Myriophyllum aquaticum, can be accidentally transported on vessels, boat trailers, and
aquatic weed machinery, which can be moved from site to site along the same watercourse
or changing water systems if transported to sites that are not interconnected. It is likely
that the helophyte Gymnocoronis spilanthoides takes advantage of hitchhiking on cleaning
machines, which seasonally mow the vegetation along channels in rice fields in Italy [49]. For
amphibious IAPUC living on the shores of waterbodies, such as Alternanthera philoxeroides
(Mart.) Griseb. or Ludwigia sp.pl., the contribution of terrestrial VME accessing banks should
not be overlooked in their accidental transportation to new sites.

Obviously not all IAPUC have the same likelihood to be transported thanks to VME
and vessels. These pathways are not considered highly likely for all IAPUC where it is
considered possible. For example, the EPPO [93] indicated that the transportation of viable
propagules of Lysichiton americanus (Hultén and St. John) (pieces of rhizome) through
machinery and vehicles is a remote possibility due to depth of the rhizomes of the plant,
and the few management measures in the habitats where it occurs (wet or waterlogged
forests). Another case regards seed-containing pods and seeds of Prosopis juliflora that
are not considered highly prone to adhere to machinery and vehicles by experts [94].
Among macrophytes, for Eichhornia crassipes, it is less likely to be transported as hitchhikers
on machinery and boats than other macrophytes, due to the conspicuous nature of its
propagules (which usually are not small, undetectable ramets) [75].

3.2. Stowaways: Minor Pathways

Secondary to pathways involving VME and vessels, “4.1 Angling/fishing equipment”
and “4.6 People and their luggage/equipment (in particular tourism)” are other potential
routes of accidental introduction and spread for IAPUC (Figure 1; Table 3). Angling/fishing
equipment is a relevant pathway for most aquatic IAPUC, while transportation thanks to
attachment to clothes, footwear, and personal equipment is less frequent. Both pathways
can be effective at local and international scales. Beyond the potential trade of unclean
equipment, there is also the risk of directly introducing contaminated items previously
used in sites abroad; for example, analysing British anglers’ movements in Europe, Smith
et al. [95] found frequent fishing trips abroad, often on distances covered within the time
frame that alien invasive species have been shown to survive on damp angling equipment
(e.g., from Great Britain to Western Europe and vice versa), with a consequent potential
impact on the entry of propagules into new areas from other countries. Analysing the
pathway “People and their luggage/equipment (in particular tourism)” is relevant to
provide the magnitude of risk of introducing and spreading IAPUC through human-
vectored seed dispersal in other words on clothes, footwear, personal equipment, as an
alternative form of epizoochory on mammals’ fur or hooves [66]. Factors that affect this
pathway include several variables, such as the type of clothing and fabric, their position on
plants, seeds morphology and seed traits, such as adhesive and attachment structures [77].
This pathway is usually especially relevant for Poaceae [66,77], as also happens for IAPUC
(Table 3); secondary to Poaceae, Apiaceae with Heracleum spp. could be transported
attached to clothes [50]. There are no specific studies focused on human-vectored seed
dispersal in agriculture and forestry, but it is expected to be as relevant as other categories,
such as runners and hikers [96], keeping in mind that the amount of seeds likely to be
transported by soil attached to footwear can be remarkable (3 seeds per gram of soil) [97].
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3.3. Contaminants: Habitat and Nursery Material

