'.) Check for updates

Received: 18 March 2022 | Accepted: 5 September 2022

DOI: 10.1111/1365-2664.14287

RESEARCH ARTICLE

Journal of Applied Ecology E Eg-:lfi%m

Pathways of introduction of alien species in Norway: Analyses
of an exhaustive dataset to prioritise management efforts

Hanno Sandvik!

INorwegian Institute for Nature Research
(NINA), Trondheim, Norway

2Norwegian Institute for Nature Research
(NINA), Oslo, Norway

SNorwegian University of Life Sciences
(NMBU), As, Norway
4Norwegian Institute for Nature Research

(NINA), Bergen, Norway

5Norwegian Biodiversity Information
Centre, Trondheim, Norway

Correspondence
Hanno Sandvik
Email: hanno.sandvik@nina.no

Funding information
Miljgdirektoratet, Grant/Award Number:
19087428

Handling Editor: Joseph Bennett

| Siri L. Olsen®3

| Joachim P. Tépper*® | Olga Hilmo®

Abstract

1.

Alien species constitute one of the major threats to global biodiversity. Stopping
alien species at an early stage, preferably before establishment, is crucial for the
effectiveness of management actions. To enable early detection and prevent
future introductions, knowledge of pathways of introduction and their absolute

and relative importance is crucial.

. Based on an exhaustive impact assessment of alien species in Norway (all mul-

ticellular neobiota), the relations of taxonomy, lifestyle and ecological impact of
alien species to their pathways of introduction are investigated. This taxonomi-
cally and ecologically unbiased dataset contains 2267 unique pathways of 1180

alien species.

. Ecological and taxonomic patterns indicate that terrestrial organisms were pre-

dominantly introduced by means of escape (mainly perennial plants escaped
from gardens), parasites as contaminants (mainly fungi and insects parasitising
plants), freshwater organisms by release (mainly vertebrates) and marine organ-
isms as stowaways (mainly invertebrates and algae). Unaided introductions were
most common among insects and marine organisms.

Alien species with high ecological impact were mainly introduced along the
same pathways as other alien species. In relative terms, high-impact species
were overrepresented among released species, even though this pathway was
subordinate in absolute terms. The number of pathways and the overall intro-
duction pressure were important predictors of ecological impact, especially of
the species' invasion potential, and area of occupancy.

Introduction rates of novel alien species have seen recent increases in all taxa
and along almost all pathways. This acceleration was especially pronounced for
insects and fungi introduced as contaminants and for marine organisms intro-
duced as stowaways. In absolute terms, introduction rates were highest for plant

escapes, reaching more than five novel species per year.

. Synthesis and applications. Introductions of new alien species cannot be pre-

vented by closing one or two introduction pathways, since none can be singled

out as the main pathway of high-impact alien species. Yet each pathways closed
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1 | INTRODUCTION

Alien species constitute one of the five major threats to global biodi-
versity (IPBES, 2019). In recent decades, efforts against alien species
have shifted from a focus on documenting the distribution and eco-
logical effects of alien species (Powell et al., 2011; Vila et al., 2010) to
prevention of introductions (e.g. Hulme, 2015; Perrings et al., 2005)
as well as early detection and rapid response (Genovesi, 2005;
Simberloff, 2003). Stopping alien species at an early stage, preferably
before establishment, is crucial for the effectiveness of management
actions (Pluess et al., 2012) and more cost-effective than imple-
menting actions once the species have become a problem (Bogich
et al., 2008; Genovesi, 2005; Leung et al., 2002; Scalera, 2010). To
enable early detection or preferably prevent future introductions,
knowledge of pathways of introduction of alien species is crucial
(Hulme et al., 2008; Perrings et al., 2005; Pysek et al., 2011).
Pathways of introduction are ‘the processes that result in the
introduction of alien species from one location to another’ (Hulme
et al., 2008). These processes have been classified into six main cat-
egories of introduction pathways: intentional release, escape from
confinement, contaminants of commodities, stowaways on trans-
port vectors, spread through human-made corridors and unaided
dispersal via natural means from alien populations elsewhere (Hulme
et al., 2008). Previous studies have shown that taxonomic groups
vary with respect to the processes that lead to their introduction as
alien species (Essl et al., 2015; Hulme et al., 2008; Saul et al., 2017),
that the risk of adverse ecological effects of alien species varies be-
tween pathways of introduction (Essl et al., 2015; Pergl et al., 2017)
and that changes in human habits and practices, like fluctuations
in the economy or changes in the transport sector, may alter the
relative and absolute importance of the different pathways (Pysek
etal., 2011; Seebens et al., 2017, 2018; Zieritz et al., 2017).
Knowing which pathways of introduction lead to the dispersal of
high-risk alien species is therefore important for distributing manage-
ment resources effectively between different pathways (McGeoch
et al., 2016). However, detailed and exhaustive datasets about path-
ways are rare, because most datasets are biased towards certain
taxonomic groups or certain biomes, or do not contain all relevant
information for all species (Pergl et al., 2017, 2020). As a remedy
for missing data, assessments often have used proxies such as trade
routes, import statistics and population density (Essl et al., 2015),
which implies a weaker causality in the evaluation of pathways and
may hamper the effectiveness of derived management actions and
resource distributions. Other studies have had to rely on mining data

makes a difference, as this reduces the overall introduction pressure. The high-
est priorities for management are the pathways that are easiest to address, such

as release, and those with the highest volumes, such as plant trade.

ecological impact, escape, introduction pathway, invasive species, spread, stowaway

from a range of databases (Faulkner et al., 2016; Pysek et al., 2011;
Zieritz et al., 2017). However, national standardised meta-databases
would enable more reliable quantitative assessments of the risk of
alien species associated with the different pathways and provide a
sounder, and more direct, basis for management actions.

Norway has conducted a complete impact assessment of alien
species, which covers all multicellular neobiota (Sandvik et al., 2020a).
As a part of the assessment, the known and assumed pathways have
been listed for every species, resulting in an extensive dataset with
unique opportunities for analysing the correlation between pathways
of introduction and a number of traits associated with different groups
of alien species. In order to better inform management actions against
novel introductions of alien species, we have analysed this dataset fo-
cusing on the following research questions:

o What are the most important pathways of introduction for alien
species to Norway?

e Do pathwaysdifferaccording to the taxonomy, ecology, geograph-
ical origin and environmental impact of the species introduced?

e Have introductions of novel species along different pathways
been accelerating or decelerating over recent decades?

Norwegian management authorities aim at reducing novel in-
troductions (KLD et al., 2020). Answering the above questions is
important for prioritising management efforts towards the most
relevant pathways, both for evaluating the success of existing mea-
sures and for designing new ones.

