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Abstract Naturalized species of alien plants and
animals comprise<3% of biodiversity recorded in
Norway but have had major impacts on natural eco-
systems through displacement of native species.
Encroachment of alien species has been especially
problematic for coastal sites close to transport facili-
ties and urban areas with high density housing. The
goal of our field project was to design and test a sur-
veillance program for early detection of alien species
of vascular plants and terrestrial insects at the first
phase of establishment in natural areas. In our 3-year
project (2018-2020), we sampled 60 study plots in
three counties in the Oslofjord region of southern
Norway. Study plots (6.25 ha) were selected by two
criteria: manual selection based on expert opinion
(27 plots) or by random selection based on weights
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from a hotspot analysis of occurrence of alien spe-
cies (33 plots). Vascular plants were surveyed by
two experienced botanists who found a total of 239
alien species of vascular plants in 95 rounds of sur-
veys. Insects and other invertebrates were captured
with a single Malaise trap per site, with 3—4 rounds
of repeated sampling. We used DNA-metabarcod-
ing to identify invertebrates based on DNA extrac-
tions from crushed insects or from the preservative
media. Over 3500 invertebrate taxa were detected in
255 rounds of sampling. We recorded 20 alien spe-
cies of known risk, and 115 species that were new
to Norway, including several ‘doorknocker’ species
identified by previous risk assessments. We modeled
the probabilities of occupancy (y) and detection (p)
with occupancy models with repeated visits by mul-
tiple observers (vascular plants) or multiple rounds
of sampling (insects). The two probabilities covaried
with risk category for alien organisms and both were
low for species categorized as no known or low risk
(range =0.052-0.326) but were higher for species cat-
egorized as severe risk (range=0.318-0.651). Select-
ing sites at random or manually did not improve the
probability of finding novel alien species, but occu-
pancy had a weak positive relationship with housing
density for some categories of alien plants and insects.
We used our empirical estimates to test alternative
sampling designs that would minimize the combined
variance of occupancy and detection (A-optimality
criterion). Sampling designs with 810 visits per site
were best for surveillance of new alien species if the
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probabilities of occupancy and detection were both
low, and provided low conditional probabilities of site
occupancy (¥, < 0.032) and a high probabilities of
cumulative detection (p *>0.943). Our field results
demonstrate that early detection is feasible as a key
component of a national surveillance program based
on early detection and rapid response.

Keywords Arthropods - DNA-metabarcoding -
Early detection - Invasive - Invertebrates - Occupancy
models - Rapid response - Study design - Vascular
plants

Introduction

Prevention of establishment and secondary spread
of invasive species requires information on the main
pathways of introduction for alien organisms and their
propagules (Lodge et al. 2006; Meyerson and Mooney
2007; Hulme 2009; Chapman et al. 2017), their spe-
cies composition and dispersal capability (Frem-
stad and Elven 1997), and a risk assessment of the
potential threat from newly discovered alien species
(Reaser et al. 2020; Sandvik et al. 2020). In the case
of vascular plants and insects, introductions are pri-
marily associated with horticultural and agricultural
production, and secondarily by shipment of soil, tim-
ber or other construction materials, or by deliberate
planting of fast-growing species to stabilize soils and
reduce erosion (Lodge et al. 2006; Olsen et al. 2017).
International trade of live plants that are produced in
nurseries and then distributed for planting in domestic
gardens can be a source of invasive organisms associ-
ated with the soils or plant tissues, or the ornamental
plants themselves can become invasive (Reichard and
White 2001; Qvenild et al. 2014; Westergaard et al.
2018). Secondary spread of plants and insects out
from suburban gardens into natural areas can occur
through active or passive dispersal of seeds or veg-
etative propagules, or by dumping of garden refuse
(Fremstad and Elven 1997; @degaard and Tgmmeras
2000). Spread can also occur via long distance disper-
sal or ‘jumps’ from newly established populations if
invasive species or their vectors have high dispersal
capability (Bennett et al. 2011; Tavecchia et al. 2017),
which may be facilitated by new environmental con-
ditions associated with global climate change (Alpert
2006; Bebber et al. 2013; Bellard et al. 2018). Risk
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assessments of threat are then based on multiple cri-
teria, including the life-history traits that influence
invasion potential, expansion speed and colonized
area, and ecological impacts on native species and
vulnerable ecosystems (Sandvik et al. 2020). Invasive
plants and insects often have high reproductive rates
and short generation times that favor rapid popula-
tion growth, vegetative growth or parthenogenesis
that favor spread of clones, and natural defenses that
reduce losses to herbivory or predation (Sakai et al.
2001; Sutherland 2004; Milbau and Stout 2008).
Norway is a northern country with a rugged terrain
that includes deep coastal fjords, islands, and moun-
tainous areas. The terrestrial habitats are resistant to
invasive species because the climate is cold with a
short growing season, and only 3.8% of the land base
is arable farmland with the rest in boreal forests, wet-
lands and alpine habitats (Wasof et al. 2015; Bryn
et al. 2018). The Norwegian Biodiversity Informa-
tion Centre (Artsdatabanken in Norwegian) maintains
national databases of native and alien species (2015
Species Nomenclature Database, Artsdatabanken
2015), and coordinates risk assessments for alien spe-
cies at regular intervals (2018 Norwegian Alien Spe-
cies List, Artsdatabanken 2020; Sandvik et al. 2020).
Baseline data on diversity of plants and insects in
Norway have been collected by museum systema-
tists, by amateur naturalists who register records in
the Species Observations system (Artsobservasjoner),
and in national survey programs (Olsen et al. 2017;
Astrom et al. 2022). Taxonomic coverage is good for
well-studied groups of organisms (beetles, butterflies,
and vascular plants: Fremstad and Elven 1997; End-
erstgl and @kland 2019), but new discoveries can still
be made for poorly known groups. A total of 3142
alien species have been registered in Norway (Arts-
databanken 2020), of which at least 1039 species
(33.1%) are considered naturalized (Sandvik et al.
2019). Overall, naturalized alien species comprise
2.8% of the 36,872 species of plants and animals
recorded in Norway. The percentage of aliens varies
among taxonomic groups, ranging from 0.7% among
freshwater and terrestrial invertebrates (23,120 spe-
cies), 1.9% of vertebrates (1266 species), and up to
21.6% of vascular plants (3405 species). Naturalized
aliens are not evenly distributed in Norway, with
higher species numbers in counties along the south-
ern coast, which includes low elevation habitats with
higher mean temperatures and precipitation, and
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also urban areas with more infrastructure and higher
human population densities (Olsen et al. 2017).
Established species of alien plants and insects have
negatively impacted natural ecosystems in Norway
through displacement of native species (Blaalid and
Often 2019; Endrestgl and @kland 2019; Artsdata-
banken 2020), especially highly invasive species such
as Japanese knotweed (Reynoutria japonica), Cana-
dian goldenrod (Solidago canadensis), garden lupin
(Lupinus polyphyllus), Asian lady beetles (Harmonia
axyridis), and bark beetles (Ips amitinus).