The category “3.10 Transportation of habitat material (soil, vegetation, wood, etc.)”
is one of the most frequently cited pathways of introduction and spread for IAPUC
(Figure 1, Table 3). Specifically, for this pathway, the main role is played by the trans-
port of soils contaminated with viable propagules of plants. and only in few cases does
the contamination regard different materials (e.g., hay). Soil has already been cited as
a media facilitating the accrual of propagules on VME, or it can represent the mean of
contamination in nursery plants (“3.1 Contaminant nursery material”). In this case, soil
has to be considered a commodity itself (Table 2), which is traded and/or transported
as growing media (not a relatively small amount associated with plants) [59], waste, and
also for restoration activities (e.g., backfilling material in quarry restoration) [98]. It can be
a relevant pathway, especially for terrestrial and amphibious IAPUC, while it is usually
not cited for aquatic species, even if it cannot be excluded that short-distance transport of
wet soil (ensuring the right conditions to maintain propagules viable against desiccation)
could actively contribute to spread. Viable propagules eligible to be transported as soil con-
taminants are seeds or spores and fragments of plants with regenerative capacity (mostly
fragments of rhizomes and roots). Regarding seeds, their viability and quantity/density
in soil are determinant variables for successful dispersal along this pathway. As reported
in Table 5, all IAPUC likely to be accidentally transported in soil can produce quite long-
lasting soil seed banks with seed viability generally spanning from a few years to decades.
In addition to a persistent soil seed bank, prolific viable seed production is another trait
usually common to these IAPUC. For Acacia saligna seeds, density in soil is variable, but can
exceed 15,000 seeds m−2 [68,99] and a density of 10,000–100,000 seedlings m−2 has been
found for Gunnera tinctoria [100]. Seeds of A. saligna have a funicle and aril (elaiosome) and
are suited to myrmecochorous dispersal; ants can also contribute to their accumulation in
the first soil layer [68]. The soil seed bank of Impatiens glandulifera can reach exceptionally
high densities (32,000 seeds m−2) and even if most seeds germinate during the spring
following their dispersal, according tothe annual plant strategy, a small part of these can
maintain viability for 4 years [101,102]. I. glandulifera frequently colonizes riparian habitats,
so its seeds can be mostly found in riverine top soil and gravel, which\ can be vectors of
transport, even if they are moved in small amounts due to the high density of seeds [85,102].

Together with seeds, highly-regenerative fragments of IAPUC can be transported,
embedded in soils, ready to sprout when solicited. Beyond prolific seed production, the
key of success of Asclepias syriaca is in its rhizome, thanks to its below-ground modified
stem, is due to the plants forming a viable “bud bank” in soil and, in case of disturbance
(e.g., soil excavation), fragmentation of the rhizome produces viable units able to generate
new plants (clones), thanks to sprouting from buds [86]. Another interesting case is the
highly invasive Ailanthus altissima. In addition to an amazing production of seeds, this
IAPUC can also be effectively transported with soils thanks to its highly regenerative
dispersal units; fragments of stem or root with adventive buds, even small-sized ones
(<1 cm), can maintain viability, even after environmental stress (e.g., submersion), generat-
ing new clones and boosting the dispersal of the plant [51,52,103].

The movement of contaminated soil can contribute to IAPUC dispersal, both at local
and international scales. It is quite easy to figure out how this pathway works at a local
scale, thinking about the excavation of soil and its re-use or disposal at other sites during
a wide array of agricultural activities. At the international scale, soil trade volume and
characteristics are not easy to trace, even at the EU level. It is relevant to notice that within
the EU there are no particular restrictions or requirements for the inspection of soils moving
from one Member State to another and only a small proportion of soil entering the EU is
inspected at points of entry for the transportation of associated harmful organisms, and
inspection intensity largely varies between EU Member States [104]. Consequently, the
contribution of this pathway can be relevant in introducing and spreading IAPUC from
other countries, inside or outside the EU.
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Beyond soil, some IAPUC can be accidentally transported with other types of habitat
material, even if other vectors seem to be less relevant in the EU. The most frequently
cited vector is hay and, among IAPUC, it especially is noteworthy in the context of
Poaceae (Table 3). For Andropogon virginicus, Pennisetum setaceum, Ehrharta calycina, and
Microstegium vimineum the accidental introduction through import of contaminated hay
has been cited, even if evidence about the real role of this pathways is lacking. For example,
even if transport of hay (and livestock) is observed for A. virginicus in Australia (secondary
spread), on the other hand, its introduction through contaminated hay from USA to Europe
has to be inferred; there is no published evidence of A. virginicus being transported as part
of hay material from the USA, while there is evidence that hay is imported into the EU and
that seed material of A. virginicus can potentially be included [105]. The same can be said
for E. calycina [24]. For M. vimineum, this pathway is simply cited [30] and, for P. setaceum,
hay contamination is only supposed to have a role in the primary introduction to Aus-
tralia [106]. A peculiar case is represented by the fern Lygodium japonicum, of which spores
can be contaminants of pine straw. Clear evidence of contamination has been observed
in the USA where the fern is invasive in pine plantations related to specific pine straw
production; even if pine straw is not imported from the USA to the EU and this has to be
considered a minor pathway [83], this information gives a measure of the high dispersal
potential of the fern.