2 | MATERIALS AND METHODS

2.1 | Datasources

The data analysed in this paper were collected in connection with
the impact assessments of alien species in Norway, which were
carried out by the Norwegian Biodiversity Information Centre
(Artsdatabanken, 2018; Sandvik et al., 2020a, 2020b; Sandvik,
Dolmen, et al., 2019). Our study data contained all 1183 multicellu-
lar species that are alien to mainland Norway (for further details, see
Appendix S1, p. 6). Impact assessments of alien species in Norway fol-
low the GEIAA protocol (Sandvik, Hilmo, et al., 2019; summarised in
Appendix S1). In connection with GEIAA assessments, a number of
variables are recorded for each species (Table 1). Pathways are among
the information collected, and several details are recorded for each
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TABLE 1 Information collected about each species during
impact assessments of alien species in Norway and utilised in this
paper

Information provided, i.e. possible

Category of information answers [or units]

Taxonomy Scientific names of species, genus,
family, order, class, phylum and

kingdom

No known (NK), low (LO), potentially
high (PH), high (HI), severe (SE)

Impact category

Ecological effect Integer score between 1 and 4

Invasion potential Integer score between 1 and 4
Area of occupancy [km?]
See Table 2

Integer between 1750 and 2017

Pathways
Year of first observation

Environment Freshwater, marine, terrestrial,

parasitic

Ecosystems Ecological systems according to
Nature in Norway (Halvorsen

et al., 2020)

Continents and climate zones or
oceans

Area of origin

Generation time [years]

species-pathway, that is, for each unique combination of species
and pathway (Table 2). Most of the latter details are based on expert
judgement rather than actual empirical estimates. All data analysed are
freely available (Artsdatabanken, 2018; Sandvik et al., 2020b, 2022).

2.2 | Definitions of pathways

The categorisation of pathways used in Norwegian impact assess-
ments followed Hulme et al. (2008) and CBD (2014). The subcat-
egories were operationalised in a way that was compatible with Saul
et al.'s (2017) interpretation, but had some minor inconsistencies
with Harrower et al. (2020). Details are provided in Appendix S2.

2.3 | Analyses

Pearson's ;(2 tests were used to test whether the proportions of alien
species, grouped according to several criteria, differed across pathways
of introduction. Species were grouped according to (i) frequency of in-
troductions, (ii) taxonomy (land plants [Embryophyta, i.e. Bryophyta+
Marchantiophyta + Tracheophyta], insects [Hexapoda], ‘fungi’ [Ascomy
cota+ Basidiomycota+ Oomycota], vertebrates [Vertebrata] and ‘other
animals’ [remaining Metazoa]; ‘algae’ [Chlorophyta+ Ochrophyta+Rho
dophyta] had too few species and were omitted from contingency ta-
bles), (iii) lifecycle (only plants: annual, biennial, perennial), (iv) lifestyle
(freshwater, marine, terrestrial, parasitic), (v) ecosystem (only terrestrial
species: open lowlands, semi-natural systems, wetlands, woodlands; the
few purely alpine species were omitted from contingency tables), (vi)

TABLE 2 Information collected about each species-pathway (i.e.
for each unique combination of species and pathway)

Information provided, i.e. possible answers

Variable [and units]

Introduction (to Norwegian nature),
secondary spread (within Norwegian

Kind of spread

nature)

Category Release, escape, contamination, stowaway,
corridor, unaided

Subcategory See Table 3

Frequency <1, 1-8, 9-19, >19, unknown [incidents per
decade]

Abundance 1, 2-10, 11-100, 101-1000, >1000, unknown
[individuals per incident]

Timing Historical (ceased and will not happen again),

discontinued (but may happen again),
current, in the future, unknown

continent of origin (Asia, Europe, North America, Southern Hemisphere)
and (vii) ecological impacts (high + severe impact vs. the remaining three
categories). Because species can occur in several habitats and originate
in more than one continent, they were assigned to the most special-
ised and/or least frequent lifestyle (parasitic > marine > freshwater > ter-
restrial) and the closest and/or climatically most similar continent
(Europe > Asia> North America> Southern Hemisphere).

The associations between the number of pathways or the intro-
duction pressure and measures of ecological risk (scores for eco-
logical effect, invasion potential and overall ecological impact; see
Appendix S1) were assessed using Kendall's rank correlation tests.
‘Introduction pressure’ for a given species was defined as the cu-
mulative number of introduction events per year across all relevant
pathways (log-transformed). Ideally, the abundance of individuals
introduced per event should be included in introduction pressure as
well (so as to yield propagule pressure sensu Lockwood et al., 2005),
but this measure was unavailable for most species.

The associations between the number of pathways or the intro-
duction pressure and (log-transformed) areas of occupancy were
assessed using linear models. Differences in area of occupancy
between species introduced along different pathways were tested
using t-tests. Area of occupancy is the specific area that is inhabited
by a species, excluding cases of vagrancy (IUCN, 2012, p. 12); see
Appendix S1 (Box S1 and p. 5) for further details.

Temporal trends in the prominence of pathways were esti-
mated based on the cumulative number of alien species observed
in Norway up to a given year. For each species, only the year of the
first reported observation was considered. Negative binomial re-
gression models were used to test whether introduction frequencies
had been accelerating or decelerating during the most recent 25-
year interval. For each combination of pathway and taxon, a model
was fitted to annual count data (the number of novel introductions
per year), omitting years before the first record and after the last
record. As explanatory variable, we used a categorical covariate that
differed between two time periods (1800-1992 vs. 1993-2017). If
the null model (intercept only) was rejected, this indicated that rates
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of novel introductions along a pathway in the most recent 25-year
interval differed from the preceding years. Negative binomial re-
gression was chosen because the count data were overdispersed.
All analyses were carried out in the R environment (R Core
Team, 2020). To take multiple testing and the exploratory nature of
our analyses into account, we applied a statistical significance level
of a = 0.001, corresponding to Bonferroni correction for 50 tests
(this paper contains a total of 43 statistical tests). We regarded as
biologically significant rank correlations of 7> 0.3, coefficients of de-

termination of R?> 0.1 and standardised ;(2 residuals of >+5 or <-5.

3 | RESULTS

Information on introduction pathways was available for 1156 (98%) of
the 1183 alien species that have been risk assessed. For these species,
a total of 2286 introduction pathways were described, correspond-
ing to an average of 2.0 pathways per species. Regarding secondary
spread within the country, such pathways were available for 561 spe-
cies (47%), and a total of 768 pathways were described, corresponding
to an average of 1.4 per species. The lower numbers are mainly due to
the fact that not all alien species in Norway are able, or have started,
to spread, although underreporting cannot be ruled out. The dominant
timing of introductions was ‘current’ (78%). The remaining timings
were historical (i.e. ceased and will not happen again, 9%), discontin-
ued (but may happen again, 5%), future (1%) and ‘unknown’ (8%).