A useful framework for management of inva-
sive species is Early Detection and Rapid Response
(EDRR, Lodge et al. 2006; Lyal and Miller 2020;
Reaser et al. 2020). The process of ‘early detection’ is
based on surveys to detect alien species upon arrival
or early stages of establishment and before they start
to cause harm. A ‘rapid response’ anticipates that
measures are more likely to be cost-effective if popu-
lations are small or localized and more successful for
control of spread or eradication (Simberloff 2003).
A comprehensive surveillance program requires
stratified sampling of important habitats (Olsen
et al. 2017), effective tools for rapid identification of
unknown organisms (Darling and Blum 2007; Lyal
and Miller 2020), and sampling designs that control
for imperfect detection of alien species (Tavecchia
et al. 2017; Davis et al. 2018; Fossgy et al. 2020).
Surveillance for alien invertebrates can be particu-
larly challenging because sorting and morphological
identification from bulk samples is time-consuming
and costly (Karlsson et al. 2020), but molecular meth-
ods based on DNA-metabarcoding provide a new tool
for rapid biodiversity assessments (Yu et al. 2012;
Comtet et al. 2015; Wang et al. 2018). Similarly,
occupancy models improve upon traditional diver-
sity estimators for alien species because they allow
the detection process to be modeled as a function of
different covariates (Iknayan et al. 2014). The objec-
tives of our field project were fivefold: (i) to design a
systematic surveillance program for detection of alien
species of vascular plants and invertebrates at an early
stage of establishment in Norway, (ii) to compare site
selection procedures that might increase the chance of
locating novel alien species in a region, (iii) to evalu-
ate DNA-metabarcoding as a new technique for rapid
processing and identification of invertebrates from
field samples, (iv) to test occupancy models for esti-
mating the probabilities of occupancy and detection

for alien species in different categories of potential
risk, and (v) to explore sampling designs for the opti-
mum number of visits per site to achieve high confi-
dence that an alien species would not be overlooked
but would be successfully detected in a national sur-
veillance program.

Methods
Selection of study plots

Our project was designed to produce pilot data for
a national surveillance program for alien plants and
invertebrates in Norway. Our sampling frame was
centered on the Oslofjord region of southern Norway
and included field sites in the three adjacent counties
of Vestfold and Telemark, Viken, and Oslo (Fig. 1).
We focused on the Oslofjord region because our pre-
liminary surveys and modeling showed this area has
the highest diversity and abundance of alien species
in Norway (Olsen et al. 2017; Sandvik et al. 2019),
and because our field personnel with expertise in
botany and entomology were located in Oslo. For site
selection, we used a national grid for Norway with
a cell area of 6.25 ha (250 x 250 m) from Statistics
Norway. Spatial statistics for each cell were com-
piled from public GIS layers for average annual tem-
peratures and rainfall (Meteorological Institute), land
cover and housing density (ARS classification sys-
tem, Norwegian Institute of Bioeconomy Research),
and human population numbers (Statistics Norway).
We sampled a total of 60 sites, including 15 sites in
2018, 20 sites in 2019, and 25 sites in 2020 (including
4 sites previously sampled in 2019).

We used two criteria for selection of our 6.25 ha
study plots: manual selection based on expert opinion
for the probability of finding new invasive species and
random selection based on a set of predefined criteria
(Fig. 2). A total of 27 plots were selected manually (7
in 2018 and 10 each in 2019 and 2020) because the
plots were located at major transport hubs for ship-
ping or receiving of goods and materials, or because
they included recycling depots for garden refuse. Four
manually selected sites were surveyed in both 2019
and 2020 but we treated the repeated surveys as inde-
pendent for our analyses. An additional 33 study plots
were selected at random (8 in 2018, 10 in 2019, 15
in 2020) from sites that met four selection criteria: (i)
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Fig. 1 Locations of study
plots for surveying alien
plants and insects in the
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a housing density of at least 8—12 detached houses,
(ii) a population density between 30 and 125 resi-
dents, (iii) site locations within 100 m of a natural
forest area, and (iv) a probability of selection that was
weighted by the predicted proportion of alien vascu-
lar plants from a recent ‘hotspot’ analysis by Olsen
et al. (2017). We generated a set of random sites and
then matched a subset of sites by relative proximity
to the manually selected sites. Sites were matched to
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reduce possible differences in environmental condi-
tions between manual and random sites, and to help
with logistics of field sampling in a large region.
Last, we used the manual and random selection cri-
teria to identify an additional set of backup sites. We
conducted a preliminary inspection of all sites before
field sampling began to confirm site conditions, to
request site access from private landowners, and to
arrange necessary permits for sample sites located in
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Fig. 2 Examples of study plots surveyed for alien plants and
insects in the Oslofjord region of Norway, 2018-2020. Plots
were selected manually as sites with shipping containers or
garden refuse (left), or at random based on predefined criteria
for housing and population density (right). Plants were sur-

nature reserves. If we were unable to arrange access
to a selected site, we substituted one of our alternate
sites. In a few cases, the optimal site for the Malaise
trap was outside of the selected study plot. In these
cases, we adjusted the study plot so that it matched
the 6.25 ha cell that included the location of the
Malaise trap.

Field sampling of vascular plants

Two rounds of plant surveys were conducted in the
I-month period between mid-August and mid-Sep-
tember by two experienced botanists who were famil-
iar with the flora of the Oslofjord region (A. Often
and H. Hegre). We used a double-observer approach
and the two observers conducted independent plant
surveys at the study plots. Both observers sampled all
15 sites in 2018. To increase the number of plots vis-
ited in 2019 and 2020, 10 plots were sampled by both
observers each year, and the remaining plots were
sampled by a single observer (5 plots each in 2019,
15 plots by a single observer in 2020). Repeated
sampling for a subset of study sites allowed us to
use occupancy models to calculate probabilities of
detection and occurrence for alien plant species. The

veyed with two rounds of sampling by different observers in
a 250 x 250 m study plot (red quadrat) whereas insects were
sampled with 3-4 rounds of sampling with a Malaise trap
(orange dot)

procedure for searching plots was adjusted and refined
between the three sampling years. In 2018, the study
plots were subdivided into four transects offset at 45°
angles. Observers were asked to search a 10 m strip
along each transect, then spend ca. 30 min searching
the remainder of the study plot, with a maximum time
limit of two hours per plot. Fixed transects proved to
be impractical in residential and industrial areas, and
search time was dependent on the habitat complexity
of the study plot. In 2019 and 2020, observers used a
random walk to search the entire plot, with a maxi-
mum time limit of five hours per plot.

Observers recorded native and alien species of
vascular plants encountered in natural areas, road-
sides, ditches, and other suitable habitats. Cultivated
plants were not recorded if they were located in the
yards of private homes, park flower beds, or in com-
munity gardens. Native species of plants were too
numerous to survey systematically but observers
recorded species presence opportunistically. If the
observers encountered an alien species from the Nor-
wegian Alien Species List (Artsdatabanken 2020),
they ranked relative abundance on a 6-point scale:
(i) <5 patches with < 10 individuals or shoots, (ii) <5
patches with>10 individuals or shoots, (iii) 5-15
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patches with< 10 individuals or shoots, (iv) 5-15
occurrences with> 10 individuals or shoots, (v) a
scattered presence in the study plot, and (vi) a domi-
nant presence in the study plot. All detections were
weighted equally in the occupancy analyses. Alien
plants with few previous records in Norway were doc-
umented with photographs and with GPS coordinates
of the exact location.