The contamination of nursery material is another relevant involuntary pathway of
introduction and spread for several IAPUC. Responsible for this contamination are usually
seeds, spores, or fragments of contaminant plants that “accidentally colonize” soils or
water where terrestrial or aquatic nursery plants are grown. This is possible if contaminant
plant propagules occur in the nursery, conditions that today are likely to happen mostly
outside of EU borders, where there are no restrictions on trade and the possession of
IAPUC. For example, both Alternanthera philoxeroides and L. japonicum have been found
to be contaminants in bonsai imported from China [107,108]. Persicaria perfoliata can be a
contaminant of nursery plants through growing media (e.g., Rhododendron L. stock, forestry
trees) [109]. Among aquatic IAPUC, Hydrocotyle ranunculoides has been found to be a
contaminant of cultivated H. vulgaris in Europe, but before entry into force of Regulation
1143/2014 [110]. Due to the scarce detectability of propagules and their large use, aquatic
plants, such as Elodea nuttallii and Lagarosiphon major, are often cited as contaminant of
other aquarium plants, even if direct observations are missing for both species [111,112].
Especially for IAPUC of which identification can be criticized (e.g., macrophytes), the
contamination of nursery plants can be related also to the “accidental” use of mislabeled
species [113], especially for species whose congeners are regularly traded (e.g., Cenchrus L.
or Pennisetum Rich., Ludwigia L., Myriophyllum L.).

A non-negligible number of IAPUC is likely to be accidentally transported with
livestock; species can be attached to fur, with soil to clogs, and they can be found in
dung. As already said, seeds of A. virginicus may have been spread in Australia through
livestock and possibly through hay used for animals [105]. Seeds of E. calycina are likely
to be transported attached to fur, but can also be found in the dung of animals grazing
contaminated hay [114]. Livestock eating its pods could also contribute to the spread of
Prosopis juliflora, even if this has not been observed in the EU [42]. On the other hand,
propagules of Gymnocoronis spilanthoides can be transported attached to animal hooves [115].

3.4. Contaminants: Minor Pathways

IAPUC are not frequently cited as contaminant of seeds or foods (Figure 1, Table 3),
probably because few of them are weeds of crops and are rarely used as plant for food
or in food-making processes. Anyway for several IAPUC these pathways can be key in
their introduction and spread in new ranges. One of these is Parthenium hysterophorus
L., forb devoid of any economic interest (Table 4), and was primarily introduced as con-
taminant outside its native range [116]. Seeds of P. hysteorphorus have been found to be
contaminants of seeds for planting (cereals, vegetables, field crops, pasture seed, seeds for
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animal consumption—“3.8 Seed contaminant”) and seeds for human consumption
(grains—“3.3 Food contaminant”), especially introduced by shipments coming from the
USA [116]. In this case, these pathways are likely to be very effective in the primary in-
troduction of P. hysteorphorus in its invasive range. In fact, in the EU, even if the plant is
not yet naturalized but has been recorded as a casual occurrence, P. hysteorphorus has been
found, especially near entry points of grains and other seeds or mills [116], supporting the
relevance of the introduction of the species as a contaminant of seeds for planting or food
and the risk of its establishment. Among IAPUC not yet naturalized in the EU, this species
is one of the most worrying as it could be introduced and spread following a wide array of
pathways (Table 3) and it would probably find suitable conditions in Europe [117]. Other
IAPUC can be contaminant of birdseed (Alternanthera philoxeroides, Microstegium vimineum) or
seeds for planting (Persicaria perfoliata has been introduced, most likely with the importation
of Ilex sp. seeds to Pennsylvania, USA) [109]. Even if it has to be considered as a pathway
of secondary importance, Heracleum mantegazzianum has been found to be a contaminant of
seeds of other Apiaceae for food use (Carum carvi L., source of cumin) and its seeds have been
transported as spice (golpar), probably due to misidentification [118]. Cortaderia jubata and
Myriophyllum aquaticum use different mechanism of contamination: basing on evidences
regarding C. selloana (Schult. & Schult.f.) Asch. & Graebn., seeds of C. jubata could be
transported as food contaminant due to attachment to the hairy surface of kiwi fruits
(Actinidia deliciosa (A. Chev.) C.F. Liang & A.R. Ferguson) [117,119], while fragments of
M. aquaticum could be accidentally transported as contaminants of stocked fish [120].