The number of species introduced along the different pathway sub-
categories varied between 1 (e.g. release for biological control) and 560
(escape from gardens; Table 3). All pathway categories and subcategories
have been reported for at least one species (Table 3), with the single ex-
ception of the ‘tunnels and land bridges’ subcategory in the ‘corridor’ cat-
egory. The second ‘corridor’ subcategory (‘interconnected waterways')
was only reported for three species, and only for secondary spread.

The remaining analyses focus on actual introductions to Norway.
This means that secondary spread, including corridors, and likely
future introductions were excluded from analyses, leaving 2267
unique pathways of introduction.

The frequency of introduction events was scored as unknown in 16%
of the cases. The answer ‘unknown’ was chosen more often for unaided
dispersers (60%), stowaways (30%) and contaminants (24%) than for
other pathways. After the exclusion of these ‘unknowns/, the frequency of
introduction events differed between pathways (y2, = 136, p = 10™%).
The annual frequency of introduction events (mean+standard error)
decreased in the order unaided (6.7 +0.8) > escape (2.5+0.1)> contam-
inants (2.0+0.2)>release (1.5+0.4) >stowaway (1.3+0.2). The abun-
dance of individuals per introduction event was scored as unknown in

97% of the cases. It was therefore not analysed further.

3.1 | Taxonomy, ecology and origin

Pathways differed
(x2, =636, p = 107'%; Table 4). Land plants were predominantly

significantly between taxonomic groups

introduced by means of escape (mainly from horticulture, i.e. gar-
dens, Table 3), fungi and insects as contaminants (mainly in plant
trade), insects also unaidedly, vertebrates by release and other
animals as stowaways (Figure 1a). Algae were omitted from Table 4
because of low sample size (10 species, all of which have been intro-
duced as stowaways, and 5 of which also unaidedly).

Land plants constituted the majority of alien species in Norway
(76%) and could be analysed in greater detail, revealing that differ-
ent lifecycles were associated with different pathways (;(g =313,
p= 1072 Table 4). Annual, and to a somewhat lesser degree biennial,
plants were predominantly introduced as contaminants (78%, mainly
of seeds and habitat material, Table 3) and stowaways (55%, mainly
with ballast sand), whereas escape was the predominant pathway of
introduction for perennial plants (83%; Table 4).

The ecology of alien species also influenced their most prominent
pathways (;(fz =365 p = 1077°; Table 4). Whereas terrestrial organ-
isms were mainly introduced by means of escape, freshwater organ-
isms were predominantly released, marine organisms were introduced
unaidedly or as stowaways and parasites as contaminants (Figure 2a).

A finer grained analysis of terrestrial species revealed further
differences (;{%2 =151, p = 107%%). Whereas escape was the main
pathway for most ecosystems, in cultivated land and urban areas, a
larger proportion than expected by chance was introduced as stow-
aways (Figure 2a). This mainly applied to alien plants (95%).

Differences in pathways between areas of origin were somewhat
less pronounced (;(f2 =98.9,p = 107'%; Table 4). The only biologically
significant finding was that Asian species were introduced by escape

more often than expected by chance.

3.2 | Ecological impact

Alien species that were assessed to have a high (HI) or severe (SE)
ecological impact were mainly introduced by means of escape (64%),
followed by contaminants (27%) and stowaways (24%; Table 4). This
was due to the total volume of species introduced along these path-
ways (Figure 3a). In relative terms, HI+SE species were strongly
overrepresented among species that had been intentionally released,
even though this pathway only accounted for 18% of the introduc-
tions (Table 4). In addition, HI+SE species were somewhat under-
represented among species introduced as contaminants. Accordingly,
they differed in their pathways from the remaining impact categories
(){i =370,p= 1077; Table 4). In terms of taxonomy, ecology and ori-
gin, pathways along which many HI + SE species were introduced were
mostly identical to the pathways along which many alien species were
introduced in total (Figures 1b and 2b, Appendix S3).

Measures of ecological risk were positively associated with measures
of the importance of pathways (Table 5). Correlations with the number
of pathways were below our threshold for biological significance, but
the introduction pressure of alien species was strongly correlated with
their ecological impact category. When splitting ecological impact into
its two components, introduction pressure was strongly correlated with
invasion potential, but less so with ecological effect (Table 5).
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TABLE 3 Prevalence of categories and subcategories of pathways of alien species in Norway. The table includes both introductions
to and secondary spread within Norwegian nature. For introductions, numbers of species are provided both as a total (irrespective of
ecological impact) and for species with high (HI) or severe (SE) ecological impact.

Category

(1) Release in nature

(2) Escape from confinement

(3) Contaminant

(4) Stowaway

(5) Corridor

(6) Unaided

Subcategory

Other (or unknown) intentional release
Landscape/flora/fauna ‘improvement’ in the wild
Fishery in the wild (including game fishing)
Hunting

Erosion control/dune stabilisation

Release in nature for (other/commercial) use
Biological control

Introduction for conservation/wildlife management
Horticulture

Other (or unknown) escape from confinement
Ornamental purpose other than horticulture
Botanical gardens/zoos/aquaria

Forestry (including afforestation or reforestation)
Agriculture

Live food and live bait

Aquaculture/mariculture

Farmed animals

Pet/aquarium/terrarium species (including live
food)

Research and ex situ breeding (in facilities)
Fur farms

Seed contaminant

Transportation of habitat material (soil, ...)
Contaminant on plants (except parasites)
Parasites on plants

Timber trade

Contaminant nursery material

Other (or unknown) contaminants
Contaminated bait

Parasites on animals

Food contaminant (including of live food)
Contaminant on animals (except parasites)
Ship/boat ballast water or ballast sand/soil
Vehicles (car, train, ...)

Other means of transport

Container/bulk

Ship/boat hull fouling

Angling/fishing equipment

People and their luggage/equipment
Organic packing material

Hitchhikers on ship/boat
Machinery/equipment

Hitchhikers in or on airplane
Interconnected waterways/basins/seas
Tunnels and land bridges

Natural dispersal across borders

Introd.

Total HI+SE
55 14
17 11

8 5
5 3
4 4
3 0
1 1
1 0

560 91

299 51

253 63
31 6
27 7
26 9

5 2
4 4
3 1
2 0
2 0
1 1

172 18

114 16
68 7
65 5
62 3
31 4
21 1
21 3
13 6

7 0
3 1

155 26
64 18
19 3
18 4
17 6
11 6

9 1
5 1
5 g
1 0
1 1
0 0
0 0
88 18

Sec. spread

o

O O O O O O O O OO O oo o o N o

110
11
23
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w

15
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TABLE 4 Prevalence of pathways of introduction for different sets of alien species to Norway. Bold (italic) percentages indicate that
the standardised ;(2 residuals within a section of the table are >+5 (<-5 respectively). Only past and present pathways of introduction
(no secondary spread) are included. Percentages within a row sum to more than 100% because species can be introduced along several

pathways. Decimals are provided only if N> 150.