Field sampling of invertebrates

Insects and other invertebrates were sampled with a
single Malaise trap at each study site in the 1.5-month
period between mid-June and late August. Malaise
traps are efficient for collecting large numbers of
flying and crawling insects from a diverse range of
taxa, and also allow specimens to be preserved for
later processing with morphological or genetic analy-
ses (Karlsson et al. 2020). We visited study sites to
find a suitable location, and set up Malaise traps in
open terrain with good exposure to increase capture
efficiency. In 2018, Malaise traps were set up on the
study plots in the last week of August (week 35),
and we completed three rounds of weekly sampling
in September (weeks 36-39). In 2018, the collection
bottles were filled with a mixture of water, ethanol,
and propylene glycol in a 1:1:3 ratio. In 2019 and
2020, Malaise traps were set up on plots in mid-June
(week 25), and we completed four rounds of biweekly
sampling between mid-July and late August (weeks
29-35). In 2019-2020, the collection bottles were
filled with ca. 400 ml of 96% ethanol. After empty-
ing the traps, the preservative fluid was removed with
a sieve and insects were stored in 96% ethanol in the
freezer for subsequent analyses. Traps were disman-
tled and removed after the last round of sampling.

Identification of invertebrates by
DNA-metabarcoding

We explored different methods of sample prepara-
tion and used DNA-metabarcoding procedures for
simultaneous identification of multiple taxa of inver-
tebrates in our samples (Yu et al. 2012; Comtet et al.
2015; Wang et al. 2018). Over the course of the 3
sampling years, we tested DNA-metabarcoding of:
(i) homogenised insects, (ii) the preservative ethanol
from the traps, and (iii) non-destructive lysis of intact
insects. In 2018, insects from the malaise traps were
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crushed into a homogenous mixture prior to isolation
of total DNA for metabarcoding. We were concerned
that large-bodied or numerically abundant species
might contain relatively more copies of target DNA
compared to small-bodied or rare species (Elbrecht
et al. 2017). Thus, we first processed the samples
by sorting out the large-bodied species of harvest-
men (Opiliones), butterflies and moths (Lepidoptera),
bumblebees and wasps (Hymenoptera), and caddis-
flies (Trichoptera), but then returned one or more legs
from each specimen to the sample prior to homog-
enisation (after Braukmann et al. 2019). We then
stored the rest of the specimens separately to compare
results from morphological analyses versus DNA-
metabarcoding procedures. For DNA extractions,
insect samples were first dried to remove all ethanol.
The insects were then crushed and mixed with 10 mL
of animal tissue lysis (ATL) buffer (Qiagen) and
1 mL of proteinase-K (>600 mAU/ml activity) and
15 ceramic beads in FastPrep 50 mL Matrix E tubes
(MP Biomedicals). Samples were lysed overnight in
a heating chamber before being isolated with a Nucle-
oSpin Plant II Midi kit (Macherey—Nagel).
Homogenisation of the insect samples was highly
effective for DNA extractions, but was also a destruc-
tive sampling method that precluded confirmation
of species identity by inspection of specimen mor-
phology. Starting in 2019, we tested whether DNA
extraction from the preservative ethanol in the field
samples or direct lysis of the insect mass could pro-
vide an effective but comparatively non-destructive
method. The preservative ethanol from Malaise trap
samples was filtered first through a 0.3 mm mesh fil-
ter, followed by a 0.45 um cellulose nitrate filter (Nal-
gene Analytical Test Filter Funnels, ThermoFisher
Scientific) using a peristaltic pump (Microsart e.jet,
Sartorius GmbH) connected to a 3-arm manifold
(Pall Corporation). The cellulose-nitrate filters were
placed in 2 mL Eppendorf tubes containing 1440 pL
ATL buffer (Qiagen) and 160 pL proteinase-K (> 600
mAU/ml activity, Qiagen) and incubated overnight
in a warming cabinet at 56 °C. The filters were then
discarded and DNA was isolated from the buffer solu-
tion using a NucleoSpin Plant II Midi kit (Mache-
rey-Nagel) and eluted in 200 uL. AE buffer (Qiagen).
The remaining insect mass was then returned to 96%
ethanol. For a subset of 10 samples, intact specimens
of beetles (Coleoptera) and butterflies (Lepidop-
tera) were sorted out and identified morphologically
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by experienced entomologists (K. Berggren and O.
Hanssen). One to two legs were removed from each
specimen and crushed in a 2 mL FastDNA SPIN Kit
for Soil (MP Biomedicals), and DNA was then fur-
ther extracted with a Blood and Tissue Kit (Qiagen).
We then took the remaining 70 samples collected in
2019, filtering them to remove the ethanol preserva-
tive, and dried them in a warming cabinet at 56 °C.
Dried samples were then lysed by suspending them
in a solution of ATL buffer and proteinase-K (100 ml
ATL:1 ml proteinase-K with>600 mAU/ml activ-
ity) and incubating them overnight at 56 °C. A 200
pL subsample of the buffer solution was then used for
DNA isolation with a Blood and Tissue kit (Qiagen).
Based on the improved taxon-recovery rates using
the non-invasive sampling protocol, all samples from
2020 were analysed using the lysis method.

Samples from all 3 years were subjected to DNA
metabarcoding of the COI gene region using the
BF3-BR2 primer set, which provides good taxo-
nomic resolution in arthropod metabarcoding (Elbre-
cht et al. 2019). We used a standard two-step [lumina
protocol to generate our DNA libraries for metabar-
coding (Bohmann et al. 2022). An initial PCR reac-
tion included BF3-BR2 primers with ‘overhang
adapter’ sequences, and was followed by a second
PCR reaction that appended Illumina Nextera indi-
ces (Table S1). PCR products purified after each PCR
reaction using a 1:1 ratio of magnetic beads (MAG-
BIND RXN PURE PLUS) to sample. The samples
were then normalized, pooled and sequenced with
2x300 bp on an Illumina MiSeq machine at the
Genomics Core Facility (GFC) at the Norwegian Uni-
versity of Science and Technology (NTNU).

Bioinformatics

Sequences were demultiplexed on the MiSeq plat-
form, and the forward and reverse primers were
removed from each read using cutadapt ver. 1.18
(Martin 2011), requiring a minimum match length
of 17 bp, no indels, and <0.15 expected errors over
the primer length. Quality filtering, error correct-
ing, merging and chimera checking were all con-
ducted using the DADA?2 ver. 1.18.0 package in R
ver. 4.1 (Callahan et al. 2016). All sequences that
were<50 bp, contained ambiguous bases or>?2
expected errors across the entire length were removed
from the dataset, and sequences were truncated at the

first instance of a base with Phred quality score < 15.
Forward and reverse reads were merged with a mini-
mum overlap of 30 bp and the de novo consensus
method in DADA2 was used to remove chimeric
sequences. A naive Bayesian classifer, the RDP clas-
sifier (Wang et al. 2007) was used to assign taxonomy
to the amplicon sequence variants (ASVs) based on
a custom database combining the COI Eukaryote ref-
erence set ver. 4 (Porter 2017; Porter and Hajibabaei
2018), as well as~4000 additional publicly available
reference sequences for insect species in Norway. For
successful assignment at a given taxonomic level,
we required a minimum of 80% confidence for the
placement. We classified identified species as native
or alien in Norway by cross-checking detected taxa
against the national databases for biodiversity and
alien species (Artsdatabanken 2015, 2020). Despite
being the best available resources for Norway, we
expected that coverage of alien species would likely
be incomplete. We detected a number of species that
have not previously been reported in Norway and
have not yet been considered for risk assessments
for the Norwegian alien species list. The new species
(NW) were included as their own category for further
analyses and were expected to be an unknown mix-
ture of alien species and native taxa from poorly stud-
ied groups that have been previously overlooked.