Misidentification of plants or their parts can be also the basis for accidental transporta-
tion as food contaminant. As example, viable roots of Pueraria montana, can be wrongly
attributed to other plants with similar roots (e.g., Dioscorea sp., Manihot esculenta Crantz,
Maranta arundinacea L.); furthermore, seeds of the plant can be transported as contaminant
of seeds for planting [88]. Alternanthera philoxeroides can be confused with A. sessilis (L.)
R.Br. ex DC., which is consumed as a vegetable in Asia (Sri Lanka) and can be traded as
food, even if this should be not a highly relevant pathway to the EU [121].

Lygodium japonicum is the only IAPUC that can be transported via the timber trade,
even if this pathway is not considered highly likely (Figure 1; Table 3).

3.5. Not Relevant Categories of Pathways for IAPUC

Two contaminant pathways related to agriculture were found to be irrelevant for the
introduction or spread of IAPUC. These were “3.2 Contaminated bait” and “3.6 Contami-
nant on plants (excluding parasites and species transported by host and vector)”. The first
refers to the unintentional or accidental introduction of contaminant species transported
alongside bait species [59]; this is a peculiar and specific pathway and this result is not
unexpected in that it has no relevance for IAPUC. Contrarily, it is quite surprising that the
other pathway “3.6 Contaminant on plants” has been found to be not relevant for IAPUC.
Its irrelevance can be related to a real lack of evidences or to the interpretation of the path-
way itself. CBD includes in this category cases related to species introduced unintentionally
as contaminants on plants or plant products transported through human related activities,
but plants are those currently off the market, excluded from commercial nursery trade
(e.g., plants being transported for non-commercial reasons or plants originally from the
commercial nursery trade that have left the trade and been purchased by and used/planted
by an end user) [59]. Already, Pergl et al. [13] pointed out that the interpretation of this
pathway could be tricky. In our case, according to available guidelines, we found no match
for this category with IAPUC. However, as it considers “out of market” movements, not
easy to be tracked, the relevance of this pathway should not be completely excluded.

4. Conclusions

The present review has shown the wide variety of pathways of accidental trans-
portation that can lead to the introduction and spread of IAPUC in agricultural contexts.
Knowledge about the role of pathways for all species is lacking and further investigations,
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as well as more updated data, would be needed to better understand the risks related to
these routes. It is clear that IAPUC can follow pathways that are often difficult to under-
stand and intercept. The riskiest consequence of not halting these pathways is that the
agricultural sector itself could be negatively impacted by the entry and spread of invasive
alien plants, with potential relevant economic losses. At the same time, the agriculture
sector can figuratively represent a “hotspot” of invasion, with severe repercussions for other
activities and for biodiversity and ecosystems. The implementation of technologies targeted
at detecting alien plants and the sharing of good practices in agriculture and in other parts
of society linked to farming activities would help in overcoming several problematic issues
related to the accidental transport of IAPUC. For example, the accidental introduction of
IAPUC (and alien species in general) would be more easily prevented by more systematic
inspections of certain commodities (e.g., soil), with attention also on shipments between
the EU Member States. Phytosanitary inspections would beneficiate from the application
of molecular techniques (DNA barcoding, eDNA) in order to identify species not easily
detected or at the starting point of the invasion process [122]. Then, raising awareness about
the importance of applying biosecurity protocols, both in trade and in routine agricultural
practices, would surely help in preventing the dispersal of IAPUC and other unwanted
organisms. At the international level, there are already conventions and agreements aimed
at respecting biosecurity standards (International Plant Protection Convention—IPPC, the
World Trade Organization’s Agreement on the Application of Sanitary and Phytosanitary
Measures—SPS Agreement and the Convention on Biological Diversity itself) [16], but
it is necessary that these good practices flow from the legislative framework to citizens
and economic stakeholders. The wide sharing of simple guidelines (e.g., “Check, Clean
and Dry” project promoted in the UK and similar initiatives in different countries) and
international standards (e.g., International Standards for Phytosanitary Measures produced
by IPPC and EPPO) would be powerful tools in preventing IAPUC and IAS spread.
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