Set of species N Release
Taxonomy
Land plants 892 7.3%
Insects 95 0%
Fungi 71 0%
Vertebrates 24 75%
Other animals 61 10%
Lifecycle (plants)
Annual 102 1%
Biennial 49 8%
Perennial 741 8.1%
Lifestyle
Terrestrial organisms 1048 6.8%
Parasites 45 0%
Marine organisms 35 6%
Freshwater organisms 25 64%
Ecosystem (terr.)
Open lowlands 852 7.0%
Semi-natural systems 623 4.7%
Woodlands 452 8.8%
Wetlands 74 18%
Origin
Europe 697 6.5%
Asia 209 9.1%
North America 195 12.3%
Southern hemisphere 20 0%
Impact category
‘Low’ (NK-PH) 974 5.7%
‘High’ (HI +SE) 179 18.4%
All species 1153 7.7%

Finally, the number of pathways and introduction pressure ex-
plained 15% and 34% of the variation in the total areas of occupancy
of alien species respectively (Table 5, Figure 3b). Species that were
introduced unaidedly had an area of occupancy (median 670km?, in-
terquartile range 81-3100 km?) that was roughly five times larger than
the remaining species' (t = 5.01, p = 0.000003). Species introduced by
means of release (120, 16-1900), escape (160, 36-850), as contam-
inants (120, 24-800) or as stowaways (240, 32-1900) did not differ
in their area of occupancy (all estimates in km?; all |t| <4, p> 0.002).

3.3 | History

The frequency of introductions of novel alien species changed
over time, with magnitudes and patterns of these changes

Escape Contaminant Stowaway Unaided
72.8% 29.0% 18.6% 2.0%
1% 91% 18% 32%
0% 89% 4% 20%

54% 0% 0% 29%
5% 39% 54% 20%
18% 85% 57% 3%
27% 78% 55% 4%
83.4% 18.1% 10.9% 1.8%
62.6% 36.5% 18.6% 6.2%
0% 98% 7% 7%
9% 6% 74% 51%
28% 12% 20% 0%
64.3% 36.4% 19.6% 5.8%
66.8% 37.9% 26.6% 2.1%
79.9% 19.0% 6.0% 7.5%
77% 19% 14% 11%
54.2% 44.5% 22.8% 4.4%
75.6% 21.1% 8.1% 11.0%
62.6% 33.3% 11.3% 51%
30% 55% 30% 25%
56.6% 39.4% 19.1% 7.1%
64.2% 26.8% 24.0% 9.5%
57.8% 37.5% 19.9% 7.5%

differing between pathways and taxa (Figure 4; Table S3-2). For
insects (Figure 4b) and fungi (Figure 4c), introductions as con-
taminants have strongly accelerated (c. fivefold) in the most re-
cent 25years, averaging more than one new species per year. For
marine species, an equally strong recent acceleration was evident
for introductions as stowaways (Figure 4d). For plants (Figure 4a),
patterns were mixed: escapes and releases accelerated in the most
recent 25years, escapes accounting for more than five new intro-
ductions per year (all z> 3, p<0.0005; Table $3-2). Plant introduc-
tions as contaminants and stowaways levelled off early in the 20th
century (Figure 4), albeit with a recent, non-significant increase
for contaminants (z = 2.06, p = 0.039). The early levelling off was
due to the (near-)cessation of two historically important pathways
for plants, namely ballast soil/sand (68% of 189 alien plants intro-
duced as stowaway prior to 1930) and seed contamination (52%
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FIGURE 1 Pathways of introduction of alien species to Norway according to taxonomy. (a) All alien species (N = 1145 species and 1489
species-pathways). (b) Only alien species with high or severe ecological impact (N = 179 species and 254 species-pathways). Pathways are
(from left to right) release, escape, contaminant, stowaway, unaided. Taxonomic groups are (from left to right) land plants, ‘fungi’, ‘algae’,
‘other animals’, vertebrates, insects. A species can have more than one pathway, which is why pathways may overlap; the graph is somewhat
simplified in that the overlap area may not be correct for a specific pair of pathways (whereas the total overlap area is)
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FIGURE 2 Pathways of introduction of alien species to Norway according to ecosystem. (a) All alien species (N = 1125 species and 1468
species-pathways). (b) Only alien species with high or severe ecological impact (N = 179 species and 254 species-pathways). Ecosystems
are (from left to right) woodlands, open lowlands, semi-natural systems, parasites, wetlands, freshwater, marine. See Figure 1 for further

explanations.

of 287 alien plants introduced as contaminants prior to 1930). For
the remaining taxa and pathways, data were too sparse to indicate
recent shifts, although most tendencies were compatible with re-
cent increases.

The proportion of introductions of species that originated
in Asia has been steadily increasing over the past 200years
(Figure 5a). This increase was mainly due to releases and es-
capes (Figure 5b,c). Species from the Southern Hemisphere have
been increasing, too, but constituted a minor fraction of all in-
troductions (Figure 5f). For contaminants and stowaways, conti-
nents of origin have been remarkably stable for the past century
(Figure 5d,e).

4 | DISCUSSION

The prevention of new establishments of alien species is highly
prioritised both internationally, for example, by the European
Union (EU, 2014), and nationally by Norwegian authorities (KLD
et al., 2020). In order to reach this goal, authorities need accurate
and updated information on which pathways to prioritise. This paper
provides a scientific basis for management actions against introduc-
tion of alien species. In our study, we analysed a dataset containing
2267 unique pathways of introduction of alien species to Norway.
By covering all 1183 known alien species (multicellular neobiota) in
Norway, all of which have been risk assessed (Sandvik et al., 2020a),
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units using random noise.

TABLE 5 Associations between pathways of alien species and
different measures of their ecological risk. Introduction pressure

is the sum of introduction events across all pathways of a species
(see Section 2.3). Scores for ecological impact can be disaggregated
into ecological (per-locality) effect and invasion potential (see
Appendix S1). Introduction pressure and area of occupancy were
log-transformed. Tests are Kendall's rank correlation test or linear
models. N = 1153 alien species, all p< 1078. Bold statistics are
regarded as biologically significant (see Section 2.3)

Introduction
pressure

Number of

pathways
Ecological impact 71=0.243,z=9.69
7=0.156,z=6.00
7=0.261,z=10.60

R=0.384,F =199

t=0.388,z=16.77
7=0.246,z=10.29
t=0.421,z=18.49
R =0.584,F = 595

Ecological effect
Invasion potential

Area of occupancy

this dataset constitutes a taxonomically and ecologically unbiased
source of information.