Statistical analyses

Statistical analyses were conducted in an R environ-
ment (ver. 4.0, R Core Team 2019). We extracted six
explanatory variables for local environmental con-
ditions at the 60 study plots sampled in 2018-2020:
percent land cover in housing, roads, forest, open
fields, annual precipitation, and population densi-
ties. We tested for pairwise correlations among the
explanatory variables with the chart.Correla-
tion function of the PerformanceAnalytics
package.

Identification methods differed between the two
groups of organisms: alien plants were identified
to species by botanists, whereas alien insects and
other invertebrates were identified by matching
DNA sequences to reference databases and by ento-
mologists. We categorized detected species of alien
organisms based on risk assessments from the 2018
Norwegian Alien Species List: no known impact
(NK), low impact (LO), potentially high impact
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(PH), high impact (HI), or severe impact (SE, Arts-
databanken 2020; Sandvik et al. 2020). Newly dis-
covered species of invertebrates (NW) had not been
previously reported in Norway (Artsdatabaken
2015), but included species already known to be
alien in Europe (NOBANIS 2019), ‘door-knocker’
species where risk assessments have predicted
establishment in Norway in the next 50 years (Sand-
vik et al. 2020), and poorly studied taxa which had
been detected in neighbouring Sweden (Karlsson
et al. 2020). We censored records of species with no
risk (NR) that were considered in the risk assess-
ment but did not meet the criteria to be categorized
as alien species. To assess the state of knowledge
for each alien species detected in our project, we
tallied the number of records reported for each spe-
cies in the national database for the Species Map
(Artskart2, Supplementary Tables S2and S4).

We used single-season occupancy models to
model the probability of occurrence while control-
ling for false absences (MacKenzie et al. 2006). We
expected that alien species might have low probabili-
ties of occupancy (y) if they were relatively rare, and
that they might have low probabilities of detection (p)
if they were cryptic or difficult to identify. We then
developed encounter histories for each alien species
at each of the 60 study plots. We recorded whether
each species was detected (1) or not detected (0) in
two independent rounds of sampling by the bota-
nists (plants) or during the 3—4 rounds of sampling
from the Malaise traps (insects). All sampling was
conducted during a relatively short period < 1.5 mos
and we assumed that communities were closed to
gains or losses due to differences in seasonal phenol-
ogy. Violations of the closure assumption can lead
to overestimates of occupancy but bias can be mini-
mized if the number of sampling occasions are few,
which was the case in our study (Rota et al. 2009;
Otto et al. 2013). We conducted goodness-of-fit tests
to the global model with the parboot function of
the unmarked package and calculated the overdis-
persion factor (¢) as the ratio of chi-square statistics
from the observed data versus a bootstrap distribu-
tion based on 1000 iterations. We then fit single-
season occupancy analyses with the occu function,
and ranked the candidate models by Akaike’s Infor-
mation Criterion (AICc) with the aictab function
of the AICcmodavg package. If adjustments for
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overdispersion were necessary, ¢ was included in the
parameter count for the model, and model rankings
were based on QAICc.

We used our empirical estimates of occupancy ()
and detection (p) for alien species of different risk
categories to explore alternative sampling designs
for a national surveillance program in Norway. In
our 3-year study, we sampled 60 sites (S) with 2—4
rounds of sampling per site (K) for a total sampling
effort (7S) of 95 site-visits for plants and 225 site-vis-
its for insects. Sampling designs usually favour fewer
visits to more sites for rare or conspicuous species,
but more visits to fewer sites for common or cryptic
species (MacKenzie et al. 2006:168). We considered
alternative study designs for a potential project with
ca. 50 sites with at least two rounds of sampling in
three regions (Bergen, Oslo, and Trondheim) for a
total sampling effort of 7S=300 site-visits. The opti-
mum allocation of effort into number of visits per site
versus number of sites (7S=S5X%X K) can be based on
several different criteria for study design: minimizing
the variance of occupancy alone, minimizing the sum
of the variances for occupancy and detection (A-opti-
mality), or minimizing the generalized variance
(D-optimality, Guillera-Arroita et al. 2010). We opted
to use the A-optimality criterion because surveillance
programs require precise estimates for both occu-
pancy and detection for alien species, and because
preliminary analyses showed that the two optimality
criteria gave similar results. We used numerical simu-
lations based on 100,000 iterations to explore model
performance for different combinations of effort
ranging from K=2/S=150 to K=20/S=15 (R func-
tion based on Program SODA, Guillera-Arroita et al.
2010). We first considered the frequency of boundary
estimates where =1, and then dropped boundary
estimates to calculate the A-optimality criterion. In a
last step, we used our results from the optimum study
design to calculate the conditional probability of site
occupancy () that an alien species was actually
present but overlooked at a site without detections
(MacKenzie et al. 2006:100):

w1 —p*
=g+ -pF

Yeondl =

as well as the cumulative probability of detection
(p*) that an alien species is recorded at least once in K
visits to an occupied site (MacKenzie et al. 2006:95):
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pa=1-(1-p~

Ideally, a study design should have a low probabil-
ity of conditional site occupancy but a high probabil-
ity of cumulative detection.

Results
Study plots

We compiled six environmental covariates for the
60 study plots selected by using manual or random
methods (Fig. 1). The 6.25 ha study plots varied
in the percent cover of housing (median=35.5%,
range =2.8-95.6%), roads (6.0%, 1.6-17.2%), forest
(48.2%, 0.7-99.8%), and open fields (6.6%, 0-48.0%),
annual rainfall (103.4 cm, 81.8-131.0), and popula-
tion density (46.5 residents, 0-226). Pairwise cor-
relations showed that the percent cover of housing
was positively correlated with roads (+0.91) and
population density (+0.29) but negatively correlated
with forest cover (-0.68), open fields (-0.34), and
annual rainfall (—0.38, Fig. 3). Pairwise correlations
between roads and forest or fields were also negative
(—0.38 to —0.53). Since the percent cover of hous-
ing was correlated strongly with the other explanatory
variables, we opted to use housing as an index of the
local conditions at our study plots.

Vascular plants

A total of 239 alien species of vascular plants were
recorded in 95 surveys of the 60 study plots in our
3-year study, 33 in 2018 only, 49 in 2019 only,
39 in 2020 only, 49 in 2 years, and 69 in all years
(Table S2). We found alien species from five risk
categories: no known impact (NK, n=26 species),
low impact (LO, n=97), potentially high impact
(PH, n=32), high impact (HI, n=29), and severe
impact (SE, n=55). The mean percentage of sites
with at least one detection of the alien species (naive
occupancy or \p) increased across the 5 risk cat-
egories: NK=2.0% (range 1.7-5.0%), LO=4.0%
(1.7-25.0%), PH=9.6% (1.7-65.0%), HI=10.7%
(1.7-40.0%), and SE=25.0% (1.7-69.7%). The six
most common species of alien plants detected in
our study included Canadian goldenrod (Solidago
canadensis SE) on 58 of 60 plots (96.7%), and red

elderberry (Sambucus racemosa SE), yellow rock-
etcress (Barbarea vulgaris SE), Canadian fleabane
(Conyza canadensis SE), shiny cotoneaster (Cofone-
aster lucidus SE), and white sweetclover (Meliotosus
albus SE) on 43-46 plots (65.0-76.7%).

We did not discover any new species of alien plants
but we did find populations of 101 species that had <
150 previous records in Norway (Artskart2). Six of
these alien species have been assessed as high risk
and our detections provide evidence of continuing
establishment in Norway: gorse (Ulex europaeus HI,
1 of 60 plots, 1.7%), garden arabis (Arabis caucasica
HI, 1.7%), contoneaster (Cotoneaster multiflorus HI,
1.7%), bearberry honeysuckle (Lonicera involucrata
HI, 3 of 60 plots 5.0%), purple chokeberry (Aro-
nia X prunifolia, 6 of 60 plots, 10.0%), and Virginia
creeper (Parthenocissus quinquefolia HI, 10 of 60
plots, 16.7%). Other alien species with limited distri-
butions have been assessed as low risk: pot marigold
(Calendula officinalis NK, 1.7%), borage (Borago
officinalis LO, 5.0%), and Himalayan blackberry
(Rubus armeniacus LO, 5.0%). Last, we successfully
detected a number of alien species of vascular plants
with <10 previous records in Norway. Examples of
‘doorknocker’ species that were each detected on one
plot in our surveys included: highbrush blueberry
(Vaccinium corymbosum LO), dwarf elder (Sambucus
ebulus LO), max chrysanthemums (Leucanthemum
maximum LO), hostas (Hosta ventricosa LO and H.
lancifolia 1LO), and horned pansy (Viola X williamsii
LO).

Invertebrates

We prepared samples for DNA-metabarcoding by
crushing the insect biomass in 2018, and then by
taking DNA extractions from the ethanol preserva-
tive in 2019. We conducted an initial validation of
the ethanol method by taking a subset of 10 samples
from 2019 and by sorting out all specimens from two
Orders of insects: Coleoptera (ca. 4500 individu-
als) and Lepidoptera (ca. 1500 individuals). In both
groups, ca. 20% of the specimens could not be iden-
tified by morphology because they were fragmentary
or missing diagnostic structures. Of specimens that
could be identified, roughly two-thirds of the coleop-
terans were false click beetles in the genus Trixagus
which were not identified to species because of the
large number of specimens. The remaining specimens
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Fig. 3 Pairwise correlations between explanatory variables from our 60 study plots in the Oslofjord region of Norway, 2018-2020.
Significant correlations are marked with 1-3 asterisks (*P <0.05, **P <0.01, ***P <(.001)

were identified to species by morphology, which
included 157 species of beetles and 210 species of
butterflies or moths. Compared to the baseline diver-
sity estimated by morphology, DNA extractions from
crushed legs recovered a majority of taxa (Coleoptera:
76%, Lepidoptera: 92%). In contrast, DNA extrac-
tions from ethanol detected less than half of the spe-
cies known to be present in the samples (Coleoptera:
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35%, Lepidoptera: 46%). Accordingly, we conducted
a second round of DNA extractions from animal tis-
sue lysis (ATL) buffer for the remaining 70 samples
from 2019. We had detected 1738 taxa from extrac-
tions from the filtered ethanol which increased by
30% to 2258 taxa for the extractions from lysis buffer,
including an almost three-fold increase for Hymenop-
tera taxa (130-517 taxa). We combined information
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from all three methods of sample preparation in our
subsequent analyses.

DNA metabarcoding generated 51,918,598
sequences, 47% thereof passed quality control, of
which 64% were identified as arthropods (Table S3).
PCR and DNA extraction negatives yielded predomi-
nantly non-insect sequences. Insect taxa detected in
negative samples were removed from further analy-
ses. We detected over 3500 taxa of arthropods from
DNA-metabarcoding of 255 rounds of samples col-
lected from 60 Malaise traps in our 3-year study. Of
the total diversity, 135 species of arthropods were
alien species of potential risk in Norway (Table S4).
Twenty alien species were detected in four risk cat-
egories: low impact (LO, n=12), potentially high
impact (PH, n=4), high impact (HI, n=2), and
severe impact (SE, n=2). We detected no insects in
the no known impact category (NK). In addition, we
detected a large group of new species that had not
been previously reported in Norway (NW, n=115).
The median percentage of sites with at least one
detection of the alien species (yp) covaried with risk
category: NW=3.3% (range 1.7-48.3%), LO=3.3%
(1.7-13.3%), and PH to SE=9.2% (1.7-45.0%). The
most common species of alien arthropods detected on
our 60 plots included a harvestman (Opilio canestrinii
SE, 48.3% of plots), the buff-tailed bumblebee (Bom-
bus terrestris SE, 28.3%), a scavenger beetle (Carto-
dere nodifer PH, 20.0%), a plant bug (Deraeocoris
lutescens HI, 13.3%), and a leaf weevil (Polydrusus
formosus HI, 3.3%). We detected at least five alien
species that have only recently arrived in Norway: a
scavenger beetle (Cartodere bifasciata 1O, 1.7%, first
detected 2006), a gorse shield bug (Piezodorus litu-
ratus HI, 1.7%, first detected 2006), a cicada (Tremu-
licerus fulgidus 1O, 13.3%, first detected 2007), a
leaf-mining moth (Cameraria ohridella 1O, 5.0%,
first detected 2013), and a false click beetle (Trixagus
atticus LO, 6.7%, first detected 2016). Two species of
alien insects with risk assessments that had not been
previously found in the wild in Norway included a
humpbacked fly (Dohrniphora cornuta LO, 3.3%)
and a gall midge (Feltiella acarisuga 1O, 1.7%). The
115 species of newly detected insects (NW) included
64 species of Diptera, including four species of flies
in the genus Chalarus (NW, 3.3-48.3%), 25 spe-
cies of Hymenoptera, including several species of
parasitic wasps (Binodoxys brevicornis NW, 21.7%,
Lysibia nanus NW, 16.7%, Aphidius uzbekistanicus

NW, 15.0%), 15 species of Hemiptera, including three
species of aphids (Myzus lythri NW, 5.7%; Aphis
spiraecola NW, 2.9%; Cinara cupressi NW, 2.9%)
and a leathopper (Euscelidius variegatus NW, 1.7%)
that are agricultural pests, and 4 species of Coleop-
tera, including an Asian beetle (Philonthus spinipes
NW, 2.9%).