The most frequent pathways of introduction were escape,
contaminants and stowaways, which reflects the main alien spe-
cies pathways in Europe (Hulme et al., 2008). Also the taxonomic
patterns were in line with several earlier studies (Essl et al., 2015;
McGrannachan et al., 2021; Pergl et al., 2017, 2020; Saul et al., 2017),
in that plants were predominantly introduced by means of escape
(mainly perennial garden plants, less so annual weeds), fungi and in-
sects as contaminants (mainly of plants), remaining invertebrates as
stowaways and vertebrates by release.

The importance of pathways varied between alien species de-
pending on their impact. Alien species with high ecological impact
(impact categories ‘high’ and ‘severe’) were strongly overrepre-
sented in the ‘release’ category (Table 4). The main reason for this

pattern is that intentional introductions focus on species that are
expected to be able to survive and reproduce in the new envi-
ronment (Blackburn et al.,, 2009). The set of released species is
therefore biased towards species that in fact will be able to es-
tablish (and potentially expand). However, this pathway accounted
for only 18% of the introductions of high-impact species. The dis-
tribution across the remaining pathways was rather similar to the
other alien species. In absolute terms, most high-impact species
were thus introduced as escapees, contaminants and stowaways.
These findings suggest that several pathways, not just release,
must be addressed in order to prevent introductions of species
with high ecological impact.

The overall introduction pressure, that is, the cumulative fre-
quency of introduction events across pathways for a species, was
an important predictor of ecological impact (Foxcroft et al., 2019;
Pergl et al., 2017; Saul et al., 2017). Following Parker et al. (1999),
the impact categories of GEIAA assessments are composed of a
spatial component (invasion potential) and a per-site ecological
effect component (Sandvik, Hilmo, et al., 2019; see Appendix S1).
Introduction pressure was strongly related to invasion potential, but
only weakly so to ecological effect. In particular, the strong correla-
tion found between a species' introduction pressure and its area of
occupancy indicates that the likelihood of a species to become in-
vasive increased with the number of introductions. This may either
be caused by an increase in the probability of establishment when
a species gets more chances (Blackburn et al., 2009; Lockwood
et al., 2009), because it can obtain a higher density or larger range
(Pergl et al., 2017), or because of a greater genetic diversity (Smith
et al., 2020). Our results thus imply that preventing new introduc-
tions is important also for already established alien species, in order
to limit their ecological impact.
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FIGURE 4 Temporal trends for the
cumulative number of alien species
observed in Norway according to their
pathways of introduction and taxonomy/
ecology. Only novel introductions are
included, meaning that each alien species
is counted only once, viz. in the year it

is first reported. Note that y-axes differ.
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It is also significant that species introduced unaidedly attained a
median area of occupancy that was five times greater than for alien
species not introduced unaidedly. The most likely explanation is that
species capable of reaching Norway unaidedly are well equipped to
spread effectively across the country, or along its coast, afterwards.
For such species, early detection and rapid-response management
regimes are especially important.

The significance of different pathways may change temporally
(Essl etal., 2015; Faulkner et al., 2016; Wilson et al., 2009). Detecting
such changes is crucial for understanding the human processes un-
derlying alien species introductions, and for designing management
schemes to contain them. In Norway, almost all pathways with
sufficient data exhibited recent increases in introduction rates of
novel alien species. This acceleration was especially pronounced
for insects and fungi introduced as contaminants and for marine
organisms introduced as stowaways (Figure 4; cf. McGrannachan
et al., 2021). In absolute terms, introduction rates were highest for
plants, reaching more than five novel species per year for escape, and
almost two species per year for contaminants. As introduction rates
were based on records of novel alien species, these figures clearly
underestimate the overall magnitude of introduction pressure, since

0 v/v)/}/v
T T T T

1900 1950 2000

Year

the volume of introductions may increase also in alien species that
have already been reported. However, in the absence of saturating
introduction curves, one can assume that the introduction of novel
species is indicative of the total import volume (Seebens et al., 2017,
2018). The introduction trends along most pathways show that
ongoing measures to prevent introductions, such as ballast water
management (IMO, 2004) or bans on the import of certain species
(KLD, 2015), although important, have been insufficient to deceler-
ate introductions.

5 | CONCLUSIONS AND MANAGEMENT
IMPLICATIONS

Our national study clearly illustrates the power of combining tax-
onomically and ecologically unbiased data on all alien species and
their known pathways of introduction with ecological impact assess-
ments. Our results point to two important aspects for guiding na-
tional and international management strategies against the further
spread of alien species and their impact on autochthonous nature:
ecological impact and total numbers.
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Release is a pathway of subordinate importance in terms of total
numbers, but it has introduced many high-impact species and is
comparatively easy to address: When species are introduced inten-
tionally, one can, in principle, also stop doing so. Plant trade is the
most important pathway in absolute terms, both through escape of
imported plants and through parasites or contaminants of plants or
of habitat material (see Table 3). These pathways can be addressed
by better regulations of plant import as well as awareness-raising
campaigns directed at garden owners (KLD et al., 2020). Other im-
portant pathways in terms of volume are seed contamination, timber
trade, forestry, agriculture, ballast water, containers/bulk and hull
fouling. These pathway subcategories should thus be obvious tar-
gets of management efforts. Aquaculture may be added to this list,
not because many species have escaped into Norwegian nature (4),
but because all of them have a high ecological impact.

Although we analysed what is probably the first nationally ex-
haustive dataset on introduction pathways of alien species, there
are still knowledge gaps. For instance, the frequency of introduc-
tions and the abundance of individuals introduced per event were
unknown for many species. Moreover, expert judgements are still
a major source of information regarding alien species introductions.

Filling these knowledge gaps would further improve the scientific
basis for the management of alien species.

Together, our findings allow a pessimistic and an optimistic con-
clusion. The pessimistic one is that it does not suffice to close one
or two introduction pathways, if the goal is to avoid the introduction
of potentially harmful alien species. All of them must be addressed,
since none can be singled out as the main pathway of invasives. The
cumulative introduction pressure seems to be an important determi-
nant of ecological impact, and one which can be reduced one path-
way at a time. Thus, the optimistic conclusion is that each pathways
closed does make a difference. The pathway subcategories with the
greatest volume of introductions, as well as those with particularly
large proportions of high impact species, suggest themselves as the

highest priorities.

AUTHOR CONTRIBUTIONS

Hanno Sandvik, Siri L. Olsen and Joachim P. Topper conceived
and designed the study; Olga Hilmo and Hanno Sandvik prepared
the dataset; Hanno Sandvik analysed the data; Hanno Sandvik,
Siri L. Olsen and Joachim P. Topper wrote the manuscript; all authors
approved the final version.