Occupancy analyses

The five top-ranked models in our candidate set for
alien plants included the effects of risk category and
year on the probability of detection, and the effects
of risk category and housing on the probability of
occupancy (Table 1). An effect of year was expected
because we changed our survey methodology for
alien plants from systematic transects in 2018 to
a random search of study plots in 2019-2020. Esti-
mates of the probability of detection for the second
method tended to be higher in 2019-2020 for each
risk category: NK/LO (2018: 0.137 + 0.033; 2019:
0.188 + 0.043; 2020: 0.159 + 0.037), PH/HI (2018:
0.254 + 0.034; 2019: 0.523+ 0.048; 2020: 0.474 +
0.047), and SE (2018: 0.602 + 0.032; 2019: 0.702
+ 0.028; 2020: 0.650 + 0.031, parameter estimates
from model (risk), p(riskXyear). The probability
of detection also covaried positively across risk cat-
egories and was higher for species of greater risk
categories: NK/LO=0.165, PH/HI=0.427, and
SE=0.651 (Table 2). The probability of occupancy
showed a similar pattern and was highest for species
in the severe impact category: NK/LO=0.144, PH/
HI=0.177, and SE=0.318. Of the two most parsimo-
nious models (AAICc < 2.1), a model with an effect
of housing on occupancy had 2.9x more support than
a model without an effect (0.716/0.247). Parameter
estimates from the minimum-AICc model showed
that percent housing had a weak positive effect on the
probability of occupancy, which increased slightly for
the NK/LO and SE categories, but not for plants in
the PH/HI category (Fig. 4A). Models with choice of
site by random or manual criteria or observer effects
received no support (w;<0.001).

The four top-ranked models in our candidate
set for alien insects included the effects of risk cat-
egory on the probability of detection, and the effects
of risk category and housing on the probability of
occupancy (Table 1). Despite differences between
years in the methods used in preparation of the insect
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Table 1 Model selection for single-season occupancy models estimating the probabilities of occupancy (y) and detection (p)

Candidate models for alien plants K LL AlCc AAICc w;
(risk X housing), p(risk X year) 15 —5111.6 10253.1 0 0.716
(risk), p(risk X year) 12 —5115.6 10255.3 2.1 0.247
(risk), p(risk + year) 8 —5121.5 10259.1 5.9 0.037
(risk), p(risk) 6 —5135.2 10282.5 29.3 0
(risk), p(year) 6 -5179.8 10371.6 118.5 0
(risk), p(con) 4 -5192.0 10392.0 138.8 0
(choice), p(choice) 4 —5712.5 11433.0 1179.9 0
(con), p(obs) 3 —5714.1 114343 1181.1 0
(con), p(con) 2 —-5717.3 11438.6 1185.4 0
Candidate models for alien insects K OLL QAICc AQAICc w;
(risk), p(risk) 9 —1308.6 2635.2 0.0 0.669
(risk X housing), p(risk) 13 —1305.2 2636.6 1.4 0.331
(risk), p(con) —1322.2 2656.5 21.3 0.000
(housing), p(risk) —1323.8 2661.6 26.4 0.000
(con), p(con) —1350.0 2706.1 70.9 0.000
(choice), p(choice) —1349.5 2709.0 73.8 0.000
(risk), p(riskxyear) 13 —1369.3 2764.7 129.5 0.000
(risk), p(risk + year) 10 —1441.3 2902.7 267.5 0.000

Model factors included category of risk (NW-SE), year (2018, 2019, 2020), percent housing in the sample plot, method of choice
for plot type (automatic vs. random), and a constant model (con). Model parameters included the number of parameters (K, + 1 if
¢>1), the log-likelihood (LL or QLL), Akaike Information Criterion (AICc or QAICc), the difference in criterion values (AAIC or
AQAIC), and the model weights (w;). Model rankings were based on AICc for plants (¢=0.995 and set to 1) and QAICc for insects
(¢=1.017)

Table 2 Estimates of the probabilities of occupancy () and detection (p) for alien plants and insects of different risk categories in
the Oslofjord region of Norway, 2018-2020

Risk No. species Probability of occupancy () Probability of detection (p)

g SE () 95%L 95%U p SE (p) 95%L 95%U
Plants
NK/LO 123 0.144 0.030 0.094 0.213 0.165 0.036 0.107 0.248
PH/HI 61 0.177 0.015 0.150 0.208 0.427 0.036 0.358 0.500
SE 55 0.318 0.012 0.296 0.341 0.651 0.020 0.611 0.688
Insects
NW 115 0.138 0.008 0.123 0.154 0.207 0.012 0.184 0.232
LO 12 0.052 0.011 0.034 0.078 0.326 0.060 0.220 0.453
PH/HI 6 0.188 0.070 0.086 0.363 0.127 0.050 0.056 0.261
SE 2 0.422 0.054 0.322 0.530 0.424 0.046 0.337 0.515

Parameter estimates were taken from the model (risk), p(risk) for both groups of organisms. The six risk categories included:
NW =newly discovered species, NK=no known impact, LO=1low impact, PH=potentially high impact, HI=high impact, and
SE =severe impact

relatively low for three risk categories: NW =0.207,
LO=0.326, and PH/HI=0.127, and highest for the
severe impact category: SE=0.424 (Table 2). The

samples for DNA extractions, models with year
effects in the probability of detection received no sup-
port (w;<0.001). The probability of detection was
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Fig. 4 Probability of occupancy (i) for alien species of plants (A) and insects (B) in different categories of risk assessment versus
percent housing in the 6.25 ha study plots in the Oslofjord region of Norway, 2018-2020

probability of occupancy also covaried positively
with risk category: NW=0.115, LO=0.052, PH/
HI=0.188, and SE=0.422. Of the two parsimoni-
ous models (AAICc < 2), a model with an effect of
housing on occupancy had about half the support
(0.49x%) of a model without an effect (0.331/0.669).
Similar to the results for alien plants, the relationship
between probability of occupancy and percent hous-
ing was weakly positive for alien insects in the severe
risk category, with higher rates of occupancy at study
plots with more housing (Fig. 4B). Percent housing
had less effect on occupancy of alien insects in the
other risk categories. Again, models with choice of
site by random or manual criteria or observer effects
received no support (w;<0.001).

Study design

We considered the optimum allocation of effort to
number of visits per site (K) versus number of sites
(S) for a national surveillance program based on a
total sampling effort of TS ~ 300 site-visits. Our three
scenarios were based on mean parameter estimates
for alien plants and insects at three levels of risk
categories: a low risk scenario (LO: w=0.131 and
p=0.206, based on estimates for NW, NK, and LO
that were <0.45), a high risk scenario (HI: y=0.250
and p=0.253, based on PH and HI), and severe risk

scenario (SE: w=0.370 and p=0.301, based on
SE, Fig. 5). The frequency of boundary estimates
was > 10% for K < 5 visits for the LO scenario, but
was < 10% for all sampling designs for the HI and SE
scenarios (Fig. 6A). To minimize variance for occu-
pancy alone, 2—4 surveys per site would be sufficient
for species of severe risk (SE) whereas 4-15 visits
would be required for species in the lower risk cate-
gories (Fig. 5). The A-optimality criterion was calcu-
lated as the sum of variances for both occupancy and
detection. The criterion was minimized with K=15
visits to S =20 sites for the LO scenario, K= 10 visits
to S=30 sites for the HI scenario, and K=8 visits to
S=38 sites for the SE scenario (Fig. 6B). If we com-
bined our mean estimates of occupancy and detection
with the optimum number of visits, the conditional
site occupancy (,,,,) that an alien species was pre-
sent at site without detections was consistently low
(range=0.005 to 0.032), whereas the cumulative
probability of detection for an alien species (p *) was
high (range =0.943-0.9609).