SANDVIK ET AL.

Journal of Applied Ecology 11

ACKNOWLEDGEMENTS

This study was financed by the Norwegian Environment Agency
(contract number 19087428). We are grateful to Ditte K.
Hendrichsen's contributions to the conception and design of the
study.

CONFLICT OF INTEREST

The authors state that they have no competing interests.

DATA AVAILABILITY STATEMENT

The data analysed are available from the Dryad Digital Repository at
https://doi.org/10.5061/dryad.8sf7mOcjc (Sandvik et al., 2020b) and
at https://doi.org/10.5061/dryad.4b8gthtg7 (Sandvik et al., 2022).

ORCID
Hanno Sandvik "= https://orcid.org/0000-0002-5889-1606
Siri L. Olsen "= https://orcid.org/0000-0002-4443-8261

Joachim P. Tépper "= https://orcid.org/0000-0002-6996-7223

REFERENCES

Artsdatabanken (2018). Fremmedartslista 2018 [The Alien Species List
2018]. https://www.artsdatabanken.no/fremmedartslista2018
Blackburn, T. M., Lockwood, J. L., & Cassey, P. (2009). Avian invasions: The

ecology and evolution of exotic birds. Oxford University Press.

Bogich, T. L., Liebhold, A. M., & Shea, K. (2008). To sample or eradicate?
A cost minimization model for monitoring and managing an inva-
sive species. Journal of Applied Ecology, 45, 1134-1142. https://doi.
org/10.1111/j.1365-2664.2008.01494.x

CBD [Convention on Biological Diversity]. (2014). Pathways of introduc-
tion of invasive species, their prioritization and management. CBD.
https://www.cbd.int/doc/meetings/sbstta/sbstta-18/official/sbstt
a-18-09-add1-en.pdf

Essl, F., Bacher, S., Blackburn, T. M., Booy, O., Brundu, G., Brunel, S.,
Cardoso, A.-C., Eschen, R., Gallardo, B., Galil, B., Garcia-Berthou, E.,
Genovesi, P.,, Groom, Q., Harrower, C., Hulme, P. E., Katsanevakis, S.,
Kenis, M., Kiihn, ., Kumschick, S., ... Jeschke, J. M. (2015). Crossing
frontiers in tackling pathways of biological invasions. BioScience
(Washington, D.C.), 65, 769-782. https://doi.org/10.1093/biosci/
biv082

EU [European Union]. (2014). 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. Official Journal of the European Union.
Legislation, 57(317), 35-55.

Faulkner, K. T., Robertson, M. P., Rouget, M., & Wilson, J. R. U. (2016).
Understanding and managing the introduction pathways of alien
taxa: South Africa as a case study. Biological Invasions, 18, 73-87.
https://doi.org/10.1007/s10530-015-0990-4

Foxcroft, L. C., Spear, D., van Wilgen, N. J., & McGeoch, M. A. (2019).
Assessing the association between pathways of alien plant invaders
and their impact in protected areas. NeoBiota, 43, 1-25. https://doi.
org/10.3897/neobiota.43.29644

Genovesi, P. (2005). Eradications of invasive alien species in Europe: A
review. Biological Invasions, 7, 127-133. https://doi.org/10.1007/
s10530-004-9642-9

Halvorsen, R., Skarpaas, O., Bryn, A., Bratli, H., Erikstad, L., Simensen, T.,
& Lieungh, E. (2020). Towards a systematics of ecodiversity: The
EcoSyst framework. Global Ecology and Biogeography, 29, 1887-
1906. https://doi.org/10.1111/geb.13164

Harrower, C. A., Scalera, R., Pagad, S., Schénrogge, K., & Roy, H. E.
(2020). Guidance for interpretation of the CBD categories of pathways
for the introduction of invasive alien species. Publications Office of
the European Union.

Hulme, P. E. (2015). Invasion pathways at a crossroad: Policy and
research challenges for managing alien species introduc-
tions. Journal of Applied Ecology, 52, 1418-1424. https://doi.
org/10.1111/1365-2664.12470

Hulme, P. E., Bacher, S., Kenis, M., Klotz, S., Kihn, I., Minchin, D.,
Nenwig, W., Olenin, S., Panov, V., Pergl, J., Pysek, P., Roques,
A., Sol, D., Solarz, W., & Vila, M. (2008). Grasping at the routes
of biological invasions: A framework for integrating pathways
into policy. Journal of Applied Ecology, 45, 403-414. https://doi.
org/10.1111/j.1365-2664.2007.01442.x

IMO [International Maritime Organization]. (2004 [2007]). International
convention for the control and management of ships' ballast water
and sediments. United Nations Juridical Yearbook, 42, 255-280.
https://doi.org/10.18356/30277d17-en

IPBES [Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services]. (2019). The global assessment report on biodi-
versity and ecosystem services. IPBES Secretariat.

IUCN [International Union for Conservation of Nature]. (2012). [IUCN Red
List categories and criteria (version 3.1) (2nd ed.). IUCN.

KLD [The Royal Norwegian Ministry of Climate and Environment]. (2015).
Forskrift om fremmede organismer [Regulations 2015-06-19-716
relating to alien organisms]. Norsk lovtidend. Avdeling |, lover og sen-
trale forskrifter mv., 2015, 1132-1164.

KLD [The Royal Norwegian Ministry of Climate and Environment], LMD [...
of Agriculture and Food], NFD [... of Trade, Industry and Fisheries],
JD [... of Justice and Public Security], SD [... of Transport and
Communications], FIN [... of Finance], KMD [... of Local Government
and Modernisation], OED [... of Petroleum and Energy], & FD [...
of Defence]. (2020). Bekjempelse av fremmede skadelige organismer.
Tiltaksplan 2020-2025 [Management of alien invasive species: Action
plan 2020-2025]. Klima- og miljgdepartementet.

Leung, B., Lodge, D. M., Finnoff, D., Shogren, J. F., Lewis, M. A., &
Lamberti, G. (2002). An ounce of prevention or a pound of cure:
Bioeconomic risk analysis of invasive species. Proceedings of the
Royal Society. B, Biological Sciences, 269, 2407-2413. https://doi.
org/10.1098/rspb.2002.2179

Lockwood, J. L., Cassey, P., & Blackburn, T. (2005). The role of propa-
gule pressure in explaining species invasions. Trends in Ecology &
Evolution, 20, 223-228.