Discussion
Our field project resulted in four major results. First,

our systematic sampling design based on repeated
sampling with a double-observer method (vascular
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plants) or with multiple rounds of sampling from
Malaise traps (insects) were successful at detecting a
large number of alien organisms. Even though many
alien species were both rare and inconspicuous, we
successfully recorded species that were new arrivals
to Norway, species at an early stage of establishment,
and cryptic species that may have been overlooked
in previous surveys. Second, we demonstrated that
DNA-metabarcoding is a promising technique for
rapid processing and identification of invertebrates
but that sample preparation based on crushing of
insects or use of animal tissue lysis buffer recovered
the highest percentage of taxa. Third, we found that
the probabilities of occupancy and detection for alien
species covaried with risk categories, with higher
probabilities for organisms in the severe impact cat-
egory. Last, we showed that our preliminary estimates
can be used to design a study that optimizes the trade-
off between number of visits per site and number of
sites to achieve a high confidence that an alien species
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would be detected with a systematic sampling pro-
gram. We discuss the implications of our results for
management of alien species and for development of
a national surveillance program in Norway.

Discovery and origins of new alien species

Of the alien species detected in our sampling, none of
the 239 species of vascular plants were new to Nor-
way whereas 115 of 135 (85.2%) species of arthro-
pods had not been previously detected in the coun-
try. Differences in new reports for the two groups
of organisms likely reflect variation in sampling
intensity, available taxonomic expertise, and chal-
lenges for identification of unfamiliar species (Sand-
vik et al. 2019). Many of the plant species detected
in our sampling were thought to have a limited num-
ber of populations or had been recorded only a few
times in Norway (Artskart2, Artsdatabanken 2020).
At least six ‘doorknocker’ species were previously
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known from< 10 records, and our reports represent
newly discovered populations. Highbrush blueberry
(Vaccinium corybosum) is a cultivated plant that
had not been previously reported from a natural site
in Norway. Max chrysanthemums (Leucanthemum
maximum), hostas (Hosta spp.), and horned pansy
(Viola X williamsii) are all introduced garden plants
that have been occasionally reported from sites with
dumping of garden refuse. Dwarf elder (Sambucus
ebulus) is another garden plant that was first found
in 2007 near Vindafjord municipality in Rogaland
county. Our unexpected discovery of a relatively
large stand of plants (64 m?) nearly 400 km away at
Hurumlandet in Viken county could be a long-dis-
tance dispersal event or may indicate that the species
is more widely established than previously known.

The uncommon alien plants that were detected
in our project also varied in their origins and ecol-
ogy (Artsdatabanken 2020). Gorse (Ulex euro-
paeus) is a thorny shrub that was first introduced
to Norway in transport of soil and timber but has
been present for more than a century with limited
spread. Virginia creeper (Parthenocissus quinque-
folia) is an alien species that has been distributed
for planting by the Norwegian Public Roads Admin-
istration. Several species are cultivated as vegeta-
bles (Borago officinalis) or flowering plants (Arabis
causcasica, Calendula officinalis), but have escaped
from gardens and in some cases are now expand-
ing in natural areas. Hostas (Hosta ventricosa) were
first discovered at dumping site for garden refuse.
Purple chokeberry (Aronia x prunifolia), bearberry
honeysuckle (Lonicera involucrata), and Himala-
yan blackberry (Rubus armeniacus) are perennial
shrubs with edible berries that have been planted
as garden ornamentals or for fruit production, and
expansion into natural areas could be due to seed
dispersal by fruit-eating birds (Bennett et al. 2011).
Himalayan blackberries are perhaps the species of
greatest concern since they were first discovered in
Norway in 1953, spread to another 50 sites by 1989,
and our new records from three study plots are evi-
dence of continuing range expansion.

Our detections of alien insects included two spe-
cies not previously found in the wild in Norway, a
humpbacked fly (Dohrniphora cornuta) and a gall
midge (Feltiella acarisuga). D. cornuta was first col-
lected from a cadaver in Sweden by forensic entomol-
ogists in 2012 (Disney et al. 2014), and our detections
on two plots are the first records for Norway. The gall
midge F. acarisuga has been used in Norway for bio-
logical control of spider mites (Tetranychus spp.) in
greenhouses (Artsdatabanken 2020), but our detec-
tions are the first record of the species in the wild.
We also detected a suite of alien insects from conti-
nental Europe that are relatively new arrivals in Nor-
way. The cicada Tremulicerus fulgidus requires black
poplar (Populus nigra) as a host plant and was first
found in Sweden in 2005 and then in Norway in 2007
(Endrestgl 2008). Similarly, the leaf-mining moth
Cameraria ohridella feeds upon leaves of the Euro-
pean horse-chestnut (Aesculus hippocastanum) and
was first detected in Norway in 2013 (Aarvik et al.
2014). The false click beetle Trixagus atticus has only
been previously found south of our study area and
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was first detected at a waste disposal site near Fred-
erikstad in 2016 (Artsdatabanken 2020).

We detected 115 new species of alien insects
and other arthropods that had not been previously
reported in Norway. A majority of the new species
belong to taxonomic groups that have not been well-
studied in Norway, including small-bodied species
in the orders Diptera (n="70 species), Hymenoptera
(n=26) and Hemiptera (n=18). Some of these taxa
were from poorly known groups that are particularly
difficult to identify from morphology, such as the par-
asitic flies in the genus Chalarus (Kehlmeier and Ass-
man 2008). Of the 15 new species detected on more
than 20% of our study plots, at least 3 species had
been previously reported from Sweden (Contacyphon
ruficeps, Procladius ferrugineus, Binodoxys brevi-
cornis), suggesting that some might be native species
that have been previously overlooked (Karlsson et al.
2020). Nevertheless, several of the new species are
also known to be alien species in Europe, including
the Asian rove beetle Philonthus spinipes (Schillham-
mer 1999). At least two newly detected aphids are
economic pests: Aphis spiraecola is a pest of apples
and citrus fruits, whereas Cinara cupressi is a pest of
cypress and other conifers (Watson et al. 1999; Tsai
and Wang 2001). A third aphid species Myzus lythri
occurs Sweden where it uses two alien plants as alter-
nate hosts: loosestrife (Lythrum virgatum NK) and
mahaleb cherry (Prunus mahaleb NK, Heie 2009).
Both species of alien plants were detected in our pro-
ject, but at different study plots than our records for
M. Iythri.

Challenges with DNA-metabarcoding for insects

We tested four alternative methods for identifica-
tion of insects collected in our surveillance program.
DNA-metabarcoding was cost-effective and more
efficient than sorting and processing samples by hand.
However, comparisons of methodology showed that
the DNA metabarcoding method missed some spe-
cies of Coleoptera and Lepidoptera that were detected
with traditional methods based on morphological
identification (Jacobsen et al. 2020). Underestimates
of diversity may have been due to problems of insuf-
ficient DNA, marker failure, and poor database cover-
age (Comtet et al. 2015). We expected that detection
rates might vary among species relative to variation
in body size, surface area to volume ratio, and degree
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of sclerotization (Marquina et al. 2019). The COI bar-
code region usually showed sufficient divergence to
distinguish between closely related species, but also
failed in some cases. Here, DNA-metabarcoding gave
preliminary detection of an alien marsh beetle Cyphon
ruficeps, but morphological identification from speci-
mens determined that the species was actually a
native congener C. coarctatus. Further investigation
of reference sequence data showed that the COI bar-
code cannot distinguish between the congeneric spe-
cies of Cyphon. Last, we found that for some poorly
studied but species-rich lineages (Diptera, Hymenop-
tera), several thousand species reported from Norway
still lack publicly available reference sequences for
the COI barcode region, and thus cannot yet be iden-
tified to species with DNA-metabarcoding.

Of the three metabarcoding approaches we
tested, DNA extractions from the ethanol pre-
servative gave the worst results, recovering only
35-46% of the beetle and butterfly species identi-
fied with morphological criteria. Previous studies
have used DNA-extractions from ethanol to recover
65-100% of aquatic communities of mayflies,
stoneflies, and caddisflies (Hajibabaei et al. 2012;
Carew et al. 2018; Zizka et al. 2019). In our study,
ethanol extractions could have been less success-
ful because exoskeletons of terrestrial insects have
greater sclerotization and a thicker cuticle that may
have reduced leaching of DNA from the body tis-
sues. Aquatic samples might also be more likely to
include soft-bodied larval or nymphal life-stages,
whereas Malaise traps are more likely to sample fly-
ing adults in terrestrial habitats. DNA extractions
from crushed animal parts and from animal tissue
lysis (ATL) buffer both led to a dramatic increase in
the number of taxa recovered, especially for Hyme-
noptera. We recommend the use of extractions from
lysis buffer because it effectively recovers a major-
ity of taxa and is also a non-destructive method
where specimens were retained for later validation.
Access to physical specimens allows for confir-
mation of new finds and supplemental identifica-
tion using morphological characters, which avoids
some of the analytical problems associated with
the genetic methods. For example, we first detected
the invasive rove beetle Philonthus spinipes using
DNA-metabarcoding of a lysis sample and then suc-
cessfully confirmed the new record from inspection
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of a preserved specimen retained in our insect
samples.

Occupancy models and sampling designs for alien
species

Occupancy models are becoming a valuable tool for
determining the probability that alien species are pre-
sent in a sampling plot while controlling for imper-
fect detection (Tavecchia et al. 2017; Davis et al.
2018; Fossgy et al. 2020). The different axes of y—p
parameter space can be used to evaluate whether alien
species are rare or common (low to high occupancy),
and cryptic or conspicuous (low to high detection,
Guillera-Arroita et al. 2010; Reich 2020). Our occu-
pancy analyses for alien species in Norway showed
that the ranked risk assessment categories had differ-
ent combinations of probabilities: new alien species
were rare and cryptic, severe impact species were
more common and conspicuous, whereas high impact
species had intermediate rates. Risk assessments for
alien species in Norway are based on multiple eco-
logical criteria, including invasion potential, impacts
on native or threatened species, and impacts on sensi-
tive ecosystems (Sandvik et al. 2020). However, two
of the criteria for assessing invasion potential include
the rate of range expansion and the percentage of the
landscape that is occupied. Thus, the alien species
categorized as severe impact likely had high occu-
pancy and detection probabilities because they are
already well-established and recognizable species. If
a project goal is to minimize variance of occupancy
alone, then our current sampling design with 2—4
rounds of sampling would be adequate for plants and
insects of severe risk. On the other hand, if the project
goal is to minimize variance for both occupancy and
detection rates, then the optimal sampling design for
our severe risk scenario would require more intensive
sampling with K=38 visits to S=38 sites if 7.5 =300.
A national surveillance program might be best tar-
geted at detection of new alien species where eradica-
tion is more feasible at the early stages of establish-
ment. Unfortunately, our results show that new alien
species will be particularly challenging to discover
because they are in a y—p parameter space where they
are both rare and cryptic. The probabilities of occu-
pancy and detection were low in our low risk sce-
nario, and sampling designs with few visits to many
sites would lead to a high frequency of boundary

estimates where y=1. The optimal sampling designs
for our low to high risk scenarios had K=10-15 vis-
its to §=20-30 sites which would be a different allo-
cation of effort than our current sampling scheme.
Linkages to ecological covariates can help with study
design for selecting sites where novel alien species
are more likely to occur. We tested site selection
based on the hotspot model of Olsen et al. (2017)
versus known sites with transport hubs or recycling
depots but found that occurrence and detection of
alien species was similar between random and manu-
ally selected sites. Percent housing was a good index
of local conditions at our study plots, and the weak
positive relationships between occupancy and percent
housing for alien plants and insects were consistent
with domestic gardens, garden refuse and other types
of anthropogenic disturbance as a source of introduc-
tions (Fremstad and Elven 1997; Westergaard et al.
2018).

Different classes of occupancy models could pro-
vide additional insights in surveillance programs for
alien organisms. Here, we conducted surveys for mul-
tiple species of invasive organisms and therefore used
a ‘standard’ occupancy design with S sites each vis-
ited K times. Reich (2020) showed that the standard
design has the best performance if y=0.2-0.3 and
p=0.1-0.7, which was the case in our study. Alter-
native occupancy designs include ‘removal’ models
where S sites are visited K times but repeated visits
are discontinued after a positive detection, and ‘con-
ditional’ designs where S sites are visited once and
sites with positive detections are then visited an addi-
tional K—1 times. The two alternative designs are bet-
ter suited for surveillance of single alien species but
can give better performance if the species is either
common (y > 0.4, removal) or rare (¢ < 0.2, con-
ditional). In a national surveillance program aimed
at early detection of alien species, false positives due
to species misidentification should be a lower con-
cern than false absences. Here, we used single-season
occupancy models to control for false negatives and
minimized false positives with a double-observer
method for plants and by confirming species iden-
tity from insect specimens. False positives can also
be controlled with multistate occupancy models with
different codes for certainty of detection (Miller et al.
2011; Ficetola et al. 2015). Last, we used occupancy
models based on fixed effects so that candidate mod-
els could be fit quickly with maximum likelihood
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methods and ranked by AICc. Multi-species occu-
pancy models in a Bayesian framework would have
the added advantage of information sharing by treat-
ing species as a random effect (Iknayan et al. 2014).

Conclusion

We successfully completed the first step of develop-
ing an Early Detection and Rapid Response (EDRR)
system for alien plants and insects in Norway. Our
field surveys and DNA-metabarcoding were effective
at providing early detections of alien organisms that
were new arrivals or at an early stage of establish-
ment. For study plots where our sampling revealed
the first detections of doorknocker species, follow-up
surveys will need to be used to check for potential
spread. To be more efficient at detection of alien spe-
cies that are rare and cryptic, better methods for site
selection need to be developed and sampling effort
might be reallocated to more visits per site. Sample
preparation methods had a large effect on the suc-
cess of DNA-metabarcoding and we recommend
DNA extractions based on lysis buffer for terrestrial
arthropods. Our bioinformatic pipeline provided a
fast and efficient method for taxonomic assignment
but existing databases remain incomplete for Norway
and expanding content for both native and alien spe-
cies should be a future priority. Jacobsen et al. (2020)
showed that the financial costs of surveillance efforts
would likely be offset by reducing the potential costs
of damage from alien species to ecosystem services,
human health, and infrastructure. In the future, devel-
opment of tools to implement a rapid response will
require public engagement, coordination of regional
authorities, and prioritization of resources for eradi-
cation of alien organisms (Qvenild et al. 2014; Reaser
et al. 2020).
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