Lockwood, J. L., Cassey, P., & Blackburn, T. M. (2009). The more you in-
troduce the more you get: The role of colonization pressure and
propagule pressure in invasion ecology. Diversity and Distributions,
15,904-910. https://doi.org/10.1111/j.1472-4642.2009.00594.x

McGeoch, M. A, Genovesi, P, Bellingham, P. J., Costello, M. J,
McGrannachan, C., & Sheppard, A. (2016). Prioritizing species,
pathways, and sites to achieve conservation targets for biological
invasion. Biological Invasions, 18, 299-314. https://doi.org/10.1007/
s10530-015-1013-1

McGrannachan, C. M., Pagad, S., & McGeoch, M. A. (2021). A multi-
regional assessment of transnational pathways of introduction.
NeoBiota, 64, 43-67. https://doi.org/10.3897/neobiota.64.60642

Parker, I. M., Simberloff, D., Lonsdale, W. M., Goodell, K., Wonham, M.,
Kareiva, P. M., Williamson, M. H., Von Holle, B., Moyle, P. B., Byers,
J. E., & Goldwasser, L. (1999). Impact: Toward a framework for un-
derstanding the ecological effects of invaders. Biological Invasions,
1, 3-19. https://doi.org/10.1023/A:1010034312781

Pergl, J., Brundu, G., Harrower, C. A., Cardoso, A. C., Genovesi, P,
Katsanevakis, S., Lozano, V., Perglova, |., Rabitsch, W., Richards,
G., Roques, A., Rorke, S. L., Scalera, R., Schénrogge, K., Stewart,
A., Tricarico, E., Tsiamis, K., Vannini, A., Vila, M., ... Roy, H. E.
(2020). Applying the Convention on Biological Diversity pathway


https://doi.org/10.5061/dryad.8sf7m0cjc
https://doi.org/10.5061/dryad.4b8gthtg7
https://orcid.org/0000-0002-5889-1606
https://orcid.org/0000-0002-5889-1606
https://orcid.org/0000-0002-4443-8261
https://orcid.org/0000-0002-4443-8261
https://orcid.org/0000-0002-6996-7223
https://orcid.org/0000-0002-6996-7223
https://www.artsdatabanken.no/fremmedartslista2018
https://doi.org/10.1111/j.1365-2664.2008.01494.x
https://doi.org/10.1111/j.1365-2664.2008.01494.x
https://www.cbd.int/doc/meetings/sbstta/sbstta-18/official/sbstta-18-09-add1-en.pdf
https://www.cbd.int/doc/meetings/sbstta/sbstta-18/official/sbstta-18-09-add1-en.pdf
https://doi.org/10.1093/biosci/biv082
https://doi.org/10.1093/biosci/biv082
https://doi.org/10.1007/s10530-015-0990-4
https://doi.org/10.3897/neobiota.43.29644
https://doi.org/10.3897/neobiota.43.29644
https://doi.org/10.1007/s10530-004-9642-9
https://doi.org/10.1007/s10530-004-9642-9
https://doi.org/10.1111/geb.13164
https://doi.org/10.1111/1365-2664.12470
https://doi.org/10.1111/1365-2664.12470
https://doi.org/10.1111/j.1365-2664.2007.01442.x
https://doi.org/10.1111/j.1365-2664.2007.01442.x
https://doi.org/10.18356/30277d17-en
https://doi.org/10.1098/rspb.2002.2179
https://doi.org/10.1098/rspb.2002.2179
https://doi.org/10.1111/j.1472-4642.2009.00594.x
https://doi.org/10.1007/s10530-015-1013-1
https://doi.org/10.1007/s10530-015-1013-1
https://doi.org/10.3897/neobiota.64.60642
https://doi.org/10.1023/A:1010034312781

12 Journal of Applied Ecology

SANDVIK ET AL.

classification to alien species in Europe. NeoBiota, 62, 333-363.
https://doi.org/10.3897/neobiota.62.53796

Pergl, J., Pysek, P.,, Bacher, S., Essl, F., Genovesi, P., Harrower, C. A., Hulme,
P. E., Jeschke, J. E., Kenis, M., Kihn, 1., Perglova, |., Rabitsch, W.,
Roques, A., Roy, D. B., Roy, H. E., Vila, M., Winter, M., & Nentwig, W.
(2017). Troubling travellers: Are ecologically harmful alien species as-
sociated with particular introduction pathways? NeoBiota, 32, 1-20.
https://doi.org/10.3897/neobiota.32.10199

Perrings, C., Dehnen-Schmutz, K., Touza, J., & Williamson, M. (2005). How
to manage biological invasions under globalization. Trends in Ecology &
Evolution, 20, 212-215. https:/doi.org/10.1016/j.tree.2005.02.011

Pluess, T., Jarosik, V., Pysek, P., Cannon, R., Pergl, J., Breukers, A., &
Bacher, S. (2012). Which factors affect the success or failure of
eradication campaigns against alien species? Public Library of Science
ONE, 7, e48157. https://doi.org/10.1371/journal.pone.0048157

Powell, K. 1., Chase, J. M., & Knight, T. M. (2011). A synthesis of plant inva-
sion effects on biodiversity across spatial scales. American Journal
of Botany, 98, 539-548. https://doi.org/10.3732/ajb.1000402

Pysek, P., Jarosik, V., & Pergl, J. (2011). Alien plants introduced by dif-
ferent pathways differ in invasion success: Unintentional introduc-
tions as a threat to natural areas. Public Library of Science ONE, 6,
e24890. https://doi.org/10.1371/journal.pone.0024890

R Core Team. (2020). R: A language and environment for statistical comput-
ing (version 3.6.3). R Foundation for Statistical Computing. http://
www.r-project.org

Sandvik, H., Dolmen, D., Elven, R., Falkenhaug, T., Forsgren, E., Hansen, H.,
Hassel, K., Husa, V., Kjeerstad, G., @degaard, F., Pedersen, H. C., Solheim,
H., Stokke, B. G., Asen, P. A, Astrém, S., Brandrud, T.-E., Elven, H.,
Endrestgl, A., Finstad, A,, ... Gederaas, L. (2019). Alien plants, animals,
fungi and algae in Norway: An inventory of neobiota. Biological Invasions,
21, 2997-3012. https://doi.org/10.1007/s10530-019-02058-x

Sandvik, H., Hilmo, O., Finstad, A. G., Hegre, H., Moen, T. L., Rafoss, T.,
Skarpaas, O., Elven, R., Sandmark, H., & Gederaas, L. (2019). Generic
Ecological Impact Assessment of Alien Species (GEIAA): The third
generation of assessments in Norway. Biological Invasions, 21, 2803~
2810. https:/doi.org/10.1007/s10530-019-02033-6

Sandvik, H., Hilmo, O., Henriksen, S., Elven, R., Asen, P. A, Hegre, H.,
Pedersen, O., Pedersen, P. A, Solstad, H., Vandvik, V., Westergaard,
K. B., @degaard, F.,, Astrém, S., Elven, H., Endrestgl, A., Gammelmo,
@., Hatteland, B. A., Solheim, H., Nordén, B., ... Gederaas, L. (2020b).
Data from: Ecological impact assessments of alien species in Norway.
Dryad Digital Repository, https:/doi.org/10.5061/dryad.8sf7m0cjc

Sandvik, H., Hilmo, O., Henriksen, S., Elven, R., Asen, P. A., Hegre, H.,
Pedersen, O., Pedersen, P. A., Solstad, H., Vandvik, V., Westergaard,
K. B., @degaard, F., Astrém, S., Elven, H., Endrestal, A., Gammelmo,
@.,Hatteland, B. A., Solheim, H., Nordén, B., ... Gederaas, L. (2020a).
Alien species in Norway: Results from quantitative ecological im-
pact assessments. Ecological Solutions and Evidence, 1, €12006.
https://doi.org/10.1002/2688-8319.12006

Sandvik, H., Olsen, S. L., Tépper, J. P., & Hilmo, O. (2022). Data from:
Pathways of introduction of alien species in Norway. Dryad Digital
Repository, https://doi.org/10.5061/dryad.4b8gthtg7

Saul, W.-C., Roy, H. E., Booy, O., Carnevali, L., Chen, H.-J., Genovesi, P,,
Harrower, C. A, Hulme, P. E., Pagad, S., Pergl, J., & Jeschke, J. M.
(2017). Assessing patterns in introduction pathways of alien spe-
cies by linking major invasion data bases. Journal of Applied Ecology,
54, 657-669. https://doi.org/10.1111/1365-2664.12819

Scalera, R. (2010). How much is Europe spending on invasive alien spe-
cies? Biological Invasions, 12, 173-177. https://doi.org/10.1007/
s10530-009-9440-5

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., Jeschke,
J. M., Pagad, S., Pysek, P.,, van Kleunen, M., Winter, M., Ansong, M.,
Arianoutsou, M., Bacher, S., Blasius, B., Brockerhoff, E. G., Brundu,
G., Capinha, C., Causton, C. E., Celesti-Grapow, L., ... Essl, F. (2018).
Global rise in emerging alien species results from increased acces-
sibility of new source pools. Proceedings of the National Academy of
Sciences of the United States of America, 115, E2264-E2273. https:/
doi.org/10.1073/pnas. 1719429115

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., Jeschke,
J. M., Pagad, S., Pysek, P., Winter, M., Arianoutsou, M., Bacher, S.,
Blasius, B., Brundu, G., Capinha, C., Celesti-Grapow, L., Dawson, W.,
Dullinger, S., Fuentes, N., Jager, H., ... Essl, F. (2017). No saturation in
the accumulation of alien species worldwide. Nature Communications,
8, 14435. https:/doi.org/10.1038/ncomms14435

Simberloff, D. (2003). How much information on population biology is
needed to manage introduced species? Conservation Biology, 17,
83-92. https://doi.org/10.1046/j.1523-1739.2003.02028.x

Smith, A. L., Hodkinson, T. R., Villellas, J., Catford, J. A., Csergé,
A. M., Blomberg, S. P, Crone, E. E., Ehrlén, J., Garcia, M. B., Laine,
A.-L., Roach, D. A, Salguero-Gémez, R., Wardle, G. M., Childs, D. Z.,
Elderd, B. D., Finn, A., Munné-Bosch, S., Baudraz, M. E. A., Badis, J.,
... Buckley, Y. M. (2020). Global gene flow releases invasive plants
from environmental constraints on genetic diversity. Proceedings of
the National Academy of Sciences of the United States of America, 117,
4218-4227. https://doi.org/10.1073/pnas.1915848117

Vila, M., Basnou, C., Pysek, P., Josefsson, M., Genovesi, P., Gollasch, S.,
Nentwig, W., Olenin, S., Roques, A., Roy, D., Hulme, P. E., & DAISIE
Partners. (2010). How well do we understand the impacts of alien
species on ecosystem services? A pan-European, cross-taxa assess-
ment. Frontiers in Ecology and the Environment, 8, 135-144. https://
doi.org/10.1890/080083

Wilson, J. R. U., Dormontt, E. E., Prentis, P. J., Lowe, A. J., & Richardson,
D. M. (2009). Something in the way you move: Dispersal pathways
affect invasion success. Trends in Ecology & Evolution, 24, 136-144.
https://doi.org/10.1016/j.tree.2008.10.007

Zieritz, A., Gallardo, B., Baker, S. J., Britton, J. R., van Valkenburg, J. L. C. H.,
Verreycken, H., & Aldridge, D. C. (2017). Changes in pathways and vec-
tors of biological invasions in Northwest Europe. Biological Invasions,
19,269-282. https://doi.org/10.1007/s10530-016-1278-z

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Sandvik, H., Olsen, S. L., Tépper, J. P.,
& Hilmo, O. (2022). Pathways of introduction of alien species
in Norway: Analyses of an exhaustive dataset to prioritise
management efforts. Journal of Applied Ecology, 00, 1-12.
https://doi.org/10.1111/1365-2664.14287



https://doi.org/10.3897/neobiota.62.53796
https://doi.org/10.3897/neobiota.32.10199
https://doi.org/10.1016/j.tree.2005.02.011
https://doi.org/10.1371/journal.pone.0048157
https://doi.org/10.3732/ajb.1000402
https://doi.org/10.1371/journal.pone.0024890
http://www.r-project.org
http://www.r-project.org
https://doi.org/10.1007/s10530-019-02058-x
https://doi.org/10.1007/s10530-019-02033-6
https://doi.org/10.5061/dryad.8sf7m0cjc
https://doi.org/10.1002/2688-8319.12006
https://doi.org/10.5061/dryad.4b8gthtg7
https://doi.org/10.1111/1365-2664.12819
https://doi.org/10.1007/s10530-009-9440-5
https://doi.org/10.1007/s10530-009-9440-5
https://doi.org/10.1073/pnas.1719429115
https://doi.org/10.1073/pnas.1719429115
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1046/j.1523-1739.2003.02028.x
https://doi.org/10.1073/pnas.1915848117
https://doi.org/10.1890/080083
https://doi.org/10.1890/080083
https://doi.org/10.1016/j.tree.2008.10.007
https://doi.org/10.1007/s10530-016-1278-z
https://doi.org/10.1111/1365-2664.14287

	Pathways of introduction of alien species in Norway: Analyses of an exhaustive dataset to prioritise management efforts
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Data sources
	2.2|Definitions of pathways
	2.3|Analyses

	3|RESULTS
	3.1|Taxonomy, ecology and origin
	3.2|Ecological impact
	3.3|History

	4|DISCUSSION
	5|CONCLUSIONS AND MANAGEMENT IMPLICATIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


